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Epidemiology and risk factors of esophageal cancer
Esophageal cancer is one of the most aggressive cancer types and the sixth 
leading cause of cancer-related deaths worldwide. 1 It is characterized by a poor 
prognosis and merely 20% of patients survive five year after diagnosis. 2 Two 
histological subtypes can be distinguished: esophageal squamous-cell carcinoma 
(ESC) that typically develops in the proximal part of the esophagus, and esophageal 
adenocarcinoma (EAC) that arises in the more distal part adjacent to the stomach. 
3 Notably, over the past three decades in Western countries the incidence rates of 
ESC have declined, whereas those of EAC have progressively risen, up to six-fold. 4 
 
An individual’s risk of developing esophageal cancer depends on multiple factors, 
including age, genetics, and exposure to environmental risk factors. Esophageal 
cancer is rare in young people and increases with age, peaking in the seventh 
decade of life. 5   Some ethnic groups are disproportionately affected by esophageal 
cancer. More than half of global esophageal cancer cases occur in Asia, where 
ESC is the dominant malignancy with 90-95% of the cases. 6 In Europe and United 
States the predominant histologic subtype is EAC, that accounts for 90-95% of the 
cases. 4 

 
In the last decades, several risk factors have been identified that drive esophageal 
cancer, which include cigarette smoking, obesity, alcohol and gastroesophageal 
reflux disease (GERD). 7 While smoking increases the risk for both types of 
esophageal cancer, smoking is a considerably stronger risk factor for ESC than for 
EAC. 8 Additively, in ESC smoking and alcohol appear to confer a synergistic risk 
effect. 9 For both subtypes, high consumption of fats, red meat and processed foods 
is associated with an increased risk, whereas a high consumption of fresh fruit, 
fibres and vegetables is associated with a lower risk. 10 As the incidence of EAC 
in Western countries is significantly increasing, this increase has been associated 
with a Western lifestyle including obesity, in addition to a vitamin-poor diet. 3 Obesity 
increases the risk of EAC by a factor of 2.6, with a progressively increasing risk with 
higher BMI. 11,12 A clearly defined risk factor related to obesity is GERD, in which the 
gastric content refluxes into the esophagus. GERD leads in approximately 5-15% 
of the cases to Barrett’s esophagus (BE). 13,14 BE is the premalignant condition for 
the development of EAC. This metaplastic condition is thought to be a protective 
response to tissue inflammation induced by the acidic environment because of 
GERD. Abdominal obesity in particular is also associated with an increased risk of 
BE, since an increasing intragastric pressure will subsequently aggravate GERD. 15 
Whereas the gender distribution in ESC is rather equal, EAC is three to four times 
more common in men than it is in women. 16 As abdominal adiposity is more common 
in men, this may explain the gender related differences in EAC risk. In 0.12-0.5% 
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of patients with BE, squamous epithelium transitions to intestinal metaplasia, high-
grade dysplasia and eventually EAC. 17 Mutated TP53 found in BE biopsies one year 
before progression increases progression to high-grade dysplasia and EAC 13.8 
fold. 18,19 Likewise, in malignant EAC multiple driver genes and noncoding driver 
elements have been discovered, which are derived more commonly from mutations 
than from copy number alterations. 20 The most frequent EAC drivers are mutations 
in the SMAD4, GATA4, APC, KRAS, EGFR, CDKN2A or TP53 gene. These common 
driver genes are associated with different biological pathways, respectively the 
TGF-ß, Wnt, RTK, Cell Cycle and DNA-damage response pathways. 21,22 
 
Diagnosis and treatment modalities 
The diagnostic procedure for accurate staging of esophageal carcinoma includes 
endoscopic ultrasonography and positron-emission tomography (PET)-CT scans. 
Endoscopic ultrasonography in addition with fine-needle aspiration especially 
increased reliability of tumor and lymph-node staging, whereas PET-CT scanning 
improves accurate identification of distant metastases. 23 Due to endoscopy 
screening in Asian areas where incidence is high, endoscopic screening has led to 
an increasing number of patients diagnosed with ESC without symptoms, improving 
their overall survival. 24 However, endoscopic surveillance to detect EAC with current 
available diagnostic tools were found to be unlikely to be cost-effective in Europe. 25 
As a result, no screening strategies are implemented for the general population and 
more than half of all EAC patients present with late stage disease. 26 Progression of 
disease leads to regional metastasis in 30% of cases or distant metastasis in 40% of 
cases. 6 This results in a decline of the 5-year overall survival rate from 45% for early 
stage localized carcinoma to 5% for cases with distant metastasis. 2 

Treatment strategies of esophageal carcinoma vary according to stage. 27 Staging 
of esophageal carcinoma is based on the accurate assessment of invasion depth 
and status of lymph-node involvement and distant metastases, using the Tumor 
Node Metastases (TNM) classification. 28 In this system, T denotes the growth extent 
of the primary tumor, N is the degree of spread to regional lymph nodes, and M as 
presence of distant metastasis. For early stage T1a tumors (growing into the lamina 
propria or muscularis mucosa, i.e. the first tissue under the epithelium) without 
spread to regional lymph nodes, endoscopic resection or ablation is possible. 29 
These early stage tumors are mainly identified with endoscopic screening for BE 
and are often curable. 3 However, in many patients the disease presents as T1 
tumors with spread to lymph nodes, or T2-4a tumors. These patients are most often 
treated with chemoradiation therapy followed by surgery of the esophagus, i.e. 
esophagectomy, or perioperative chemotherapy. 30,31,32 
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Randomized controlled trials have shown that either neoadjuvant chemotherapy or 
chemo-radiation therapy confer a survival benefit over surgery alone. 29,33 One of 
the landmark trials was the CROSS study that tested chemoradiation therapy (CRT), 
consisting of five weekly cycles of carboplatin, paclitaxel and fractionated radiation 
doses with a total of 41.4 Gy, followed by surgery. 30 Compared to surgery only, this 
improved the median overall survival by 24 months. Due to the positive results of 
the CROSS trial, this regimen has become a standard of care for resectable EAC 
patients in several countries. Alternatively, patients can be treated with definitive 
CRT with a higher chemotherapy dose and a total radiation dose of 50.4 Gy, 34 or 
CRT according to CROSS with active surveillance if surgery should be performed. 
35 This strategy may be specifically of value for patients with ESC, given the 
higher response rates compared to EAC. 36 Multiple other (neo)adjuvant treatment 
strategies have been tested in clinical trials with different chemotherapeutics such 
as docetaxel, oxaliplatin, and fluorouracil/leucovorin (the FLOT regimen), cisplatin, 
5-fluorouracil (5-FU), capecitabine,  cisplatin, or epirubicine. 37 For locally advanced 
esophageal cancer patients, preoperative chemoradiotherapy or perioperative 
chemotherapy is the treatment of choice. 38,39 In locally advanced, resectable 
gastro-oesophageal junction adenocarcinoma, perioperative docetaxel, oxaliplatin, 
and fluorouracil/leucovorin (FLOT) is preferred over perioperative epirubicin, 
cisplatin, and fluorouracil or capecitabine (ECF/ECX). 40 Patients with unresectable, 
non-metastatic disease until T4a are suitable for definitive CRT, which includes the 
CROSS regimen extended with one week of treatment. 41

If the disease presents with distant metastasis, patients have significantly lower 
chances of survival and treatment is palliative or best supportive care. 42 The goal 
of palliative systemic treatment is both to extend lifespan as well as to improve or 
maintain the quality of life of patients by controlling dysphagia or other symptoms. 
Although choices for specific palliative systemic therapies may differ highly between 
patients, fluoropyrimidine and platinum-based chemotherapy combinations are 
most widely used, with a fluoropyrimidine and oxaliplatin as a first-line treatment 
option. 43 

Biomarkers and stratification
Risk stratification involves the use of markers to assign a risk status to a patient and 
predict how patients will respond to a given treatment. This can facilitate treatment 
decisions, and a tailored approach can improve patient outcome. Several clinical 
variables at diagnosis have been shown to associate with treatment outcome, such as 
BMI, T-stage and N-stage. 44 After treatment, the Mandard tumor regression grading 
system (TRG) is used to evaluate the response to neoadjuvant chemotherapy in 
the surgery specimen and has been shown to associate with survival. 45 However, 
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neither baseline clinical variables such as T4 and N3 nor a high Mandard score 
consistently associate with poor survival. 46,47 Therefore, tumor biomarkers that 
can stratify patients based for instance on the genetic or proteomic makeup of the 
tumor are increasingly being explored. For esophageal cancer the expression of 
HER2 in the tumor can determine whether patients receive additional anti-HER2 
targeting treatment to neoadjuvant chemoradiotherapy. 48,49 Unfortunately, currently 
no other biomarkers are available for the stratification of treatment in esophageal 
cancer. Therefore, in Chapter 2 and Chapter 3, we aimed to explore new predictive 
biomarkers for EAC. 

Another route towards treatment stratification and personalization of therapy is 
molecular subtyping. By means of subtyping, the molecular data of an apparently 
homogeneous group are interrogated to reveal distinct subgroups with biological 
and clinical differences. 50 In almost all gastrointestinal tract cancer types, gene 
expression-based molecular subtypes have been described that are highly 
prognostic. 51,52 Previous subtyping efforts for gastro-esophageal cancer (i.e., 
stomach and esophageal cancers considered together), categorized samples 
into five molecular subclasses; ESC exclusively located in the esophagus and 
the four gastric subclasses chromosomal instable (CIN), Epstein-Barr virus (EBV); 
microsatellite instable (MSI) and genomically stable (GS). 53 EAC samples strongly 
resembled the CIN variant of gastric adenocarcinoma, which is characterized by a 
high number of genetic mutations and chromosomal abnormalities. 54,55 The limited 
subtypes identified within EAC specifically have so far been based on profiling at 
a genomic level, and subgroups are distinguished by mutational signatures and 
whole genome duplications. 20,56–58 Additively, in BE and EAC samples epigenetic 
subtypes based on methylation patterns have been described, that associated 
with patient outcomes and responses to therapy. 59,60 Moreover, in nearly all 
gastrointestwinal cancers a subtype with mesenchymal-like characteristics is found 
that associates with poor treatment outcomes. 61 However, in contrast to the easily 
induced mesenchymal cell states in EAC, a mesenchymal molecular subtype in 
EAC has remained elusive. One of the significant hurdles to the discovery of truly 
tumor-intrinsic mesenchymal features is the abundance of non-tumor cells that will 
introduce a high ‘background’ mesenchymal signal. For this reason, in Chapter 4, 
we aimed to specifically delineate tumor-intrinsic subtypes and unravel mRNA-
based subtypes in a large set of EAC patient tumor samples. By combining this 
with patient outcome data, we aimed to identify how these subtypes can be used to 
improve patient outcomes. 
 
Resistance mechanisms 
One of the reasons for the poor outcome of esophageal cancer is that treatment 
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resistance develops, even against multi-modality therapies. 55,56 Various mechanisms 
of resistance to therapy in esophageal cancer have been proposed. These include 
the transition to a mesenchymal state, acquiring stem cell properties, factors from 
the tumor microenvironment that confer resistance, compensatory signaling, and 
metabolic rewiring. 62,63,64 In the next paragraphs we set out to discuss these diverse 
resistance mechanisms.

Therapy resistance conferred by mesenchymal cell states
Mesenchymal plasticity or epithelial-to-mesenchymal transition (EMT) has emerged 
as an important factor in therapy resistance. 65 During this transition, epithelial 
cells obtain a mesenchymal morphology with enhanced motility and invasiveness 
(Figure 1). 66,67 The process of mesenchymal transition is known for migrating cells 
in developing tissue, the formation of mesenchymal cells in injured tissues, but also 
through which epithelial cancer cells initiate invasion. 66 In this way, primary cancer 
cells can acquire motility, abandon the primary tumor site and ultimately cause 
distant metastasis. 

Figure 1 | Schematic acrylic representation of mesenchymal transition, from an 
epithelial state to a mesenchymal state. (Inspired by Dongre, A. & Weinberg, R.A., 
2019, Nat Rev Mol Cell Biol.)

Several protein markers are used to study the distinct EMT cell states in cancer. 
Phenotypic markers for an epithelial cell state comprise E-cadherin, EpCAM 
and laminin, whereas mesenchymal cell state markers include Vimentin, α-SMA, 
FSP1 and desmin. 67 The transition of an epithelial state to a mesenchymal state 
is mediated by key regulatory  transcription factors that are members of the Snail, 
Twist and Zeb families. 68,69 This mesenchymal state induction is further controlled 
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by miRNAs and other cofactors in a regulatory network. 70,71 Additionally, external 
factors can also contribute to stimulate mesenchymal transition. Previous studies 
identified transforming growth factor beta (TGF-ß) ligand as an important mediator 
of mesenchymal transition. 72,73 
 
Following treatment, an unfavorable local environment may arise for tumor cells 
which can stimulate mesenchymal transition to escape the environment and find a 
favorable niche elsewhere. 74,75 The expression of mesenchymal markers has been 
associated with metastasis and reduced overall survival in esophageal cancer. 76 
By mimicking first line chemoradiation treatment CROSS in vitro, our research group 
previously demonstrated that EAC cells harbor high plasticity and rapidly transition 
to a mesenchymal state to survive 77. Hence, while initially killing the majority of 
tumor cells, chemoradiation induces mesenchymal cell states that may lead to 
metastases and therapy resistant populations. In Chapter 3, we aimed to predict 
mesenchymal plasticity in esophageal cancer, using a panel of 12 esophageal cell 
lines and a set of 78 EAC gene expression profiled patient biopsies. Additionally, we 
aimed to find drivers enforcing this mesenchymal plasticity. 

Therapy resistance by obtaining stem cell properties
Stem cells in healthy tissues are undifferentiated or partially differentiated cells that 
can differentiate into various types of cells and self-renew indefinitely. The cancer stem 
cell (CSC) concept was proposed four decades ago, and states that tumor growth, 
similar to the renewal of healthy tissues, is driven by small numbers of dedicated 
stem cells. 78 A large body of research has indeed shown that many tumors harbor 
CSCs in dedicated niches. 79,80,81 The relation between CSCs and EMT in cancer 
has received considerable attention. Mesenchymal states were shown to associate 
with enhanced clonogenic potential, the ability to grow out from low densities in 
foreign environments, a key stem cell feature. 82 Mesenchymal cell states have also 
been associated with the expression of putative stem cell and pluripotency markers 
ALDH1 and CD44, implicating that mesenchymal cells may acquire stem cell 
properties. 83,84 However, the exact relation between mesenchymal cell state and 
stem cell properties remains largely elusive. Whereas initially it has been interpreted 
that a mesenchymal cell state can induce CSC properties, a second hypothesis 
states that this may be the other way around. Cytotoxic chemoradiotherapy has 
been shown to stimulate cells to undergo stem-phenotypic transitions and return to 
a differentiated state. 85, 86  By means of drug pressure, existing genetical risk factors 
could drive tumor cells to a stem cell state as a precursor to the EMT phenotype. 
To unravel the relation between EMT and CSCs, in Chapter 3, we set out to find 
predictive markers for the propensity to mesenchymal plasticity and explored the 
role of stem cell markers as potential drivers of mesenchymal plasticity in EAC.
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Resistance conferred by the tumor microenvironment
Therapy resistance mechanisms such as mesenchymal plasticity can be evoked by 
tumor cells themselves in a cell-intrinsic manner. However, the surrounding tumor 
microenvironment (TME) has a significant role in tumor progression and metastasis. 87 

Immune cells in the TME of esophageal cancer such as tumor-associated 
macrophages can induce angiogenesis, providing oxygen to allow growth and 
the initiation to migrate elsewhere. 88 Cancer associated fibroblasts (CAFs) are 
another substantial component of the TME, able to reprogram its metabolic and 
immune composition, thereby influencing the adaptive resistance to chemotherapy. 
89 By for instance secreting cytokines and modifying the mechanical properties of 
the TME, CAFs promote cancer progression by driving tumor cell migration and 
invasion, angiogenesis, as well as therapy resistance. 90 The presence of CAFs has 
indeed been associated with cancer progression and poor survival in esophageal 
cancer. 91 In gastric cancer, IL-6 secretion by CAFs was shown to promote EMT and 
metastases formation. 92 This further implies CAFs in the stroma as a contributing 
factor to therapy resistance and suggests stromal targeting may be promising in EAC. 
In Chapter 2, we explore which CAF derived factors contribute to chemoradiation 
induced therapy resistance in EAC and assess the effect of targeting CAF-derived 
resistance cues to therapy resistance.
 
Therapy resistance by compensatory signaling
The pressure of drug inhibition on a specific signaling target can stimulate cells 
to activate other signaling, rendering therapy ineffective. Tumor cells employ this 
either by altering the target gene or protein of the therapy itself, or by modifying 
the regulation of downstream and related (parallel) signaling pathways. Resistant 
tumors that show initial response to therapy can acquire mutations in receptors that 
disrupt the ability of the inhibitor to bind to the receptor, which directly prevents 
the working mechanism of the therapy itself. 93,94 Similarly, in response to HER2 
targeting in gastroesophageal adenocarcinoma, mutations in the HER2 receptor 
itself can compensate for HER2 targeting. 95,96 Alternatively, mutations in genes 
or the up- or downregulation of proteins in downstream or related pathways can 
maintain activation of HER2. In gastroesophageal adenocarcinoma, upregulation 
of ErbB, MET and FGFR family members has been observed following HER2 
inhibition.  97–100 Our group has found compensatory signaling by upregulation of 
the HER3 receptor in HER2-inhibited EAC. 101 Other pathways that are frequently 
involved in compensatory signaling and linked to therapy resistance are the PI3K/
AKT and MAPK pathways. In response to upstream therapeutic pressure, these 
pathways can become activated by overexpression of proteins such as PI3K or Src 
and mutations in PTEN, maintaining downstream signaling. 102–104 In ESC patients 
the PI3K/AKT/FOXO pathway has been associated with poor survival and inhibition 
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of PI3K may result in acutew adaptive compensatory signaling. 104 However, studies 
on such signaling after chemoradiation therapy in EAC are lacking. In Chapter 5, 
we assess the role of compensatory signaling of the PI3K/AKT/FOXO pathway in 
chemoradiation resistance of esophageal adenocarcinoma. 
 
Therapy resistance by metabolic rewiring
Drug resistance can also involve changes in the metabolic pathways of cancer cells. 
Metabolic rewiring refers to the reprogramming of cellular metabolism to adapt to 
changing environmental conditions and it has been recognized as a core hallmark 
of cancer. 105,106 Traditionally, the hypothesis for metabolic rewiring included that 
aggressive cancer cells prefer the inefficient aerobic glycolysis to generate ATP 
from glucose, also known as the Warburg effect. 107 It is now apparent that cancer 
cells harbor a remarkable flexibility that allows metabolic rewiring in multiple ways, 
including also an upregulation of oxidative phosphorylation. 108 Whereas several 
studies have shown that metabolic alterations can contribute to drug resistance in 
cancer, none have yet investigated the metabolic mechanisms of chemoradiotherapy 
resistance in esophageal cancer. 109 In Chapter 7, we aimed to assess the metabolic 
changes that occur during chemoradiation in EAC. To allow in vivo assessment of 
the effect of radiotherapy on the metabolism and tumor growth, in Chapter 6 we set 
up a protocol for the local irradiation of patient-derived tumors in immunodeficient 
mice. Using this protocol for irradiation in mice and a transcriptomic set of matched 
pre- and post-chemoradiation EAC patient tissue samples, we aimed to identify 
which metabolic alterations contribute to chemoradiation resistance. 

Summary 
In this thesis we aim to identify resistance mechanisms in esophageal tumors and 
develop the means to overcome these. We do so by combining fundamental cellular 
biology research, drug discovery efforts, and translation studies. By using multiple 
esophageal disease models, we unravel multiple resistance mechanisms induced 
by chemoradiation in esophageal cancer. In addition, we will identify factors that 
can be targeted to overcome therapy induced resistance in esophageal cancer 
and hopefully contribute to better treatment strategies in the future.
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ABSTRACT 

Esophageal adenocarcinoma (EAC) has a dismal prognosis, and survival benefits 
of recent multimodality treatments remain small. Cancer-associated fibroblasts 
(CAFs) are known to contribute to poor outcome by conferring therapy resistance to 
various cancer types, but this has not been explored in EAC. Importantly, a targeted 
strategy to circumvent CAF-induced resistance has yet to be identified. By using 
EAC patient-derived CAFs, organoid cultures, and xenograft models we identified 
IL-6 as the stromal driver of therapy resistance in EAC. IL-6 activated epithelial-
to-mesenchymal transition in cancer cells, which was accompanied by enhanced 
treatment resistance, migratory capacity, and clonogenicity. Inhibition of IL-6 
restored drug sensitivity in patient-derived organoid cultures and cell lines. Analysis 
of patient gene expression profiles identified ADAM12 as a noninflammation-related 
serum-borne marker for IL-6–producing CAFs, and serum levels of this marker 
predicted unfavorable responses to neoadjuvant chemoradiation in EAC patients. 
These results demonstrate a stromal contribution to therapy resistance in EAC. This 
signaling can be targeted to resensitize EAC to therapy, and its activity can be 
measured using serum-borne markers.
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INTRODUCTION

Esophageal cancer has a poor prognosis and currently ranks sixth in cancer-related 
mortality. 1,2 A steep increase in the incidence of the esophageal adenocarcinoma 
(EAC) subtype has been observed in Western countries. 2 Patients eligible for 
curative treatment typically receive neoadjuvant chemoradiation therapy, followed 
by surgery. 3 The efficacy of this regimen is modest, indicating a need to identify the 
mechanisms that contribute to therapy resistance.
Research on therapy resistance has centered on tumor cell-intrinsic properties, but 
it is increasingly clear that the tumor microenvironment (TME) is important for this as 
well. 4 Cancer-associated fibroblasts (CAFs) comprise the majority of the TME and 
are suspected to exert tumor-promoting activities by their mechanical contributions 
to the stroma, as well as by the secretion of cytokines. 5 The presence of CAFs, 
as determined by expression of smooth muscle actin (α-SMA), is associated with 
poor survival in many solid malignancies 6-9, but the exact tumor-promoting activities 
of these cells vary between cancer types. 10 The specific contributions of CAFs 
depend on the cytokines produced.

IL-6 is primarily known for its role in inflammation, which can result from exposure 
to anticancer drugs and ionizing radiation. IL-6 may also be expressed in the 
absence of therapeutic stress. 11.12 In various cancer types, both the tumor cells 
and CAFs can produce IL-6. 13-16 The tumor-promoting activities of IL-6 are manifold 
and include the evasion of growth suppression by regulating the TP53 gene 17, 
mediating resistance against cell death 18-19, increasing stemness of tumor cells 
20,21, and mediating tumor invasion and metastasis. 22-24 Also, stroma-derived IL-6 is 
dysregulated in the metaplasia–dysplasia–EAC sequence. 25

Surprisingly little is known about the role of CAFs in EAC. 8,9,26,27 In this study, 
tumor cells and EAC-associated fibroblasts were isolated and used to identify a 
mechanism of resistance against currently applicable treatment regimens in EAC. 
Stromal IL-6 was identified as the molecule driving this resistance, and targeting 
IL-6 resulted in resensitization of tumor cells to chemoradiotherapy.

MATERIALS AND METHODS

Informed Consent Procedure
Signed informed consent was obtained for all patients included in the BiOES 
biobank according to procedures approved by the Academic Medical Center’s 
ethical committee (MEC 01/288#08.17.1042). This consent covers all procedures 
described in this paper, including the collection of clinical data, tissue, and blood 
for marker analysis and expansion as xenografts and in vitro cultures.
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Establishment of Primary Cancer-Associated Fibroblasts
Primary EAC-associated fibroblasts were established from resected tumor 
specimens of EAC patients treated at the Academic Medical Center (Amsterdam, 
The Netherlands) according to the CROSS regimen (carboplatin, paclitaxel, and 
radiation). 3 Fresh tumor pieces were washed three times for 5 min with PBS 
containing penicillin (100 units/mL), streptomycin (500 µg/mL), and gentamicin 
(5 µg/mL); cut into small pieces; and resuspended in DMEM containing Liberase 
and DNase for 45 min. Subsequently, cells were resuspended, passed through a 
100-µm cell strainer, and spun down. Cells were resuspended in IMDM medium 
containing 8% FBS, l-glutamine (2 mM), penicillin (100 units/mL), and streptomycin 
(500 µg/mL) and plated in a T25 culture flask. After 48 h, all nonadherent cells 
were discarded by washing with PBS. Cells were maintained according to standard 
culture conditions, and upon reaching 80% confluence, cell sorting by negative 
selection (EPCAM-negative) was performed to obtain a pure fibroblast culture. 
Antibodies are listed in SI Appendix, Table S1. The primary EAC-associated 
fibroblasts exposed to neoadjuvant chemoradiation used are as follows: AMC-EAC-
081RF (081RF) and AMC-EAC-243RF (243RF). Treatment-naive primary fibroblasts 
are AMC-EAC-P117BF (117BF) and AMC-EAC-289BF (289BF).

Establishment of Primary Tumor Cell Cultures
Primary cultures were established as described before from PDXs. 53 Briefly, 
tumor material of patients diagnosed with EAC in the Academic Medical Center 
(Amsterdam, The Netherlands) was obtained in accordance with approval by 
the institute’s ethical committee (MEC 01/288#08.17.1042). 54 The tumor material 
was expanded in NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) immunodeficient 
mice. Ethical approval was obtained (LEX102774), and the NSG mice were bred 
and maintained at the local animal facility according to local legislation. Cultures 
were maintained in Advanced DMEM/F12 (Gibco) with 1:100 N2 (Invitrogen), 2 
mM l-glutamine (Sigma-Aldrich), 5 mM Hepes (Life Technologies), 0.15% d-glucose 
(Sigma-Aldrich), 100 µM ß-mercaptoethanol (Sigma-Aldrich), 10 µg/mL insulin 
(Sigma-Aldrich), 2 µg/mL heparin (Sigma-Aldrich), and 1:1,000 trace elements 
B and C (Fisher Scientific). The primary EAC cultures used are as follows: AMC-
EAC-007B (007B), which was established from a pretreatment biopsy diagnosis, 
and AMC-EAC-031M (031M), established from a pretreatment biopsy of a liver 
metastasis of esophageal adenocarcinoma.
Immunofluorescence was performed as previously described. 30 For cell culture 
and viability assay, flow cytometry, limiting dilution assays, migration assay, 
quantitative RT-PCR, survival, gene set enrichment analysis, and gene correlations 
(SI Appendix, Supplementary Materials and Methods).
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Cytokine Array
The growth factor array AAH-CYT-4000 (RayBiotech) was performed according 
to the manufacturer’s protocol using 081RF supernatant incubated for 3 d, with 
unconditioned supernatant as the control. Detection was carried out using a FuijFilm 
LAS4000, and spot intensity was quantified using Image J. Fold induction was 
calculated according to the manufacturer’s instructions; each value was controlled 
for the positive control spots on each membrane and the values obtained from the 
unconditioned culture medium. The fold induction values represent the average 
of duplicate measurements from the membrane. For mouse-derived CAFs, the 
Mouse Cytokine Array C2000 (RayBiotech) was used. For IL-6 measurements on 
cell cultures, see SI Appendix, Supplementary Materials and Methods.

Western Blot
Western blots were performed as previously described. 54 Following transfer, 
membranes were cut to allow detection of multiple antigens, guided by prestained 
molecular weight markers. See SI Appendix, Figure S7 for full membranes and 
cutting strategy. Dashed boxes indicate crops shown in Figure 2I. Primary antibodies 
(listed in SI Appendix, Table S1) were incubated overnight at 4 °C. Proteins were 
imaged using Lumi-Light plus Western blot substrate (Pierce, Thermo Scientific) 
on a FuijFilm LAS 4000 imager. In parallel to the ECL images, epi-illuminated 
photographs were captured to document membrane topology.

Organoid Cultures
Early-passage PDX-derived organoids (P1-10) were cultured in 24-well plates in 
drops of 50 µL Matrigel (Corning) and maintained in serum-free Advanced DMEM/
F12 (Gibco), supplemented with N2 supplement (Invitrogen), 2 mM l-glutamine, 100 
µM ß-mercaptoethanol (Sigma), trace elements B and C (Fisher Scientific), 5 mM 
Hepes (Life Technologies), 2 µg/mL heparin (Sigma), 10 µg/mL insulin (Sigma), and 
0.15% d-glucose (Sigma). For passaging, organoids and Matrigel were mechanically 
disrupted in unsupplemented Advanced DMEM/F12 medium (wash medium). The 
organoids were washed and resuspended two times before passaging. Different 
culture conditions as indicated were maintained during the assay; chemoradiation 
was given before passaging as indicated in Figure 4. Medium was refreshed twice 
a week.

Clonogenic Assay
The 007B and 031M organoids cultured in either control medium, medium containing 
25% 081RF supernatant, or 25% 081RF supernatant which was preincubated for 
30 min with IL-6–neutralizing antibody were treated with paclitaxel and carboplatin 
at the indicated concentrations and irradiated (7× 1 Gy). After 2 wk, the organoids 
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were replated in six-well plates at a density of 2,000 cells/well. Colony forming was 
determined after 4 wk, using crystal violet. During the assay, the culture medium 
was refreshed twice a week according to the conditions stated above.

Serum Marker Analysis
Serum from patients diagnosed with EAC in the Academic Medical Center 
(Amsterdam, The Netherlands) was collected and stored at −80 °C, as approved 
by the institute’s ethical committee (MEC 01/288#08.17.1042). Informed consent 
was obtained from all included patients, and blood was drawn before the start 
of neoadjuvant treatment according to the CROSS regimen. The human IL-6 and 
human ADAM12 ELISA (both R&D Systems DuoSet) were performed according to 
the manufacturer’s procedures.

Statistical Analysis
For cell viability curves, two-way ANOVA tests were used to determine statistical 
significance. For all of the other experiments, one-way ANOVA tests were performed, 
unless noted otherwise. P values and the R values of gene expression correlations 
were determined by linear regression analysis. For the survival analysis, statistical 
significance was determined using the log-rank (Mantel–Cox) test. For comparison 
of tumor take in mice, the X2 test was used. All statistical analyses were performed 
using GraphPad Prism 7. Error bars show the mean ± SEM. A P value of <0.05 was 
considered statistically significant.

RESULTS

Patient-Derived EAC-Associated Fibroblasts Confer Resistance to Chemo-
therapy and Radiotherapy
To investigate a possible contribution of CAFs to resistance against conventional 
chemotherapy and radiation therapy, primary EAC-associated fibroblasts were 
isolated from resected specimens from patients who received paclitaxel with 
carboplatin and radiation [the ChemoRadiotherapy for Oesophageal cancer 
followed by Surgery Study (CROSS) regimen] 3 (SI Appendix, Figure S1A). Cells 
were stained with anti–α-SMA to confirm their activated myofibroblast-like state 
(SI Appendix, Figure S1B). Neoadjuvant chemoradiation is the standard of care 
in many western European countries and the United States. Therefore, CAFs 
derived from resection specimens will often have been exposed to this treatment. 
Two previously established EAC cell lines, OE19 and OE33, were treated with 
carboplatin, paclitaxel, or radiation in the absence or presence of CAF supernatant. 
CAF supernatant was found to confer resistance against the applied therapeutics 
(Figure 1 A and B), as well as other clinically relevant agents such as 5-fluorouracil 
(5-FU), cisplatin, and eribulin (SI Appendix, Figure S1 C and D). Of note, cells that 
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survived the therapy showed a shift in morphology (Figure 1C). Tumor cell sensitivity 
to chemotherapeutics was not influenced by the addition of Iscove’s Modified 
Dulbecco’s Medium (IMDM) (CAF) medium (SI Appendix, Figure S1 E and F).

Figure 1 | Patient-derived EAC-associated fibroblasts confer resistance to chemotherapy 
and radiotherapy. (A) Cell viability assays were performed and measured at the indicated 
times, using OE19 cells incubated with the indicated chemotherapeutics and parenthesized 
concentrations in unconditioned control (ctrl) medium (gray lines) or medium supplemented 
with 081RF supernatant (1 in 4 diluted) (colored lines). Graphs show means ± SEM of data 
normalized to t = 0, n = 3. P values were determined by two-way ANOVA and Bonferroni 
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correction. (B) Same as for A, using the OE33 cell line. (C) OE19 and OE33 cell lines were 
cultured in unconditioned or 081RF supernatant-supplemented medium (081RF sup), 
treated with 256 pM paclitaxel or control for 168 h, and morphology was assessed by phase-
contrast microscopy. (Scale bar: 100 µm.) (D) Cell viability was determined on 007B and 
031M cultures which were incubated with 1.5 nM paclitaxel supplemented with 25% 10- or 
100-kDa filtered 081RF supernatant. Graphs show means ± SEM, normalized to t = 0, n = 
3. P values were determined by two-way ANOVA and Bonferroni correction. 

Using mouse CAFs derived from patient-derived xenografts (PDXs), no protective 
effect was observed (SI Appendix, Figure S2). These results show that EAC-
associated fibroblasts confer resistance by secretion of a molecule that harbors 
species-specific activity.
To ascertain that the CAF-induced resistance is conserved across different EAC 
cultures, experiments were performed using the supernatant of EAC CAFs isolated 
from different patients. All conferred resistance to therapy (SI Appendix, Figure 
S3). To determine if the weight of the molecule conferring resistance falls within 
the range at which most proteins exist, CAF supernatant was filtered using 10- 
and 100-kDa filters. This revealed that the chemoprotective effect was lost from 
10-kDa filtered supernatant and that it was retained after 100-kDa filtration (Figure 
1D). Having established that the candidate molecule is likely a protein, a cytokine 
array was used to identify it. This revealed IL-6, chemokine ligand 2 (CCL2), and 
hepatocyte growth factor (HGF) to be the three most abundantly CAF secreted 
factors (SI Appendix, Figure S4). Cytokine analysis of mouse CAF (isolated from 
PDXs) supernatant revealed high expression of the same cytokines (SI Appendix, 
Figure S5).

Stromal CAF-Secreted IL-6 Drives Therapy Resistance
To assess the association of the candidate cytokines with patient outcome, we 
performed survival analysis on the publicly available TCGA gene expression set 
containing nonpretreated resected esophageal cancer specimens. 28 Samples from 
EAC (TCGA-EAC) patients were dichotomized by median IL6, CCL2, or HGF expr
ession. A significant association with survival was found for only IL6 (SI Appendix, 
Figure S6A). To functionally address which cytokine was responsible for the CAF-
induced treatment resistance, recombinant IL-6, CCL2, HGF, or CAF supernatant 
preincubated with the pertinent neutralizing antibodies was used in cell viability 
assays on two primary EAC cultures receiving carboplatin, paclitaxel, or radiation   
(Figure 2 A–F). Of the candidates tested, IL-6 most consistently affected therapy 
resistance.

Next, we examined whether IL-6 was specifically produced by CAFs rather than 
by tumor cells. Indeed, ELISA on cell supernatants showed that IL-6 secretion 
was restricted to the CAFs and absent from tumor cell cultures (Figure 2G). The
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Figure 2 | Stromal CAF-secreted IL-6 drives therapy resistance. (A–C) Cell viability assays 
were performed on primary 007B cells incubated for 168 h in the following culture conditions: 
unconditioned medium without chemotherapeutics (untreated, untr), unconditioned medium 
with chemotherapeutics (control), conditioned medium with chemotherapeutics, medium 
supplemented with the indicated cytokines and chemotherapeutics (colored bars), or 
081RF supernatant with or without neutralizing antibodies for the indicated cytokines and 
chemotherapeutics. Graphs show means ± SEM of data normalized to t = 0, n = 3. P values 
were by one-way ANOVA and compared with the control or 081RF (–) sup only condition. (D–
F) As for A–C, using 031M cells. (G) Human IL-6 was measured by ELISA in 3 d-incubated 
supernatant of the indicated cultures (5 d for 243RF culture) and media not incubated on 
cells. (H) Mouse IL-6 was measured by ELISA as for G in supernatants from indicated (co)
cultures. (I) 293T, 007B, and 031M cells were stimulated for 20 min with medium containing 
081RF supernatant incubated for 3 d, diluted 1 in 4. Recombinant IL-6 was used as a positive 
control, and IL-6–neutralizing antibody was used as a negative control for IL-6–induced 
STAT3 phosphorylation. Following exposure, cells were lysed and processed for Western 
blot analysis for the indicated antigens. *P < 0.05, **P < 0.01, and ***P < 0.001.
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081RF CAFs were derived from patients treated with neoadjuvant chemoradiation 
therapy. To examine if IL-6 secretion is limited to treated CAFs, we queried public 
gene expression data from pretreatment EAC biopsies and healthy tissue 29 and 
found that IL6 was also significantly higher expressed in untreated cancerous tissue 
compared with normal tissue (SI Appendix, Figure S6B). Gene expression analysis 
of CAFs isolated from esophageal biopsies revealed these cells to be the likely 
cellular source of IL-6 in both treated and treatment-naive tissues (SI Appendix, 
Figure S6C). 25 Next, we isolated treatment-naive CAFs from biopsies (117BF, 
289BF) and found that these also secreted high amounts of IL-6 (Figure 2G). High 
IL-6 levels were also found in mouse CAF (031MF) supernatant, further supporting 
the notion that IL-6 production is not unique to fibroblasts exposed to neoadjuvant 
chemoradiation (Figure 2H; cocultures with 031M tumor cells also shown).
To investigate whether IL-6 secreted by CAFs can activate its canonical pathway in 
the cancer cells, 007B and 031M cells were stimulated with CAF supernatant, which 
resulted in STAT3 phosphorylation. The specificity of this effect was confirmed 
using IL-6–neutralizing antibody (Figure 2I). See SI Appendix, Figure S7 for full 
membranes. These data suggest that the tumor-promoting properties of the EAC 
stroma are largely driven by CAF-secreted, biologically active IL-6.

CAF-Derived IL-6 Induces Epithelial-to-Mesenchymal Transition
From the cell viability experiments, a marked change in morphology in the surviving 
cells was apparent (see Figure 1C). To identify the events responsible for this, we 
performed gene set enrichment analysis (GSEA) on the TCGA-EAC dataset using 
gene sets for biological programs associated with such phenotypic transitions. 
Samples were dichotomized by median IL6 expression, and a significant association 
was found for a merged set of two previously published epithelial-to-mesenchymal 
transition (EMT) signatures and for a stromal infiltration gene set. Additionally, low-
IL6-expressing tumors associated with an epithelial signature (SI Appendix, Figure 
S6 D–F).

To further ascertain EMT as the mechanism responsible for IL-6–induced therapy 
resistance, primary cells were cultured with CAF supernatant, IL-6, or CAF 
supernatant preincubated with IL-6–neutralizing antibody, and morphology was 
monitored by microscopy. The induction of a mesenchymal morphology was apparent 
(Figure 3A). These morphological changes were also observed using supernatant 
from treatment-naive CAFs (SI Appendix, Figure S8). Using early-passage EAC 
organoids in the same experimental setup, cells in the IL-6–containing conditions 
were observed to migrate out of the organoid structures and the Matrigel (Figure 
3B). To characterize and quantify these observations at the molecular level, EMT 
markers were measured by transcript analysis, and increased expression of zinc
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Figure 3 | CAF-secreted IL-6 induces epithelial-to-mesenchymal transition. (A) The 007B 
and 031M cultures were exposed to the following conditions for 14 d: unconditioned 
medium (untreated), 081RF supernatant (1 in 4 diluted), recombinant IL-6, and 081RF + 
IL-6–neutralizing antibody. Morphology was assessed by phase-contrast microscopy. (Scale 
bar: 200 µm.) (B) As for A using 007B and 031M organoid cultures. Dashed lines indicate 
the migratory front of cells migrating out of the organoid. Arrows indicate the edge of the 
Matrigel cushion. (C) Transwell migration assays on 007B and 031M cells cultured for 14 
d in the conditions as for A before the assay. In the transwell assays, 1% FCS was used 
as a chemoattractant. Migration shown is corrected for no-attractant controls (medium 
without FCS), n = 3. P values were determined by two-way ANOVA and Tukey’s multiple 
comparisons correction, one-phase exponential curves were fitted, and the lines of matching 
color indicate the SD. (D) Limiting dilution assays were performed using 007B and 031M 
cells after incubation for 14 d in the indicated conditions. Cells were sorted into 96-well 
plates. Bar graphs show means ± SEM, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 
0.0001. Significance was tested by two-sided unpaired t tests compared with the control. 
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finger E-box-binding homeobox 1 (ZEB1), vimentin (VIM), snail family transcriptional 
repressor 2 (SNAI2), and N-cadherin (CDH2) was found in the cultures exposed 
to IL-6. Epithelial markers E-cadherin (CDH1), and cytokeratin 19 (KRT19) were 
decreased (SI Appendix, Figure S9 A–F). These changes were confirmed at the 
protein level by flow cytometry, which showed increased expression of EMT markers 
C-X-C chemokine receptor type 4 (CXCR4) and VIM and decreased expression of 
epithelial-related genes human epidermal growth factor receptor 2 (ERBB2), cluster 
of differentiation 24 (CD24), integrin beta-1 (CD29), and epithelial cell adhesion 
molecule (EPCAM) (SI Appendix, Figure S9 E–J). We and others have previously 
found human epidermal growth factor receptor 3 (HER3/ERBB3) to be a marker for 
epithelial cell identity, and this protein was also down-regulated following exposure 
to IL-6. 30-32 Analysis of the kinetics of EMT onset in response to CAF supernatant 
revealed this EMT to take place within several days, a time frame in line with the 
induction of chemoresistance (SI Appendix, Figure S10). We take these data to 
show that IL-6 activates EMT in cancer cells and that this is the mechanism through 
which resistance against commonly used chemotherapeutics is conferred by the 
stroma.

IL-6–Induced EMT Is Accompanied by an Enhanced Migratory and Clonogenic 
Capacity
To study the functional effects of the up-regulated EMT markers in addition to 
the morphological changes, transwell migration assays were performed, and 
they showed an enhanced migratory capacity following exposure to IL-6 (Figure 
3 C and D). Furthermore, concomitant with the up-regulation of EMT markers, 
cancer stem cell (CSC) markers CD44/CD44, prominin-1 (PROM1/CD133), and 
leucine-rich repeat-containing G protein-coupled receptor 5 (LGR5/LGR5) were 
increased (SI Appendix, Figure S9 G–L). This was accompanied by an increased 
clonogenicity in limiting dilution assays (Figure 3D) and implies that stroma-derived 
IL-6 drives many of the EMT-associated biological programs that are known to 
contribute to poor outcome in cancer.
To allow an assessment of the contributions of IL-6 signaling to tumor growth in vivo, 
the problem of species incompatibility between IL-6 and its receptor needed to be 
addressed. 33 To allow mouse-human transsignaling and human-human autocrine 
signaling, we generated 031M cells expressing the mouse IL-6 receptor (mIL-6Ra) 
and human IL-6 ligand (hIL-6; and empty vector), respectively. These cells were 
injected in immunodeficient mice, and tumor outgrowth was observed only from 
cells expressing mIL6Ra or hIL-6 (SI Appendix, Figure S11), confirming that IL-6 
signaling also contributes to clonogenicity in vivo.
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Figure 4 | Stroma-derived IL-6 confers resistance to radiochemotherapy in EAC patients. 
(A) Clonogenic assays were performed on 007B cells after receiving one dose of the 
indicated cytostatic agents and seven doses of 1-Gy radiation. Cells were cultured in 
the following conditions for 10 d before the assay: control, 081RF supernatant, 081RF 
supernatant + IL-6–neutralizing antibody (500 ng/mL), or recombinant IL-6 (2 ng/mL). (B) 
As for A, using 031M cells. (C) The 007B and 031M organoid cultures were exposed to 
conditions as for A and B. The culture conditions were maintained throughout the assay, and 
morphology was monitored by phase-contrast microscopy. Shown are passage 1 (4 wk after 
treatment) and passage 2 (10 d after passage 1). (Scale bar: 200 µm.) (D) Blood was drawn 
and processed for serum storage from pretreatment EAC patients seen at the Academic 
Medical Center (AMC) (n = 80). All patients then received the neoadjuvant CROSS regimen, 
and Mandard score was determined by a pathologist. IL-6 serum levels of pretreated EAC 
patients were measured using ELISA. (E) The same serum samples as for D were used to 
measure ADAM12. Correlation of serum IL-6 and ADAM12 levels was determined on all 
samples, including those with blank measurements. The log-scale plot excludes blanks. (F) 
As for D, showing ADAM12 serum levels. Graphs show means ± SD. Significance was tested 
by the Mann–Whitney U test. (G) Indicated CAF lines were treated with IL-6 (10 ng/mL), IL-6–
neutralizing antibody (1 µg/mL), or TGF-ß (5 ng/mL) for 3 d. Supernatant was harvested after 
an additional 7 d, and ADAM12 levels were analyzed by ELISA. **P < 0.01.
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Stroma-Derived IL-6 Confers Resistance to Radiochemotherapy in EAC 
Patients
In current clinical practice, patients diagnosed with EAC eligible for curative therapy 
receive neoadjuvant carboplatin, paclitaxel, and fractionated radiation [the CROSS
regimen 3]. To study whether CAF-derived IL-6 can confer resistance to such a 
triple-modality regimen, we modeled this treatment by determining the combined 
doses of the regimen components that allow for a near-complete cell killing, similar 
to the encouraging but often incomplete responses seen in patients. Primary 
EAC cells were given one dose of carboplatin and paclitaxel and subsequently 
received seven radiation doses of 1 Gy. Colony formation was assessed, and 
efficient outgrowth was observed only in the presence of IL-6 (Figure 4 A and B). 
To confirm this response in a model system more representative of human disease, 
early-passage PDX-derived EAC organoids (which underwent clonal selection only 
during graft expansion, which ensured the tumor cell origin of the organoids) were 
subjected to the same treatment, and the ability to passage the cultures after triple-
modality treatment was determined (Figure 4C). Organoid outgrowth following 
passaging was observed only in cultures exposed to IL-6 and did not occur in the 
control or IL-6–neutralized conditions.

Having identified the molecule responsible for EMT-associated therapy resistance 
in EAC cells exposed to triple-modality treatments, a logical step would be to 
measure this cytokine in the serum of patients and correlate it to response, yielding 
a predictive marker that can predict neoadjuvant treatment outcome. Serum 
samples from 82 EAC patients before start of neoadjuvant chemoradiotherapy 
were analyzed for IL-6, and no significant difference was found between patients 
grouped by tumor response (Mandard score; Figure 4D), probably reflecting the 
association of IL-6 with numerous inflammatory conditions. Instead, we identified 
ADAM12 by correlative gene expression analyses as a more specific marker for 
stromal CAFs (SI Appendix, Figure S6G). Its expression was associated with poor 
prognosis (SI Appendix, Figure S6H). ADAM12 levels in the serum are known 
to correlate with disease stage in lung cancer 34-36, and its expression is mostly 
confined to stromal cells in gastrointestinal cancers. 37,38  Measuring serum ADAM12 
in these patients revealed a strong correlation to circulating IL-6 (Figure 4E). Of 
note, high circulating ADAM12 levels significantly correlated with poor response to 
chemoradiation (Mandard score of 3–4) in EAC patients (Figure 4F). Treatment of 
CAFs with recombinant IL-6 or blocking IL-6 ligand with antibody did not induce or 
affect ADAM12 secretion, but addition of recombinant TGF-ß did (Figure 4G). This 
confirms that ADAM12 is a feature of highly activated CAFs and that this activation 
likely does not result from autocrine IL-6 signaling. Future work will have to validate 
these findings in other cohorts and confirm whether ADAM12 is indeed an accurate 
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measure of IL-6–producing CAFs in the activated EAC stroma and a predictive 
marker for currently applicable treatments against EAC.

DISCUSSION

Despite the advent of multimodality treatment, the overall survival of EAC patients 
remains poor. This is mainly due to therapy resistance and aggressive tumor growth 
leading to the early onset of metastatic disease. Previous studies on therapy 
resistance mechanisms in EAC mostly focused on tumor cell-intrinsic mechanisms, 
but it is now well-established that the stroma plays a central role as well. 8,9,26,27 
Here we investigated how EAC-associated fibroblasts impact therapy resistance 
and identified IL-6 as a mediator of this resistance.
Upon treatment with recombinant or CAF-derived IL-6, we observed that the tumor 
cells obtained a mesenchymal phenotype that was accompanied by increased 
migration. Indeed, EMT is associated with poor disease outcome, attributed to the 
enhanced migratory capacity of the cells that is thought to contribute to metastasis. 
39-41 Importantly, EMT was recently described to confer resistance to cytotoxic 
agents, which underscores our observation of EMT-induced chemoresistance. 42,43 
In addition, IL-6 enhanced clonogenicity in vitro and in vivo and up-regulated the 
expression of CSC markers, which has been linked to EMT as well. 44 This could 
well explain the resistance against a broad range of cytotoxic agents and radiation 
that has been attributed to stemlike cancer cells. Furthermore, IL-6 has previously 
been linked to tumor invasion and metastatic progression 45, and here we showed 
that this is, at least in part, caused by the induction of EMT.
The apparent readiness of EAC cells to undergo EMT in response to extrinsic cues 
and stresses offers a unique opportunity to study the kinetics of this transition. In 
doing so, we found that the onset of EMT in response to CAF supernatant already 
occurred within several days, explaining the resistance observed in the cell viability 
assays. Also, this rapid transition to a mesenchymal cell state is in line with the 
notion that therapy resistance is instructed by IL-6 in the majority of the EAC tumor 
cell population, rather than selection of a limited number of clones.
The ability to predict treatment response by means of a noninvasive serum marker 
would be of immense clinical value. IL-6 is primarily involved in inflammatory 
processes, and its serum levels are elevated in patients suffering from asthma and 
rheumatoid arthritis. 46,47 Furthermore, inflammation has a great influence on the 
onset and progression of various cancer types, including EAC. 48,50 Consequently, 
IL-6 is likely not a very specific serum marker for treatment response in EAC, and we 
found no correlation with IL-6 serum levels and response to neoadjuvant treatment. 
Instead, we identified ADAM12 as one of the stromal genes most strongly correlating 
with IL6. ADAM12 is known to exist in the circulation 51, and indeed, ADAM12 serum 
levels in pretreated EAC patients from our hospital differed significantly between 
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patients dichotomized by response to neoadjuvant treatment. This suggests that 
the amount of “activated stroma” can be seen as a measure, or predictor, of 
therapy response. This could also be of use for specific stroma-targeting strategies, 
including the direct targeting of CAFs. 52 However, considerable overlap exists in 
ADAM12 levels between the two groups, and for use in clinical decision making, 
additional markers should be included. Also, it should be noted that the stroma is 
not the only factor to impact therapy response and that other compartments and 
signals contribute to heterogeneous responses that therefore cannot be explained 
by serum-borne proxies of stromal activation status.
In summary, our data elucidate the mechanisms through which the tumor stroma 
contributes to therapy resistance in EAC and demonstrate that ADAM12 serum levels 
predict treatment outcome in patients. Given these findings and the availability of 
relevant FDA-approved IL-6–targeting agents, we propose that addition of such 
agents to currently applicable regimens should be strongly considered.
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SUPPLEMENTARY MATERIALS AND METHODS

Cell culture
OE19 and OE33 cells (ATCC, Manassas, VA) were maintained in RPMI containing 
8% fetal bovine serum (FBS), L-glutamine (2mM), penicillin (100 units/mL), and 
streptomycin (500 µg/mL) (Lonza, Basel, Switzerland) and cultured according to 
standard procedures. Carboplatin, paclitaxel, 5-fluorouracil, cisplatin, and eribulin 
were obtained from the pharmacy of the Academic Medical Center. Recombinant 
IL-6 was used at 2 ng/ml (R&D), CCL2 was used at 5ng/ml (R&D), and HGF was 
used at 5ng/ml (Sino Biological Inc). TGF-ß was used at 5 ng/mL. Neutralizing 
antibodies against IL-6 (R&D), CCL2 (R&D), HGF (Sino Biological Inc.) were used 
at a concentration of 500 ng/ml unless indicated otherwise. 

Cell viability assay
Cell viability was determined using the Cell Titer-Blue Cell Viability Assay kit 
(Promega). Tumor cells were seeded into 96-well plates at a density of 1000-2000 
cells/well in triplicates. After cell adhesion overnight, baseline cell viability was 
measured and treatment was started (see below). Cell viability was determined by 
adding 20µl Cell Titer-Blue reagent to each well, 3-hour incubation at 37°C, and 
plate read-out was performed on a cytofluormeter (BioTek Instruments, Winooski, 
VT). Cell viability was calculated by comparing the values obtained from the 
unconditioned and/or untreated control cells versus the conditioned and/or treated 
cells. The values were controlled for baseline cell viability. The following therapeutic 
agents were administered once at the indicated concentrations and incubated 
for the indicated time; 5-fluorouracil (5-FU), carboplatin, cisplatin, eribulin, and 
paclitaxel. The indicated supernatants, recombinant proteins, and neutralizing 
antibodies were refreshed every three days during the assays, in the concentrations 
as stated above. The supernatants were obtained from 081RF (80% confluency) 
and 243RF (30% confluency) cultures, which were incubated for three and five 
days respectively. The control cells received 1:4 diluted unconditioned fibroblast 
medium. To exclude effects on drug response due to the use of different culture 
media, cell viability assays were performed on 007B and 031M cultured in DMEM/
F12 or DMEM/F12 – IMDM 1:1 and showed no difference in response to carboplatin 
or paclitaxel (SI Appendix, Figure S1 E and F).

Immunofluorescence
Immunofluorescence was performed as previously described. 1 Images were 
acquired using a confocal microscope (Confocal SP8-X SMD, Leica, Amsterdam, 
the Netherlands). Phase contrast images were obtained using a Zeiss microscope 
(Axiovert 200M). The used antibodies were diluted in wash buffer (PBS with 0.1% 
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Triton X-100 and 1% normal goat serum) and are listed in Supplementary Table 1.

Quantitative RT-PCR
RNA was isolated (Macherey Nagel), and cDNA was synthesized using Superscript 
III (Invitrogen). Quantitative Reverse Transcription-PCR (qRT-PCR) was performed 
using SYBR green (Roche) on a Lightcycler LC480II (Roche), according to 
manufacturer’s protocols. Values were normalized to GAPDH according to the 
comparative threshold cycle (Cp) method. Primer sequences are summarized in 
Supplementary Table 2.

Flow cytometry
Flow cytometric stainings were performed as previously described. 2 Data were 
analyzed with FlowJo 10 (Tree Star, Ashland, OR). Intracellular epitopes were 
measured using permeabilization buffer (BD Biosciences), in these conditions no PI 
was used. The values represent the geometric mean fluorescence (gMFI) intensity 
of the appropriate channel corrected for the isotype control, yielding the delta gMFI. 
The used antibodies and isotype controls are listed in Supplementary Table 1.

IL-6 measurements on cell cultures
Human IL-6 ELISA DuoSet (R&D systems) was performed on three days 
conditioned supernatant from OE19, OE33, 007B, 031M, 081RF, 117BF and 
268BF cells (all at 80% confluency) and five days conditioned supernatant from 
243RF cells (30% confluent). The appropriate unconditioned medium was used as 
control. Measurements were performed in triplicates and calculated according to 
a standard curve, according to the manufacturer’s protocol. Levels of IL-6 found 
in CAF supernatants did not exceed the detection range of the ELISA. For mouse 
CAFs, mouse IL-6 ELISA DuoSet was used. Range for IL-6 ELISA was 1-4000pg/ml; 
range for ADAM12 ELISA was 0-18659pg/ml

Migration assay
Prior to the assay, cells were cultured for 2 weeks in either control medium or 
medium supplemented with 2 ng/ml IL-6, 25% 081RF supernatant or 25% 081RF 
supernatant that was pre-incubated with IL-6 neutralizing antibody for 30 minutes. 
Cells were passed or medium was refreshed every three days. The migration 
was measured every 2 minutes for 3h at 37 °C using a cytofluorometer (BioTek 
Instruments) and was controlled for the no-attractant control.

Survival, gene set enrichment analysis and gene correlations
Data were obtained from TCGA (The Cancer Genome Atlas) study (Study ID: TCGA-
ESCA) 3, and selected to contain EAC only. Samples were dichotomized by median 
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IL6, CCL2 or HGF expression and survival analysis was performed according to 
the Log-rank (Mantel-Cox) test. Data were plotted using GraphPad Prism 7. Gene 
set enrichment analysis (GSEA 4) as performed using the Broad Institute software 
(http://www.broadinstitute.org/gsea/index.jsp). Samples were dichotomized by 
median expression. 1000 permutations were run on the phenotype. To identify the 
most significant differentially expressed genes in respect to the stromal infiltration 
gene set, the R2: Genomics Analysis and Visualization Platform was used (http://
r2.amc.nl). 

Limiting dilution assay
Prior to the assay, cells were cultured for two weeks in control medium or medium 
supplemented with 2 ng/ml IL-6, 25% 081RF supernatant or 25% 081RF supernatant 
that was pre-incubated with IL-6 neutralizing antibody. Cells were sorted into 96 
wells, per plate accordingly; 16x1, 16x2, 16x4, 8x8, 8x16, 8x32, 8x64, 8x128, and 
8x254 cells/well on a BD FACSAria III. Clonogenic potential was determined using 
the Extreme Limiting Dilution Analysis (ELDA) software: http://bioinf.wehi.edu.au/
software/elda/. Data are represented as percent clonogenic potential. The culture 
conditions were maintained for 6 weeks and refreshed one a week. 

In vivo assays
To allow IL-6 transsignaling in a xenograft model, we established primary EAC 
cells that overexpress human IL-6 ligand (for autocrine signaling), or the mouse 
IL-6 receptor (for paracrine signaling). FLAG-tagged ORFs for hIL6 (OHu23477D) 
and mIL6Ra (OMu18873) in pcDNA3.1 were obtained from GenScript. (Leiden, 
Netherlands). To allow efficient gene transfer to our primary tumor lines, EcoRI 
restriction sites were added to both the 5’ and 3’ ends of the ORF by PCR, and 
these were used to clone into pTOPO to verify ORF sequence. EcoRI sites were 
then used to the inserts into the pLEGO-iV2 lentiviral vector (5). Third generation 
lentivirus production was used and 031M cells were transduced and subsequently 
FACS-sorted for Venus/GFP. IL-6 levels were confirmed by ELISA as for Figure 
2. Expression of mIL-6R was verified by immunofluorescence as for Figure S1, 
using M2 anti-FLAG (see Supplementary Table 1). Next, cells were injected in 
immunodeficient mice (Envigo, Horst, Netherlands) at 5x105 cells in 50% Matrigel/
medium and tumor. 6 mice were grafted per group, and monitored for a period of 
100 days. Tumors were measured using calipers. Ethical approval was obtained 
(LEX269AA), and mice were housed and handled at the local animal facility 
according in full accordance with local and European legislation.



43

2

SUPPLEMENTARY FIGURES AND TABLES

Figure S1 | CAF supernatant confers chemoresistance. (A) 081RF cells were isolated 
from a resected tumor and after an adherent culture was established, morphology was 
assessed by phase-contrast microscopy. Scale bar: 200µm. (B) 081RF cells were processed 
for immunofluorescence against α-SMA. Magnification as for panel A. (C) Cell viability 
assays were performed on OE19 cells exposed to the indicated chemotherapeutics and 
concentrations with unconditioned control medium (grey lines) or medium supplemented 
with 081RF supernatant (1 in 4 diluted, colored lines).  Graphs show means ± SEM of data 
normalized to t=0, n = 3. P-values were determined by two-way ANOVA and Bonferroni 
correction. (D) As for E, using the OE33 cell line. (E) CAF culture medium was tested for 
effect on treatment response; Cell viability assays were performed on 007B primary cells 
exposed to the indicated chemotherapeutics and concentrations cultured in DMEM/F12 
medium (colored lines) or DMEM/F12 mixed with IMDM medium 1:1 (grey lines). (F) As for 
C, using 031M cells.
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Figure S2 | Mouse CAF supernatant does not confer chemoresistance to human EAC cells. 
(A) OE19 cells were incubated with the indicated chemotherapeutics and concentrations or 
radiated 7 times with 1Gy, cultured in control medium (grey lines) or medium supplemented 
with supernatant from mouse CAFs (031F, 1 in 4 diluted, colored lines), and cell viability was 
measured.  Graphs show means ± SEM of data normalized to t=0, n = 3. (B-D) As for A, using 
OE33, 007B, and 031M cells.
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Figure S3 | Therapy resistance is driven by CAF-secreted cytokines. (A) Cell viability assays 
were performed on primary 007B cells exposed to the indicated chemotherapeutics and 
concentrations, with control unconditioned medium (grey lines), medium supplemented with 
081RF supernatant (colored lines), or medium supplemented with 243RF supernatant (also 1 
in 4 diluted; open symbols and dashed lines). Graphs show means ± SEM of data normalized 
to t=0, n = 3. P-values were determined by two-way ANOVA and Bonferroni correction. (B) As 
for a, using primary 031M cells. 
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Figure S4 | Cytokine array reveals human CAF-secreted cytokines. (A) An AAH-CYT-4000 
(RayBiotech, Norcross, GA) cytokine array of 5 membranes was used to analyze supernatant 
incubated on 081RF cells for 3d, unconditioned medium was used as control. Color-coded 
text corresponds to matching boxes on membrane scans. Fold induction was determined 
by measuring spot intensity in Image J, and calculated after correction for the negative and 
positive controls on the membranes and dividing by the unconditioned control. (B) Crop, 
magnification, and fold inductions are shown of the three highest induced cytokines from 
membranes shown in panel A. 
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Figure S5 | Cytokine array reveals mouse CAF-secreted cytokines. An Mouse Cytokine Array 
C2000 (RayBiotech, Norcross, GA) cytokine array of 3 membranes was used to analyze 
supernatant incubated on mouse CAFs as for Figure S4. Top 5 induced cytokines per 
membrane are shown. 
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Figure S6 | High IL6 expression correlates with poor outcome and EMT in EAC. (A) EAC 
samples from the TCGA set, were dichotomized by median IL6, CCL2, HGF and survival 
analysis was performed using Kaplan-Meier analysis and Log-rank statistical test. (B) IL6 
expression levels derived from EAC and esophageal healthy tissue using the Krause et al. 
dataset (6). Statistical significance was tested using the Mann-Whitney test. P<.0001. (C) IL6 
expression in fibroblasts from treatment naive and treated tissue was queried in the Saadi 
et al. dataset (GSE19529; 7). (D) Gene set enrichment analysis (GSEA;) on EAC samples 
from the TCGA set, dichotomized by median IL6 expression demonstrates a correlation 
between IL6 high samples and an EMT signature. ES, enrichment score; NES, normalized 
enrichment score. The EMT signature was adapted and pooled from refs 8,9 (n=122 genes). 
(E) As for panel D, demonstrating a correlation between IL6 low samples and an epithelial 
gene signature (note that the phenotype order is from low to high), which consisted of the 
following genes; CDH1, MAL2, MAP7, RAB25, CLDN4, ELF3, SPINT2, MARVELD2, CD24, 
AP1M2, MAPK13, DSP, ERBB3, GALNT3, AP1M2, CLDN7, ST14, KRT19, TMPRSS4, GPX2, 
TOX3, PRSS8, PKP3, SPINT1, MARVELD3, CEACAM5, CGN, MYH14, FXYD3, CEACAM6. 
(F) As for panel D, using a stromal infiltration gene set (10), demonstrating a correlation 
between IL6-high samples and the used stromal infiltration gene set. (G) IL6 gene 
expression was correlated with indicated stromal infiltration-related genes using the 
EAC TGCA set and the significantly associated individual genes are shown. (H) TCGA 
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set EAC samples were dichotomized by median for the top 6 genes from panel G, and 
survival analysis was performed using Kaplan-Meier analysis and Log-rank statistical test. 
ADAM12, third graph in the top row, was the only gene to significantly associate with survival.  

Figure S7 | Membrane processing for Western blot. (A-C) Lysates were run on 3 separate 
SDS-PAGE gels and transferred to PVDF membranes. Following transfer, membranes were 
cut guided by the molecular weight markers, as shown in right hand panels. Following 
incubation with antibodies against indicated proteins, ECL was performed yielding the 
images in the left hand panels. Dashed boxes indicate the crops that are shown in Figure 2I. 

Figure S8 | Treatment naive CAF supernatant induces epithelial-to-mesenchymal transition. 
007B and 031M were treated as for Figure 3, using supernatant from treatment-naive 117BF 
and 289BF CAFs. 



50

Figure S9 | Molecular characterization of IL-6 dependent cell state shifts. (A) Transcript 
analysis for mesenchymal genes in 007B cells cultured as for Figure 3: Cells were cultured 
for 14 days in the following conditions; control, recombinant IL-6, 081RF supernatant (1 in 
4 diluted), 081RF supernatant + IL-6 neutralizing antibody. Data were normalized to the 
control condition, bar graphs show means ± SEM, n = 3. *P < .05, **P < .01, ***P < .001, 
and ****P<.0001. (B) As for panel A, for epithelial genes. Significance was tested by two-
sided unpaired t tests compared to the control. (E and F) As for panel C and D, using 031M 
cells. (E-G) Staining by flow cytometry for indicated epithelial, mesenchymal, and stem cell 
markers in 007B cells. (H-J) As for panel A–D, using 031M cells. (K-L) Transcript analysis of 
cancer stem cell markers in 007B and 031M cells. 
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Figure S10 | Kinetics of EMT in response to CAF supernatant. (A) 007B primary EAC cells 
were exposed to 081RF CAF supernatant as for Figure 3A. At the indicated time points, cells 
were imaged by brightfield microscopy. (B) As for panel A, using 031M cells. (C) Cells shown 
in panels A-B were harvested and expression of epithelial cell surface markers (grey lines, 
left y-axis) and mesenchymal markers (colored lines, right y-axis) was determined by FACS.  

Figure S11 | IL-6 signaling drives clonogenicity in vivo. 031M cells transduced with empty 
pLEGO-iV2 vector, pLEGO-hIL6 or pLEGO-mIL6Ra. (A) Expression of (human) IL-6 ligand was 
verified by ELISA on supernatants from indicated cells. Detection was performed as for Figure 
2G. (B) Transduced cells were seeded on coverslips, and processed for immunofluorescence 
against the FLAG tag on the (mouse) mIL-6Ra receptor. (C) Immunodeficient mice were 
grafted with 5x105 of indicated cells in Matrigel and growth was monitored over a period of 
100 days. N=6 mice per group. Tumor take was observed in 3/6 mice injected with mIL6Ra 
receptor expressing cells (* P=0.0455 by X2 test), and 2/6 mice injected with hIL-6 ligand 
expressing cells. (D) Shown are average tumor sizes in time from experiment shown in panel 
C. * P<0.05, ** P<0.01 by T-test for indicated time points. 
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Table S1 | List of antibodies and dilutions used. 

Antibodies for immunofluorescence Dilution Clone number, manufacturer

Primary 

anti-α-SMA  1:100 ab5694, Abcam

anti-FLAG  1:500 clone M2, Sigma

Isotype control  

unconjugated IgG rabbit isotype  1:300 DA1E, Cell Signaling

Secondary  

Alexa Fluor 488 conjugated anti-rabbit IgG  1:400 A11008, Thermo Fisher

Antibodies for flow cytometry
Primary 

FITC conjugated anti-HER2 Affibody  1:1500 N/A, Bromma, Sweden

anti-ERBB3  1:1500 SGP1, Abcam

PE conjugated anti-CD24  1:50 ML5, BD Biosciences

APC conjugated anti-CD29  1:50 MAR4, BD Biosciences

FITC conjugated anti-EPCAM  1:500 Ber-EP4, DAKO

anti-CXCR4  1:100 UMB2, Abcam

APC conjugated anti-CD44  1:50 G44-26, BD Biosciences

APC conjugated anti-CD133  1:25 AC133, MACS Miltenyibiotec

Biotin conjugated anti-LGR5  1:100 4D11F8, BD Biosciences

anti-Vimentin  1:100 0.N.602, Santa Cruz

Isotype controls  

Biotin conjugated LGR5 isotype Rat IgG2b  1:100 A95-1, BD Biosciences

PE conjugated IgG2a mouse isotype  1:50 G155-178, BD Biosciences

APC conjugated IgG2b mouse isotype  1:50 MPC-11, Biolegend

APC conjugated IgG1 mouse isotype  1:50 MOPC-21, BD Biosciences

FITC conjugated IgG1,K mouse isotype  1:200 P3.6.2.8.1, eBioscience

unconjugated IgG mouse isotype  1:100 X40, BD Biosciences

unconjugated IgG rabbit isotype  1:100 DA1E, Cell Signaling

Secondary antibodies/probes  

APC conjugated anti-mouse  1:800 550826, BD Biosciences

Alexa Fluor 488 conjugated anti-rabbit IgG  1:800 A-11008, Thermo Fisher

APC conjugated streptavidin  1:1000 17-4317-82, eBiosience

Reagents for cell sorting
Primary antibodies/probes 

7-AAD  1:100 N/A, BD Biosciences

FITC conjugated anti-EPCAM  1:500 Ber-EP4, DAKO

Anti-EGFR  1:2000 H11, Dako
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Secondary  

APC conjugated anti-mouse  1:800 550826, BD Biosciences

Antibodies for Western blot
Primary
anti-pSTAT3 (Tyr705)  1:1000 D3A7, Cell Signaling
anti-STAT3  1:1000 79D7, Cell Signaling
anti-GAPDH  1:5000 6C5, BioConnect
Secondary  
HRP-conjugated Goat anti rabbit  1:5000 7074, Cell Signaling
HRP-conjugated Goat anti mouse  1:5000 1031-05, Southern Biotech
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Table S2 | Primer sequences for quantitative RT-PCR.

Transcript Sequence

GAPDH–forward: 5’-AATCCCATCACCATCTTCCA-3’

GAPDH–reverse: 5’-TGGACTCCACGACGTACTCA-3’

ZEB1–forward: 5’-GCACAAGAAGAGCCACAAGTA-3’

ZEB1–reverse: 5’-GCAAGACAAGTTCAAGGGTTC-3’

VIM–forward: 5’-CCCTCACCTGTGAAGTGGAT-3’

VIM–reverse: 5’-TCCAGCAGCTTCCTGTAGGT-3’

SNAI2–forward: 5’-GGTCAAGAAGCATTTCAACG-3’

SNAI2–reverse: 5’-CACAGTGATGGGGCTGTATG-3’

CDH2–forward: 5’-ACAGTGGCCACCTACAAAGG-3’

CDH2–reverse: 5’-CCGAGATGGGGTTGATAATG-3’

ERBB3–forward: 5’-TGGGGAACCTTGAGATTGTG-3’

ERBB3-reverse: 5’-GAGGTTGGGCAATGGTAGAG-3’

CDH1–forward: 5’-TGCCCAGAAAATGAAAAAGG-3’

CDH1–reverse: 5’-GTGTATGTGGCAATGCGTTC-3’

KRT19–forward: 5’-CCTGGAGTTCTCAATGGTGG -3’

KRT19–reverse: 5’-CTAGAGGTGAAGATCCGCGA -3’

CD44–forward: 5’-TGGAGCAAACACAACCTCTG-3’

CD44–reverse: 5’-CCACTTGGCTTTCTGTCCTC-3’

CD133–forward: 5’-TCCACAGAAATTTACCTACATTGG-3’

CD133–reverse: 5’-CAGCAGAGAGCAGATGACCA-3’

LGR5–forward: 5’-ACCAGACTATGCCTTTGGAAAC-3’

LGR5–reverse: 5’-TTCCCAGGGAGTGGATTCTAT-3’
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ABSTRACT   

Despite the advent of neoadjuvant chemoradiotherapy (CRT), overall survival rates 
of esophageal adenocarcinoma (EAC) remain low. A readily induced mesenchymal 
transition of EAC cells contributes to resistance to CRT. In this study, we aimed 
to chart the heterogeneity in cell state transition after CRT and to identify its 
underpinnings. A panel of 12 esophageal cultures was treated with CRT and ranked 
by their relative epithelial-mesenchymal plasticity. After RNA-sequencing, Ridge 
regression analysis was applied to correlate gene expression to ranked plasticity, 
and models were developed to predict mesenchymal transitions in patients. 
Plasticity score predictions of the three highest significant predictive models were 
projected on RNA-Seq data from 78 pre-treatment EAC biopsies and related to 
clinical outcome data. A motif enrichment analysis of the genes associated with 
all three models revealed NANOG as the key associated transcription factor. In 
accordance, expression of NANOG in pre-treatment biopsies was highly associated 
with poor response to neoadjuvant chemoradiation, the occurrence of recurrences, 
and median overall survival difference in EAC patients (>48 months). Perturbation 
of NANOG reduced plasticity and resensitized cell lines, organoid cultures, and 
patient-derived in vivo grafts. In conclusion, NANOG is a key transcription factor 
in mesenchymal plasticity in EAC and a promising predictive marker for outcome.
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INTRODUCTION

Esophageal cancer is the sixth most common cause of cancer-related death 
worldwide and can be classified according to the histological subtypes esophageal 
adenocarcinoma (EAC) and squamous cell carcinoma (SCC). 1 Although neo-
adjuvant chemoradiation (CRT) followed by surgery (CROSS) has significantly 
improved ten-year survival rates for both subtypes, resistance mechanisms are at 
play and tumor recurrence and metastatic disease are often observed after several 
months. 2,3 These mechanisms of therapy resistance are poorly understood.  

A key factor contributing to therapy resistance in EAC is the high plasticity of these 
cancer cells and the resultant readiness to undergo epithelial-to-mesenchymal 
transition (EMT). 4 Through mesenchymal transition, EAC cells lose their epithelial 
morphology, become more mesenchymal and motile, but also resistant to therapy. 4,5  
Paradoxically, we observed that high therapeutic pressure of multimodality 
treatments such as CRT, carry a particular risk of inducing mesenchymal transition. 6  

Mesenchymal transitions are mediated by the activity of several transcription 
factors from members of the Snail, Twist and Zeb families that contribute to 
cytoskeletal and morphological changes. 7,8 In addition, the mesenchymal 
transitions mediated by these transcription factors associate with the occurrence of 
stem cell-like populations. 9,10 This stemness likely contributes to therapy resistance 
and cancer recurrence and progression. 10 However, whether stemness is a direct 
result of mesenchymal transition, or rather a requirement for plasticity that allows 
the induction of mesenchymal cell states, is not fully understood. The aim of this 
study was to chart and interrogate the heterogeneity in CRT-induced mesenchymal 
transitions, to identify its mechanistic requirements and develop biomarkers to 
predict its occurrence. 

MATERIALS AND METHODS 

Ethical approval 
All patient material, primary cell lines, organoid cultures and clinical data were 
collected with consent under ethical approval (BIOES; METC 2013_241). Baseline 
characteristics are stated in Supplemental Table 1.

Establishment of EAC cell cultures 
Primary EAC cell lines were previously established from resected patient material 
as described before. 11 Primary cell lines were obtained and established in 
agreement with pertinent legislation, Declaration of Helsinki, and patient’s informed 
consent. Primary EAC cell lines 007B and 031M were cultured in Advanced 
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DMEM/F12 (Gibco) supplemented with N2 (5 ml; Invitrogen), HEPES (5 mM; Life 
Technologies), D-glucose (0.15% v/v; Sigma-Aldrich), ß-mercaptoethanol (100 
µM; Sigma-Aldrich), Insulin (10 µg/ml; Sigma-Aldrich), Heparin (2 µg/ml; Sigma-
Aldrich) and 1:1000 Trace elements B and C (Fisher Scientific). 12 Primary cell 
lines 058M, 081R and 289B were sorted for the tumor surface marker EpCAM 
to obtain a pure tumor cell population. 058M, 081R and 289B were cultured in 
DMEM (Gibco) supplemented with FCS (10% v/v), L-Glutamine (2 mM; Sigma-
Aldrich), penicillin and streptomycin (500 µg/ml). Publicly available EAC cell lines 
Flo1 (RRID: CVCL_2045), OE19 (RRID:CVCL_1622) and OE33  (RRID:CVCL_1622; 
ATCC, Manassas, VA) were cultured in RPMI, supplemented with FCS (8% v/v), 
L-Glutamine (2 mM) and penicillin and streptomycin (100 units/ml; all from Lonza, 
Basel, Switzerland). All cell lines were checked for mycoplasma each month.  

In vitro chemoradiation protocol  
In vitro modeling of the CROSS regimen was mimicked by radiation, paclitaxel and 
carboplatin treatment as described previously. 6 Carboplatin and paclitaxel used for 
esophageal patients were purchased from the pharmacy of the Amsterdam UMC. 
Therapy scheme was according to the following sequence: Day 0, plating cells, 
Day 1-4 carboplatin at 20 µM and paclitaxel at 0.5 nM combined with 1 Gy radiation; 
day 5–6, no therapy. This cycle was repeated on day 7 until day 14 (see Figure 1A). 

Quantitative real-time PCR  
RNA of was extracted using the NucleoSpin RNA kit (Bioké Macherey-Nagel, 
Düren, Germany). cDNA was synthesized using Superscript III (Invitrogen) and 
random primers (Invitrogen). Real-time quantitative RT-PCR analysis was performed 
using SYBR green (Roche) on a Lightcycler 480 II (Roche). Relative expression 
was calculated using the comparative threshold cycle (Cp) and normalized to 
GAPDH (Figure 1) or RPS18 (Figure 4) as a reference gene. The primer sequences 
used for knockdown validation are shown below (see Supplemental Table 2).  
 
Flow cytometry  
Cells were harvested using trypsin-EDTA (Lonza) and washed in FACS buffer (1% 
FCS in PBS). Cells were stained for 30 minutes at 4 °C with the following antibodies 
diluted in FACS buffer; anti-human CD324 (E-Cadherin, 1:200, Cat. No: 324105, 
BioLegend), anti-human CD326 (EpCAM, 1:200, Cat. No: 324243, BioLegend), 
anti-human CD184 (CXCR4,1:200, Cat. No: 306515, BioLegend), anti-human 
CD325 (N-Cadherin, 1:200, Cat. No: 350811, BioLegend), and anti-human CD29 
(1:200, Cat. No: 303014, BioLegend). Intracellular epitopes were targeted using 
permeabilization buffer (BD Biosciences, San Jose, CA). Data were analyzed using 
FlowJo 10 (Tree Star, Ashland, OR). Geometric mean fluorescence (gMFI) intensity 
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in the relevant channel was calculated by correcting for isotype control, yielding the 
ΔgMFI.

Immunofluorescent staining
Cells were grown on round coverslips. Using 4% paraformaldehyde and 1% Triton 
X-100 cells were fixed and permeabilized. Blocking of cells was done with Dako REAL 
peroxidase blocking solution (Agilent Technologies, CA) for 15 min and antibodies 
were diluted in BrightDiluent green (Immunologic, NL). Cells were incubated 
overnight at 4°C with the following primary antibodies; mouse anti-vimentin (Santa 
Cruz, sc-73259, 1:300), rabbit anti-E-cadherin (Abcam, Ab40772, 1:300) and rabbit 
anti-laminin (Thermo Fisher, PA5-22901, 1:200). Cells were incubated for 1 hour at 
room temperature with the following secondary antibodies; Alexa Fluor 448 anti-
rabbit IgG1 (H+L, Invitrogen, A11008, 1:400) and Alexa Fluor 546 anti-mouse IgG 
(H+L, Invitrogen, A11030, 1:400). Actin staining was performed using ActinRed 555 
Readyprobe (Thermo Fisher, R37112) and nuclear staining was with DAPI (Sigma 
Aldrich, D9541-5MG, 1:5000). Images were obtained on a SP8-X-DLS Confocal 
microscope (Leica).

Patient participants
Eligible patients were ≥ 18 years with pathologically confirmed esophageal cancer. 
Gastro-esophageal junction tumors were eligible if the bulk of the tumor was located 
in the distal esophagus or on the gastroesophageal junction. All patients provided 
written, informed voluntary consent for study participation. This study was conducted 
in accordance with the Declaration of Helsinki and the international standards of good 
clinical practice. Screening exclusion criteria were: <18 years of age and another 
active malignancy interfering with the prognosis of esophageal adenocarcinoma.  

Patient biopsy processing
Snap frozen esophageal tumor biopsy samples were collected in the Amsterdam 
UMC between May 22 2013 till June 1 2020 with ethical approval (BiOES; METC 
2013_241). With a cryostat 20 µm slices of snap-frozen samples of biopsy tissue 
were cut. A representative slice of 5 µm in the center of the tissue was collected 
for subsequent H&E staining. An experienced pathologist of the Amsterdam UMC 
determined tumor percentage (SLM). Of 139 assessed esophageal biopsies and 
105 resections, median tumor cellularity was 45% and 35%, respectively. Total 
RNA was isolated using the AllPrep DNA/RNA/miRNA universal kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s protocol. RNA was eluted in 30 µl RNAse-
free water. NanoDrop (Thermo Fisher, Waltham, MA) was used to measure RNA 
concentration. Samples were sent for RNA sequencing in case RNA concentration 
was above 20 ng/µL.
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RNA-sequencing
Cell lines and primary cultures in duplicate (N=24) and 78 EAC biopsies were 
processed for RNA-sequencing. Library preparation was performed using Total 
RNA library prep RiboErase (Roche, Basel, Switzerland). Samples were sequenced 
in three batches on an Illumina HiSeq4000 with single 50 bp reads and 100 million 
reads per sample. All sequencing data were quality-controlled using FastQC42 and 
found to be of high quality. RNA-Seq reads were aligned to the human reference 
genome (NCBI37/hg19) using using STAR v2.7.1 and annotated with Gencode 
v32, retaining only uniquely mapped reads. The resulting gene expression profiles 
were converted into DESeq2_vst values using DESeq2 and log2-transformed. Non-
biological batch effects were examined using PCA, and RUVg corrections were 
applied. Subsequent analyses were done on the batch-corrected dataset. Data 
were log2 transformed after alignment and normalization. Data were uploaded and 
analyzed in the R2: Genomics Analysis and Visualization Platform, or analyzed in R.
 
Ridge regression analysis  
Marker expression levels (delta gMFI) and in vitro generated morphological 
assessment scores were scaled and centered. To minimize non-informative 
genes, we selected the top 33% most expressed genes that are both expressed 
in tumor samples and cell lines. From this set, the top 5000 most variable 
genes were maintained13 Subsequently, for each phenotype an optimal 
lambda was calculated by using alpha=0 (ridge regression), Nfold = 8 (Leave-
One-Out Cross validation)14. The optimal lambda was then used for the final 
model used to predict mesenchymal fates in the cell lines and patient samples. 

Imaging based proliferation assay
Proliferation of cells on treatment was determined using an IncuCyte S3 (Sartorius). 
Live cells were detected before, during and after treatment. Phase contrast images 
were obtained, and confluence was analyzed by defining a confluence mask with a 
segmentation adjustment of 1 for all EAC cell lines and conditions. Confluence was 
then normalized for seeding density before treatment.

Mouse experiments  
Animal work procedures were approved by the animal experimental committee 
of the institute according to Dutch law and performed in accordance with ethical 
and procedural guidelines established by the Amsterdam UMC, location AMC and 
Dutch legislation. Ethical approval number was AVD1180020171672. NOD.Cg-
Prkdcscid Il2rgtm1Wjl / Szj (NSG) mice were bred in-house. Animals were kept at 
room temperature in a DM2/ML2 animal facility and were specific pathogen-free. 
From 12 weeks of age, mice were included in the experiment, and subcutaneously 
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injected in the right hind limb. 1x105 cells were injected in a volume of 100µl 
with 50% medium and 50% Matrigel. After three weeks, with a a tumor size of 
approximately 100mm3, mice were randomized to treatment groups. Males and 
females were equally distributed. Mice were daily treated for two weeks with 2 Gy 
radiation, Niclosamide or vehicle. All experiments ended for individual mice either 
when the total tumor volume exceeded 500mm3, when the tumor showed ulceration, 
in case of serious clinical illness, when the tumor growth blocked the movement of 
the mouse, or when the experiment was stopped 100 days after injection. 

Statistical analysis
Statistical analysis was done using GraphPad Prism version 9.3.1, Genomics 
Analysis and Visualization Platform R2 or R. Statistical tests are indicated in legends, 
were performed two-sided with p < 0.05 considered significant and indicated with; 
*p < 0.05, **p <0.01, ***p < 0.001, **** p < 0.00001. Error bars show the SD of the 
mean. Spearman correlation was determined with p < 0.05 considered significant. 
The Kaplan–Meier method was used to assess OS along with the log-rank test for 
statistical significance in R2 (patient data) or GraphPad (mice data).
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RESULTS

EAC cultures harbor heterogeneous propensities for mesenchymal transition 
in response to chemoradiation
Mesenchymal cell state transitions in response to chemoradiotherapy (CRT) 
were studied in 6 publicly available cell lines, and 6 primary lines established 
from patient material using methods previously reported 11but one that stands 
out for both tumor types is the strong inter- as well as intratumor heterogeneity. 
Unfortunately, genetic tumor models do not match this heterogeneity, and for 
esophageal cancer no adequate genetic models exist. To allow for an improved 
understanding of these diseases, tissue banks with sufficient amount of samples to 
cover the extent of diversity of human cancers are required. Additionally, xenograft 
models that faithfully mimic and span the breadth of human disease are essential 
to perform meaningful functional experiments. Methods: We describe here the 
establishment of a tissue biobank, patient derived xenografts (PDXs). Together, 
these comprised 8 adenocarcinoma and 4 squamous cell carcinoma cultures. The 
panel was treated with an in vitro approximation of the CROSS regimen (Figure 1A) 
6. During treatment, the onset of mesenchymal morphologies was assessed by 
microscopy (Figure 1B). The timing of appearance of mesenchymal morphology 
was assessed by three independent and blinded assessors, and interobserver 
agreement was found to be high (Cohen’s kappa p<0.001; Figure 1C). This scoring 
revealed a large heterogeneity in the rates at which mesenchymal morphologies 
appeared. For instance, 031M cells became mesenchymal after only 3d of CRT, 
whereas 007B cells only showed marginal changes after 14d of CRT. Of note, the 
fast EMT onset 031M cell line also lost mesenchymal morphology after CRT was 
halted, whereas the slow onset 007B line retained a mesenchymal morphology 
after treatment cessation (Figure S1A). To support the morphological observations 
with well-established markers, FACS-based mesenchymal and epithelial markers 
were assessed in 031M and 007B cells during CRT (Figure 1D). This confirmed a 
pronounced induction of vimentin (VIM, a mesenchymal marker) over time in the 
031M cells. This was supported by immunofluorescence, showing a striking loss of 
cell-cell adhesion marker ZO1 and the appearance of a fibroblast-like cytoskeleton 
by actin 14d after CRT (Figure 1E).

Next, cell state markers were measured by FACS before and after CRT in the 
complete cell line panel. For this, we used mesenchymal markers zinc finger 
E-box-binding homeobox 1 (ZEB1), Integrin beta-1 (ITGB1, also known as CD29), 
N-cadherin (CDH2), C-X-C chemokine receptor type 4 (CXCR4), and epithelial 
markers E-cadherin (CDH1), cluster of differentiation 24 (CD24), and epithelial cell 
adhesion molecule (EPCAM). Again, a prominent contrast in the induction 
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Figure 1 | Esophageal cell lines show heterogeneity for plasticity after chemoradiation. 
A Diagram depicting the schedule of chemoradiation (CRT). Day 0, plating cells, Day 1-4 
carboplatin at 20 µM and paclitaxel at 0.5 nM combined with 1 Gy radiation; day 5–6, no 
therapy. This cycle was repeated on day 7-14. B Phase-contrast images taken over time 
during CRT treatment. Mesenchymal sprouting of cells indicated by white arrows. C Scoring 
of mesenchymal phenotype by three independent observers on blinded phase-contrast 
pictures. Inter-observer variability tested by Cohen’s Kappa. D 007B and 031M cells were 
exposed to CRT and harvested at indicated timepoints and stained for EpCAM and VIM. 
Data shown is geometric Mean Fluorescent Intensity (gMFI) corrected to isotype control, 
normalized to day zero without treatment (D0). E 031M cells were plated for microscopy, 
treated with CRT for 14 days and processed for immunofluorescence for ZO1 (green), actin 
(red), and nuclei (DAPI; blue). Magnifications and laser settings were identical between 
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all images. Scale bars are 50 µm. F Flow cytometry analysis of mesenchymal markers and 
epithelial markers in the complete cell line panel, ranked for morphology-based propensity 
to mesenchymal plasticity. All cell lines and markers were measured at the same time point. 
Shown is gMFI of untreated samples (no dot) and CRT (dot). 

of markers was observed between cell lines, which strongly aligned with their ranking 
based on morphology (Figure 1F). For instance, 031M cells had the most rapid 
onset of a mesenchymal morphology, but also the most robust induction of CD29 
(and reduction of CDH1) in response to CRT. Conversely, the 007B line was slowest 
in the morphology ranking and did not show marked shifts in marker expression. 
Transcript analysis of mesenchymal markers revealed a similar ranking, confirming 
the FACS-based measurements (Figure S1B). Of note, ESC and EAC subtypes did 
not differ in the onset of mesenchymal morphology. In addition, the ranking of cell 
lines by cell viability following CRT did not align with the mesenchymal transition 
ranking, suggesting that the observed mesenchymal states do not result from 
selection by CRT and are rather the result of direct induction (Figure S1C,D).
 
Together, these results show that a substantial heterogeneity in mesenchymal 
plasticity exists between cell lines, in line with the large differences in outcome 
observed between EAC patients. We next aimed to leverage this heterogeneity to 
identify the gene expression programs associated with high propensity for cell state 
transitions (i.e., high plasticity). 

Ridge regression models for plasticity predict metastatic recurrence in patients 
To reveal the gene expression programs that predict the propensity with which 
mesenchymal transitions occur in vitro, the full treatment naïve cell line panel was 
subjected to RNA-sequencing. Principal Component Analysis (PCA) showed that 
biological replicates and histological subtypes clustered together (Figure S2A). 
For this clear subtype distinction on gene expression, we chose to focus on EAC 
samples from this point on. 

Next, gene expression was correlated to the observed in vitro plasticity by Ridge 
regression analysis. To generate a prediction model from high-dimensional gene 
expression data, in which the number of unknown parameters is larger than 
the sample size, overfitting of the model should be prevented. 13,14 We therefore 
opted for Ridge regression as this prevents overfitting by estimating a regression 
coefficient for each predictor variable, rather than discarding them as is done in 
for instance Lasso regression. Expression data of all 8 EAC lines was used as 
a training set for Ridge regression leave-one-out cross validation (LOOCV) to 
correlate gene expression patterns to in vitro plasticity marker ranking (Figure 2A). 
Models were trained for the degree to which a marker was induced in response to 
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Figure 2 | Ridge regression analysis renders predictive models and identifies NANOG and 
OCT4. 
A Flow diagram depicting Ridge regression model development by training of the models, 
validation, and subsequent use on pre-treatment biopsies from patients. B Ridge regression 
model correlation matrix plot of all tested in vitro markers. Indicated are z-scores of 
a positive correlation (red) and negative correlation (blue) between markers. Size of dot 
indicates significance.C Heatmaps of top 25 positive and top 25 negative correlated genes 
with three indicated in vitro markers for all EAC cell lines. Pred = prediction with Ridge 
regression model. D Ridge predicted ZEB1 score in EAC patient biopsies concurrent with 
occurrence of recurrences after the CROSS regimen, n=44.E Location of distant metastasis 
after neoadjuvant chemoradiation and resection in EAC patients. Size of dots indicates the 
number of patients with a metastasis in that location, color indicates ZEB1 prediction score. 
F Volcano plot with transcription factors related to the top 25 positive correlated genes of 
three in vitro markers as shown in panel E. Inferred with Enrichr enrichment analysis based 
on ‘ENCODE and ChEA Consensus TFs’ library. Blue dots = significant p-value.
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CRT, or the morphological-based ranking (details in the Methods section). Three 
highly predictive models were identified based on the assessed in vitro markers; 
morphological assessment, CDH2, and ZEB1. These models had the highest 
predictive value and also correlated best with each other’s predictions (Figure 2B, 
and Figure S2B, C). The top genes indeed reveal good correspondence with the 
learned phenotype. Models generated from markers CD24, CXCR4 and VIM failed 
to be consistently predictive. Of the highly predictive models the top 25 positive and 
negative genes were identified (Figure 2C). 

We next determined the ability of the in vitro-generated plasticity models to predict 
mesenchymal transitions in esophageal cancer patients. After screening of 168 
pre-treatment esophageal patient biopsies, 100 pre-treatment patient biopsies were 
selected for RNA-sequencing (Figure S3A, B). This stands as the second largest 
expression dataset of pre-treatment esophageal tissue with treatment response data 
to our knowledge. 15,16 After exclusion of ESC and GAC biopsies, 78 EAC biopsies 
remained. Baseline characteristics of all patients are listed in Supplemental table 1. 
44 patients in this set had received CRT following biopsy. Plasticity predictions of the 
three best performing in vitro-generated models were projected on pre-treatment 
biopsies and related to clinical outcome data. ZEB1-derived plasticity predictions 
on pre-treatment biopsy material were best able to predict metastatic recurrences 
after CRT and surgery in patients (Figure 2D). Most of these metastases were in the 
liver, but ZEB1 plasticity scores were also strongly associated with lung metastases 
(Figure 2E). Of note, expression of ZEB1 per se was not predictive for recurrences, 
underscoring the additive value of the Ridge regression model. 

To consolidate the three separate predictive models (of morphological assessment, 
CDH2, and ZEB1), and to determine whether a shared regulatory mechanism could 
be identified, we pooled the top-25 positively correlating genes of the three models 
and performed a transcription factor (TFs) motif enrichment analysis using Enrichr. 
17,18 In the top associated TFs, pluripotency factors NANOG, OCT4 and SOX2 were 
represented (Figure 2F).19 Of note, NFE2L2 and PPARD were also identified, which 
may be related to the metabolic reprogramming recently observed by us in EAC 
resection specimens. 20 We take the overrepresentation of these factors to suggest 
that pluripotency may be a requirement for mesenchymal transitions. 

NANOG and OCT4 expression is highly predictive for treatment related outcomes 
Several studies have shown that pluripotent cancer stem cell populations arise 
in cancer following therapy and that these contribute to therapy resistance. 21,22 
Given that we found the pluripotency factors NANOG, SOX2 and OCT4 as potential 
regulators of mesenchymal plasticity, we next aimed to investigate whether their 
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expression predicts clinical variables that relate to therapy resistance and increased 
tumor cell mobility in EAC. NANOG, SOX2 and OCT4 expression was assessed in 
pre-treatment biopsies of EAC patients that were subsequently treated with CROSS 
regimen CRT. For each CROSS-treated patient, a pathological response score 
for chemoradiation was available (Mandard tumor regression scores 23). NANOG 
expression in all 78 pre-treatment biopsies was highly predictive for the response 
to neoadjuvant chemoradiation, and a similar trend was observed for SOX2 and 
OCT4 (Figure 3A). 

Figure 3 | NANOG and OCT4 expression in pre-treatment biopsies are highly predictive for 
outcome. 
A NANOG, OCT4 and SOX2 expression is shown for pre-treatment EAC biopsies 
concurrent with available chemoradiation response assessed in resection specimen 
after CRT by Mandard score, n=34. Mandard 1 (no tumor left after CROSS), Mandard 2 
(major response), Mandard 3 (medium response) and Mandard 4 (minor response). Lines 
between two categorized groups indicated if significant, Mann-Whitney U tests, * p < 
0.05, ** p < 0.01, **** p < 0.0001. B NANOG, OCT4 and SOX2 expression in pre-treatment 
EAC biopsies of patients with or without recurrence after CRT treatment and resections, 
n=72. Mann-Whitney U statistical test. C NANOG, OCT4 and SOX2 expression in pre-



70

treatment EAC biopsies of patients with or without distant metastases after CRT treatment 
and resections, n=72. Mann-Whitney U statistical test. D Kaplan-Meier survival analysis 
in all pre-treatment EAC biopsies with known patient follow-up data, n=72. Biopsies were 
dichotomized by median expression of NANOG, OCT4 and SOX2. Survival analysis was 
performed using Kaplan-Meier analysis and Log-rank statistical test.  

In addition, high pre-treatment NANOG expression associated with recurrence 
following CRT and surgery (Figure 3B), and recurrence as distant metastases 
specifically (excluding local recurrences; Figure 3C). Again, SOX2 and OCT4 
expression showed similar trends. NANOG and OCT4 expression strongly 
associated with overall survival in EAC biopsies (Figure 3D). Likewise, this was the 
case specifically in CROSS treated patients for NANOG (p = 0.023) and OCT4 (p = 
0.021). These data show that the pluripotency factors NANOG and OCT4 identified 
as potential regulators of mesenchymal plasticity in EAC, indeed associate with 
clinical variables related to both mesenchymal transitions (metastases) and 
stemness (primary resistance). 

Perturbing pluripotency prevents the onset of mesenchymal states and 
sensitizes preclinical EAC models to chemoradiation
We next aimed to experimentally determine whether the identified pluripotency 
factors contribute to plasticity in EAC. While specific pharmacological inhibition of 
NANOG remains challenging, the inhibitor Niclosamide has been proposed. 24 This 
FDA-approved and clinically used inhibitor has shown promising anti-tumor activity 
in several cancers. 15 Cell viability in response to Niclosamide was established per 
cell line (Figure S4A). Subsequently, the EAC panel was subjected to chemoradiation 
and the IC20 of Niclosamide, which indeed reduced CRT-induced NANOG 
protein levels and sensitized most cell lines to chemoradiation (Figure S4B, C). In 
agreement, an inhibition of CRT-induction mesenchymal markers by Niclosamide 
was observed (Figure S4D). This was confirmed by immunofluorescence for VIM 
in 289B cells (Figure S4 E). Moreover, a non-significant correlation was observed 
between baseline NANOG expression in cell lines and the additive cytotoxic effect 
of Niclosamide in combination with CRT (Figure S4F).

To further ascertain whether these inhibitors could be sensitizers for (chemo)
radiation in preclinical models for EAC, we turned to a previously described EAC 
organoid lines (Pt382 12) and a new patient-derived organoid line Pt376. Organoids 
were plated and treated with 1 Gy radiation daily and 300 nM Niclosamide. Cell 
viability was assessed after a week of treatment (Figure S5A, B). This revealed that 
both compounds strongly sensitized EAC organoids to radiation. Next, we aimed 
to assess if Niclosamide could radiosensitize tumor cells in vivo. We previously 
observed that perturbation of resistance mechanisms dramatically improved 
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Figure 4 | Inhibition of NANOG and OCT4 by KD reduces plasticity and sensitizes EAC 
models for chemoradiation.      
A Phase-contrast images showing induction of mesenchymal morphology in Flo1 cells 
silenced for pluripotency factors (shNANOG and shOCT4), compared to scrambled control 
(shCtrl) after 5 day exposure to 5ng/mL TGF-ß. B Flow cytometry analysis of expression of 
the mesenchymal marker NCAD of cells shown in panel A. C Relative confluence compared 
to control of EAC cells treated with CRT for 14 days, knockdown of NANOG and OCT4 
compared to scrambled control cells. Asterisks indicate significant differences between 
biological duplicates. Statistical test used is Mann Whitney U. * p < 0.05. D Example of 289B 
cells as in panel C, phase-contrast images of silenced cells before (Untreated) and after 
14 days treatment of CRT. E Heatmap of relative gFMI of epithelial (EPCAM, ECAD) and 
mesenchymal (CXCR4, NCAD, CD29) markers in 081R cells treated with CRT, knockdown of 
NANOG and OCT4 compared to scrambled control cells. F Schematic of setup for radiation 
treatment of NSG mice, and treatment schedule showing grafting, treatment, and follow-
up. Tumor is grafted on hind limb (1x105 cells in 50% Matrigel). At a predetermined start 
time corresponding to tumor sizes of approximately 100 mm3, treatments commenced. 
Radiation was 2x5 consecutive days, 2Gy per fraction to a cumulative dose of 40Gy. Tumor 
volumes were measured continuously. Once tumors reached 500mm3, the humane endpoint 
was reached and mice were culled. G Tumor volumes over time from start of injection for 
each treatment group. Lines indicate individual mice. Lines between groups indicated when 
significant, * p < 0.05. F Kaplan-Meier survival analysis of mice over time. Events are humane 
endpoints by maximum tumor growth. Lines indicated if significant, p-values by log-rank test 
indicated for groups of interest. 
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responses to radiation therapy particularly in the 081R cell line. 20 081R cells were 
subcutaneously grafted in the hind limb of NSG mice to allow localized radiation 
therapy as previously published by us. However, compared to irradiated mice 
that received vehicle, Niclosamide did not result in a significant inhibition of tumor 
growth and as a consequence, maximal tumor sizes were reached at approximately 
similar times (Figure S5C, D).

Given the inconclusive in vivo results using pharmacological inhibition, we set 
up to investigate the consequences of silencing NANOG and OCT4. To do so, 
NANOG and OCT4 genes were targeted by lentiviral shRNA delivery in the 081R 
line, and knockdown of NANOG and OCT4 was validated (Figure S6A). Clones 
TRCN0000004880 (shNANOG) and TRCN0000004886 (shOCT4) were selected 
based on knockdown efficiency for further experiments. TGF-ß is a well-known 
inducer of mesenchymal cell states. This induction was effectively prevented in 
NANOG and OCT4 silenced cells treated with TGF-ß (Figure 4A, B). We confirmed 
that shNANOG and shOCT4 knockdown prevent cell state transitions, as 
mesenchymal markers showed minor increases in response to CRT (Figure 4C, 
S6B). Next, NANOG and OCT4 were silenced across the full cell line panel, and cell 
viability following CRT was determined. This revealed that NANOG silencing most 
consistently sensitized cells to CRT (Figure 4D, E). To establish whether silencing 
NANOG also sensitized to therapy in vivo, 081R shCtrl and shNANOG cells were 
grafted in the hind limb of NSG mice (as for Figure S5). Tumors were treated with 
radiation for 14d and mice were followed up (Figure 4F). Compared to irradiated 
shCtrl tumors, irradiated shNANOG tumors were strongly delayed in their growth, and 
maximal tumor sizes were reached much later (Figure 4G,H). Of note, shNANOG did 
not delay the onset and rate of tumor growth in the absence of radiation, suggesting 
its role in EAC to be limited to responses to therapeutic stress. Together, these data 
show that pluripotency factors are important for chemoradiation-induced cell state 
transition in EAC. Their perturbation prevents mesenchymal states from occurring 
and sensitizes EAC tumors to radiation. In anticipation of effective pharmacological 
interventions, the use as predictive biomarker for EAC patients could be envisioned. 

DISCUSSION

Incomplete responses to neoadjuvant chemoradiation in esophageal cancer may 
lead to tumor recurrence and metastatic disease, even despite the recently observed 
benefit of adjuvant immunotherapy. 3,31 Therapeutic pressure has been established 
as a contributor to metastatic disease. 6,32 Especially in EAC, cells appear to harbor 
a high degree of plasticity and quickly adopt a mesenchymal cell state. Thus far, 
the regulators of this plasticity in EAC were unknown. In this study, we identified 
pluripotency factors NANOG and OCT4 as drivers of high plasticity in EAC and 
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found them to be predictive for outcome after chemoradiation in EAC patients.

Cancer stem cells have been reported to drive esophageal cancer growth and 
resistance. 33 Markers such as ALDH1, NANOG 34, OCT3/4 35 and SOX2 36,37 have 
been associated with cancer recurrence and therapy resistance. In several other 
cancer types, NANOG overexpression was correlated with increased metastatic 
potential and proliferation in cancer.  35,36,37 Of note, a vast body of literature 
describes the occurrence of stemness markers and properties as a consequence 
of mesenchymal transitions rather than a prerequisite. Instead, we observed 
that pluripotency factors are required for mesenchymal transitions, and that their 
inhibition prevents mesenchymal states in EAC. This is in line with a limited number 
of studies in ovarian cancer, hepatocellular carcinoma and bladder cancer, where 
the ability to undergo mesenchymal transitions was shown to require NANOG. 38–40

Two scenarios could explain the association of pluripotency factors with 
mesenchymal states: One is that chemoradiation selects for pre-existing therapy 
resistant stem-like cells. 37 These likely also have mesenchymal features (as 
described) and their enrichment by therapeutic pressure will result in a population 
that is more mesenchymal as a whole. However, the observed rapid and widespread 
appearance of mesenchymal cells argues against selection and favors a model 
in which mesenchymal states are instructed. We therefore hypothesize a second 
scenario in which pluripotency factors are required to instill a permissive cell state 
that allows such transitions to take place. It would be interesting to interrogate the 
epigenetic landscapes that associate with these permissive states. 41,42

In the present study we found that pharmacological inhibition of pluripotency 
factors prevented transitions to a mesenchymal phenotype, and sensitized cells to 
chemoradiation in vitro. In the clinic, targeting NANOG is promising as its expression 
is relatively limited to for instance embryonic development, and cancer cells. 35,36 
This suggests that efficacy could be achieved with low toxicity. The pluripotency 
inhibitor Niclosamide have shown promising preclinical anti-tumor activity in 
several cancers, including activity against EMT. 24–27 However, Niclosamide was 
not significantly effective at sensitizing patient-derived grafts to radiation. The 
reasons for this are unknown but possibly its pharmacokinetics are unfavorable. 
In addition, specificity is questionable, as the inhibitor has additional mechanisms 
of action unrelated to pluripotency. 43 Possibly, by interrogating the permissive cell 
state that is required for mesenchymal transitions, targetable molecules that act 
at other biological levels may become apparent in future research. Epigenetic 
readers or non-coding genomic and transcriptomic elements for which RNA based 
interventions are available could further elucidate this interplay. 
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Despite not providing a promising pharmacological intervention, our study does 
provide important novel insights in the mechanisms that explain the high plasticity 
of EAC cells. Additionally, NANOG expression in pre-treatment EAC biopsies was 
highly predictive for response to therapy and therefore patient outcome. We propose 
that this knowledge, together with the development of predictive biomarkers for 
patient selection, or accurate treatment monitoring tools could be used to improve 
the efficacy of chemoradiation in EAC.
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SUPPLEMENTAL METHODS 

Knockdown of pluripotency factors
NANOG and POU5F1/OCT4 were silenced by lentiviral delivery of short hairpin 
RNA. HEK293T cells were used to produce lentivirus with packaging plasmids 
pMD2.G, pMDLg/pRRE and pRSV-Rev together with the pLKO transfer constructs 
(clones POU5F1: TRCN0000004879, TRCN0000004880, TRCN0000004881, 
TRCN0000004882, TRCN0000004883; NANOG: TRCN0000004884, 
TRCN0000004885, TRCN0000004886, TRCN0000004887, TRCN0000004888) and 
a scrambled control (shc002), from our in-house Sigma Mission TRC library. Lentiviral 
supernatant (DMEM supplemented with FCS (10%) and L-glutamine (2 nM)) was 
harvested after 24h and 48h and used to transduce all EAC cell lines together with 
polybrene (5 µg/µl). After 24h of transduction, cells were recovered overnight and 
selected for transduced cells using puromycin (2 µg/ml) for a minimum of 5 days, 
or until death of control cells. 

Pluripotency inhibition
The inhibitor Niclosamide (Cat. No: HY-B0497, MedChemExpress) was used to 
block pluripotent activity in cancer cells.15,16 IC50 was determined for each EAC 
cell line using the CellTiter-Blue Cell Viability Assay Kit (G8081; Promega, Madison, 
WI). Cells were seeded in 96-wells plates and treated for 72 hours in triplicates 
after cell adhesion. After 72 hours, 20 µl Cell Titer-Blue reagent was added and 
after three-hour incubation the plates were read at 560/590 nm using a plate reader 
(BioTek Instruments). Cell viability was calculated relative to untreated cells.

Organoid culture  
Organoid culture Pt382 was established from an EAC resection specimen from a 
male patient, 64 years of age (see ref 17) The patient received standard of care 
neoadjuvant chemotherapy according to CROSS. 2 Organoid culture Pt376 was 
established from an EAC resection specimen from a male patient, 60 years of age. 
This patient also received neoadjuvant chemotherapy. Organoids were established 
using published methods. 18 Organoids were grown in a BME (Corning) cushion, 
using the following medium: Advanced DMEM/F12 (Invitrogen, Waltham, MA) with 
Glutamax (2 mmol/L), penicillin (100 units/ml), and streptomycin (500 µg/mL; all 
from Lonza, Basel, Switzerland), HEPES (15630-056, Thermo Fisher, Waltham, MA), 
2% B27 (Invitrogen, Waltham, MA), 1 mM N-acetylcysteine (Sigma, St Louis, MO), 
10 nM Gastrin (Sigma, St Louis, MO), 50 ng/ml EGF (Peprotech, Rocky Hill, US), 
50% Wnt3a conditioned medium and 10% RSPO1-conditioned media (both made 
in-house), 10% 100ng/ml Noggin (Peprotech, Rocky Hill, US), 10 mM Nicotinamide 
(Sigma, St Louis, MO) and A83-01 (Tocris, Abingdon, UK). Organoids were 
dissociated every 7-10 days and medium was refreshed every 2-3 days.
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Organoid viability assays
Following dissociation, cells were seeded in 96-well plates at a density of 4000 
cells per well in 6 µL Matrigel drops. Organoids were imaged using the EVOS cell 
imaging system (Thermo Fischer Scientific) and cell viability was assessed using 
CellTiter-Glo (Promega, Leiden, The Netherlands) according to the manufacturer’s 
instructions for 96-well plates adding 50 µl CellTiter-Glo reagent to 100 ul culture 
medium. Luminescence was recorded at 600 nm.
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SUPPLEMENTAL FIGURES

Supplementary Figure 1 | Cell line responses to chemoradiation  
A After the CRT regimen for 14 days, cells were left untreated until day 28 and assessed by 
phase-contrast imaging. B All EAC lines were treated with CRT for 14 days and gene expression 
was determined using quantitative RT-PCR. Bar graphs show means of technical triplicates 
±SD. Statistical test is unpaired Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 
0.0001. C Panel of esophageal cell lines treated with chemotherapy for 14 days. Reduction of 
cells measured as absolute Crystal Violet absorbance at 600nm. P = paclitaxel, C = Carboplatin 
D Reduction of cells after chemotherapy as measured in B (concentration 0,05 nM P + 2µM 
C) plotted against morphology-based ranking as established in Figure 1C. 
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Supplementary Figure 2 | Ridge regression models   
A Principal component analysis (PCA) plot showing cell line panel samples in biological 
replicates. Dim = Dimensionality. B Ridge regression prediction correlations of predicted and 
true value in the three indicated in vitro markers with RNAseq expression data by leave-one-
out-cross validation (LOOCV). C Ridge regression model coefficients per model. Indicated 
names are top 25 positive and negatively correlating genes for each in vitro model. 
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Supplementary Figure 3 | Selection of pre-treatment biopsies for RNA-sequencing  
A Flow diagram of processed biopsies for RNA-sequencing. Patient esophageal pre-
treatment biopsy screening and selection. Samples were excluded due to insufficient tissue 
or tumor purity (N=61) or RNA quality (N=7). B Example of Hematoxylin and Eosin (H&E) 
staining of two patient biopsies (AMC-007-EAC and AMC-057-EAC) for assessment of tumor 
percentage of the total tissue slide by a trained pathologist. Black dotted line indicate tumor 
cell area.
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Supplementary Figure 4 | Pharmacological inhibition of pluripotency combined with 
chemoradiation           
A All EAC lines treated with a concentration dosis of Niclosamide. Viability of cells 
assessed after 72h treatment by Cell Titer Blue assay. B Flow cytometry gFMI of NANOG 
protein in Flo1 cells. Mann–Whitney U test between , * p < 0.05. C Relative confluence 
(%) of EAC cells treated with CRT for 14 days, with or without Niclosamide, concentration 
determined per cell line as the IC50. D Relative gFMI of epithelial (EpCAM, ECAD) and 
mesenchymal (CXCR4, NCAD, CD29) markers in Flo1 cells treated with CRT, Niclosamide 
or combined, compared to untreated EAC cells. E 289B cells as in C were processed 
for immunofluorescence for vimentin (green), Laminin (red), and nuclei (Hoechst; blue). 
Magnifications and laser settings were identical between all images. Scale bars are 50 µm. 
F Correlation of NANOG expression in untreated cell line panel with reduction of 
confluence after additive administration of Niclosamide to CRT.    
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Supplementary Figure 5 | Pluripotency inhibition combined with radiation in preclinical EAC 
models           
A Patient-derived EAC organoid cultures 382 and 376 were exposed to radiation with 0.33 
uM Niclosamide for 5 days. Outgrowth was monitored by phase-contrast microscopy.  
B Organoids as in A were treated for 5 days. Viability was assessed with Cell Titer Glow 
in 96-well plates. Luminescence was measured after 3 hours. Graphs show 6 biological 
replicates with mean ±SD. Statistical test performed is is unpaired Student’s t-test, 
** p < 0.01. C Tumor volumes over time from start of injection for each treatment group. 
Lines indicate individual mice. On days of radiation mice also received oral gavage with 
vehicle (1% DMSO, 1% Tween80 in 98% PBS) or Niclosamide (50mg/kg in vehicle).  
D Kaplan-Meier survival analysis of mice. Events are humane endpoints by maximum tumor 
growth. p-values were computed by log rank test and indicated for groups of interest. 
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3Supplementary Figure 6 | shNANOG and shOCT4 cells show reduced mesenchymal 
plasticity 
A Validation of NANOG and OCT4 knockdown constructs in 081R cells with quantitative 
RT-PCR. Technical replicates are represented as mean ±SD relative to RPS18.  B 081R cells 
were treated with CR for 14 days and gene expression was determined with quantitative 
RT-PCR. Bar graphs show means of technical triplicates ±SD. Statistical test is unpaired 
Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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SUPPLEMENTAL TABLES

Supplemental table 1 | Patient characteristics of EAC pre-treated biopsies for RNA-
sequencing. dCRT: definitive chemoradiation therapy; ECF/EOX: perioperative epirubicin, 
capecitabine and oxaliplatin; FLOT: perioperative 5-Fluorouracil, Oxaliplatin and Docetaxel. 
NA: not applicable. 
 Biopsies %
Number of patients 78  
Mean age in years 65 (37-84)  
BMI 26 (16-36)  
Sex   
Male 69 88.5
Female 9 11.5
Histology   
EAC 78 100.0
HER2   
Positive 20 25.6
Negative 58 74.4
Location   
Proximal 0 0.0
Mid 2 2.6
Distal 54 69.2
GEJ/cardia 21 26.9
Stomach 1 1.3
Differentiation grade   
Poor 13 16.7
Moderate 37 47.4
Well 7 9.0
NA 18 23.1
T-stage   
1 0 0.0
2 18 23.1
3 54 69.2
4 4 5.1
NA 2 2.6
N-stage   
0 15 19.2
1 39 50.0
2 20 25.6
3 3 3.8
NA 1 1.3
Treatment   
CROSS 44 56.4
dCRT 9 11.5
Docetaxel-anti-HER2 1 1.3
ECF/EOX 2 2.6
FLOT 3 3.8
CROSS+anti-PD-L1 11 14.1
CROSS+anti-HER2/3 3 3.8
NA 5 6.4
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Supplemental table 2 | Primer sequences used for qRT-PCR.

Gene Forward
GAPDH-forward 5’-AATCCCATCACCATCTTCCA -3’
GAPDH-reverse 5’- TGGACTCCACGACGTACTCA-3’
VIM-forward 5’-CCCTCACCTGTGAAGTGGAT-3’
VIM-reverse 5’-TCCAGCAGCTTCCTGTAGGT-3’
SNAI2-forward 5’-GGTCAAGAAGCATTTCAACG-3’
SNAI2-reverse 5’-CACAGTGATGGGGCTGTATG-3’
CDH1-forward 5’-TCTCTGCTCGTGTTTGACTATG-3’
CDH1-reverse 5’-GTCATAGTCCTGGTCTTTGTCTG-3’
CD44-forward 5’-TGGAGCAAACACAACCTCTG-3’
CD44-reverse 5’-CCACTTGGCTTTCTGTCCTC-3’
ERBB3-forward 5’-TGGGGAACCTTGAGATTGTG-3’
ERBB3-reverse 5’-GAGGTTGGGCAATGGTAGAG-3’
CD133-forward 5’-TCCACAGAAATTTACCTACATTGG-3’
CD133-reverse 5’-CAGCAGAGAGCAGATGACCA-3’
LGR5-forward 5’-ACCAGACTATGCCTTTGGAAAC-3’
LGR5-reverse 5’-TTCCCAGGGAGTGGATTCTAT-3’
TUBB3-forward 5’-CCTGACAATTTCATCTTTGGTCAGAGT-3’
TUBB3-reverse 5’-GCACCACATCCAGGACCGAAT-3’
TWIST-forward 5’-GGCATCACTATGGACTTTCTCTATT-3’
TWIST-reverse 5’-GGCCAGTTTGATCCCAGTATT-3’
ZEB1-forward 5’-GCACAAGAAGAGCCACAAGTA-3’
ZEB1-reverse 5’-GCAAGACAAGTTCAAGGGTTC-3’
ZEB2-forward 5’-TTCCTGGGCTACGACCATAC-3’
ZEB2-reverse 5’-TGTGCTCCATCAAGCAATTC-3’
CDH2-forward 5’-ACAGTGGCCACCTACAAAGG-3’
CDH2-reverse 5’-CCGAGATGGGGTTGATAATG-3’
RPS18-forward 5’-AGTTCCAGCATATTTTGCGAG-3’
RPS18-reverse 5’-CTCTTGGTGAGGTCAATGTC-3’
NANOG-forward 5’-CCTGTGATTTGTGGGCCTG-3’
NANOG-reverse 5’-GACAGTCTCCGTGTGAGGCAT-3’
POU5F1-forward 5’-GTGGAGGAAGCTGACAACAA-3’
POU5F1-reverse 5’-ATTCTCCAGGTTGCCTCTCA-3’
c-MYC-forward 5’-AGCTGCTTAGACGCTGGATTTT-3’
c-MYC-reverse 5’-TTCCTGTTGGTGAAGCTAACGTT-3’
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SUMMARY  

Effective treatment of esophageal adenocarcinoma (EAC) is hampered by a high 
degree of mesenchymal plasticity of tumor cells that contributes to acquired 
therapy resistance and subsequent disease recurrence. However, the existence 
of a mesenchymal molecular subtype measured at the tissue-level that could be 
used to stratify patients has remained elusive, in large part due to an abundance of 
non-tumor cells confounding bulk gene expression data. Here, we gene expression 
profiled 186 esophageal cancer samples and applied the upcoming technique 
non-negative matrix factorization (NMF) to segregate tumor cellular compartments 
and identify tumor-intrinsic features. Subgroup discovery using tumor-intrinsic gene 
expression, together with single-nucleus RNA sequencing analysis, revealed the 
existence of two subtypes; intestinal-like and mesenchymal-like. The latter enriched 
after neoadjuvant chemoradiation treatment and during disease progression. In a 
separate cohort of RNA-sequenced metastatic EAC, the mesenchymal-like subtype 
was found to predict poor response to treatment. Conversely, intestinal-like subtype 
cancer cells were highly dependent on epidermal growth factor signaling, and 
sensitive to receptor tyrosine kinase inhibition. Regulators of the mesenchymal-like 
subtype were identified and silencing of architectural factor HMGA2 reverted the 
mesenchymal phenotype, invasiveness, and therapy resistance. In conclusion, we 
demonstrate two molecular subtypes in EAC, identify the biology and regulatory 
mechanisms associated with these subtypes and their therapeutic vulnerabilities.



91

4

INTRODUCTION  

In the past 50 years, the incidence of esophageal adenocarcinoma (EAC) in Western 
countries has climbed at a staggering pace. Worldwide, 604,100 patients were 
diagnosed with EAC in 2020, and 544,076 individuals succumbed to the disease. 1 

For resectable EAC, typical standard of care is neoadjuvant chemoradiation 
according to the CROSS regimen followed by surgery. 2 Recently, adjuvant 
checkpoint inhibition was approved in case of residual disease. 3 Despite this 
intensive regimen, nearly 50% of patients die within 3 years after resection. In the 
metastatic setting, median overall survival ranges from eleven to fourteen months. 4

Previous work from our group and others has shown that EAC cells harbor a 
remarkable phenotypic plasticity which contributes to acquired therapy resistance. 
For instance, under the duress of chemoradiation, EAC cells rapidly rewire their 
cellular metabolism to increase oxidative phosphorylation capacity. 5but acquired 
resistance precludes long-term efficacy. Here, we delineate these resistance 
mechanisms. RNA sequencing on matched patient samples obtained pre-and 
post-neoadjuvant treatment reveal that oxidative phosphorylation was the most 
upregulated of all biological programs following nCRT. Analysis of patient-derived 
models confirms that mitochondrial content and oxygen consumption strongly 
increase in response to nCRT and that ionizing radiation is the causative agent. 
Bioinformatics identifies estrogen-related receptor alpha (ESRRA Preventing this 
rewiring by inhibiting mitochondrial biogenesis, resensitizes cells to treatment. 
Likewise, in response to chemoradiation, combined receptor tyrosine kinase 
targeting, or stromal cues, EAC cells readily acquire a mesenchymal morphology. 
6,7,8 This mesenchymal state confers therapy resistance to EAC cells, but also 
contributes to their metastatic potential. Although mesenchymal transitions and 
their contributions to outcomes are also well described in other cancers, EAC cells 
undergo these transitions readily. 

In nearly all solid cancers, a mesenchymal molecular subtype is consistently 
identified in gene expression (mRNA) data. This subtype invariably associates 
with high stromal content, a fibroblast-like tumor cell morphology, and poor 
treatment outcomes. 9 In order to distinguish subtypes in EAC, studies have 
extensively profiled EAC at the genomic level. 10,11,12 and subgroups have been 
identified based on mutational signatures and whole genome duplication. 13,14 In 
addition, EAC subgroups have been described based on methylation patterns. 15,16 
However, in stark contrast to the readily induced mesenchymal cell fates in EAC, a 
mesenchymal molecular subtype in EAC has remained elusive. A significant hurdle 
to the discovery of truly tumor-intrinsic mesenchymal features in gene expression 
analyses is the abundance of non-tumor cells that will introduce a high ‘background’ 
mesenchymal signal. Given the recognized impact of mesenchymal cell states on 
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therapy outcomes in EAC, and the known associations of mesenchymal subtypes in 
other cancers, we sought to delineate the gene expression tumor-intrinsic subtypes 
in patient samples, the associated clinical outcomes, molecular regulators, and 
drug sensitivity profiles.

 
METHODS

Patient participants   
Eligible patients of the BiOES-II cohort were ≥ 18 years with pathologically confirmed 
esophageal cancer, both EAC and ESCC, or gastroesophageal junction and cardia 
adenocarcinomas (GAC). 17 All patients provided written, informed voluntary consent 
for study participation under ethical approval (BiOES-II biobank; METC 2013_241). 
This study was conducted in accordance with the Declaration of Helsinki and the 
international standards of good clinical practice. 

As part of the Dutch metastatic CPCT-02 (NCT01855477) cohort, patients with 
metastatic cancer were selected. Main inclusion criteria were age ≥ 18 years; locally 
advanced or metastatic solid tumor; indication for new line of systemic treatment 
with registered anti-cancer agents and tumor lesion that can be safely biopsied 
according to the attending physician. The CPCT-02 study and its protocol were 
approved by the medical ethical committee (METC) of the University Medical Center 
Utrecht, and the Netherlands Cancer Institute. In accordance with the Declaration 
of Helsinki, written informed consent was acquired before study procedures. 

Clinical data, tissue collection, and ethical approval  
Treatment naïve esophageal tumor biopsy samples, tissue from patients who 
underwent an esophagectomy, and biopsies from metastatic samples were 
collected in the Amsterdam University Medical Centers (AUMC). Patient tissue was 
prospectively obtained with signed informed consent and collected and stored in 
the Amsterdam UMC between May 22, 2013, till June 1st, 2020 until processing. 
20 µm sections of snap-frozen tissue were cut on a cryostat. A representative slice 
of 5 µm in the center of the tissue was collected for subsequent histopathological 
assessment. Tumor purity was scored by an experienced pathologist (SLM) and 
only samples with >30% tumor percentage were considered. For a selection of 
primary tumors, the pathologist scored additionally the percent abundance of non-
malignant compartments. Patient characteristics were obtained per patient from 
electronic medical record database EPIC (Supplemental Table S1).

Preparation of libraries and processing for RNA-seq  
Total RNA was isolated using the AllPrep DNA/RNA/miRNA universal kit (Qiagen, 
Hilden, Germany) according to the manufactures protocol. NanoDrop (Thermo 
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Fisher, Waltham, MA) was used to measure RNA concentration. Samples were 
considered for RNA sequencing in case RNA concentration was above 20 ng/µL. 
Library preparation was performed using Total RNA library prep RiboErase (Roche, 
Basel, Switzerland). Samples were sequenced on the Illumina HiSeq4000 platform 
with single 50bp reads at 100M reads per sample. Data went through quality control 
using FastQC. Reads were aligned to the human reference genome (NCBI37/hg19) 
using STAR v2.7.1 and annotated with Gencode v32.

External metastatic CPCT cohort  
For the Dutch metastatic CPCT-02 (NCT01855477) cohort, core needle biopsies 
from metastatic lesion along with clinical data were collected by the Center for 
Personalized Cancer Treatment in the same manner across 44 Dutch hospitals. 
HMF performed sequencing on the biopsies of patients who were included in the 
study. Patients required a tumor lesion measurable by RECIST 1.1. Patients were 
followed by their treating physician as per standard of care. Response to therapy 
was assessed every 8 weeks using CT or MRI and RECIST 1.1. The target lesions 
for RECIST 1.1 measurement were selected by independent radiologists. For this 
study, we only considered tumors from esophageal and gastric origin for analysis 
(Supplemental Table S5).

Gene expression decomposition, gene ranking and patient classification  
To deconvolve the gene expression data, we applied de novo compartment 
deconvolution and weight estimation of tumor samples (DECODER)18 without factor 
linkage. The pipeline is NMF-based on an increasing number of factors (K). 19 In this 
study k= 2-12 were considered. For each K, a gene weight seed was first trained by 
n iterations of the NMF algorithm, followed by applying final NMF and nonnegative 
least squares (NNLS) projections to determine factor weights per sample and gene 
weights per factor. To derive robust weights for the NMF clustering, 10,000 iterations 
were performed. For all analyses in this manuscript, we used k = 7 as the number 
of factors. Factors are hereafter called Signatures, since each factor has a unique 
gene weight pattern associated with a known biological process or cell type.

For each of the k factors, a distinct set of genes was established by ranking the 
difference between the gene weights for the specific factor and the second largest 
gene weight in any other factor. Gene set enrichment analysis was performed on 
the ranked list of genes for each factor with all sets available from MSigDB v3.1. 
Enrichment and statistical significance with Benjamini-Hochberg correction were 
calculated by the R package fGSEA. 20 Only gene sets with positive enrichment 
were considered. 
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Clustering  
In order to classify discovery BiOES-II cohort and the metastatic CPCT cohort with 
the identified tumor-intrinsic subgroups, consensus clustering of row-normalized 
gene expression was performed using the top 50 most distinct genes from the 
identified biological Signature 1 and Signature 3 (tumor-intrinsic signatures) using R 
package ConsensusClusterPlus. 21 Clustering consisted of 500 iterations with 50% 
sample subsampling ratio using k-means clustering.

Single-nucleus RNAseq  
Single-nucleus RNA-seq was performed on 3 patient samples, of which 2 samples 
were matched before- and after-treatment. The following protocol is based on prior 
nucleus isolation techniques, using TST buffer. 22 In brief, TST buffer (1 ml) was 
pipetted into one well of a six-well plate on ice. Fragments from several regions 
of the frozen tumor was transferred into the TST buffer and manually minced 
with a Noyes spring scissors (Fine Science Tools, cat. no. 14568-12) for 8 min. 
The homogenized tissue solution was then filtered through a 40-µm cell strainer 
(Greiner, 542040) into a 50-ml conical tube. An additional 1 ml TST buffer was used 
to rinse the well and filter. The total volume was brought up to 5 ml with 3 ml of 1× ST 
buffer and transferred into a 15-ml conical tube. The sample was spun for 5 min at 
500g, 4 °C and the supernatant was removed. The pellet was resuspended in 100–
200 µl 1× ST+0.04%BSA and then filtered through a 35 µm cell strainer (Corning, 
352235). Nuclei were quantified using a hemocytometer and diluted to achieve a 
final concentration of 400 nuclei per microliter.

Approximately 8,000–10,000 nuclei per sample were loaded into each channel of a 
Chromium single-cell 3' chip (V3.1, 10x Genomics) according to the manufacturer’s 
instructions. Single nuclei were partitioned into droplets with gel beads in the 
Chromium Controller to form emulsions, after which nuclear lysis, barcoded reverse 
transcription of mRNA, cDNA amplification, enzymatic fragmentation and 5′ 
adapter and sample index attachment were performed according to manufacturer’s 
instructions. The snRNA-seq sample libraries were sequenced on the Novaseq 
(Illumina) with a read depth of approximately 210M per sample with a paired-end 
read configuration

Analysis of pharmacogenomic databases  
Cell line sensitivity data provided by the Genomics of Drug Sensitivity data in 
Cancer (GDSC) project were downloaded (www.cancerrxgene.org/downloads, 
Release 8.2, February 2020). Z-scores of the lC50 values of intestinal-like (IL) vs. 
mesenchymal-like (ML) classified cell lines were compared.

Cell culture  
Flo1, OE19 and OE33 cells (DSMZ, Germany) were maintained in RPMI, and 
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HEK293T, 058M, 081R and 289B were in DMEM, both with 4.5 g/L glucose, 8% fetal 
bovine serum, L-glutamine (2 mmol/L), penicillin (100 units/ml), and streptomycin 
(500 µg/mL; all from Lonza, Basel, Switzerland). 031M, 037M and 007B were 
maintained in Advanced DMEM/F12 (Gibco; 3.1 g/L glucose) with 1:100 N2 
(Invitrogen), 2 mM L-glutamine (Sigma-Aldrich), 5 mM HEPES (Life Technologies), 
0.15% D-glucose (Sigma-Aldrich), 100 µM ß-mercaptoethanol (Sigma-Aldrich), 10 
µg/mL insulin (Sigma-Aldrich), 2 µg/mL heparin (Sigma-Aldrich), and 1:1000 trace 
elements B and C (Fisher Scientific, Waltham, MA). All cell lines were tested for 
mycoplasma monthly, and STR profiled. Medium was refreshed regularly (2 times 
per week) to avoid nutrient deprivation. Cultures were normoxic at all times.

Treatments and cell viability assays  
Cells were seeded in a 96-well plate in triplicate in 100 µL of medium. After overnight 
attachment, drugs were added to the medium using a Tecan D300e Digital Dispenser. 
In case of continuous exposure experiments, plates were incubated with the drugs 
for 72h at 37 °C. For the cell-viability assay, 20 µL of CellTiterBlue (Promega, 
Leiden, The Netherlands) was added. After 3h of incubation, protected from light 
at 37 °C, fluorescence signal was measured by a fluorescence reader (Biotek). 
 
Lentiviral gene silencing  
Plasmids containing shRNAs were obtained from the MISSION library. 23 Lentivirus 
was produced by transfecting HEK293T cells with either pLKO.1 targeting construct 
(shHMGA2, TRCN0000021964-21968; shFOSL1, TRCN0000019539-19543), 
scrambled non-targeting control shRNA (shc002) or GFP-targeting control shRNA 
(shc003). To generate lentivirus, HEK293T cells were transfected with the above 
transfer plasmids, and packaging plasmids pMD2.G, pMDLg/pRRE, and pRSV-
Rev using Lipofectamine 2000 (Invitrogen, Waltham, Massachusetts). Supernatant 
was harvested after 48h and 72h and filtered through a 0.45µm filter (Millipore, 
Germany). 289B cells were transduced at 70% confluency with the harvested virus 
in the presence of 8 µg/ml polybrene (Sigma) overnight. Two days after transduction 
knockdown cells were selected for stable transduction with 2 µg/ml puromycin 
(Sigma).

Quantitative RT-PCR  
RNA was isolated according to manufacturer’s instructions (Macherey-Nagel, 
Duren, Germany). Subsequently, cDNA was synthesized with Superscript III, DTT, 
5x First-Strand Buffer, RNAseOUT and dNTP Mix (Thermo Scientific, Waltham, MA) 
according to the manufacturer’s protocol. SYBR green (Roche, Basel, Switzerland) 
was used to perform quantitative real-time PCR (qPCR) on a Lightcycler 480 II 
(Roche) according to manufacturer’s instructions. For primer sequences, see 
Supplemental Table S6.
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Flow cytometry  
Cells were harvested with trypsin-EDTA (Lonza, Basel, Switzerland) and resuspended 
in wash buffer (PBS containing 2% FCS). The cells were stained for surface markers 
by incubating the cells with the respective antibodies for 30 minutes on ice. 
EpCAM-AF700 (Biolegend, 324243) and  E-Cadherin-PE (Biolegend, 324105). Flow 
cytometry data were acquired on a BeckmanCoulter CytoFLEX-S (B75442) and the 
data were analyzed using the FlowJo (V10) software.

Immunofluorescence  
Cells were seeded on glass coverslips in 12-well plates (per well 2x105 081R cells, 
1x105 289B cells), to allow imaging and exposed to 1Gy for 72h. Cells were washed 
twice with PBS, fixed using 4% formaldehyde in PBS for 10 min, washed again 
and permeabilized using 1% Triton X-100 in PBS. Blocking was done using 5% 
goat serum (NGS)/ 0.1% Triton X100/ PBS for 30 min. Antibodies were incubated 
overnight at 4°C in blocking buffer at the following dilutions: anti-Vimentin at 1:100 
dilution (Merck), anti-E-Cadherin at 1:100 (Sigma). After washing, secondary 
antibodies were added: Alexa 568 anti-mouse IgG1 and Alexa 488 anti-rabbit IgG 
(H+L), both 1:100 (Invitrogen). Hoechst was added 1:1000. After further washing, 
cells were mounted in Prolong Gold and imaged on a SP-8 confocal microscope 
(Leica)

Invasion assay  
In vitro invasion assays were performed with Corning BioCoat Matrigel Invasion 
Chamber assay (Corning, Cat. #354480) with 8.0µm PET membrane. 200.000 of 
289B (dox-shGFP dox-, dox-shGFP dox+, dox-shHMGA2 dox-, and dox-shHMGA2 
dox+) cells were seeded in serum-free medium (DMEM with or without dox) in the 
upper chamber of the transwell. In the lower chamber 8% FCS culture medium 
(with or without dox) was placed as chemoattractant. After 48h the cells were fixed, 
stained and quantified according to Buikhuisen et al. 24each with distinct biological 
features. CMS4 is associated with epithelial-mesenchymal transition and stromal 
infiltration (Guinney et al., Nat Med 21:1350–6, 2015; Linnekamp et al., Cell Death 
Differ 25:616–33, 2018 The dox+ conditions were exposed to 2µg/mL doxycycline 
6 days prior to the experiment.

Identification of ML subtype regulators  
Transcription Network Inference was constructed using the RTN R Package 25,26 
using default parameters, except the number of permutations (n=1000). The 
selection of transcription factors was done by filtering Signature 1 distinct genes 
using tfsData from the RTN R library. The top 5 most unique transcription factors 
were considered.
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RESULTS

Non-negative matrix factorization segregates relevant tumor compartments 
EAC tumors are complex mixtures of malignant epithelial cells, fibroblasts, 
immune cells and surrounding healthy tissue. In the primary tumor the healthy 
tissue consists of squamous epithelium, and at a metastatic site such as the liver 
this would be hepatocytes. Subgroup discovery on such an admixed data set is 
heavily confounded by non-tumor signals. Here, we leveraged non-negative matrix 
factorization as a computational tool to segregate all the cellular compartments. 
19 For the analysis, we used gene expression profiles of 138 EAC samples of the 
BiOES-II cohort, which consisted of 78 pretreatment biopsies, 36 post-treatment 
resection specimens, 17 metastasis biopsies, and 7 EAC cell lines (Supplemental 
Table S1). In addition, the BiOES-II set included also 13 gastroesophageal junction 
and cardia adenocarcinomas (GAC; 6 pretreatment, 2 treatment, 4 metastatic, and 
1 cell line), as well as 35 esophageal squamous cell carcinoma samples (ESCC; 16 
pretreatment, 8 post-treatment, 7 metastatic, and 4 cell lines) to boost deconvolution 
performance. We identified seven biological signatures (Figure 1A). Only Signature 
1 and Signature 3 were present in adenocarcinoma cell lines suggesting these to 
be tumor-intrinsic signatures. The remaining signatures were tumor-cell extrinsic, 
four of these could be directly attributed to distinct cell lineages based on their 
putative marker genes (stroma, healthy squamous epithelial, immune, and hepatic; 
Figure 1B). 

We reasoned that if Signature 1 and Signature 3 are both tumor cell intrinsic signals, 
their sum should be equal to assessments of tumor cell percentage. To confirm this, 
and to test the robustness of our stromal and immune scores, we performed a side-
by-side comparison of the NMF signature weights and ESTIMATE and found these 
to be highly correlated (Figure S1A). To validate these findings in an orthogonal 
fashion, a blinded histopathological assessment of cellular compartment was 
performed on a subset of samples. Pathological scores were highly concordant 
with NMF signature scores and confirmed that the sum of Signature 1 and Signature 
3 indeed comprise the tumor compartment (Figure 1C, S1B). In addition, only liver 
metastases and no other metastatic sites or primary tumor samples featured high 
expression of Signature 7 (“hepatic”; (Figure 1D). 

To investigate how the bulk RNA-seq derived expression signatures were 
represented intratumorally, we performed single-nucleus RNA-seq on 3 patient 
samples (of which 2 samples were matched before- and after-treatment; (Figure 
1E). The compartment-specific expression signatures further confirmed that NMF 
accurately informed on the single-nucleus RNA-seq admixed tumor composition 
(Figure 1F). For example, the Cycling compartment corresponded with tumor-
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Figure 1 | Bioinformatic deconvolution reveals signatures that define tumor-intrinsic programs. 
A Gene expression profiles of the complete BiOES-II set (n=12 cell lines, 100 biopsies, 
46 resection specimens, 28 metastasis biopsies). Heatmap of the NMF signature weights 
for all components, of which 2 are tumor components. Ordered by hierarchical clustering, 
indicated by the overlying dendrogram. B Putative marker genes for each detected 
biological signature, displayed in separate panels. The top of each panel shows the NMF 
signature weights and the bottom of each panels shows a heatmap of gene expression. 
Gene expression was normalized by z-score. C Correlation plot of tumor component 
percentage score by pathologist against NMF signature weights. Red indicates a positive 
association, green a negative association. D NMF signature 7 weights that correspond 
to normal liver, grouped by primary tumors (from esophagus) and metastatic tumors 
(from other distant sites, or from liver, respectively). Median ± minimum and maximum. 
E Single-nucleus RNAseq analysis of matched pre- and post-treatment samples revealed 
UMAP plot of 9,674 nuclei clustered from samples amc045pre-nCRT, amc045post-nCRT, and 
amc070post-nCRT. Known marker genes were used to identify non-epithelial clusters. F Dot plot 
of NMF deconvolution identified signatures against snRNA-Seq cell populations. The dot size 
corresponds to the percentage of nuclei expressing the feature in each cluster. The color 
represents the average expression level.
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intrinsic Signature 1, compartments with high fibronectin (FN) and desmin 
(DES) expression corresponded with Signature 4, and Macrophage and T cell 
compartments with Signature 6. In addition, this analysis suggested an endothelial 
source of Signature 2. Inferred copy number aberrations were observed only in 
cells defined as tumor (Figure S2A). 

Identification of tumor-intrinsic subtypes   
After having established which signals derive from the tumor microenvironment 
and which are tumor cell-intrinsic, we used the top 50 tumor cell-intrinsic most 
distinct genes from Signature 1 and Signature 3 to assign the whole cohort to 
subgroups, including the cell lines and metastatic biopsies. We observed that the 
microenvironmental confounders were resolved; cell lines and metastatic samples 
clustered together with primary tumor samples (Figure 2A). Geneset enrichment 
analysis (GSEA) between the two subtypes in EAC cell lines, revealed that the 
clustering separated groups largely by tumor-intrinsic mesenchymal (EMT) gene 
expression (Figure 2B). Therefore, we labeled the two tumor-intrinsic subtypes by 
canonical markers preferentially expressed in each: ‘intestinal-like’ (IL) defined by 
CDX2, LGALS4 and MUCs, and ‘mesenchymal-like’ (ML) defined by EMT and TGF-
ß-genesets.  

ESCCs are histologically distinct from EACs, and were all, except one, classified 
as ML in this analysis. We reasoned this was mainly because of a lack of intestinal 
marker gene expression in ESCC. In the context of EAC, Signature 5 likely represent 
healthy squamous epithelium and was therefore omitted from the clustering (cf. 
Figure 1A). With the low number of ESCC samples in this study, we cannot dissect 
molecular subtypes of ESCC by clustering Signature 1 and Signature 5. Despite 
this limitation, we conclude that robust tumor-intrinsic subtypes can be identified 
in deconvolved EAC gene expression and that these associate with distinct tumor 
biology reminiscent of molecular subtypes identified in other gastrointestinal 
cancers. 

Chemoradiotherapy induces ML subtype   
Therapeutic pressure can cause acquired resistance to occur rapidly in EAC. 
Previously, we observed that chemoradiation induced mesenchymal cell states. 7 
Whether this also happens in clinical samples and if mesenchymal states are also 
represented at the tissue level is still unclear. The identification of a tumor-intrinsic 
mesenchymal EAC subtype allows us to address this question. We compared 
subtype distribution in pre-treatment biopsies (ML:13.1%, n=11/84, Supplemental 
Table S2-4) and neoadjuvantly treated resection material (ML:48%, n=12/25) and 
found that ML subtype was strongly enriched after neoadjuvant chemoradiation
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Figure 2 | Tumor-specific gene expression reveals a mesenchymal-like subtype thatenriches 
following neoadjuvant treatment.       
A Consensus-clustered heatmap of primary tumors, metastatic tumors and cell line models 
of esophageal cancers generated using Euclidean distance, with the overlying distance 
function showing two subtypes of EAC. B MSigDB Hallmark gene-expression gene sets 
associated with the novel subtypes in EAC cell lines. Bars indicate Normalized Enrichment 
Scores (NES). Red represents upregulation, blue downregulation. C Pie charts showing 
proportions of the molecular subtypes in each clinical stage. Pre-nCRT contains 91 patients 
and post-nCRT contains 23 patients. P-value is shown from a two-sided Fisher’s exact test. 
nCRT, neoadjuvant chemoradiotherapy. D Cleveland dot plot showing the continuous ‘ML-
subtype score’ before and after nCRT in sample matched patients. nCRT, neoadjuvant 
chemoradiotherapy. E Malignant nuclei scored by NMF Signature 1 and Signature 3.  
 
(Figure 2C, p=0.0005, two-sided Fisher’s exact test). Interestingly, ML score (defined 
by Signature 1 weights divided by the sum of Signature 1 and 3) in the resection 
specimens was inversely correlated with Mandard score (p=0.053, ordinal logistic 
regression), while ML score in biopsies was not predictive. From five patients, 
we obtained matched pre- and post-treatment samples. The shift in subtype 
distribution was also observed in the matched set (Figure 2D; before: 1/5 (20%), 
and after: 3/5 (60%) were ML). However, not all samples gained in ML score nor 
shifted in the same degree. This highlights the heterogenous propensity to acquire 
mesenchymal cell states in EAC (Van der Zalm et al., Chapter 3). In the context of 
disease progression, cN and cM were more advanced in ML pretreatment biopsies.

To assess intratumoral heterogeneity and whether an increase in ML-score is 
defined by epithelial dedifferentiation (i.e., a reduction in Signature 3) or instead an 
increase in mesenchymal gene expression (Signature 1), we utilized the snRNA-seq 
data. The AMC-070 pre-treatment sample did not pass quality control, but we were 
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able to capture the subtype dynamics of AMC-045 and benchmark that to post-
treatment AMC-070. To our surprise, separate IL and ML clusters were not found to 
exist intratumorally, so a proportional shift between two distinct cell types seemed 
unlikely (Figure 2E). Neoadjuvant chemoradiotherapy led in AMC-045 mainly to a 
reduction in Signature 3, while no difference was detected in Signature 1. AMC-070, 
however, was highly mesenchymal/ML with almost no signal in Signature 3 and high 

Figure 3 | The mesenchymal-like subtype associates with poor responses to treatment 
A Consensus-clustered heatmap of metastatic tumors EAC in the metastatic EAC validation 
cohort generated using Euclidean distance, with the overlying distance function showing 
two subtypes of EAC. Tumor-intrinsic gene signatures were applied to cluster the cohort. B 
Heatmap of the NMF signature weights for all components from the discovery set. Ordered 
by hierarchical clustering, with the overlying dendrogram. Feature matrix was applied to 
obtain tumor compartment weights. C Pearson correlation analysis of DNA-based tumor-
purity with sum of NMF Signature 1 and 3. Linear regression line is shown in red along with 
corresponding statistics. D Molecular subtypes and chemotherapy response in the metastatic 
EAC validation cohort; a nationwide cohort with metastatic EAC. The best percent change 
in size of tumor target lesions from baseline (before starting chemotherapy) measured by 
RECIST 1.1 for 32 chemotherapy response evaluable patients with RNASeq data are shown. 
E Kaplan-Meier analysis of IL and ML molecular subtypes versus overall and progression-
free survival. Blue indicates IL, Red ML.
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in Signature 1. From this we deduced that all cancer cells within one tumor tissue 
undergo a gradual transition to a less epithelial cell state following treatment.

ML subtype confers resistance to therapy in metastatic disease  
The majority of EAC patients experience recurrence after resection in the form 
of metastasis. To evaluate genomic and clinical properties of the ML subtype in 
metastatic setting, we interrogated an independent cohort of RNA-sequenced 
metastatic biopsies. First, we applied both the tumor-intrinsic gene signatures to 
cluster the cohort (Figure 3A), and the feature matrix to obtain tumor compartment 
weights (Figure 3B). This showed that the subtype calling was not confounded by 
biopsy location and confirmed that Signature 5 only presented in local esophageal 
and lymph node recurrences. In addition, DNA-based tumor purity scores were in 
high agreement with our transcriptomic signature weights (Figure 3C). This shows 
that the tumor-intrinsic gene signature and a precalculated feature matrix can 
be used with high fidelity on an independent cohort to subtype tumors. We then 
tested the association of tumor subtype with treatment outcome. An analysis of 
the reported RECIST scores revealed that none of the ML tumors were responsive 
to the applied treatment with stable disease at best (Figure 3D). In accordance, 
ML subtype tumors associated with both poor overall and progression-free survival 
(Figure 3E). 

IL subtype cells depend on RTK signaling and are sensitive to ERBB/HER  
targeting           
The association with poor response to treatment of the ML subtype EAC urged 
us to explore the therapeutic vulnerabilities of these cancers. First, we classified 
EAC cell lines from the Cancer Cell Line Encyclopedia (CCLE). 27 This confirmed 
that also cell lines can be robustly assigned to ML and IL subtypes (Figure S3A). 
Next, the relative efficacy of Genomics of Drug Sensitivity in Cancer (GDSC)-listed 
compounds was compared between the two subtypes and several compounds 
with differential efficacy were identified (Figure 4A). Compounds that were found 
to have significant differential activity between the subtypes were then tested in an 
independent set of primary EAC cell lines established in our hospital (Figure 4B). 
Of note, none of the tested compounds validate as effective against the primary 
ML cell lines. This underscored the clinical observation that ML subtype EAC is 
relatively resistant to most therapies tested.

Of the compounds effective against IL subtype EAC, only Allitinib, Tenovin-6, and 
Afatinib were validated in the independent primary cell line panel. Interestingly, 
Allitinib and Afatinib are both ErbB/HER inhibitors. The HER protein family consists 
of four members: EGFR, HER2, HER3 and HER4. These receptors can form homo- 
and heterodimers. EGFR mutations and HER2 amplification are often observed 
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in solid tumors, also in EAC. The relative sensitivity of IL subtype cells to ErbB/
HER inhibitors can partially be explained by the expression levels of these RTKs: 
IL cell lines and tumors have increased ERBB2 and ERBB3 expression (Figure 
4C). In addition, analysis of Dependency Map 28 data confirmed that IL cell lines 
are relatively susceptible to ERBB2 and ERBB3 knockout (Figure 4D). These data 
indicate that patients with IL subtype cancers that are HER2 positive might benefit 
from specific RTK inhibition.

Figure 4 | IL subtype cells depend on RTK signaling  
A Analysis of Genomics of Drug Sensitivity in Cancer (GDSC) compounds in the GDSC1 
and GDSC2 set between the two subtypes. Red dots indicate statistical significance. 
Indicated names were compounds available in our laboratory. B GDSC compound analysis 
in an independent set of eight primary EAC cell lines. Red dots indicate independently 
validated statistical significance, orange dots indicate unexpected reversed significance. 
Indicated names were compounds available in our laboratory to test. C Baseline ERBB2 and 
ERBB3 expression in the independent cell line set and EAC biopsy set. Blue: IL, red: ML. 
D Dependency Map data analysis, depicting the relative dependency score for each gene. 
Blue: IL, red: ML.

Transcriptional regulators of the ML subtype  
To identify regulators of the poor prognosis ML subtype, for all genes their 
contribution to and uniqueness for Signature 1 were calculated and filtered for 
transcription factors. We identified a set of 5 transcription factors that strongly 
contributed to Signature 1; HMGA2, TRIB3, FOSL1, E2F7 and LHX1 (Figure 5A). 
To ascertain that these factors also contribute to the signature by their transcription 
factor activity, we inferred their downstream target genes using ARACNE. 29 Four 
out of five indeed showed enriched target genes in Signature 1 (Figure 5B). Of 
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these, the architectural factor HMGA2 had been described to be involved in TGF-
beta mediated mesenchymal transitions. 30carcinoma invasiveness, and metastasis 
and can be elicited by transforming growth factor-{beta} (TGF-{beta} Previously, 
our group has established TGF-beta as a key mediator of chemoradiation-induced 
EMT in EAC. 7

Figure 5 | Transcription factors that associate with the ML subtype  
A NMF analysis using NFM gene weights, leading to unique regulating transcription factors  
B Microarray expression analysis by use of Algorithm for the Reconstruction of Gene 
Regulatory Networks (ARACNE). P = adjusted p-value. C Phase contrast images on HMGA2-
silenced and control cells. D Immunofluorescence images on HMGA2-silenced and control 
cells. E Flow cytometry analysis of 289B cells treated over time with Docycycline, evaluating 
epithelial markers. F Transwell invasion assay of 289B dox-shHMGA2 and dox-shGFP 
cells in the presence/absence of doxycycline. Bars represent mean of n=3 independent 
experiments. *** p<0.001.

Given the above findings, we reasoned that inhibition of HMGA2 could revert an 
ML subtype cell line to an IL phenotype. Indeed, from phase contrast images on 
HMGA2-silenced cells, the reversal of a mesenchymal state, hence mesenchymal-
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to-epithelial transition (MET) was observed (Figure 5C, knockdown efficiency in 
Figure S3B). By immunofluorescence, a strong increase in the epithelial marker 
CDH1 was seen at the cell membrane (Figure 5D). To avoid the risk of clonal selection 
against constitutive knockdown, we developed a dox-inducible system. In a time-
series, we observed that MET took 6 days to complete as revealed by two well-
established epithelial markers on flow cytometry (CDH1 and EpCAM; Figure 5E). To 
assess loss of invasive capacity of these cells, we used Matrigel-coated Transwell 
inserts. Silencing of HMGA2 indeed resulted in a reduced capacity to invade the 
matrix (Figure 5F, S3C), which could not be explained by differing proliferation rates 
(Figure S3D). Together these in vitro findings provide evidence of a fundamental 
role for HMGA2 in the ML subtype of EAC. This indicates that targeting HMGA2 may 
be effective in reverting a mesenchymal state in the ML subtype of EAC.

DISCUSSION  

Despite the readiness with which mesenchymal cell states are induced in EAC, a 
mesenchymal molecular subtype had not yet been described. 31 Several reasons 
exist for this knowledge gap. Bulk tumor gene expression data from EAC is highly 
confounded by signals from the abundant non-tumor fraction. These are mostly 
fibroblasts, which contribute to a highly mesenchymal signature that may mask 
any tumor cell-intrinsic mesenchymal signatures. In addition, in previous molecular 
profiling efforts by Bass et al. of the upper gastrointestinal tract (including proximal 
and distal esophageal, and gastric cancers), EAC cases classified mostly as one 
subtype, with high similarity to CIN gastric cancers. 32 By abstaining from in silico 
deconvolution, the study may have lacked the resolution to identify subtypes within 
EAC specifically. 

Here, by applying in silico deconvolution on a large set of bulk gene expression data 
including biopsies, resection specimens, metastases, cell lines and ESCC samples, 
tumor-intrinsic signals were recognized which allowed us to identify two molecular 
subtypes in EAC. By adding ESCC samples, the diversity of the gene expression 
data was increased, which helped to identify unique molecular signatures and 
improved deconvolution performance. Based on the gene expression signatures 
associated with the two identified subtypes, these were called mesenchymal-like 
(ML) and intestinal-like (IL), analogous to similar subtypes identified in gastric 
adenocarcinoma. 33 ML subtype EAC associated with poor responses to systemic 
therapy and low survival rates as a result. Of note, we found that ESCC invariably 
classify as ML, in large part due to the absence of intestinal transcription factors 
that define IL-subtype EAC. Although we did not attempt to identify a mesenchymal 
and non-mesenchymal subtype in the limited number of ESCC in our cohort, such 
subtypes have previously been described. 34 
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Despite the known association of the mesenchymal cell state (and the EMT that may 
precede it) with therapy resistance and metastatic dissemination across cancer 
types, cells expressing EMT markers are not often detected in human cancer tissue. 
Therefore, the ability to assign subtype labels to samples routinely obtained in the 
clinic is an important step forward to patient stratification based on mesenchymal 
tumor biology. Treatment decisions could be based on the knowledge that IL 
subtype tumors may be treated with certain RTK inhibitors, and that the ML subtype 
is relatively resistant and associated with poor prognosis. Given that the therapeutic 
vulnerabilities of ML subtype EAC remain to be effectively discovered for candidate 
compounds, identifying a tumor as ML could be a rationale to intensify non-targeted 
regimens or rather to abstain from certain treatments. 

The observation that IL subtype EAC cells were relatively sensitive to RTKi was 
supported by DepMap gene dependency data, showing that in IL cell lines in 
particular HER2 and HER3 were important. This is reminiscent of epithelial CMS2 
colorectal cancer cells that are specifically sensitive to EGFR inhibition. 35  This 
is also interesting in light of the recently published TRAP trial, and the currently 
accruing TRAP-2 trial in which the addition of trastuzumab and pertuzumab (which 
prevents dimerization of HER2 with other receptors such as HER3) to neoadjuvant 
chemoradiation is tested. 36,37 All patients in these studies bear HER2-positive tumors, 
which based on our results are highly likely to be IL subtype. It is conceivable that 
those tumors that do not respond to the combined targeting have become ML in 
response to the inhibition of the RTK signaling that drives the IL subtype. 

In anticipation of candidate compounds that may be effective against ML subtype 
EAC, we did chart the transcriptional mediators of the ML subtype. Several 
transcription factors known to be involved in mesenchymal states and/or transitions 
in other cancer contexts were identified. The strongest associations were found 
for HMGA2, FOSL1, TRIP3 and E2F7. 38–41 Functional perturbations of HMGA2 and 
FOSL1 showed that the mesenchymal subtype is reversable, but these factors 
are unfortunately hard to target by clinical compounds. Upstream regulators that 
target HMGA2, such as miRNA let-7, might be attractive alternative targets 42,43,44  
We further anticipate that epigenetic landscapes such as the ones that drive 
mesenchymal molecular subtypes in gastric and pancreatic cancer, are likely to 
also contribute to ML subtype EAC. Presumably epigenetic readers and writers 
are involved which have been previously effectively targeted by sensitizing therapy 
resistant metastases, holding promise for targeting epigenetic readers in the ML 
subtype of EAC. 45,46 

Our finding that the fraction of ML subtype EAC cases strongly increases following 
(neoadjuvant) treatment aligns well with previous observations of rapidly instructed 
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mesenchymal cell states in response to therapeutic pressure. 47,48  However, it 
does not rule out that selection of both induced and pre-existing mesenchymal 
populations within a tumor occurred to give rise to tumor samples that are classified 
as decidedly ML. The latter is further supported by the observation that ML subtype 
EAC also enriches during disease progression in the absence of treatment. 
Likewise, previous work from our group showed that also in vitro both instruction 
of, and selection for, mesenchymal states contribute to a resistant population of 
EAC cells. 7 For effective treatment of EAC, it will be important to understand the 
clonal dynamics and adjust regimens to account for (or circumvent) this. Previously 
applied marker-free lineage tracing could prove useful 49,50, as well as the analysis 
of single cell copy number variation data from a larger cohort of pre- and post-
treatment patient samples. 

For use in treatment decision making, it is key that well-validated biomarkers are 
identified that can easily be applied in the current clinical routines. Preferably 
this would be in the form of immunohistochemical markers. As stated above, 
HER2-positive tumors (routinely determined by immunohistochemistry and in situ 
hybridization) are typically IL subtype. However, this accounts for less than 15% 
of patients, and additional markers to subtype the remaining majority of patients 
are urgently needed. We attempted immunohistochemistry for HMGA2, but this 
revealed a high fraction of tumors in which a cytoplasmatic staining was observed, 
rather than the expected nuclear localization. Also, these patterns did not align 
with the mRNA-derived subtypes. We propose that applying proteomics to reveal 
subtype-specific and highly abundant proteins is a likely source of more suitable 
immunohistochemistry-based biomarkers. Alternatively, panel-based expression 
profiling methods suitable for the use on paraffin-embedded material could be 
envisioned. Ideally, these could include marker gene pairs of which the relative 
ratio determines tissue subtype, non-invasive methods such as imaging or mRNA 
profiles of for instance extracellular vesicles. 51,52

Several limitations of the study should be acknowledged: The snRNA-Seq analyses 
included a limited number of patients, limiting the confidence of conclusions based 
on this set. Also, given the dramatic shift observed post-treatment in AMC-050, this 
would have been the most interesting sample to analyze, but a paucity of available 
material precluded this. Finally, it should be noted that the highly mesenchymal 
289B cell line was derived from an adenocarcinoma of the gastroesophageal 
junction with a likely origin in the cardia, whereas patient sample analyses focused 
on esophageal adenocarcinoma.

The above considerations notwithstanding and in conclusion, we here report the 
existence of a mesenchymal molecular subtype in EAC previously obscured by the 
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abundance of stromal signals. We identify the biology and regulatory mechanisms 
associated with these subtypes and their therapeutic vulnerabilities. Future studies 
will have to yield biomarkers to identify the EAC subtypes by routine histopathology, 
and candidate compounds with efficacy against the ML subtype that is in most 
need of improved therapies. 
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SUPPLEMENTAL FIGURES

Figure S1 | Signature establishment   
A Pearson correlation analysis, side-by-side comparison of the NMF signature weights and 
ESTIMATE purity score, stromal score and immunity score. Linear regression line is shown in 
red along with corresponding statistics. B Correlation plot of tumor component percentage 
score by pathologist against NMF signature weights. C Representative H&E-stained EAC 
tumor sections showing enriched histological features (arrows) quantified by NMF factor 
weights (header). 
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Figure S2 | Copy number aberration analysis  
Inferred copy number aberrations analysis in single nucleus RNA-seq. Compared to 
reference PECAM1+ endothelial cells, regions of copy number gain are indicated in red 
and regions of loss in blue. Subgroups were ordered by hierarchical clustering of their copy 
number profiles.



114

Figure S3 | Cell lines display two subtypes and HMGA2 knockdown validation  
A Consensus-clustered heatmap of EAC cell lines of the Cancer Cell Line Encyclopedia 
(CCLE) generated using Euclidean distance, with the overlying distance function showing 
the two subtypes ML and IL. B qPCR validation of HMGA2 expression comparing scrambled 
control (shc002) and shHMGA2 clone number 3. T-test, welch correction of 3 independent 
experiments. C Confluence assay of 289B dox-shHMGA2 and dox-shGFP cells in the 
presence/absence of doxycycline over time in hours. Crystal violet staining validation of 
confluency after 48h, three independently treated wells.
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n % n % n % n % n %
Samples 174 100 46 28 12

Matched 11 11 7 4
Patients 163

Age
Mean (SD) 65 (9.9) 65 (10) 65 (9.6) 64 (9.4)
valid (NA) 163 (0) 100 (0) 46 (0) 28 (0)

BMI
Mean (SD) 26 (3.9) 26 (3.9) 26 (3.8) 26 (3.9)
valid (NA) 163 (0) 100 (0) 46 (0) 28 (0)

Gender
F 30 18% 18 18% 11 24% 4 14%
M 133 82% 82 82% 35 76% 24 86%
NA 0 0% 0 0% 0 0% 0 0%

Histology
EAC 123 75% 78 78% 36 78% 17 61% 7 58%
ESC 28 17% 16 16% 8 17% 7 25% 4 33%
GAC 12 7% 6 6% 2 4% 4 14% 1 8%
NA 0 0% 0 0% 0 0% 0 0% 0 0%

HER2
Negative 76 76% 30 65% 22 79%
Positive 22 22% 9 20% 2 7%
Discordant 1 4%
NA 2 2% 7 15% 3 11%

SampleLocation
Esophagus 100 100% 46 100% 1 4%
  Distal 60 60% 28 61%
  GEJ/Cardia 23 23% 10 22%
  Mid 10 10% 4 9%
  Proximal 2 2% 0 0%
  Stomach 5 5% 4 9%
Bone 2 7%
Kidney 1 4%
Liver 16 57%
Lung 3 11%
Lymph node 3 11%
Subcutaneous 2 7%
NA 0 0% 0 0% 0 0%

Differentiation grade
Poor 25 25% 9 20% 5 18%
Moderate 45 45% 24 52% 11 39%
Well 9 9% 7 15% 2 7%
NA 21 21% 6 13% 10 36%

cT
1 0 0%
2 23 23%
3 68 68%
4 7 7%
x 2 2%
NA 0 0%

cN
0 20 20%
1 49 49%
2 27 27%
3 3 3%
4 1 1%
NA 0 0%

cM
0 87 87% 11 39%
1 12 12% 17 61%
x 1 1% 0 0%
NA 0 0% 0 0%

pT
0 4 9% 2 7%
1 11 24% 0 0%
2 5 11% 2 7%
3 20 43% 3 11%
4 2 4% 1 4%
x 1 2% 0 0%
NA 3 7% 20 71%

pN
0 19 41% 4 14%
1 13 28% 3 11%
2 9 20% 1 4%
3 2 4% 0 0%
NA 3 7% 20 71%

pM
0 43 93% 8 29%
1 0 0% 0 0%
NA 3 7% 20 71%

R0 resection
R0 40 87%
R1 3 7%
NA 3 7%

All Biopsy Resection Metastatic biopsy Cell lines

SUPPLEMENTAL TABLES

Supplemental Table S1 | Baseline characteristic BiOES-II expression set
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Treatment prior to sample
CROSS 34 74% 8 29%
CROSS+α-HER2/3 2 4%
dCRT* 2 4% 1 4%
ECF/EOX 2 4% 1 4%
FLOT 3 7%
NA 3 7% 18 64%

Treatment after
CROSS 44 44%
CROSS+α-HER2/3 2 2%
CROSS+α-PD-L1 12 12%
dCRT 13 13%
DOC-TMAB 1 1%
ECF/EOX 4 4%
FLOT 4 4%
NA 20 20%

Mandard
1 4 9%
2 6 13%
3 7 15%
4 16 35%
5 3 7%
NA 10 22%
*salvage resection
GEJ: Gastroesophageal junction; CROSS: ChemoRadiotherapy Oesophageal cancer followed by Surgery Study; dCRT: definitive  
ChemoRadioTherapy; ECF: epirubicin, cisplatin and fluorouracil; EOX: epirubicin, capecitabine and oxaliplatin;
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Supplemental table S2 | Subtype characteristics BiOES-II | Biopsies
Group IL ML p stat Effect Size (CI) Group IL ML p stat Effect Size (CI)
Observations

73 11
Age 

Mean (SD) 66 (10) 61 (8.6) 0,24 0,3 0.5 (-0.15; 1.2) cM
valid (NA) 73 (0) 11 (0) cM0 90% (66) 73% (8) 0,022 7,6 0.3 (0.095; 0.49)

BMI cM1 9.6% (7) 18% (2)
Mean (SD) 26 (3.7) 24 (4) 0,14 0,35 0.46 (-0.19; 1.1) cMx 0% (0) 9.1% (1)
valid (NA) 73 (0) 11 (0) NA 0% (0) 0% (0)

Gender pT
F 9.6% (7) 27% (3) 0,23 1,4 0.29 (0.051; 2.1) pT0 12% (9) 0% (0) 0,51 3,3 NA
M 90% (66) 73% (8) pT1 6.8% (5) 18% (2)
NA 0% (0) 0% (0) pT2 15% (11) 18% (2)

Histology pT3 23% (17) 27% (3)
EAC 93% (68) 91% (10) 1 5,80E-29 NA pT4 2.7% (2) 9.1% (1)
ESC 0% (0) 0% (0) pTx 0% (0) 0% (0)
GAC 6.8% (5) 9.1% (1) NA 40% (29) 27% (3)
NA 0% (0) 0% (0) pN

HER2 pN0 27% (20) 45% (5) 0,42 2,8 0.23 (0; 0.48)
Discordant 0% (0) 0% (0) 0,31 1 NA pN1 16% (12) 27% (3)
Negative 71% (52) 91% (10) pN2 6.8% (5) 0% (0)
Positive 29% (21) 9.1% (1) pN3 9.6% (7) 0% (0)
NA 0% (0) 0% (0) NA 40% (29) 27% (3)

SampleLocation pM
Esophagus 100% (73) 100% (11) NA NA NA pM0 60% (44) 64% (7) 0,33 0,94 NA
NA 0% (0) 0% (0) pM1 0% (0) 9.1% (1)

Tumorlocation NA 40% (29) 27% (3)
Distal 63% (46) 82% (9) 0,49 2,4 0.17 (0; 0.37) Treatment after
GEJ/Cardia 29% (21) 9.1% (1) CROSS 42% (31) 36% (4) 0,22 8,3 0.35 (0.12; 0.54)
Mid 2.7% (2) CROSS+α-HER2/3 2.7% (2)
Stomach 5.5% (4) 9.1% (1) CROSS+α-PD-L1 14% (10) 18% (2)
NA 0% (0) 0% (0) dCRT 12% (9) 9.1% (1)

Differentiation grade ECF/EOX 5.5% (4)
Poor 19% (14) 45% (5) 0,29 2,5 0.19 (0; 0.42) FLOT 4.1% (3) 9.1% (1)
Moderate 45% (33) 36% (4) DOC-TMAB 9.1% (1)
Well 11% (8) 9.1% (1) NA 19% (14) 18% (2)
NA 25% (18) 9.1% (1) Mandard

cT 1 12% (9) 0% (0) 0,18 6,3 0.36 (0.09; 0.58)
cT1 0% (0) 0% (0) 0,82 0,92 NA 2 9.6% (7) 36% (4)
cT2 23% (17) 18% (2) 3 18% (13) 9.1% (1)
cT3 70% (51) 73% (8) 4 15% (11) 27% (3)
cT4 4.1% (3) 9.1% (1) 5 1.4% (1) 0% (0)
cTx 2.7% (2) 0% (0) NA 44% (32) 27% (3)
NA 0% (0) 0% (0) Matched

cN No 92% (67) 82% (9) 0,62 0,25 2.4 (0.21; 17)
cN0 21% (15) 18% (2) 0,043 9,8 0.34 (0.14; 0.52) Yes 8.2% (6) 18% (2)
cN1 53% (39) 18% (2) NA 0% (0) 0% (0)
cN2 21% (15) 64% (7)
cN3 4.1% (3) 0% (0)
cNx 1.4% (1) 0% (0)
NA 0% (0) 0% (0)

Supplemental Table S2 | Subtype characteristics BiOES-II | Biopsies
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Supplemental table S2 | Subtype characteristics BiOES-II | Resections
Group IL ML p stat Effect Size (CI) Group IL ML p stat Effect Size (CI)
Observations

24 14
Age cM

Mean (SD) 64 (11) 67 (9.7) 0,87 0,17 -0.24 (-0.92; 0.45) cM0 92% (22) 100% (14) 0,54 1,2 0.18 (0; 0.47)
valid (NA) 24 (0) 14 (0) cM1 4.2% (1) 0% (0)

BMI cMx 4.2% (1) 0% (0)
Mean (SD) 26 (3.4) 28 (4.5) 0,62 0,23 -0.48 (-1.2; 0.21) NA 0% (0) 0% (0)
valid (NA) 24 (0) 14 (0) pT

Gender pT0 4.2% (1) 7.1% (1) 0,46 4,7 0.37 (0.042; 0.63)
F 21% (5) 7.1% (1) 0,51 0,43 3.3 (0.32; 174) pT1 29% (7) 29% (4)
M 79% (19) 93% (13) pT2 8.3% (2) 0% (0)
NA 0% (0) 0% (0) pT3 38% (9) 57% (8)

Histology pT4 8.3% (2) 0% (0)
EAC 96% (23) 93% (13) 1 4,00E-32 NA pTx 0% (0) 7.1% (1)
ESC 0% (0) 0% (0) NA 12% (3) 0% (0)
GAC 4.2% (1) 7.1% (1) pN
NA 0% (0) 0% (0) pN0 33% (8) 43% (6) 0,8 1 0.17 (0; 0.48)

HER2 pN1 25% (6) 36% (5)
Discordant 0% (0) 0% (0) 0,084 3 NA pN2 25% (6) 14% (2)
Negative 79% (19) 50% (7) pN3 4.2% (1) 7.1% (1)
Positive 12% (3) 43% (6) NA 12% (3) 0% (0)
NA 8.3% (2) 7.1% (1) pM

SampleLocation pM0 88% (21) 100% (14) NA NA NA
Esophagus 100% (24) 100% (14) NA NA NA pM1 0% (0) 0% (0)
NA 0% (0) 0% (0) NA 12% (3) 0% (0)

Tumorlocation Treatment prior
Distal 58% (14) 71% (10) 0,77 1,1 0.17 (0; 0.47) CROSS 58% (14) 86% (12) 0,52 3,2 0.3 (0; 0.58)
GEJ/Cardia 25% (6) 21% (3) CROSS+α-HER2/3 4.2% (1) 7.1% (1)
Mid 4.2% (1) dCRT 8.3% (2)
Stomach 12% (3) 7.1% (1) ECF/EOX 8.3% (2)
NA 0% (0) 0% (0) FLOT 8.3% (2) 7.1% (1)

Differentiation grade NA 12% (3) 0% (0)
Poor 21% (5) 29% (4) 0,8 0,45 0.12 (0; 0.44) Mandard
Moderate 46% (11) 43% (6) 1 0% (0) 14% (2) 0,17 6,4 0.48 (0.14; 0.73)
Well 21% (5) 14% (2) 2 8.3% (2) 29% (4)
NA 12% (3) 14% (2) 3 12% (3) 21% (3)

cT 4 29% (7) 29% (4)
cT1 12% (3) 0% (0) 0,34 2,1 NA 5 12% (3) 0% (0)
cT2 25% (6) 21% (3) NA 38% (9) 7.1% (1)
cT3 62% (15) 79% (11) Matched
cT4 0% (0) 0% (0) No 92% (22) 79% (11) 0,51 0,43 2.9 (0.29; 40)
cTx 0% (0) 0% (0) Yes 8.3% (2) 21% (3)
NA 0% (0) 0% (0) NA 0% (0) 0% (0)

cN
cN0 54% (13) 29% (4) 0,29 3,7 NA
cN1 29% (7) 29% (4)
cN2 12% (3) 36% (5)
cN3 4.2% (1) 7.1% (1)
cNx 0% (0) 0% (0)
NA 0% (0) 0% (0)

Supplemental Table S3 | Subtype characteristics BiOES-II | Resections

 
 



119

4

Supplemental table S2 | Subtype characteristics BiOES-II | Metastases
Group IL ML p stat Effect Size (CI) Group IL ML p stat Effect Size (CI)
Observations

10 11 cN
Age cN0 10% (1) 18% (2) 0,75 1,9 0.3 (0; 0.65)

Mean (SD) 65 (11) 61 (8.9) 0,51 0,32 0.49 (-0.44; 1.4) cN1 50% (5) 36% (4)
valid (NA) 10 (0) 11 (0) cN2 20% (2) 27% (3)

BMI cN3 10% (1) 0% (0)
Mean (SD) 26 (3.6) 25 (3.6) 0,48 0,34 0.15 (-0.77; 1.1) cNx 10% (1) 18% (2)
valid (NA) 10 (0) 11 (0) NA 0% (0) 0% (0)

Gender cM
F 0% (0) 18% (2) 0,5 0,45 0 (0; 5.8) cM0 50% (5) 45% (5) 1 0 NA
M 100% (10) 82% (9) cM1 50% (5) 55% (6)
NA 0% (0) 0% (0) cMx 0% (0) 0% (0)

Histology NA 0% (0) 0% (0)
EAC 80% (8) 82% (9) 1 2,00E-31 NA pT
ESC 0% (0) 0% (0) pT0 20% (2) 0% (0) 0,17 5 NA
GAC 20% (2) 18% (2) pT1 0% (0) 0% (0)
NA 0% (0) 0% (0) pT2 0% (0) 18% (2)

HER2 pT3 10% (1) 9.1% (1)
Discordant 10% (1) 0% (0) 0,55 1,2 0.25 (0; 0.64) pT4 0% (0) 9.1% (1)
Negative 70% (7) 82% (9) pTx 0% (0) 0% (0)
Positive 10% (1) 9.1% (1) NA 70% (7) 64% (7)
NA 10% (1) 9.1% (1) pN

SampleLocation pN0 20% (2) 9.1% (1) 0,46 1,6 NA
Bone 10% (1) 0,54 4 0.44 (0.019; 0.74) pN1 10% (1) 18% (2)
Liver 70% (7) 55% (6) pN2 0% (0) 9.1% (1)
Lung 10% (1) 9.1% (1) pN3 0% (0) 0% (0)
Lymphnode 10% (1) 9.1% (1) NA 70% (7) 64% (7)
Kidney 9.1% (1) pM
Subcutaneous 18% (2) pM0 30% (3) 36% (4) NA NA NA
NA 0% (0) 0% (0) pM1 0% (0) 0% (0)

Tumorlocation NA 70% (7) 64% (7)
Distal 60% (6) 27% (3) 0,029 7,1 0.59 (0.22; 0.83) Treatment prior
Stomach 30% (3) 18% (2) CROSS 30% (3) 36% (4) 1 0 NA
GEJ/Cardia 0% (0) 55% (6) ECF/EOX 9.1% (1)
NA 10% (1) 0% (0) NA 70% (7) 55% (6)

Differentiation grade Mandard
Poor 20% (2) 27% (3) 0,13 4,2 0.53 (0.038; 0.82) 1 20% (2) 0% (0) 0,19 3,3 NA
Moderate 60% (6) 18% (2) 2 0% (0) 9.1% (1)
Well 0% (0) 18% (2) 3 0% (0) 0% (0)
NA 20% (2) 36% (4) 4 10% (1) 18% (2)

cT 5 0% (0) 0% (0)
cT1 0% (0) 0% (0) 0,71 1,4 NA NA 70% (7) 73% (8)
cT2 10% (1) 18% (2) Matched
cT3 50% (5) 55% (6) No 80% (8) 91% (10) 0,93 0,008 0.42 (0.0062; 9.4)
cT4 10% (1) 0% (0) Yes 20% (2) 9.1% (1)
cTx 30% (3) 27% (3) NA 0% (0) 0% (0)
NA 0% (0) 0% (0)

Supplemental Table S4 | Subtype characteristics BiOES-II | Metastases
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Supplemental table S4 | Patient characteristics HMF metastatic CPCT cohort 
All IL ML p stat Effect Size (CI)

Observations 67 43 24
Sex 

Female 16% (11) 14% (6) 21% (5) 0.7 0.15 0.62 (0.14; 2.9)
Male 84% (56) 86% (37) 79% (19)
Missing 0% (0) 0% (0) 0% (0)

Age
Mean (SD) 61 (10) 61 (11) 63 (9.4) 0.71 0.16 -0.23 (-0.74; 0.28)
valid (missing) 67 (0) 43 (0) 24 (0)

Primary Tumor Location
Esophagus 81% (54) 77% (33) 88% (21) 0.46 0.56 0.48 (0.076; 2.1)
Stomach 19% (13) 23% (10) 12% (3)
Missing 0% (0) 0% (0) 0% (0)

Systemic Pretreatment
Yes 54% (36) 56% (24) 50% (12) 0.76 0.092 0.75 (0.24; 2.3)
No 45% (30) 42% (18) 50% (12)
Missing 1.5% (1) 2.3% (1) 0% (0)

Radiotherapy Pretreatment
Yes 46% (31) 51% (22) 38% (9) 0.36 0.83 0.55 (0.17; 1.7)
No 52% (35) 47% (20) 62% (15)
Missing 1.5% (1) 2.3% (1) 0% (0)

Supplemental Table S5 | Patient characteristics HMF metastatic CPCT cohort
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Supplemental Table S6 | qPCR primers

Gene Forward
RPS18-forward 5'-AGTTCCAGCATATTTTGCGAG-3'
RPS18-reverse 5’-CTCTTGGTGAGGTCAATGTC-3’
B2M-forward 5’-GTCTTTCAGCAAGGACTGGTC-3’
B2M-reverse 5’-CTTCAAACCTCCATGATGC-3’
GAPDH-forward 5’-AATCCCATCACCATCTTCCA-3’
GAPDH-reverse 5’-TGGACTCCACGACGTACTCA-3’
HMGA2-forward 5’-CCCAAAGGCAGCAAAAACAA-3’
HMGA2-reverse 5’-GCCTCTTGGCCGTTTTTCTC-3’
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ABSTRACT

In this study we aimed to investigate signaling pathways that drive therapy 
resistance in esophageal adenocarcinoma (EAC). Paraffin-embedded material 
was analyzed in two patient cohorts: (i) 236 EAC patients with a primary tumor 
biopsy and corresponding post neoadjuvant chemoradiotherapy (nCRT) resection; 
(ii) 66 EAC patients with resection and corresponding recurrence. Activity of six 
key cancer-related signaling pathways was inferred using the Bayesian inference 
method. When assessing pre- and post-nCRT samples, lower FOXO transcriptional 
activity was observed in poor nCRT responders compared to good nCRT responders 
(p=0.0017). This poor responder profile was preserved in recurrences compared 
to matched resections (p=0.0007). PI3K pathway activity, inversely linked with 
FOXO activity, was higher in CRT poor responder cell lines compared to CRT good 
responders. Poor CRT responder cell lines could be sensitized to CRT using PI3K 
inhibitors. To conclude, by using a novel method to measure signaling pathway 
activity on clinically available material, we identified an association of low FOXO 
transcriptional activity with poor response to nCRT. Targeting this pathway sensitized 
cells for nCRT, underlining its feasibility to select appropriate targeted therapies.
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INTRODUCTION

Over the past three decades, incidence rates of esophageal adenocarcinoma 
(EAC) have been progressively increasing, up to six-fold in Western countries.1 
For patients with locoregional EAC disease the preferred treatment strategy is 
neoadjuvant chemoradiation therapy (nCRT) followed by an esophagectomy, but 
prognosis remains poor. 2 Thus far, no targeted treatment options are available in 
the curative setting. Treatment strategies directed against signaling pathways that 
drive treatment resistance, could improve therapy outcomes. EAC is characterized 
by a complex network of aberrant signal transduction pathways. 3,4 In order to 
develop novel targeting strategies, these aberrant pathways must be identified. 
Up until now, methods to examine such pathways have relied on assessments of 
protein (over-)expression or activation, copy number variations, gene mutations, 
and full transcriptome through RNA-sequencing approaches. 5,6 However, these 
modalities have limited value for implementation in clinical practice. The fresh frozen 
tissue required for many of these analyses is usually not available, and often the 
expression of a single protein is assessed, not fully capturing relevant tumor biology. 
Here, we address these issues by a novel previously described computational 
Bayesian approach to interpret mRNA expression levels of gene sets. 5-7 Target 
gene mRNA expression levels are used to infer transcription complex activity of the 
corresponding signal transduction pathway and thereby the activity of the signal 
transduction pathway. The advantage of such analysis is that a more complete and 
therefore reliable read-out of the signal transduction pathway is obtained, compared 
to an mRNA measurement as a proxy for merely its corresponding protein activity. 5,6

The aim of this study was to identify aberrant signaling pathways that drive therapy 
resistance in EAC. To reveal candidate signaling pathways as targets for targeted 
therapy, we investigated key signal transduction pathways in material available 
from daily clinical routine. Tissue specimens before and after nCRT, and for primary 
tumor and recurrent disease were assessed and compared to clinicopathological 
outcome data. Using patient-derived cell lines, candidate signaling pathways were 
targeted to study their potential therapeutic relevance. 

 
MATERIAL AND METHODS

Patient selection
Medical records of a national referral center for esophagogastric cancer, the 
Amsterdam UMC, location Academic Medical Center, were systematically searched 
for patients with histologically proven EAC, including gastric esophageal junction 
(GEJ), treated between June 2004 and May 2013. (i) resectable disease; patients 
treated with curative intent by an esophagectomy as single treatment or by the 
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CROSS regimen: nCRT with paclitaxel (50 mg/m2 body-surface area), carboplatin 
(AUC 2 ml/min), 41.4 Gy radiotherapy in 23 fractions of 1.8 Gy, followed by resection. 
As part of a randomized phase II study 8, panitumumab, an anti-EGFR monoclonal 
antibody, was added to the nCRT regimen. Sensitivity analysis showed no significant 
differences between nCRT only or nCRT+panitumumab, thus in following analysis 
groups were merged. Cases with available pre-treatment biopsy of the primary 
tumor site and the corresponding resection specimen were selected; (ii) recurrent 
disease; patients with available resection specimen of the primary tumor site and 
a corresponding metachronous recurrence. Medical records were extracted by a 
trained physician using standardized data extraction concerning the location of 
primary tumor, TNM stage of pathological resections reports (pTNM), Mandard 
response score, received treatment and survival. Confirmation of adenocarcinoma 
histological subtype, response to therapy and non-cancerous healthy tissue were 
assessed by a trained pathologist. 

RNA analysis   
Using hematoxylin and eosin (H&E) stained slides of included biopsies and 
resection specimens, FFPE tumor blocks containing the highest tumor percentage 
were selected by a trained pathologist. Selected H&E slides were scanned using 
Philips Ultra-Fast Scanner (UFS; Philips, Eindhoven, the Netherlands). Tumor areas 
were marked by a trained pathologist using the Digital Pathology Images portal 
(Philips, Eindhoven, The Netherlands). A minimal area of 2 mm2 was annotated. In 
case of diffuse tumor distribution, areas with a high tumor density were selected. 
Using a custom-built device, digital annotations of whole slide H&E scans were 
transferred to an adjacent H-stained slide and deparaffinized. Marked tumor areas 
were scraped off for RNA extraction with the RNeasy kit (Qiagen). qPCR data from 
extracted RNA were subjected to stringent quality checks (QC) prior to determining 
signaling pathway activity scores of the androgen receptor (AR), estrogen receptor 
(ER), Phosphatidylinositol 3 Kinase (PI3K)-Forkhead Box O (FOXO), Hedgehog 
(HH), Transforming growth factor receptor Beta (TGF-ß) and Wingless-Integrated 
(WNT) pathways by applying the computational model described below. 5,6,9-11

Measuring activity of signal transduction pathway activity 
Measuring signal transduction pathway activity on Affymetrix U133 Plus2.0 data 
has been described extensively before. Pathway activity was inferred from mRNA 
levels of six key pathway specific target genes using a Bayesian network, inferring 
the odds for pathway activity. 5,6,9,10 Affymetrix assays were converted to qPCR-
based assays, developed and performed by Philips (Philips Molecular Pathway Dx, 
Eindhoven). 12 Samples that failed quality control (QC) were removed from analysis. 
PI3K pathway activity is inversely related to the measured FOXO transcription factor 
activity, on the premise that no cellular oxidative stress is present. Therefore, FOXO 
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activity score was interpreted together with SOD2 target gene expression level to 
distinguish between oxidative stress- and growth control-induced FOXO activity, as 
described before. 6,10

Cell culture and treatment
Primary EAC cell lines EAC007B, EAC031M, EAC058M, EAC081R and EAC289B 
were established from patient EAC material as previously described(13). Primary 
cell lines EAC007B and EAC031M were cultured in Advanced DMEM/F12 (Gibco) 
supplemented with N2 (5ml; Invitrogen), HEPES (5mM; Life Technologies), D-glucose 
(0.15%; Sigma-Aldrich), ß-mercaptoethanol (100µM; Sigma-Aldrich), Insulin (10µg/
ml; Sigma-Aldrich), Heparin (2µg/ml; Sigma-Aldrich) and 1:1000 Trace elements 
B and C (Fisher Scientific)(14), EAC058M, EAC081R and EAC289B were cultured 
in DMEM (Gibco). Publicly available EAC cell lines Flo1 (RRID:CVCL_2045), OE19 
(RRID:CVCL_1622) and OE33 (RRID:CVCL_1622; ATCC, Manassas, VA) were 
maintained in RPMI (Lonza). All cell lines have been authenticated using STR 
profiling within a year. All experiments were performed with mycoplasma-free cells. 
All medium during experiments contained 2% fetal bovine serum, L-glutamine 
(2mM; Sigma-Aldrich), penicillin and streptomycin (500µg/mL; Lonza). Carboplatin 
and paclitaxel were purchased from the Amsterdam UMC clinical pharmacy, as 
used for EAC patients in nCRT setting. The nCRT regimen was mimicked in vitro 
by challenging all cell lines 7 days with CRT, comprising carboplatin (20 µM) and 
paclitaxel (0.05 nM) combined with 1 Gy radiation daily as described earlier(15). 
On day 1 cells were plated, on day 2–5, cells received 1 Gy radiation per day and 
from day 2-7 cells were exposed to chemotherapy and PI3K inhibitors LY3023414, 
Alpelisib, Pictilisib or Idelalisib (Supplemental Table S2). Assays were performed 
on day 8. An Axiovert 200M microscope (Zeiss) was used to obtain phase contrast 
images.  

Western blot
Pre-treatment cells were lysed in RIPA buffer (Cell Signaling) containing phosphatase 
and protease inhibitor cocktail (Cell Signaling). Protein levels were determined by BCA 
(Pierce). Samples were heated for 5 min at 95 ºC loaded on 4-20% polyacrylamide 
precast gels (Bio-Rad) and transferred to PVDF membranes. Samples were 
blocked with 5% BSA (Lonza) in Tris buffered saline with 0.1% Tween-20 (TBS-T), 
and incubated overnight at 4°C with primary antibodies (Supplementary table S3). 
All were used at 1:1000. (HRP)-conjugated secondary were used at 1:5000 and 
incubated for 2 hours at room temperature. Proteins were imaged using a FuijFilm 
LAS 4000 imager (Fuji), using ECL Western blotting substrate (Pierce). Western blot 
bands were quantified using Image J by dividing protein of interest per lane by the 
housekeeping protein.



128

Cell viability assay  
Cell viability was determined using a Cell Titer-Blue Cell Viability Assay kit (G8081; 
Promega, Madison, WI). Cells were seeded into 96-well plates in triplicates. After cell 
adhesion overnight, cells were treated. After one week, cell viability was measured 
by adding 20 µL of Cell Titer-Blue reagent to each well followed by three hours 
incubation. Plates were read at 560/590nm in a cytofluormeter (BioTek Instruments). 
Viability was calculated from values from CRT cells with or without PI3K inhibitors, 
minus baseline cell viability. 

Imaging based proliferation assay
Proliferation was determined using IncuCyte™ live cell imaging system (Essen 
BioScience), quantitatively detecting live cells. Cells were imaged after one week 
of treatment. 

Apoptosis assay
Apoptosis was similarly assessed using the IncuCyte system, by incubating cells 
in 0.33 mg/mL annexin V-FITC, administered simultaneously with drugs. Cells were 
imaged after one week of treatment. Apoptotic fraction was calculated by the ratio 
of FITC-positive cell area, divided by confluence (total cell area).

Gene expression database analysis
Gene expression of Broad Hallmark PI3K_AKT_mTor_signaling gene set was 
correlated with the Broad Hallmark Epithelial_Mesenchymal_transition gene 
set in two publicly available datasets: Esophageal Adenocarcinoma Fitzgerald 
(GSE96669)(16) and Esophageal Carcinoma Tumor Cancer Genome Atlas 
(TCGA-ESCA; https://gdc-portal.nci.nih.gov/projects/TCGA-ESCA). 3 Analysis was 
performed using the web-based genomics platform R2 (R2: Genomics Analysis 
and Visualization Platform, http://r2.amc.nl).

Statistical analyses
Pathway activity between normal and EAC tissue were calculated using the Mann-
Whitney test to compare ranks. In case of paired samples - between matched pre-
treatment biopsies and resection specimen or resection specimen and recurrence, 
the Wilcoxon matched-pairs signed ranked test was used. Correlation of pathway 
activities was assessed using Pearson’s correlations. Sensitivity analyses were 
performed for patients receiving panitumumab(8). Survival analyses were performed 
using Kaplan-Meier and multivariable Cox proportional hazard regression analysis, 
including clinically relevant clinicopathological variables. Statistical analyses were 
performed in R. A p-value of p<0.05 was regarded statistically significant. In all in vitro 
experiments Spearman correlation tests were performed using GraphPad Prism 8. 
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Error bars in bar graphs indicate the mean ± SD. A p-value of p<0.05 was considered 
statistically significant.  

RESULTS  

Study population selection  
In order to identify aberrant signaling pathways that drive therapy resistance in EAC, 
clinically obtained material was screened for eligibility. Two EAC patient cohorts 
were assembled: a resectable disease cohort (i), and a recurrent disease cohort 
(ii). For the resectable disease cohort (i), 236 EAC cases with matched biopsies of 
the primary tumor site and post-nCRT resection specimens were identified (Figure 
1A). 

Subsequently, 29 biopsies and 61 resection specimens were excluded due to 
reasons of availability or insufficient tissue and could therefore not be processed 
for pathway analysis. After stringent quality control, 242 specimens of 181 patients 
were included, comprising 92 biopsies and 150 resections. Biopsy and resection 
could be matched for 61 patients, rendering 122 matched and 120 unique samples. 
The majority of patients was male (N=154 of 181, 85.1%, Table 1) and presented 
with advanced stage disease (T3-4, N=154, 85.1%). nCRT was given in 175 cases 
(83.4%). A complete pathological response (pCR, Mandard score 1, no residual 
tumor) was attained in 11 (6.3%) of the 175 nCRT treated patients. For analysis 
also tissue samples with very low or no residual tumor cells were taken along as 
the tumor microenvironment plays an essential role in EAC therapy resistance12. 
Recurrence was detected in 52,5% (N=92) of the patients. Median annotated tumor 
area of included biopsies was 9.4 mm2 and 38.4 mm2 for resection specimens. 
 
Matched material of resected primary tumor site and metachronous recurrence 
for the recurrent disease cohort (ii), was available for 66 patients (Figure 1B). Two 
resections were excluded due to insufficient tissue. After QC, 74 specimens of 53 
patients remained, comprising 53 resections and 20 recurrences. Resection and 
recurrence could be matched in 20 patients, rendering 40 matched and 34 unique 
samples. Of the 53 included patients, 39 patients underwent surgery without prior 
treatment (73.6%; Table 1). The remaining 15 patients (27.8%) received neoadjuvant 
treatment prior to resection of the esophagus. The majority of patients was male 
(N=41 of 53, 77.4%), had tumors located in the distal esophagus (N=33, 62.3%) 
and pT-advanced staged disease (T3-4 N=50, 94.4%). Median annotated tumor 
area of included resections was 144.7 mm2 and 20.9 mm2 for recurrences.
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tumor and resection specimen
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EAC matched resection specimen of 
the primary tumor and recurrent site
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resection = 66

recurrence = 66

Screening

Eligibility

QC passed

Screening

Eligibility

QC passed

Pathway activity assessment
biopsy  n= 169 

resection n= 163 

biopsy  n= 92
resection   n= 150
total  n= 242

unique  n= 108
matched n= 67 n= 134

QC fail
biopsy n= 77
resection n= 13
total n= 90

Resectable disease cohort (i)

Pathway activity assessment
resection     n= 59
recurrence   n= 43

excluded
biopsy n= 67
resection  n= 73

excluded
resection       n= 7
recurrence    n= 23

resection   n= 54
recurrence  n= 20
total    n= 74

unique     n= 34
matched    n= 20 n= 40 

QC fail
resection   n= 5
recurrence n= 23
total   n= 28

Recurrent disease cohort (ii)

biopsies
nCRT   n= 79
Surgery only n= 13
nCRT mandard n= 77
nCRT m1-3 n = 61
nCRT m4-5 n= 16

matched 
nCRT  n= 56
Surgery only n= 11

nCRT m1-3 n= 40
nCRT m4-5 n= 16 

 
Figure 1 | Patient selection 
A Selection of matched pre-treatment biopsies and post treatment resection specimens of 
EAC patients in the Amsterdam UMC between June 2004 and May 2013. Samples were 
excluded due to availability or insufficient tumor tissue (shown in right panel). Included 
samples in lower panels. The screening panel indicates the number of patients, in subsequent 
other panels the numbers represent number of specimens. B Selection of matched resected 
primary tumor site and metachronous recurrence of EAC patients, as in A. QC: quality control.

Low FOXO transcriptional activity associates with poor response to nCRT  
In order to reveal candidate signaling pathways in EAC patients associated with 
response to nCRT, pathway activity of the primary tumor before and after nCRT 
was assessed in the resectable disease cohort (i). Pathway signal transduction 
activity of six key signal transduction pathways was measured and compared to 
clinicopathological outcome data. Comparing pre-treatment biopsies and post-
nCRT resection specimens (i.e. resections minus biopsies), FOXO transcriptional 
activity was found to remain lower in poor nCRT responders compared to good 
nCRT responders (Mandard 4-5 vs 1-3, p=0.002, respectively, Figure 2A). Both 
AR and TGF-ß pathway pathway activities remained lower in these groups as well, 
albeit not statistically significant (TGF-ß) or with a small difference between the 
medians (AR) (AR: p= 0.038, TGF-ß: p=0.066). These data show that patients with a 
worse pathological response to nCRT have persistently lower FOXO activity in both 
biopsy and resection specimens compared to patients with a good response to 
nCRT. Unfortunately, EAC pre-treatment biopsies showed no significant differences 
in activity of the assessed pathways (Figure 2B). When comparing pre-treatment 
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biopsies and post-nCRT resections, FOXO (p< 1∙10-3), TGF-ß (p< 1∙10-3) and HH 
(p=0.003) activities were increased after nCRT, compared to no difference or a 
small decrease in patients who received surgery only (Supplementary Figure 1A). 
This shows that the nCRT regimen rather than progression over time influenced 
pathway activity scores.

To validate if pathway activity scores could distinguish tumor tissue from healthy 
tissue, non-treated EAC tissue (N=89) was compared to normal healthy esophageal 
tissue (N=20). EAC tumor tissue was characterized by lower FOXO activity (p<3.3∙10-

6; Figure 2C). This was accompanied by higher WNT, HH and lower TGF-ß pathway 
activity (p=2∙10-7, p=0.0023, and p=0.011, respectively).

As FOXO and TGF-ß pathway activities often showed the same trend between groups, 
we investigated whether these two pathways were correlated with each other. When 
exclusively examining post-nCRT resection specimens, FOXO and TGF-ß activity 
were highly correlated in Mandard high (4-5) patients, while this was not the case in 
Mandard low (1-2) patients, supporting the hypothesis that combined low activity of 
both FOXO and TGF-ß pathway after nCRT is related to poor prognosis (Mandard 
low R=0.47, p=0.24, Mandard high R=0.73, p<1∙10-8, Supplementary Figure 1B). 
Although a similar correlation was observed in pre-treatment samples, this was 
less evident and not associated with pathological response (Mandard low R=0.11, 
p=0.7, Mandard high R=0.52, p=0.039, Supplementary Figure 1C). Moreover, a 
numerically lower median disease-free survival of 17 versus 97 months was seen in 
patients with combined low versus combined high pathway activities in post-nCRT 
resections (cut-off by median pathway activity scores FOXO, 82.72; TGF-ß, 56.32; 
p=0.055) (Supplementary Figure 1D). Hence, in EAC patients combined low FOXO 
and TGF-ß pathway activity after nCRT in resection specimens is associated with 
poor prognosis.

Next, to examine if a similar pathway activity profile could be observed in resection 
versus recurrent EAC specimens, we investigated the recurrent cohort (ii). In patients 
who had recurrent disease after nCRT and esophagectomy, reduced combined 
FOXO and TGF-ß activity was seen in recurrent sites compared to matched resection 
specimens (FOXO p=0.0007 and TGF-ß p=0.0027, respectively, Figure 2D). This 
implies that low combined FOXO and TGF-ß pathway activity is a profile associated 
with recurrent disease which is further accentuated when the disease progresses.  
 
In conclusion, in patient subsets with a poor response to nCRT and patients with 
recurrent disease, we consistently found combined low activity of FOXO transcription 
factors, and the TGF-ß pathway. Therefore, targeting these pathways additionally to 
nCRT could possibly improve clinical outcome in poor responders. Of all individual 
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Figure 2 | Low FOXO activity corresponds with a poor nCRT responder phenotype in 
EAC patient samples.         
A Activity of six key signal transduction pathways was measured in the resectable disease 
cohort (i) and compared to clinicopathological outcome data. Shown pathways from left 
to right: androgen receptor (AR), estrogen receptor (ER), Phosphatidylinositol 3-Kinase/
Forkhead Box O (FOXO), Hedgehog (HH), Transforming growth factor receptor Beta 
(TGF-ß) and Wnt pathway. Pre-treatment biopsy pathway activity scores were subtracted 
from matched post-nCRT resections, yielding a delta activity score (N=56). Unique 
samples that passed QC were excluded from analysis. Two-sided Wilcoxon signed-
rank statistical tests were performed between Mandard low (1-3, N=40) and Mandard 
high (4-5, N=16) patients per pathway. B Pathway activity scores of pre-treatment 
EAC biopsies in the recurrent disease cohort with known Mandard score (N=77). Both 
matched and unique samples were included for analysis. Wilcoxon statistical tests 
compare Mandard low (1-3, N=61) and Mandard high (4-5, N=16) patients per pathway.  
C Pathway activity scores of non-treated EAC tissue from both the resected and 
recurrent disease cohort (N=89) and adjacent healthy esophageal tissue (N=20). 
D Pathway signal transduction activity was measured in the recurrent disease cohort (ii). 
Pathway activity scores of all resected specimens (N=131) and recurrences (N=20) that 
passed QC are shown. p-values are indicated in the figures. Boxplots represent median with 
interquartile range. 

pathways, FOXO activity scores showed the highest discriminative power for the 
response to nCRT (Figure 2A and 2D). Additionally, as the net contributions of 
tumor-suppressive and tumor-promoting actions of TGF-ß are currently not fully 
understood in the context of EAC 17, we decided to assess whether targeting the 
PI3K-FOXO pathway could have a beneficial effect in chemoradiation treatment.
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PI3K-FOXO pathway can be targeted to improve CRT response in EAC cell lines 
FOXO transcription factors are known to be under negative control by the PI3K 
pathway, by activity of kinases AKT and S6 18-22 and are confirmed to be inversely 
correlated to PI3K signaling. 20, 23, 24 To investigate whether PI3K pathway inhibitors 
could have a beneficial additive effect in combination with nCRT, a panel of eight 
EAC cell lines was used, of which five derived from EAC patients treated at our 
hospital (EAC007B, EAC031M, EAC058M, EAC081R, EAC289B) and three publicly 
available EAC cell lines (Flo1, OE19, OE33). Cell lines were both assessed for FOXO 
transcriptional activity based on the Bayesian method, as well as baseline PI3K 
pathway activity by Western blot for phospho-ERK, phospho-AKT and phospho-S6 
Kinase (pS6K) (Figure 3A). When baseline FOXO transcriptional activity from these 
cell lines was correlated to PI3K pathway protein activity, no significant association 
could be found. (Supplementary Figure 2A). We decided to continue with PI3K 
pathway assessment by Western blot, allowing a direct assessment of phospho 
pathway activity in vitro. Subsequently, these cell lines were exposed to our 
previously established in vitro CRT regimen 15 and the surviving fraction after CRT 
was measured. In line with our patient data, high PI3K pathway activity determined 
by pS6K, was associated with poor response to CRT in vitro. pS6K was found to 
most strongly correlate with response to CRT (Figure 3B; R=0.478, p=0.045). High 
pS6K cell lines were relatively resistant to CRT (EAC007B, EAC031M, EAC058M 
and EAC081R), whereas low pS6K cell lines were more sensitive (289B, OE19, 
OE33 and OE33). We take these data to indicate that in vitro, pre-treatment PI3K 
pathway activity as determined by pS6K, associates with, and potentially drives 
poor response to CRT. 

Aiming to improve anti-tumor efficacy of CRT in poor responder cell lines, the additive 
effect of PI3K inhibition to the CRT regimen was assessed. Four PI3K inhibitors with 
positive Phase I clinical results were selected; LY3023414, Alpelisib, Pictilisib and 
Idelalisib (Supplementary Table S2). First, primary cell lines EAC031M (poor CRT 
responder) and 289B (good CRT responder) were exposed to CRT alone, or with 
PI3K inhibitors to validate inhibition of the PI3K pathway. Indeed, combined CRT with 
PI3K inhibition resulted in lower PI3K pathway activity determined by pS6K, in which 
the poor-responder cell line EAC031M demonstrated a more pronounced response 
(Supplementary Figure 2B, C). Next, the full panel of cell lines was exposed to a 
concentration range of PI3K inhibitors and CRT. Of note, a higher sensitivity to PI3K 
inhibitors was seen in the poor CRT responder cell line EAC031M, compared to the 
good CRT responder cell line 289B (Figure 3C). Additional cell lines showed that 
poor CRT responder cell lines (EAC007B, EAC058M and EAC081R) as well had 
a higher sensitivity to PI3K inhibitors. (Supplementary Figure 2D). PI3K inhibitor 
LY3023414 demonstrated the highest potency to inhibit cell viability in nearly all cell 
lines tested. 
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Figure 3 | Targeting PI3K-FOXO pathway sensitizes EAC cells to CRT.   
A Western blot analysis of the PI3K-FOXO pathway in eight untreated EAC cell lines, 
assessed by phospho-AKT, phospho-ERK and phospho-S6K. α-tubulin was used as loading 
control. The membrane was sliced to exclude an ESC sample, indicated by the break.  
B Poor CRT responder cell line 031M and good CRT responder cell line 289B were treated 
for 7 days with CRT, surviving fraction was measured on day 8. Graph shows Spearman 
correlation of surviving fraction after CRT versus quantified p-S6K corrected to β-tubulin as in A.  
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C Cells were treated for 7 days with the CRT regimen, including a concentration range of 0, 
62.5, 125, 250, 500 and 1000 nM Alpelisib, Idelalisib, Pictilisib or LY3023414. Percentage 
viable cells were measured on day 8 and plotted normalized to CRT. Data represents two 
biological replicates with SEM. D Morphological analyses of poor responder 031M and good 
responder 289B cells in untreated conditions, 7 days nCRT and 7 days nCRT + LY3023414 
with 500 nM. E Poor CRT responder cell line 031M and good responder cell line 289B were 
treated for 7 days with the CRT regimen in addition to 500nM of PI3K inhibitors (average 
IC50 of four compounds). Apoptosis measured by percentage of green fluorescent Annexin 
V-FITC. Datapoints represent biological replicates with SD. 

In patient-derived EAC cell lines, our group has previously shown CRT to induce 
epithelial-to-mesenchymal transition (EMT), characterized by a mesenchymal 
cellular morphology and therapy resistance. 15 Indeed, the PI3K signature was 
strongly associated with EMT gene expression programs in publicly available data 
sets ( R=0.554, p<0.000 in GSE96669 16,  and R=0.273  p=0.009 in the EAC samples 
in TCGA-ESCA(3); Supplementary Figure 3A). In concordance, the addition of 
LY023414 to CRT resulted in a reduction of mesenchymal cell morphology induced 
by CRT (Figure 3D) and EMT marker expression (CXCR4) 25, most notably in poor 
responder EAC031M cells (Supplementary Figure 3B). This demonstrates that 
PI3K inhibition in poor CRT responder cell lines can serve to thwart resistance 
mechanisms possibly by counteracting mesenchymal tumor cell programs. To 
further demonstrate that combined targeting of PI3K with CRT results in cell death 
rather than merely reduced cell growth, we measured apoptosis in poor- and good-
CRT responder cell lines. Poor responder cell lines such as EAC031M showed the 
most robust increase in apoptosis when exposed to PI3K inhibitors LY3023414, 
Idelalisib and Alpelisib (Figure 3E, additional cell lines in Supplementary Figure 4A). 
To conclude, these exploratory results indicate that Phase I PI3K inhibitors could be 
a promising addition to chemoradiation regimens, but the successful application of 
such inhibitors hinges on patient selection based on baseline PI3K-FOXO pathway 
activity. 

DISCUSSION  

Using clinically available FFPE material we were able to determine activity of key 
cancer driving pathways before and after nCRT using small amounts of EAC tissue. 
Persistent low FOXO transcriptional activity was associated with poor response to 
nCRT in EAC patient samples. This poor nCRT responder profile was also seen in 
recurrences of nCRT-pretreated patients. In addition, heterogeneity in high PI3K 
activity, inversely linked with FOXO, was seen in patient-derived cell lines, providing 
a valuable tool to experimentally target candidate signaling pathways, such as PI3K-
FOXO. Our exploratory data demonstrate that PI3K inhibition can indeed sensitize 
nCRT-resistant cell lines. 
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As EAC is known to be a heterogeneous tumor, the full characteristics of the tumor 
might not be represented by the analysis of single tumor sites. This could be 
problematic, as large intratumoral heterogeneity might hamper patient selection 
for targeted therapy. In addition, not merely tumor cells but also stromal and 
immune cells influence EAC tumor biology. 14 These environmental stimuli are only 
partially captured in our analyses. Additionally, as merely one FFPE slide was 
used, sometimes insufficient mRNA was extracted in good nCRT responders (post-
nCRT Mandard 1 score). By using two or more FFPE slides, this issue could be 
circumvented. Nevertheless, we demonstrate that in a single tissue sample from 
a possibly heterogeneous and effectively treated tumor, clinically relevant sample 
characteristics can be determined.

Here we described that low FOXO transcriptional activity is associated with worse 
clinical outcome, sometimes combined with low TGF-ß pathway activity. TGF-ß 
signaling has a complex dual role in human cancer. 17,26 Via the canonical Smad 
pathway TGF-ß signaling has tumor suppressive effects in early carcinomas. As 
tumors develop, these protective effects of TGF-ß are often lost and TGF-ß signaling 
switches to promote cancer progression, as we have shown before using flow 
cytometry analysis. 15 Nevertheless, based on our mRNA based pathway activity 
analysis TGF-ß signalling activity in EAC samples seems to be predominantly tumor 
suppressive. Given that the dual role of TGF-ß has not been fully elucidated in 
EAC, to design a new treatment strategy, we focused on targeting the PI3K-FOXO 
pathway. Numerous studies have revealed that high PI3K and low FOXO activity is 
associated with a poor prognosis 24, although little research has been done in EAC 
27,28. As our results show an association with poor response and metastatic behavior, 
in line with other cancer types, PI3K inhibition appears a promising candidate for 
therapeutic targeting in EAC patients. 9,29

To experimentally test novel therapeutic strategies as PI3K pathway inhibition, 
preclinical cancer models representative of patients’ tumor biology are essential. 
We found that patient-derived cell lines show heterogeneity in PI3K pathway activity, 
allowing their use as a tool to test predictive signals for response to PI3K pathway 
inhibition. In line with our patient data, both good and poor nCRT responder cell lines 
were identified with corresponding PI3K pathway activity on phosphorylated protein 
level. In the relatively small number of cell lines we could not find and association 
of nCRT on FOXO transcriptional activity level. However, as phosphorylation plays 
an essential role in activation of the comprehensive PI3K pathway, we were able 
to detect a relation on protein phosphorylation level. Moreover, we identified a 
PI3K inhibitor that could give a beneficial additional effect to nCRT; LY3023414, a 
novel PI3K/mTOR inhibitor, with potent activity in EAC in rat models. 30 Interestingly, 
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LY3023414 demonstrated a manageable safety profile in a phase 2 clinical trial 31, 
as improved clinical responses of all four used inhibitors. 31,32,34-38 Hence, we believe 
it is of value to investigate the use of PI3K pathway inhibition in patients with EAC, 
either combined with nCRT, or as adjuvant therapy.

To conclude, we were able to determine the activity of key cancer driving pathways 
before and after nCRT in clinically attainable amounts of EAC tissue. The poor 
nCRT responder profile was detected in tissue of the primary site, recurrences of 
nCRT-pretreated patients and patient derived cell lines. Hence, the pathway activity 
model described here may be used to identify patients irresponsive to nCRT and 
select for appropriate targeted therapies.
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SUPPLEMENTAL FIGURES

Supplementary Figure 1 | Poor responder phenotype in patient samples.   
A Pathway signal transduction activity of six key signal transduction pathways was 
measured in the resectable disease cohort (i). Pre-treatment biopsy pathway activity 
scores were subtracted from all matched resections that both passed QC, i.e. delta 
activity score (N=69). Two-sided Wilcoxon signed-rank statistical tests were performed 
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between all post-nCRT (N=56) and surgery only (N=13) patients. p-values are indicated 
in the figures. Boxplots represent median with interquartile range. B All post-nCRT 
resection specimens from the resectable disease cohort were assessed for correlations 
between FOXO and TGF-ß activity. Spearman correlations were performed, N=138, 
separated for low (1-2, N=17, all Mandard 2), middle (3, N=59) and high (4-5, N=47) 
Mandard score. C Pre-treatment biopsies were assessed for correlations between FOXO 
and TGF-ß activity. Spearman correlations were performed, N=77, separated for low (1-
2, N=22), middle (3, N=37) and high (4-5, N=18) Mandard score obtained after nCRT.  
D Disease free survival of patients with combined low FOXO and TGF-ß pathway activity 
versus combined high pathway activities in post-nCRT resection specimens (N=83). Cut-off 
by median pathway activity score.
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Supplementary figure 2

Supplementary Figure 2 | Validation of PI3K pathway inhibition and sensitization of poor CRT 
responder cells.          
A Correlation of baseline FOXO transcriptional activity with PI3K pathway activity based on 
P-S6, P-AKT and P-ERK PI3K in all eight EAC cell lines. B Poor CRT responder cell line 031M and 
good CRT responder cell line 289B were exposed for 7 days to the CRT regimen in combination 
with 500nM LY3023414, Alpelisib, Pictilisib or Idelalisib. Cells were lysed on day 8. Western 
blot analysis of PI3K-FOXO pathway by P-AKT and P-S6K as proteins of interest, α-tubulin  
as loading control. C Quantification of Western blot in A corrected for α-tubulin.  
D Cells were treated for 7 days with the CRT regimen, including a concentration range of 0, 
62.5, 125, 250, 500 and 1000 nM Alpelisib, Idelalisib, Pictilisib or LY3023414. Percentage 
viable cells were measured on day 8 and plotted normalized to CRT. Data represents two 
biological replicates with SEM.
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Supplementary Figure 3 | PI3K inhibitors can revert CRT-induced EMT.   
A Correlation of gene expression of Broad Hallmark Pi3K_AKT_mTor_signalling gene set 
with the Broad Hallmark Epithelial_Mesenchymal_transition gene set in two publicly available 
datasets, GSE96669 and Esophageal Carcinoma Tumor Cancer Genome Atlas (TCGA-
ESCA), respectively. B FACS analyses of mesenchymal marker CXCR4 after 7 days of 
treatment with CRT with or without 500 nM LY3023414. 031M poor CRT responder, 289B 
good CRT responder. gMFI = geometric mean fluorescent intensity. 
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Supplementary figure 4

Supplementary Figure 4 | Apoptosis induced by PI3K pathway inhibitors in poor 
responder CRT cell lines.         
Poor CRT responder cell lines 007B, 058M and 081R and good responder cell lines Flo1, 
OE19 and OE33 were treated for 7 days with the CRT regimen in addition to 500 nM of PI3K 
pathway inhibitors (based on average IC50 of four compounds). Apoptosis measured by 
percentage of green fluorescent Annexin V-FITC. Data points represent biological replicates, 
mean with SD.
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SUPPLEMENTAL TABLESSUPPLEMENTAL TABLES

Supplemental Table S1 | Characteristics of the five established patient derived cell lines.  
GEJ: Gastroesophageal junction, CROSS: ChemoRadiotherapy for Oesophageal cancer 
followed by Surgery Study, CapOX: CAPecitabine and Oxaliplatin, dCRT: definitive 
ChemoRadioTherapy. Res: Resection. 

Patient number Gender Survival Origin cell 
line

Subtype Age at 
diagnosis

BMI

AMC-007-EAC F Alive Biopsy EAC 50 21,7

AMC-031-EAC M Deceased Metastases EAC 78 24,8

AMC-058-EAC M Deceased Metastases EAC 76 27,5

AMC-081-EAC M Deceased Resection EAC 38 24,7

AMC-289-EAC M Deceased Biopsy EAC 51 31,7

Patient number HER2 
status

cTNM Differentia- 
tion grade

Tumor 
location

Length 
tumor

Treatment 
after biopsy

AMC-007-EAC negative cT3N1M0 2 GEJ/cardia 5 CROSS

AMC-031-EAC negative cT3N3M1 3 distal 7 CapOx

AMC-058-EAC negative cT3N2M0 NA GEJ/cardia 7 CROSS

AMC-081-EAC negative cT3N1M1 3 distal 7 dCRT

AMC-289-EAC negative cT3N0M0 3 GEJ/cardia 8 nCT

Patient number Treament 
tissue

Resection 
yes no

Mandard  pTNM Recur- 
rence

Treatment 
recurrence

AMC-007-EAC None yes 4 pT3N1M0 Yes palliative

AMC-031-EAC CapOx no NA NA Yes NA

AMC-058-EAC CROSS no NA NA Yes palliative

AMC-081-EAC dCRT +Res yes NA NA Yes other

AMC-289-EAC None no NA NA Yes palliative
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Supplementary table S2 | FDA approved PI3K inhibitors tested in this study

PI3K inhibitor Compound name Targets IC50

LY3023414 LY3023414 class I PI3K, mTOR, DNA-PK 6.07 nM

Alpelisib BYL719 p110 alfa-isoform PI3K 5 nwM

Pictilisib GDC-0941 p110 alfa, delta isoform PI3K 3 nM

Idelalisib CAL-101(GS-1101) p110 delta isoform PI3K 2.5 nM

PI3K inhibitor References Status

LY3023414 33; 34 Phase 1, Preclin. EAC

Alpelisib 32; 35 Phase 3

Pictilisib 36; 37 Phase 1b

Idelalisib 38 Phase 1b

 

Supplementary table S3 | Western blot antibodies used in this study 
 
Primary Antibody Cat nr Dilution Species kDa Company

Phospho-44/42 MAP 
Kinase (Thr202/Tyr204)

9101 1:1000 Rabbit 42, 44 Cell 
Signaling

Phospho-pAKT 4060/D9E 1:1000 Rabbit 60 Cell 
Signaling

Phospho-p70 S6 Kinase 
(Thr389) 

2211S 1:1000 Rabbit 32 Cell 
Signaling

α-Tubulin Sc-23948 1:1000 Mouse 55 Santa Cruz

Secondary       

HRP-conjugated Goat anti 
rabbit

7074 1:5000 Anti-rabbit NA Cell 
Signaling

HRP-conjugated Goat anti 
mouse

sc-2357 1:5000 Anti-
mouse

NA Santa Cruz
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ABSTRACT 

Severe combined immunodeficient (SCID) mice are typically used for xenografting 
experiments and show reliable tumor engraftment, however their Prkdscid mutation 
renders them highly sensitive to irradiation. Here, we describe a protocol that 
allows safe local irradiation of tumor xenografts in immunodeficient mice. This 
approach includes the establishment and handling of patient-derived cancer 
cultures, subcutaneous injection of cancer cells on the mouse hind limb, localized 
irradiation in mice, tumor monitoring, and tumor characterization via histological 
and immunohistochemical assessment. 
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BEFORE YOU BEGIN

This protocol describes the specific steps to perform localized irradiation of tumor 
xenografts in immunodeficient mice. 

Before starting, make sure the in vivo experiments are approved by the local 
animal test and welfare committee. Mice should be purchased in advance with 
an acclimatization period of at least 7 days before the start of the experiment. 
NSG immunodeficient mice should be kept in Specific-Pathogen Free (SPF) 
facilities to avoid infections. Determine the required group sizes by a power 
calculation analysis using statistics from previous, similar, experiments. 
For this protocol a mouse radiation setup is essential, for which 3D technical 
drawings as NWD and STP files are available on Mendeley Data, DOI: 10.17632/
vfjjtwstw9.1.

This protocol is optimized for NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) 
immunodeficient mice but can be used for all mice with high radiosensitivity. NSG 
mice, like all SCID mice, are homozygous mutant for the Prkdcscid gene mutation, 
involved in DNA double strand brake repair through non-homologous end joining. 
2 As a consequence, all mouse strains carrying the Prkdcscid mutation are highly 
radiosensitive. 3  We advise to use mice between 8 weeks and 6 months of age, as 
tumor growth and sensitivity to radiation have been shown to be reproducible in this 
age range. 4 

Additionally, the establishment of patient-derived cell cultures from fresh patient 
material is described in this primary section. For this, approval from the appropriate 
Ethics Committee is required as well as informed consent from the patient. When 
using already established cultures, commercially available cultures or grafting 
tumor tissue, this step can be skipped. Multiple cell culture lines of two tumor types 
have been tested with the irradiation setup, both esophageal and cervical cancer. 
In this protocol we focus on the optimal conditions for esophageal patient-derived 
081R cells.  

Before starting the experiment, prepare all solutions specified in the “Materials and 
equipment” paragraph.
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Institutional permissions  
Prior to start, animal experiments should be approved by the animal test 
committee (Dierexperimentencommissie, DEC) and animal welfare committee 
(Instantie voor Dierenwelzijn, IvD) according to the local law and performed in 
accordance with ethical and procedural guidelines.

Dissociation of patient-derived esophageal cancer tissue 
 
In this section we describe how to establish patient-derived esophageal cultures 
from fresh patient resection material. When using already established cultures, 
publicly available cultures or when grafting tumor tissue, please continue to “Step-
by-step method details”.

Timing: 1h

1. Collect fresh tumor tissue (biopsy, resection specimen) from the clinic 
after written informed consent explicitly allowing culturing of the material.

Note: It is crucial to have effective logistics between the clinic and 
researchers, to get tissue samples on ice and to the laboratory for 
processing within a maximum of 2h.

2. Take tumor tissue on ice into a biosafety cabinet (BSC). 

Note: All steps in this section will be performed on ice.

3. Wash tissue once with 10 mL PBS+++ (see Materials and equipment) in a 
50 mL conical tube.

4. Mince into small pieces <0.5 mm2 with a sterile scalpel in a 100 mm petri 
dish.

5. Add 2 mL Dissociation buffer (see Materials and equipment) to the petri 
dish and transfer suspension into a new 50 mL tube. 

6. Rinse remaining tissue from the dish with 1 mL Dissociation buffer and 
add to 50 mL tube as well.

7. Incubate at 37 °C in a water bath for 45 min. 

a. Vortex vigorously for 10 sec every 15 min.

8. Resuspend cells in 12 mL of DMEM+++ (see Materials and equipment) to 
block dissociation.

9. Pass suspension through cell strainer (70 µm) on a new 50 mL tube by 
pouring.  
Note: Do not resuspend by pipetting, as tissue pieces will stick inside the 
pipette tip. 

10. Rinse the cell strainer with 1 mL DMEM+++ to obtain all dissociated cells 
<70 µm. 

11. Spin down at 300 xg for 3 min and discard supernatant.
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12. Resuspend in 1 mL of desired medium and plate in 1 well of a 12-well 
plate.

Note: As each patient tissue sample contains different types of cells, the 
optimal medium can differ. When obtaining >1 x 105 cells, it is advised to 
resuspend cells in >1 mL medium and plate in multiple wells with different 
types of medium, e.g. to obtain epithelial tumor cells. Cancer Stem Cell 
(CSC) medium (see in Materials and equipment) could be considered 
instead of DMEM+++ or other FBS-supplemented media.

13. Cells will attach within 24-72 hours after seeding.

Establishment of patient-derived esophageal cancer cultures 
Timing: 3-4 weeks

14. Monitor growth of cell lines with a phase contrast microscope and replace 
medium twice a week. 

15. When the well(s) of a 12-well plate reach 80-90% confluence, split cells 
carefully with trypsin and transfer to a 6-well plate. 

Note: when using CSC medium spin down at 300 xg after trypsin or use 
trypsin inhibitor.

16. When the well(s) of a 6-well plate reach 80-90% confluence, transfer to a 
T25 flask.

17. Grow cells until a minimum of 80% confluence is achieved in a T25 flask 
(or 3 x 106 cells), which can take up to 4 weeks. 

Note: A heterogeneous range of morphologies will appear, with fibroblasts 
covering the flask and tumor cells growing on top in small spheres (Figure 
1A).

Timing: 1 day
18. Place desired media and trypsin at 37 °C 

19. Wash cells using PBS and harvest by trypsinization at 37 °C. 

20. Stain all cells for EpCAM positive and negative cells.

a. Divide cells into two 15 mL tubes; use approximately 3/4 for 
EpCAM-stained sample and 1/4 as unstained control.

b. Spin down at 300 xg for 3 min and resuspend in 100 µL of FACS 
buffer (see Materials and equipment).

c. Centrifuge at 300 xg for 3 min and discard supernatant.

d. Add 100 µL per sample anti-EpCAM antibody at a 1/300 dilution 
in FACS buffer, incubate for 30 min on ice.
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e. Wash cells 2x with FACS buffer by centrifuging 300 xg for 3 min 
and discarding supernatant. 

f. Stain with FITC secondary antibody at a 1/300 dilution for 30 min 
on ice, protected from light. 

g. Wash cells 2x with FACS buffer by centrifuging 300 xg for 3 min 
and discarding supernatant. 

h. Add 300 µL per sample appropriate viability marker (end 
concentration 200 pg/mL) in FACS buffer.

Alternative: Different viability markers can be used, such as PI or Zombie  
 Aqua. 

21. Transfer cells protected from light to FACS-sorting device. 
22. Sort cells for EpCAM+ vs EpCAM- cells (Figure 1A, B).

a. Select viable cells using a negative gate for the viability marker. 
b. Set gates for the negative population using the unstained control 

and determine the gate of the positive population in the stained 
sample. 

c. Sort for both negative and positive cells, ideally at least 1 x 105 
cells are sorted in each group.

Note: If more than 1 x 105 positive cells are available, gates can be 
set strictly with more space between the gates. If few positive cells are 
available, it is advised to set gates less strict to prevent losing cells and 
rather sort multiple times.

23. Obtain a clean homogeneous cell line by allowing cells to reach 80% 
confluence in a T25 flask, check morphology carefully and repeat FACS-
sort if necessary. 5,6 

Note: Populations after one Epcam+/- FACS-sort yielded esophageal 
cancer associated fibroblasts (Figure 1C) and esophageal tumor cells 
(Figure 1D). 

24. Profile the first clean passage by performing Short Tandem Repeat (STR) 
profiling (Figure 1E).  

CRITICAL: As a reference for primary cell lines, patient tumor or gDNA 
from blood is used. Profile cells regularly to detect cell line contaminations 
during culturing. Before injection in mice, cells should be tested for known 
mouse pathogens such as C. bovis. This can be performed by various 
certified companies, such as IDEXX Bioanalytics.
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Figure 1 | Establishing patient-derived esophageal cancer cell lines.   
A Patient 023 resection (023R) cells before FACS-sorting. Scale bar: 200µm. B Gating 
strategy for FACS-sort of FITC (488 nm) with FITC 530/30 vs APC 660/20. C 023R EpCAM-
negative cancer associated fibroblasts after one sort. Scale bar 70 µm. D 023R EpCAM-
positive cancer cells after sorting. Scale bar 70 µm. E STR profiles of 081R cells at different 
passages (P9, P10) and patient gDNA as reference.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-EpCAM Abcam ab223582

Goat Anti-Rabbit IgG (FITC) 1:300 Abcam ab6717

Phospho-Histone H2AX (Ser139) (20E3) Rabbit 
mAb 1:300

Cell Signaling 9718S

Biological samples

Patient-derived esophageal cancer tissue (male, 
38y)

OR/grossing room N/A

Chemicals, peptides, and recombinant proteins

Advanced DMEM F/12 Gibco 12634010

Liberase Sigma 05401020001

N2 supplement Invitrogen 17502048

D-Glucose 45% Sigma 50-99-7

Trace Elements B Fisher Scientific 25-022 CI

Trace Elements C Fisher Scientific 25-023-CI

HEPES 1M ThermoFisher 15630080

Heparin Sigma H3149

Insulin Sigma I9278-5ML

ß-Mercaptoethanol Sigma 60-24-2

L-Glutamine Gibco 15410314

Penicillin-Streptomycin ThermoFisher 15140122

Fetal Bovine Serum (FBS) Gibco 10270106

Phosphate-buffered saline (PBS) tablets Sigma 524650

DNase Sigma 10104159001

Fixation/Permeabilization Kit: Cytoperm and 
Permwash

BD Bioscience 554714

Propium-iodide Sigma-Aldrich 81845

Isoflurane Ecuphar ISOFLO

Virkon Fisher Scientific 70693-62-8

Matrigel Corning 356235

Recovery Cell Culture Freezing Medium ThermoFisher 12648010

Eosin Klinipath 3871-2500

Hematoxylin Klinipath 4085-9002

Experimental models: Cell lines

Esophageal adenocarcinoma 081R primary line, 
passage number <10

AMC AMC_
EAC_081R

Cervical carcinoma SiHa cell line, passage 
number <10

ATCC HTB-35
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Experimental models: Organisms/strains

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice  
8 weeks – 6 months, males and females

Own breeding N/A 

Nude Hsd:Athymic Nude-Foxn1nu mice 
8 weeks – 6 months, males and females

Envigo 069

Software and algorithms

BD FACSDiva software BD Biosciences N/A

FlowJo Tree Star version 10.2 
https://www.
flowjo.com/
solutions/flowjo/
downloads

ImageJ Schneider et al.7 imagej.nih.gov

Other

5mL Round Bottom Polystyrene Tube Corning 352052

Cell culture flask T25 Thermo Fisher 169900

Microscope DM IL LED Leica 11521266-B

FACS cell sorter Sony SH800

CoolCell™ LX Cell Freezing Container Corning CLS432001

Radiation source XStrahl RS320 

Syringe Luer-Lok™ 1 mL BD 309628

Needle Orange 25G BD 1712024

Digital caliper Thermo Fisher 
Scientific

14-648-17

Deposited data

Mouse restraining and shielding setup diagrams University of 
Amsterdam / 
Trilobes, Joure, 
the Netherlands

DOI: 10.17632/
vfjjtwstw9.1

3D viewer of diagrams CAD Soft Tools https://3d-
viewers.com/
step-viewer.
html
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MATERIALS AND EQUIPMENT

•	 Solutions are provided as a specified final volume, but investigators may 
choose to prepare different volumes depending on the number of samples 
processed

DMEM+++ medium
Reagent Stock 

concentration
Final concentration Add to 500 mL

Advanced DMEM/F12 1x 1x 440 mL

Fetal Bovine Serum (FBS) N/A 10% 50 mL

L-Glutamine 200 mM 2 mM 5 mL

Penicillin-Streptomycin 100x 1x 5 mL

Note: Store at 4°C for 3 months.

Cancer Stem Cell (CSC) medium
Reagent Stock concentration Final concentration Add to 500 mL

Advanced DMEM/F12 1x 1x 478 mL

N2 supplement 100x 1x 5 mL

Glucose 2.5 M 8.5 mM 1.7 mL

Trace Elements B 1000x 1x 500 µL

Trace Elements C 1000x 1x 500 µL

HEPES pH 7.5 1 M 5 mM 2.5 mL

Heparin 2 g/mL 2 mg/mL 500 µL

Insulin 10 g/mL 10 mg/mL 500 µL

ß-mercaptoethanol 7.5 M 15 mM 1 mL

L-Glutamine 200 mM 2 mM 5 mL

Penicillin-Streptomycin 100x 1x 5 mL

Note: Store at 4°C for 3 months.

PBS+++
Reagent Stock concentration Final concentration Add to 500 mL

PBS Tablets dry powder 1x 1 tablet

H2O N/A 1x 440 mL

FBS 1x 10% 50 mL

L-Glutamine 200 mM 2 mM 5 mL

Penicillin-Streptomycin 100x 1x 5 mL

Note: Store at 4°C for 1 month.
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Dissociation buffer
Reagent Stock concentration Final concentration Add to 2 mL

DMEM+++ 1x 1x 2 mL

Liberase 2.5 mg/mL 0.1 mg/ml 77 µL

DNase 1 unit/µL 1.5% 30 µL

Note: Use freshly prepared.

FACS buffer
Reagent Stock concentration Final concentration Add to 50 mL

PBS 1x 1x 50 mL

FBS 100x 1x 0.5 mL

Note: Use freshly prepared.

CRITICAL: It is important to avoid inhaling isoflurane, as long-term exposure 
could cause hypotension, tachycardia, respiratory depression, and elevated blood 
glucose. 

Alternatives: Regular laboratory reagents such as PBS or BSA can be obtained 
from other sources than specified in the key resources table. 

STEP-BY-STEP METHOD DETAILS

Harvesting of patient-derived cell lines for injection

Timing: 1 hour 

This step describes the harvesting, counting, and resuspension of patient-derived 
cultures prior to subcutaneous injection in the hind limb of NSG mice. These steps 
are done outside the animal facility. It generally takes 3-5 days since last passage 
until 081R or SiHa cultures reach 80% confluence. Regarding patient-derived cell 
lines, it is advised to take a low (<10) passage number to ensure highest possible 
similarity to the patient tissue. Group sizes should be determined by power 
calculations prior to starting the experiment. 

With SiHa cells, 1x106 cells were injected per mouse in a volume of 50 µL. In this 
step we take 081R cells as an example, injecting 1x105 cells per mouse in a total 
volume of 50 µL.

1. Calculate the volume and cells needed for the number of available mice, 
taking the total number of mice x 50 µL + minimal 300 µL for loss in 
syringe needle and spill.  
Note: Example with 24 mice: 24 x 50 µL + 300 µL = 1500 µL total. 
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2. Calculate the amount of Matrigel needed (50% of total volume). Example; 
1500/2 = 750 µL.

Alternatives: Basement Membrane Extract (BME) can be used instead of 
Matrigel.

3. Thaw Matrigel on ice, allowing it to become liquid.

4. Harvest patient-derived cells.

a.  Remove medium from cells.

b.  Wash flask with 2 mL (T25) or 5 mL (T75) PBS.

i. For cell lines that are hard to detach add 5 mM EDTA in PBS 
for 2 min at 37 °C and remove.

c.  Add 1 mL (T25) or 3 mL (T75) 1x trypsin for 3-10 min at 37 °C

d. Carefully resuspend the cells with long reach filter tip.

i. Check under microscope to make sure a single-cell 
suspension is obtained

CRITICAL: CSC medium contains no serum to inactivate trypsin, and 
if using CSC medium, spin down cells at 300 xg for 3 min, remove all 
medium and resuspend in 1-3 mL CSC medium.

5. Count the number of cells per mL, e.g. in a hemocytometer.
6. Take 1x105 cells in a total of 50 µL solution for injection.

a. Volume cell suspension = Total volume needed / (cells per mL / 
1x105 cells). 
Example with 24 mice: 24 x 50 µL + 300 µL = 1500 µL total.  
Volume of cell suspension = 1500 µL / 2 (50% Matrigel) = 750 µL.  
750 / (1.16 x 106  counted cells / 1x105 ) = 64.7 µL of cell 
suspension in 685.4 µL medium.

7. Resuspend 50% of cell suspension with 50% Matrigel on ice in a 5 mL 
round-bottom polystyrene tube. 

a. After counting, make sure to freeze down a subset of cells. 
Document vials including passage number, so future mice 
experiments can be done with similar passage cell lines.

8. Transport cell-Matrigel suspension on ice to the animal facility. 

CRITICAL: Keep cells in Matrigel on ice to avoid solidification. To avoid cell 
aggregation and clumps, resuspend or flick the cell suspension tube right before 
mixing with Matrigel. Resuspension of the cells in Matrigel solution is essential as 
cells resuspended only in medium may fail to graft. 
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HIND LIMB SUBCUTANEOUS INJECTION IN MICE 

Timing: 2 min per mouse 

This step describes the subcutaneous injection of patient-derived cells into the 
hind limb of mice. This procedure can be performed on one to six mice in a row, 
depending on personal skills, assistance and equipment available.  

9. Work inside a biosafety cabinet (BSC).
10. Randomize mice between different treatment groups. 

a. Distribute mice of one litter across different treatment groups 
and ensure a similar number of males and females per treatment 
group. 

Note: Group allocations may be corrected for randomization at the start of 
treatment (Step 28).

11. Anesthetize mice with 2% Isoflurane in 100% oxygen for 5 min. 

12. Mark animals for identification e.g., using earmarks or color marking using 
a permanent marker.

13. Carefully remove the hair on the right hind limb of all the mice by shaving. 
(Methods video S1). 
Alternative: Depilatory cream can be used.

14. Disinfect the skin with Virkon.
15. Resuspend pre-made cell suspension from previous steps 1-8.
16. Immediately fill the 1 mL syringe to ensure a homogeneous suspension 

and attach 25G needle.
17. Inject 50 µL cell suspension into the subcutis in the right hind limb.

a. Inject below the kneecap, just under the skin to ensure subcu-
taneous and avoid intramuscular or intracutaneous tumor growth.  

MEASURING SIZE OF TUMORS

Timing: 3 min per mouse 

This step describes measuring and calculating the volume of a tumor on the hind 
limb of immunodeficient mice. Prior to measuring the tumor sizes, body weights 
should be measured on a scale.  

18. Work inside a BSC. 
19. Disinfect the digital caliper. 

Note: Check if caliper is zeroed correctly: 0.00 should be indicated when 
the jaws are closed. 
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20. Fixate a mouse in your left hand in such a way that the mouse right hind 
limb is freely accessible.

21. Measure the length, width, and depth of the right (grafted) hind limb 
(Methods video S2).

22. When measuring for the first time, also measure the left non-tumor injected 
hind limb of each mouse.  
Note: As the tumor volume on the hind limb may be hard to assess, the 
other hind limb is used as internal control per mouse. In our experiments, 
most tumors grow subcutaneously as a distinct nodule, though some 
tumors may grow flat and into the underlying muscle making them difficult 
to measure. In most cases, the subtraction method to determine tumor 
graft is required, so we advise to apply this method for all mice. 

23. Calculate the average limb length for all female and the same for all male 
mice.  
Note: As the length of the limb does not alter during tumor growth, this is 
a fixed number from this point. 

24. Calculate the volume of the tumor by measuring the tumor injected hind 
limb using the formula: (length × width x depth)/2).  
Example: (18 (average length) x 8.77 x 8.33)/2 = 657 mm3.
Alternative: Multiple measuring approaches can be used to measure 
tumor size. Another option is the formula π/6*(length × width x depth).  

25. Subtract the volume of the non-tumor injected control limb. In our case 
this was on average 107 mm3; 657 – 107 = 550 mm3. 

26. Repeat measurements for all mice. 
27. Document tumor measurements of each mouse over time. 

LOCALIZED IRRADIATION OF TUMORS ON HIND LIMB

Timing: 20 min per radiation fraction 

This step describes a radiation setup to locally radiate on the tumor-injected 
hind limb, while shielding the rest of the mouse. This provides a method to safely 
treat a broad range of tumor xenografts in immunodeficient mice that are unable 
to tolerate (scattering of) whole body radiation. Mice radiation-shielding setup 
drawings for replication are shown in Figure 6 and 3D technical files are available 
on Mendeley Data, DOI: 10.17632/vfjjtwstw9.1.

28. Begin treatment of mice when tumors reach approximately 50-100 mm2. 

Note: With 081R or SiHa cells, this was the case after two to three weeks 
after injection. It is advised to start treatment on a Monday, so 5 times 
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daily radiation can be applied.

29. Assess whether randomization should be adjusted based on the size of 
the tumors, to ensure a similar mean tumor volume in each group at the 
start of treatment.

30. Select the mice to receive irradiation.

Note: In the described setup there is room for 4 mice at one time.

31. Prepare 3 surgical tape sections of approximately 2-3 cm in length per 
mouse.

32. Work inside a BSC. Anesthetize mice with 2% Isoflurane in 100% oxygen 
for 5 min.

33. Assemble the main part of the transparent mouse restrainer; (Figure 2A, 
1). Insert the front part in the main part mouse restrainer.

34. Position one mouse into the restrainer with the head positioned to the front 
(Figure 2A, 2).

a. Slide the roof onto the restrainer (Figure 2A, 3).
b. Slide the bottom into the restrainer (Figure 2A, 4), making sure 

the mouse’s tail is not stuck and the right hind limb is completely 
outside of the restrainer (Figure 2A, 5).

c. Pull the right hind limb gently outward and forward (Figure 2A, 6).
d. Place surgical tape behind the limb to secure its position (Figure 

2A, 7).
e. Affix tail to the restrainer roof using surgical tape to secure the 

position of the mouse (Figure 2A, 8).
35. Position the mice in the radiation setup (Figure 2B).

a. Place the restrainer containing one mouse and place it on the 
bottom lead plate with the right limb facing the center of the setup 
(Figure 2B, 2).

b. While gently pulling the hind limb outward, secure the limb to the 
center area with surgical tape on the ankle/paw.

c. Place the upper protective lead shielding on top of the restrainer 
(Figure 2B, 3). 

d. Repeat these steps for all 4 mice (Figure 2B, 4).
e. Place protective lead on top of the feet (ankle and toes) of the 

mice (Figure 2B, 4).
f. Place the entire setup inside a transport box (Figure 2B, 5).

Note: Make sure the mice have access to oxygen during all    
 procedures. 
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Figure 2 | Restraining and local irradiation of hind limb of mice.
A Assembly of mouse restrainer and positioning of the mouse. Numbers are explained in 
the main text. B Assembly of shielding material. Numbers explained in the text. 
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36. Take the mouse containing transport box outside of the BSC and bring it 
to the radiation source. We use the radiation source XStrahl RS320, using 
a 0.5 Cu filter.  

37. Place the radiation setup with the mice on to the setup in the radiation 
source (Figure 2B, 6).

38. Adjust the X-ray/radiation so that the beam irradiates the non-shielded 
center area of 110 mm x 110 mm.

39. Irradiate with a dose of 2 Gy at 220 kVp, 13 mA applied. 
40. Repeat step 30-39 daily. 

Note: In our experiments, mice receive 10 fractions in two weeks to reach 
a total fractionated dose of 20 Gy. The required dose and fractionation 
may differ for other cancer types, models, and primary outcomes, and will 
need optimization. 

41. Document tumor growth of each mouse three times a week during 
treatment and after treatment until tumors reach maximum tumor size.

HARVESTING SUBCUTANEOUS TUMORS FROM HIND LIMB

Timing: 30 min per mouse 

Depending on the experimental setup, repeat “Measuring size of tumors” until a 
defined timepoint, tumors reach maximum tumor growth or mice reach a humane 
endpoint.  

This step describes how to harvest a subcutaneous tumor from the hind limb and 
process it for histology analysis, snap freezing tissue for transcriptomic analysis 
and vital freezing tissue for regrafting experiments.  

42. Bring to animal facility: Bucket with ice, 4% PFA in container, labels, 
tissue cassette, microcentrifuge tubes, cryovial tubes, scissors, tweezer, 
scalpels, petri dishes. 

43. When tumors exceed maximum tumor growth as measured in previous 
steps or when reaching a humane endpoint, anesthetize mice with 2% 
isoflurane in 100% oxygen for 5 min and sacrifice mice according to local 
legislation and ethical guidelines (in our case cervical dislocation). 

Note: We use a maximum tumor growth of 500 mm3, as we observed a 
necrotic core can occur in larger tumors.  It is not advised to let tumors exceed 
1000 mm3, as tumors on the hind limb can cause more discomfort than on the 
flank (Figure 3A, B).

44. Disinfect the right hind limb area with Virkon thoroughly. This functions to 
keep the viable frozen specimen sterile and also prevents loose hairs from 
contaminating the samples. 
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45. Label tissue cassette, screwcap microcentrifuge tube, viable freezing vial.
46. Carefully harvest the tumor from the hind leg of the mice (Methods video 

S3, Figure 3C) and place the tumor on a 100 mm petri dish.
47. Cut the tumor with a scalpel in to three sections. Cut from edge to center, 

so edge and center are equally represented in each stored tissue section 
(Figure 3D).

48. Divide the tumor sections (Figure 3E).
a. Place one tissue section inside a labeled tissue cassette.
b. Place one tissue section into a 0.5 mL screw cap microcentrifuge 

tube and put on ice.
c. Place one tissue section into a viable freezing vial and put on ice. 

49. Take samples from mice facility to Biosafety level 1 laboratory.

Figure 3 | Harvesting tumors from mice.  
A Examples of indicated tumor sizes in hind limbs. B Mice with ~500 mm3 size tumor on right 
hind limb, compared to no tumor containing left limb. C Dissected hind limb and harvested 
tumor. D Diagram explaining dividing the tumor for further processing. Scale bar 10 mm.  
E Tumor chunk in embedding cassette, in viable freezing vial, and snap-freeze screwcap 
vial. 
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Processing and characterization of xenograft tissue  

Timing: 1 week  

This section describes processing of the harvested xenograft tissue in the 
previous steps. This includes long term storage for transcriptomic analyses 
or other characterization, vital freezing and preparation for histological and 
immunohistochemical assessment.

50. Snap freeze tissue.
a. Add liquid nitrogen in a Dewar carrying flask.
b. Take samples from ice and submerge screw cap vials in liquid 

nitrogen.
Note: Snap freezing increases RNA preservation for e.g., 
transcriptomic analyses.
c. Store labeled vials at -80 °C until further analyses.

51. Vital freeze tissue
a. Get freezing container (“Mr. Frosty”) out of -80 °C freezer in 

advance. 
b. Take the cryovial from ice, clean it with 70% EtOH and place into 

a BSC. 
c. Add 0.5 mL freezing medium to cryovial containing the tissue.
d. Place the vials in a freezing container and freeze the tissue 

overnight (16h).
e. Place vials following day in the liquid nitrogen freezer. 
f. Years after long term storage, tissue can be regrafted in mice, 

for instance to assess effects of applied treatments on long-term 
clonogenicity. 8

52. Process tissue for histology assessment
a. Submerge the cassette in 4% buffered PFA, in a closed container. 
b. Next day remove the 4% PFA and replace by 70% ethanol for 1-7 

days.
c. Process tissue and stain for hematoxylin and eosin (H&E) 

according to Aziz et al. 9

53. Assess histology of the tissue by H&E staining and determine the 
boundaries of the tumor tissue (Figure 4A).

54. Immunohistochemically stain tissue for γ-H2AX (phosphorylated H2A 
histone family member X, a marker indicative of DNA damage) with a 
subtle (30 sec) Hematoxylin background according to Nagelkerke et al. 10

55. Specifically in the tumor tissue established with H&E staining, validate 
radiation efficacy by induction of γ-H2AX immunohistochemistry  
(Figure 4B).
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Figure 4 | Histopahological analysis of treated tumors.  
A Histopathology by H&E of control and radiation treated tumor harvested as shown in 
Figure 3. Scale bar is 500 µm. Pink edges: myocyte tissue. Purple: tumor tissue. 
B Tumor sections as shown in Figure panel A, processed for γ-H2AX immunohistochemistry, 
using DAB (brown) to visualize target protein. Scale bar 200 µm.  

Expected outcomes

Two to three weeks after tumor cell injection tumors reach ~100 mm3. This is 
based on data of esophageal 081R cells and cervical SiHa cells, but can depend 
per cell line and number of cells grafted. After two weeks of 2 Gy fractionated 
radiation, tumors are expected to grow out to maximum tumor volume of 500-100 
mm3 in approximately 9 weeks after last irradiation dose (Figure 5). A difference 
of >4 weeks of maximum tumor size outgrowth between the control group and the 
irradiated group can be expected. If other treatments combined with radiation are 
desired, we observed good tolerance of daily oral gavage simultaneously with the 
irradiation treatment schedule (Figure 5). 1

Limitations

In this protocol tumors are irradiated in a setup that radiates from above. As the 
tumor is situated on top of the hind limb and is target more than any other tissue, 
this ensures effective targeting of the tumor. However, this setup does not allow 
radiation from all angles, as often used in a patient setting, resulting in one side of 
the tumor that received a slightly higher radiation dose than the other side. When 
processing and analyzing the tumors, this should be considered.
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Figure 5 | Expected timelines of tumor growth prior to and following irradiation. 
A Timeline of expected tumor growth during experiment. 
B Average tumor growth in NSG mice of control group versus radiated group.   

 
 

Figure 6 | Technical drawings of mouse radiation protection setup (below). 
A Irradiation assembly.  
B Mouse container 
C Support for mouse containers 
D Lead Parts 
E Polycarbonate Parts 
NWD and STP files are accessible on Mendeley Data. DOI: 10.17632/vfjjtwstw9.1.
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TROUBLESHOOTING 
 
Problem 1: 
Lack of tumor growth. Even after successful injection, it can happen that tumors 
grow very slow (>3 months before palpable tumor), or do not grow out at all 
(related to Step 41).

Potential solution:  
Patient-derived cell lines can differ tremendously in proliferation tumor take. We 
recommend performing a pilot experiment first, testing multiple cell lines with two 
number of injected cells (e.g., 1x105 and 1x106). Based on in vitro proliferation 
rates, one would likely choose cultures that show a reliable growth, not too fast 
or too slow. Too fast-growing tumors could cause ulceration, a humane endpoint 
for mice without reading maximum tumor size. Prior to injection, resuspend 
the prepared cell suspension extensively just before injection, to avoid cellular 
aggregates and clumps, as well as preventing to inject many versus no cells in 
other mice that could cause no tumor outgrowth. 

Problem 2: 
No effect of irradiation on tumor growth (related to Step 41).

Potential solution:  
Radiation sources could radiate either X-rays or gamma radiation. The relative 
biological effect (RBE) is a function of the beam’s characteristics and the tissues 
with which it interacts. Different tissues within the body respond differently to 
the same radiation dose. In general, the RBE for X-rays is higher than for that of 
gamma radiation (30-40%), so a lower dose (Gy) may be required for X-ray than 
for gamma radiation. Alternatively, certain cell lines could be more resistant to 
radiation than others. Therefore, dose adjustment may be necessary.
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ABSTRACT  

Neoadjuvant chemoradiotherapy (nCRT) improves outcomes in resectable 
esophageal adenocarcinoma (EAC), but acquired resistance precludes long-term 
efficacy. Here, we delineate these resistance mechanisms. RNA-Sequencing on 
matched patient samples obtained pre-and post-neoadjuvant treatment reveal that 
oxidative phosphorylation was the most upregulated of all biological programs 
following nCRT. Analysis of patient-derived models confirm that mitochondrial 
content and oxygen consumption strongly increase in response to nCRT, and that 
ionizing radiation is the causative agent. Bioinformatics identifies Estrogen Related 
Receptor Alpha (ESRRA) as the transcription factor responsible for reprogramming, 
and overexpression and silencing of ESRRA functionally confirm that its downstream 
metabolic rewiring contributes to resistance. Pharmacological inhibition of ESRRA 
successfully sensitizes EAC organoids and patient-derived xenografts to radiation. 
In conclusion, we report a profound metabolic rewiring following chemoradiation 
and demonstrate that its inhibition resensitizes EAC cells to radiation. These findings 
hold broader relevance for other cancer types treated with radiation as well. 
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INTRODUCTION   

Over the last 50 years, the incidence of esophageal adenocarcinoma (EAC) has 
increased steadily in Western countries. 1 For patients eligible for surgery, the 
standard of care in many countries includes neoadjuvant chemoradiation therapy 
(nCRT) according to the CROSS regimen. 2,3 Patients who receive neoadjuvant 
treatment have a 10-year overall survival of 38% compared to 25% for those that 
receive surgery only. 4 Despite the improvement in survival, long-term outcomes 
of esophageal cancer remain poor, and many patients who initially respond to 
multimodality treatment will develop local or distant recurrence. 3,5

One of the leading factors to preclude complete curative treatment of EAC is a 
high degree of plasticity of these cancer cells. Therapeutic pressure can cause 
acquired resistance to occur rapidly, and endows the remaining cells with increased 
metastatic capacity. Previously identified mechanisms of acquired resistance 
include the upregulation of compensatory receptor tyrosine kinase signaling in 
response to targeted therapies 6, and the induction of epithelial-to-mesenchymal 
transition (EMT) in response to stromal IL-6. 7 Of note, chemoradiation (CR) was 
also found to induce resistance by driving the expression of TGF-ß, and subsequent 
EMT in EAC cells. 8 From the above considerations it is apparent that therapeutic 
regimens which do not efficiently kill EAC cells are likely to induce therapy-induced 
resistance. Novel (targeted) therapies are thus required to boost the efficacy of 
currently used treatment modalities. 

Cancer cells are known to employ metabolic pathways that are not favored in 
non-tumor tissue. 9,10 Traditionally, this has included aerobic glycolysis rather than 
oxidative phosphorylation to generate ATP from glucose, but it is now apparent that 
cancer cells harbor a remarkable flexibility which can affect all aspects of cellular 
metabolism. 11 This flexibility is required not only to meet nutritional challenges 
at the site of cancer growth, but also to deal with therapeutic stressors such as 
chemotherapy. Several studies have shown that cancer metabolism contributes 
to drug resistance, but none have yet investigated the metabolic mechanisms of 
neoadjuvant chemoradiotherapy resistance in the esophagus.

To achieve a comprehensive overview of the changes in tumor cell biology that occur 
during nCRT in EAC, we here performed a transcriptomic assessment of a set of pre- 
and post-treatment patient tissue samples. This identified a marked upregulation of 
mitochondrial gene expression and associated oxidative phosphorylation. This was 
confirmed in patient-derived primary cultures exposed to an in vitro approximation 
of the CROSS regimen. Targeting this mitochondrial biogenesis response using 
pharmacological and genetic methods rendered patient-derived EAC models, 
including organoids and xenografts, sensitive to (chemo)radiation. We propose 
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that the inhibition of resistance-associated metabolic pathways in addition to 
(chemo)radiation is a promising modality for the treatment of EAC.    
 
 
RESULTS  
 
Esophageal carcinomas exposed to neoadjuvant chemoradiation upregulate 
oxidative phosphorylation components       
The standard of care for resectable esophageal cancer (both for EAC and squamous 
cell carcinoma; ESC) is nCRT according to the CROSS regimen. However, responses 
to this neoadjuvant treatment vary considerably between patients and resistance 
mechanisms are at play that hamper therapeutic efficacy. We aimed to identify such 
mechanisms by gene expression analysis of pre- and post-treatment samples of 
both EAC and ESC. In a cohort of pre-treatment biopsies and resection specimens 
from our institute, six matched samples were identified from patients who underwent 
nCRT followed by resection, and of whom the samples were of sufficient quality 
for next-generation sequencing (Figure 1A, baseline characteristics in Table S1). 
RNA-Seq was performed, and gene set enrichment analysis (GSEA)12 including 
all Hallmark gene signatures revealed a marked upregulation of genes involved 
in oxidative phosphorylation in post-treatment samples (Figure 1B and inset). The 
increase in oxidative phosphorylation was not confounded by changes in tumor 
cellularity and was also observed if only EAC samples were considered (excluding 
ESC; Figure S1B-D). Of note, principal component analysis (PCA) revealed that 
treatment effect explained most of the variance, and not histology (Figure S1D). The 
upregulation in response to nCRT was seen across all oxidative phosphorylation 
complexes (Figure 1C), and in all but one patient (Figure S1E). 

In addition to these gene expression analyses, immunohistochemical staining for 
Cytochrome C oxidase subunit 4 (COX4; a constituent of complex IV and general 
marker for mitochondria) was performed in paraffin embedded patient samples 
that were largely non-overlapping with the initial RNA-Seq analysis (Figure 1D, E; 
baseline characteristics in Table S2; included sample IDs in Table S3). These data 
support the notion that post-chemoradiation esophageal cancers have increased 
mitochondrial content.
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Figure 1 | Expression of oxidative phosphorylation components in patient samples following 
neoadjuvant chemoradiation. A Diagram of analyzed samples. Squares indicate weeks 
between biopsy and resection, dark grey blocks indicate nCRT cycles according to CROSS: 
Five cycles of neoadjuvant chemoradiotherapy were given: radiotherapy in 23 fractions of 1.8 
Gy on 5 days per week (totaling 41.4 Gy), with concurrent carboplatin at AUC 2 mg/mL per 
min, and paclitaxel at 50 mg/m2 body-surface followed by surgery. Average time between pre-
treatment biopsy and resection is indicated with range parenthesized. B Gene set enrichment 
analyses were performed using indicated MSigDB Hallmark gene sets. Shown is significance 
of association with treatment naïve biopsies (grey) and neoadjuvant chemoradiated resection 
specimens (red). Inset shows GSEA curve for oxidative phosphorylation gene set. Resection 
specimens are left on the phenotype bar. C Heatmap showing relative gene expression 
across oxidative phosphorylation compartments: complexes I–V, mitochondrial ribosomal 
proteins (MRP), and other oxidative phosphorylation-related genes. D Immunohistochemistry 
for COX4 was performed on non-matched pre-treatment biopsies and untreated resection 
specimens and CROSS resection specimens, from EAC and ESC. Scale bar; 500 µm. 
E Tumor ROIs were annotated by a pathologist, and the intensity of COX4 staining in 
tumor areas was quantified using ImageJ. Each dot indicates an individual patient sample. 
Statistical analyses were performed using Mann–Whitney U test.   
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Chemoradiation increases mitochondrial content and oxygen consumption in 
EAC cells         
To functionally characterize the metabolic response to CR at the cellular level 
in EAC specifically, we treated publicly available as well as primary patient-
derived EAC cell lines to an in vitro approximation of the CROSS regimen (see 
STAR Methods section for details). Analysis of baseline oxygen consumption 
(OCR) over extracellular acidification rate (ECAR, a measure of lactate production 
through glycolysis) by Seahorse flux analysis showed a clear shift in bioenergetic 
flux towards oxidative phosphorylation following CR in almost all esophageal 
cell lines (Figure 2A). Mitochondrial stress testing revealed that respiration was 
increased, in particular maximal respiration (Figure 2B, C). Conversely, basal 
ECAR levels and measurements of glycolysis pathway transcripts showed a 
reduction in response to CR (Figure S2A, B). Confocal microscopy of dye-labeled 
mitochondria in treatment naïve and chemoradiated 289B cells showed an increase 
of mitochondrial content in treated cells (Figure 2D). This was also found by 
transmission electron microscopy (Figure 2E, high magnifications of mitochondrial 
morphology shown in Figure S2C). Of note, surviving cells showed an altered 
morphology, as reported by us previously. 8 Therefore, to correct for changes in cell 
mass or density, mitochondrial DNA copy numbers normalized to cellular genomic 
DNA were measured in parallel. This confirmed the upregulation of mitochondria 
(Figure 2F) and was observed across a panel of EAC cell lines exposed to CR 
(Figure S2D). Together, these results point to a robust cellular reprogramming in 
response to CR resulting in an upregulation of cellular respiration.   
 
Reactive oxygen species generated in response to ionizing radiation drive 
mitochondrial biogenesis        
To identify which of the components of the CR regimen drives the increased 
mitochondrial respiration, we exposed EAC cells to chemotherapy, radiation, or 
the combination, and measured mitochondrial content using a fluorescent dye 
(Figure S2E). Radiation alone was found to be sufficient to increase mitochondrial 
content. Indeed, it is known that exposure to radiation, and to a lesser extent 
chemotherapy, induces reactive oxygen species (ROS). 13 In turn, mitochondria 
are key regulators of ROS levels 14, and we investigated this interconnection by 
measurements and perturbations of ROS. ROS were measured using a chemical 
probe and we observed that brief exposure to ionizing radiation induces ROS 
levels that approach those resulting from long-term CR (Figure S2F). This 
indicates that ROS production from radiation is acute and that this modality 
of the CR regimen is likely the driver of mitochondrial biogenesis.   

We then defined the temporal dynamics of mitochondrial upregulation in response to 
radiation alone, and found that this was achieved within several days (Figure S2G).  
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Next, this timeframe was used for perturbation experiments with antioxidants N-acetyl 
cysteine (NAC), and the mitochondrially targeted MitoQ. These effectively prevented 
the upregulation of mitochondrial copy numbers, suggesting the ROS induced by ion-
izing radiation drives the increased mitochondrial response in EAC cells (Figure 2G). 

Figure 2 | Metabolic cellular responses to chemoradiation  
A Baseline oxygen consumption rate (OCR) and extracellular acidification (ECAR) 
were measured in 14-day chemoradiated (CR) and treatment naïve (N) EC cell lines 
(007B, 031M, 037M, 081R, 289B, Flo-1, OE19 and OE33) using the Seahorse XF96 
Extracellular Flux Analyzer. Shown is mean OCR/ECAR per cell line, statistical test is 
Wilcoxon signed-rank paired. B Example flux analysis result of mitochondrial stress 
test in 289B cells, N and CR. Sequential addition of compounds at dashed lines were 
oligomycin, carbonyl cyanide-p-trifluoromethoxy phenylhydrazone (FCCP), and a 
combination of rotenone and antimycin. Mean ±SD of 5 or more biological replicates. 
C As for panel A, showing maximal uncoupled respiration derived from mito stress tests. Shown 
is mean OCR/ECAR per cell line, statistical test is Wilcoxon signed-rank paired. D MitoTracker 
Deep Red FM fluorescence staining in 289B cells treated as for panel A. Magnification is 64x, 
and the scale bar is 20µm. E Cells treated as for panel A were processed and contrasted for 
electron microscopy with uranyl acetate and counterstained with lead citrate. Magnification 
is 1900x, and the scale bare is 2µm F Quantitative PCR analysis for mtDNA copy number 
of mitochondrial encoded mtTL1 over nuclear encoded B2M. Data shown are mean ± SD 
of seven independent experiments. Unpaired t-test, ** p < 0.01, *** p < 0.001. G 081R cells 
were subjected to 1Gy IR and antioxidants for 72h. N-acetylcysteine (NAC) was used at 
5 mM, MitoQ was used at 300 µM. Quantitative PCR for mtDNA copy number is shown. 
Data shown are expression corrected for B2M, mean ±SD of three independent experiments, 
relative to untreated control. Unpaired t-test, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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ESRRA is associated with mitochondrial biogenesis in EAC    
Mitochondrial mass and morphology are tightly regulated, and highly dynamic to 
adequately respond to, for instance, altered energy requirements and cell extrinsic 
cues. To identify which of the known regulators of mitochondrial biogenesis 
and dynamics are likely at play in esophageal cancer, their association with 
oxidative phosphorylation hallmark genes was assessed in three previously 
established gene expression datasets (Figure 3A).15–17 This revealed that Estrogen 
Related Receptor Alpha (ESRRA/ERRα) was most consistently correlated 
with the expression of oxidative phosphorylation genes. ESRRA is an orphan 
nuclear receptor which, typically together with coactivators such as peroxisome 
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), regulates 
mitochondrial content. ESRRA transcript levels were found to be similar between 
the matched pre- and post-nCRT patient samples analyzed by RNA-Seq (Figure 
S3A). In accordance, transcript analysis of ESRRA revealed that it was not 
upregulated in cell lines following CR (Figure S3B), and immunofluorescence in 
cells exposed to radiation did not reveal a noticeable shift in subcellular localization 
of ESRRA (Figure S3C). These data suggest that expression-based regulation 
of ESRRA alone does not explain its association with oxidative phosphorylation. 
 
Instead, to assess ESRRA activity rather than its expression levels, we applied 
GSEA using a published ESRRA target gene set (Figure 3B). 18 As expected, post-
nCRT resection gene expression was enriched for genes that are activated by 
ESRRA. The opposite was observed for genes known to be suppressed by ESRRA, 
which mainly enriched in pre-nCRT biopsies. These analyses support the notion 
that ESRRA is activated in response to chemoradiation and regulates metabolic 
rewiring. 

To formally ascertain that ESRRA is activated in response to (chemo)radiation, 
we first used a previously published ESRRA luciferase reporter (3xERRE-Luc 19). 
HEK293T cells transfected with this reporter showed a strong activation of ESRRA 
in response to radiation (Figure S3D). Next, to allow measurements of ESRRA 
activity in relevant primary EAC models (which are not amenable to transfection) 
we constructed a reporter system using the same 3xERRE sequences preceding 
a GFP cassette in a lentiviral transfer vector (3xERRE-GFP; diagram in Figure 
3C). Indeed, 3xERRE-GFP reporter cells showed a dose-dependent response to 
radiation within several days (Figure S3E,F), and also in response to 14d radiation 
or chemoradiation (Figure 3C, graphs). Pull-down assays for DNA-bound ESRRA 
followed by qPCR (for the SDHA gene 20), confirmed that ESRRA directly engages 
previously identified target gene following chemoradiation in EAC cells (Figure S3G).
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To establish a direct link between ROS and ESRRA activity, we increased 
ROS levels using H2O2 in 3xERRE-GFP reporter cells and found  
that this indeed resulted in increased reporter activity (Figure 3D). This increase 
could be prevented by the addition of ROS scavengers (NAC and MitoQ).  
  

Figure 3 | ESRRA is associated with mitochondrial biogenesis in EAC   
A Gene expression correlated to the hallmark oxidative phosphorylation signature (Table S6) 
using the bioinformatics platform R242. Plotted in volcano plots are correlation coefficients 
(R) and significances of association (P) of all genes found using the Correlate with Track 
function (see also STAR Methods section). Highlighted in red are known regulators of 
mitochondrial content and dynamics as listed in Table S6. Three previously published sets 
were analyzed; TCGA_ESCA using EAC samples15, GSE1941716, GSE7287317. B Enrichment 
of genes that are activated by ESRRA (top), and that are repressed by ESRRA (bottom) 
by GSEA among genes more highly expressed in neoadjuvant chemoradiated resection 
specimens and treatment naïve biopsies, respectively. ESs and p-values are shown. C 
Diagram of reporter construct. Indicated ERRE sequence was inserted in the FpG5 reporter 
plasmid. 081R and 289B cells were transduced with the 3xERRE-GFP reporter, selected 
for effective transduction, and exposed to radiation or chemoradiation for 14d. Shown is 
average gMFI, relative to 0Gy. Data shown are mean ± SD of three biological replicates. 
Unpaired t-test, ** p < 0.01, *** p < 0.001, **** p < 0.0001. D Indicated ERRE-GFP cells were 
treated with antioxidants (NAC at 5mM, MitoQ at 0.3µM), and 326 mM H2O2 for 72h. Analysis 
of GFP signal and statistics as for panel C. Data shown are mean ± SD of three biological 
replicates. Unpaired one-tailed t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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 To functionally demonstrate that ESRRA is not only activated by radiation, but also 
required for mitochondrial biogenesis in esophageal cancer, we generated isogenic 
genetic models. We inhibited or overexpressed ESRRA by using lentiviral delivery 
of short hairpin RNAs (shRNAs) or cDNA, respectively. Cells were transduced with 
shRNAs targeting ESRRA or scrambled control and following puromycin selection 
and validation of knockdown, treated with (chemo)radiation. Knockdown of ESRRA 
largely prevented the upregulation of mitochondrial mass following CR (Figure 4A, 
knockdown confirmed in Figure S4A). To provide further proof for the functional 
contributions of ESRRA activity to therapy resistance, EAC cells overexpressing 
ESRRA and a Venus (green) fluorophore were established. This overexpression 
resulted in an induction of mitochondrial mass comparable to that following CR 
as expected (Figure 4B, overexpression confirmed in Figure S4B). Following 
overexpression and silencing of ESRRA, transcript levels of a selected set of hallmark 
regulators of mitochondrial dynamics and biogenesis was measured by qPCR, and 
this revealed that ESRRA likely acts through TFAM (Figure 4C). In accordance, 
TFAM was found to be upregulated in post-treatment resection specimens, as 
well as in cells exposed to chemoradiation in vitro (Figure S5A,B). These data are 
in strong agreement with literature describing TFAM as an ESRRA target gene, 
and the known role of TFAM in promoting mitochondrial genome duplication. 21,22   
The paralogs PPARGC1A and PPARGC1B have been described to function as 
coactivators of ESRRA. 23–25 We assessed the levels of these genes in the matched 
patient expression data and did not observe levels to be different between pre- and 
post-treatment samples (Figure S5C). In vitro, expression of these genes did increase 
following chemoradiation (Figure S5D). First, the responsiveness of 3xERRE-GFP 
reporter to PPARGC1A activity was ascertained (Figure S5E). Next, we knocked 
down known coactivators of ESRRA (PPARGC1A/B). Following knockdown, ESRRA 
activity was measured at baseline and following radiation (Figure S5F). No reduction 
in baseline reporter activity was observed, nor was the induction by radiation 
prevented by knockdown of the ESRRA-coactivators PPARGC1A/B. We hypothesize 
that either there is redundancy between the PPARGC1 paralogs and that knocking 
down one is not effective, or that the PPARGC1 proteins are not required for ESRRA 
activation in cancer cells exposed to radiation. The increase in expression in vitro 
may suggest that the paralogs indeed function together, or that the chemoradiation 
selects for a PPARGC1-high population.       
 
Together, these data show ESRRA to be associated with oxidative phosphorylation in 
esophageal adenocarcinoma, and although it is not regulated at the transcriptional 
level or by altered subcellular localization following CR, its activity is strongly increased 
by radiation-induced ROS and is required for the mitochondrial biogenesis response 
in this context.           
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ESRRA activity contributes to resistance to chemoradiation  
Given the above findings, we reasoned that inhibition of ESRRA-mediated 
mitochondrial biogenesis could improve the anti-tumor efficacy of CR. Indeed, 
exposure of ESRRA-silenced cells to CR and radiation alone revealed these cells to 
be effectively sensitized to such treatment modalities (Figure 4D, E and Figure S4C). 
Untreated proliferation rates of shCtrl and shESRRA were comparable. Next, cells 
overexpressing ESRRA (and the Venus fluorophore) were mixed with control cells and 
this coculture was exposed to CR. The cells overexpressing ESRRA were found to 
occupy a much larger surface than wild-type cells did (Figure 4F). Of note, this growth 
advantage was not observed in control growth conditions in which both populations 
occupied approximately half the cellular surface area.    

Figure 4 | Genetic perturbation of ESRRA impacts on (chemo)radiation sensitivity 
A ESRRA knockdown and control cells were exposed to chemoradiation and assessed for 
mtDNA copy number. Dots indicate technical replicates and fold induction is shown relatively 
to their untreated control  (set to 1). Unpaired t-test, ** p < 0.01, *** p < 0.001. B Mitochondrial 
content was determined by qPCR for mtDNA in cells overexpressing ESRRA, and treated 
as for previous panels. Dots indicate biological replicates. Unpaired t-test, *** p < 0.001. C 
A selection of known regulators of mitochondrial content and dynamics were measured by 
qPCR in untreated and 14d-chemoradiated cells. Heatmap indicates fold reduction (blue) 
or induction (red) of chemoradiated samples compared to control scrambled shRNA and 
empty vector (both set to 1, not included as a column). Asterisks indicate significance of 
Mann Whitney U test * p < 0.05. D Phase-contrast microscopy images of untreated and 
chemoradiated transduced 289B cells with shRNA targeting ESRRA or scrambled control, 
following puromycin selection and validation of knockdown (Figure S4A). Scale bar is 70µm. 
E Quantification of confluency as shown in panel A, after exposure to indicated conditions. 
Dots indicate biological duplicates. F EAC cells overexpressing pLeGO-iV2-ESRRA or control 
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were cocultured and treated with 14d chemoradiation or left untreated. Total confluence area 
of cells, and Venus positive and negative cell area were determined by Incucyte to determine 
proportional outgrowth. Data are mean percentages of area ± s.d of 2 replicates. p-value by one-
sided Fisher’s exact test.         
 
 
These results, the measurements of ESRRA activity, and the bioinformatic analyses 
lead us to conclude that the presence of ESRRA and its subsequent activation by 
radiation is required for mitochondrial biogenesis in irradiated EAC tumor cells. In 
other words, there need to be sufficient levels of ESRRA available for activation 
by ROS to adequately initiate mitochondrial biogenesis following radiation. The 
activity of ESRRA, and resultant upregulation of mitochondria, then contributes to 
resistance in EAC cells.

Pharmacological inhibition of ESRRA sensitizes cells to chemoradiation   
Inverse agonist inhibitors of ESRRA have been developed such as 
4-[4-(2,4-Dioxothiazolidin-5-ylidenemethyl)-2-methoxyphenoxy]-naphthalene-1-
carboxylic Acid Methyl Ester, and 4-[4-(2,4-Dioxothiazolidin-5-ylidenemethyl)-
2-methoxyphenoxy]- 3-trifluoromethylbenzonitrile26 (ESRRAi). This compound 
covalently binds ESRRA to alter the confirmation of the AF2 activation domain, 
preventing binding of coactivator proteins, and blocking cellular responses to 
increased demands for mitochondrial mass. The approximate IC20 of this inhibitor 
was determined to be around 20µM in 081R and 289B cells (Figure S6A). At this 
concentration, ESRRAi prevented both the increase in mitochondrial respiration in 
response to CR (Figure 5A) and the increase of mitochondrial DNA in response to IR 
and CR (Figure 5B). Of note, the IC50 of ESRRAi in control shRNA transduced cells 
was 71µM, which was increased to 129µM and 133µM in cells silenced for ESRRA. 

We then proceeded to further delineate the cellular responses to CR in the 
presence of ESRRAi. We observed that the mitochondrial membrane potential 
(as measured using JC-1) was markedly increased after CR (Figure S6B). This 
increase in membrane potential could be caused by an insufficient upregulation of 
ATP synthase to match the other increased electron transport chain components. 
This effect was counteracted by ESRRAi, suggesting the factors that contribute 
to membrane potential and mitochondrial biogenesis are connected. In contrast, 
ESRRAi did not inhibit the increased ROS levels observed after CR (Figure S6C), 
suggesting that the increase in ROS in response to CR cannot be avoided by 
preventing mitochondrial biogenesis and that this ROS production is independent 
of mitochondrial processes regulated by ESRRA. 
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Figure 5 | Pharmacological ESRRA inhibition is synergistic with radiation against EAC cells 
A Cells were treated with DMSO, 20µM ESRRA inhibitor, chemoradiation or both for 14d 
and assessed by Seahorse flux analysis. OCR results of mitochondrial stress test of 
081R and 289B cells are shown. B Cells were treated with DMSO (N), 20µM ESRRA 
inhibitor, radiation, chemoradiation with and without inhibitor and assessed for mtDNA 
copy number. Unpaired t-test ** p < 0.01, *** p < 0.001. C Quantification of confluency 
following exposure to (chemo)radiation and 20µM ESRRA inhibitor for 14d. Dots indicate 
biological duplicates, no test was applied. D Cells were treated with a range of combined 
radiation doses and ESRRA inhibitor concentrations. After 72h, crystal violet stainings were 
performed and the Zero Interaction Potency (ZIP) model was applied, rendering synergy 
landscapes of radiation and ESRRA inhibition. Raw data example from condition indicated 
by dashed circle in landscape plot is shown.       
 
Having confirmed that ESRRAi inhibits the mitochondrial response to CR, we next 
treated cells simultaneously with (chemo)radiation and ESRRAi, and measured cell 
confluence (Figure 5C). As for the silencing approach, the efficacy of both radiation 
and CR was markedly increased in the presence of ESRRA inhibitor. In accordance, 
the combination of CR with ESRRAi resulted in dose-dependent apoptosis (Figure 
S6D). To characterize the synergy landscape across a wide range of radiation doses 
and ESRRAi concentrations combined, cells were treated with such combinations, 
cell viability was assessed, and a Zero Interaction Potency (ZIP) model was applied. 27 
This revealed high synergy in the 081R cell line (Figure 5D, raw data example of 
condition indicated by dashed circle shown in inset). Of note, this synergy was less 
pronounced in the 289B line, which could be explained by the relative sensitivity of 
this cell line to radiation (see also Figure 5C). To further ascertain that the effects 
of ESRRAi hinge on the inhibition of oxidative phosphorylation rather than the 
perturbance of other processes that also require the presence of mitochondria, we 
treated cells with oligomycin, an ATP synthase inhibitor. This strongly potentiated 
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the induction of apoptosis in response to CR (Figure S6E). Similar effects were 
observed using IACS-6274 (an inhibitor of glutamine metabolism 28), phenformin (a 
complex I inhibitor), and elesclomol (which shuttles reactive Cu2+ to the mitochondria 
and damages these organelles 29), (Figure S6F). 

Radiosensitization of preclinical EAC models by ESRRA inhibition  
In many patients, the response to neoadjuvant CR followed by surgery is encouraging 
at first, but most will develop metastatic disease within several years. Emerging data 
indicate that tumor cells are dependent on oxidative phosphorylation to establish 
distant micrometastases. 30 To assess whether this is the case in in vitro proxies for 
metastatic outgrowth, we measured both the proliferative and the clonogenic capacity 
of early-passage patient-derived organoid cultures following treatment (Figure 6A). 
First, organoids were plated, treated with radiation and ESRRAi, and cell viability was 
assessed in the days following (Figure 6B, C). This revealed that ESRRAi strongly 
resensitized EAC organoids to radiation. Next, organoids were exposed to radiation 
and ESRRAi for two weeks, and then replated in the absence of either therapy to 
measure outgrowth capacity (Figure 6D). Single modalities were found to be effective 
against outgrowth, but the combination of radiation and ESRRAi most effectively 
thwarted regrowth of organoids suggesting that this combination treatment could 
also be effective against metastatic disease following regimens with radiation in 
patients (Figure 6E,F).          
 
Next, we aimed to establish efficacy of combined radiation and ESRRA inhibition 
in vivo. NSG mice do not tolerate exposure to radiation, and to allow localized 
radiation of the tumor we grafted cells in the hind limb and shielded the body and 
non-grafted part of the hind limb with lead when in the radiation setup (Figure 6G). 
Tumors were grafted and once tumors reached approximately 100mm3, treatment 
started (see also Figure S6G,H). Directly after treatment, the only group that showed 
regression was the one that received combined radiation and ESRRAi (Figure 6H, 
dark blue dots). After 14d, treatment was stopped, and mice were followed up 
until the tumors reached a predetermined humane endpoint. Survival was much 
prolonged in mice that received the combination treatment, offering strong in vivo 
support for the clinical utility of ESRRAi in irradiated esophageal cancers (Figure 6I).  
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Figure 6 | ESRRA inhibition radiosensitizes preclinical models for EAC   
A Diagram explaining organoid growth assays. Numbers indicate days. B Proliferation by 
organoid size was determined on patient 131-derived organoids which were incubated 
with ESRRAi and/or radiation at indicated concentrations and doses. Shown is synergy 
landscape rendered for each combination. Representative microscopy images from which 
synergy landscape was generated are included. Diameter of images is 4.4 mm. C Organoids 
from patient 382 were treated with indicated doses of radiation and ESRRAi (determined 
from experiments shown in panel A) and growth expressed as organoid size is shown. Dots 
indicate biological replicates. Diameter of images is 3.9 mm. Unpaired t-test, * p<0.05. D 
Diagram explaining outgrowth assays. E Clonogenic potential was determined on the same 
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patient-derived organoids as in A (patient 131) which were incubated with ESRRAi and/or 
radiation at indicated concentration/dosages before replating. A quantification of number 
of counted organoids is shown. Dots indicate biological replicates. Representative images 
are shown. Diameter of images is 6.8 mm. Unpaired t-test, ** p<0.01. F As for panel C 
using patient 382 organoids. Diameter of images is 7.0 mm. Unpaired t-test, * p<0.05. G 
Schematic of setup for radiation treatment of NSG mice, and treatment schedule showing 
grafting, treatment, and follow-up (units are days). Grey sheets indicate lead shielding. 
Tumor is grafted on hind limb (1x105 cells in 50% Matrigel). At a predetermined start 
time corresponding to tumor sizes of approximately 100 mm3, treatments commenced. 
Radiation was 2x5 consecutive days, 4Gy each time to a cumulative dose of 40Gy. On days 
of radiation mice also received oral gavages. Solvent was 10% DMSO, 2% Solutol, 70% 
water and ESRRAi was dosed at 30 mg/kg. Tumor volumes were measured continuously. 
Once tumors reached 500mm3, a humane endpoint was reached and mice were culled. 
H Tumor volumes at start of treatment (t=0) and end of treatment (t=14d) were determined 
and relative growth in that period was determined. Dots indicate individual mice. Unpaired 
t-test, * p<0.05. I Kaplan-Meier survival analysis of mice. Events are humane endpoints by 
tumor growth. p-value was computed by log rank test.    
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DISCUSSION

Acquired resistance mechanisms preclude complete efficacy of neoadjuvant CR 
for the treatment of esophageal cancer. Metabolic rewiring has been observed in 
numerous cancer contexts, both in unperturbed conditions as well as under treatment. 
A comprehensive assessment of the cellular responses to CR at the gene expression 
level in relevant samples and experimental models were lacking thus far in EAC. In 
the current study, we used matched patient samples before and after neoadjuvant 
treatment for RNA-Seq analysis, and found that under the duress of CR, esophageal 
cancers upregulate genes associated with oxidative phosphorylation. This observation 
was functionally validated in vitro and revealed that EAC cells elevate oxidative 
phosphorylation by upregulating mitochondrial content in response to CR-induced 
ROS production.         
 
Regulation of mitochondrial biogenesis has been attributed to PGC-1a 31,32, which 
can act together with ESRRA. 21 We observed a crucial dependency on ESRRA to 
survive in response to CR by upregulating mitochondrial biogenesis, which was not 
perturbed following knockdown of single PPARGC1 paralogs. Specifically, we found 
that forced expression of ESRRA increased resistance against (chemo)radiation, 
and conversely, its inhibition sensitized radiation-resistant EAC cells. ESRRA 
inhibition during radiation prevented organoid outgrowth after replating, suggesting 
the long-term clonogenic potential of EAC cells to be effectively targeted. In vivo 
xenografts were effectively sensitized to radiation by ESRRAi. The profound and 
rapid changes we observed in mitochondrial content are reminiscent of similar non-
metabolic resistance mechanisms previously identified in EAC by our group and 
others, which suggests these cells have a particularly high degree of plasticity. 33 
We propose that the metabolic shifts towards oxidative phosphorylation are the 
consequence of a widespread reprogramming in response to treatment stress. 
           
We have previously found that chemoradiation (CR) induces the expression 
of TGF-ß, and subsequent EMT in EAC cells. 8 EMT itself is known to associate 
with metabolic reprogramming but typically not with an increase in cellular 
respiration: For instance in development, mesenchymal transitions give rise 
to neural crest cells in which aerobic glycolysis is required for cell migration. 34 
Enhanced glycolytic flux has also been observed in cell motility in immune cell 
migration. 34 In cancer, the mesenchymal transcription factor SNAIL suppresses 
mitochondrial respiration and consequently induces anaerobic glycolysis in breast 
cancer. 35 Numerous studies with similar conclusions have been put forward. 
Recently however, and in line with our study, chemoresistance has been found to 
also associate with increased mitochondrial respiration in multiple cancer types 
and regimens applied. 32, 36, 37 In addition, increased oxidative phosphorylation, 
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rather than the shift to aerobic glycolysis, has been shown to aid the metastatic 
outgrowth of tumor cells. 30 This suggests that the metabolic reprogramming in 
chemoresistance is highly context-dependent and that increased glycolysis and 
decreased oxidative phosphorylation are not universal features of mesenchymal 
transitions and chemoresistance in cancer.       
 
Several potential reasons for the mitochondrial dependency in chemoradiated EAC 
can be proposed. One is that mitochondria protect cells from excessive ROS. 38 
Alternatively, a pool of NAD+ needs to be maintained by the mitochondria, to support 
PARP activity in response to DNA damage. 39 In addition, the metabolism of glucose 
through the citric acid cycle converts NAD+ to NADH to support the generation of ATP 
by oxidative phosphorylation. This is required for both cellular housekeeping as well 
as increased demands in response to therapeutic stress. We posit that the latter reason 
(i.e. that the upregulation of oxidative phosphorylation serves to maintain ATP levels) 
explains the sensitivity to ESRRA inhibition on a backbone of (chemo)radiation. 
            
We found that highest synergy of ESRRA inhibition was achieved in combination with 
radiotherapy alone, and that this effect was strongest in those cells that are relatively 
insensitive to radiation. We therefore envision a clinical application in which ESRRA 
inhibitors are used to specifically boost the efficacy of radiation in neoadjuvant 
treatment of EAC and possibly other cancer treatments that rely on radiation. Another 
advantage of such a regimen comes from the fact that ESRRA inhibition appears 
to be mostly effective in irradiated cancer cells. Given that irradiation is local, this 
would provide a focused treatment with potentially lower additional systemic toxicity 
when ESRRA is included in the CROSS regimen. In addition to the pharmacological 
prevention of mitochondrial biogenesis, we found that direct inhibition of oxidative 
phosphorylation by for instance oligomycin also synergized with (chemo)radiation. 
This suggests that other clinically applicable metabolic inhibitors such as Gboxin40 
and IACS-01075941 could also be considered for investigation.     
 
Of course, the above would require highly accurate patient selection tools. Although 
we did not identify a predictive signal in pre-treatment biopsies or naïve cell cultures, 
permissive epigenetic landscapes that allow rapid and profound rewiring might 
exist, and biomarkers that report on this could predict the occurrence of resistance. 
In addition, it is conceivable that patients are monitored on-treatment for circulating 
metabolites, or by using functional imaging, to reveal the occurrence of targetable 
metabolic rewiring. 

Limitations of the study  

Several limitations of our study should be acknowledged. Foremost, complete cell 
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kill was not achieved in vitro or in vivo, nor was full inhibition of regrowth capacity of 
organoids. While we hypothesize that iterations of combination therapy or alternating 
regimen of radiation followed by ESRRA inhibitors may well result in complete responses, 
this remains a topic of future research. Another uncertainty at this moment is whether 
the observed increase in mitochondria and oxidative phosphorylation in response 
to chemoradiation in patient tissue samples is a consequence of direct instruction 
of cancer cells, or whether a selection for cells with high oxidative phosphorylation 
applies. Lineage tracing studies could answer this with certainty.   
 
It should be noted that some ESRRA inhibitors may have nonspecific effects on 
mitochondrial function that involve for instance the PPARGC1 coactivators instead. 
Given the strict dependence on ESRRA observed in this disease context, the application 
of such inhibitors should be done with caution.      
 
Despite these limitations, our study provides important insights on how EAC 
tumors shift their transcriptional program and metabolism to face the challenge of 
chemoradiation. We propose that this knowledge, together with the development 
of predictive or treatment monitoring tools could be used to improve the efficacy 
of chemoradiation in EAC but possibly other cancer types as well.   
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed 
to and will be fulfilled by the lead contact, Maarten Bijlsma (m.f.bijlsma@
amsterdamumc.nl).

Materials availability

All unique/stable reagents generated in this study are available from the lead 
contact with a completed materials transfer agreement.    

Data and code availability

•	 RNA-Seq data have been deposited at Gene Expression Omnibus (GEO) 
under accession number GSE184654 and is publicly available as of the 
date of publication.

•	 All the R scripts used in this study are available upon request and without 
restriction to the lead contact (m.f.bijlsma@amsterdamumc.nl).  

•	 Any additional information required to reanalyze the data reported in this 
work paper is available from the lead contact upon request.   

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient samples  
All patient material, primary cell lines, and clinical data were collected with consent 
under ethical approval (METC 2013_241). Organoid Pt131 was under approval METC 
2017_0120. Organoid Pt382 was under approval METC 2013_241. Primary cell lines 
were obtained and established in agreement with pertinent legislation, Declaration of 
Helsinki, and patient’s informed consent. 49  Baseline characteristics are stated in Table 
S1 (RNA-Seq discovery cohort), Table S2 (FFPE validation cohort, IDs for both cohorts 
and overlap listed in Table S3), Table S4 (patient-derived cell lines).   
           
Cell culture   
Flo1, OE19 and OE33 cells (DSMZ, Germany) were maintained in RPMI, and 
HEK293T, 058M, 081R and 289B were in DMEM, both with 4.5 g/L glucose, 8% fetal 
bovine serum, L-glutamine (2 mmol/L), penicillin (100 units/ml), and streptomycin 
(500 µg/mL; all from Lonza, Basel, Switzerland). 031M, 037M and 007B were 
maintained in Advanced DMEM/F12 (Gibco; 3.1 g/L glucose) with 1:100 N2 
(Invitrogen), 2 mM L-glutamine (Sigma-Aldrich), 5 mM HEPES (Life Technologies), 
0.15% D-glucose (Sigma-Aldrich), 100 µM ß-mercaptoethanol (Sigma-Aldrich), 10 
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µg/mL insulin (Sigma-Aldrich), 2 µg/mL heparin (Sigma-Aldrich), and 1:1000 trace 
elements B and C (Fisher Scientific, Waltham, MA). All cell lines were tested for 
mycoplasma monthly, and STR profiled (Table S5). Medium was refreshed regularly 
(2 times per week) to avoid nutrients becoming limiting. Cultures were normoxic at 
all times.  

EAC organoids   
The organoid culture Pt131 was established from an EAC resection specimen from 
a male patient, 69 years of age. Prior to surgery, the patient received neoadjuvant 
chemotherapy according to the CROSS regimen, in combination with atezolizumab 
in the PERFECT trial (NCT0308786450). Organoid culture Pt382 was established 
from an EAC resection specimen from a male patient, 64 years of age. Patient 
received standard of care neoadjuvant chemotherapy according to CROSS. 
Organoids were established using published methods. 51 Organoids were grown in 
a Matrigel cushion, using the following medium: Advanced DMEM/F12 (Invitrogen, 
Waltham, MA) with Glutamax (2 mmol/L), penicillin (100 units/ml), and streptomycin 
(500 µg/mL; all from Lonza, Basel, Switzerland), HEPES (15630-056, Thermo Fisher, 
Waltham, MA), 2% B27 (Invitrogen, Waltham, MA), 1 mM N-acetylcysteine (Sigma, 
St Louis, MO), 10 nM Gastrin (Sigma, St Louis, MO), 50 ng/ml EGF (Peprotech, 
Rocky Hill, US), 50% Wnt3a conditioned medium and 10% RSPO1-conditioned 
media (both made in-house), 10% 100ng/ml Noggin (Peprotech, Rocky Hill, US), 
10 mM Nicotinamide (Sigma, St Louis, MO) and A83-01 (Tocris, Abingdon, UK). 
Next generation sequencing (Ion AmpliSeq NGS, Thermo Fisher, Waltham, MA) with 
a custom-made gastroesophageal cancer panel revealed mutations in CDKN2A, 
PCLO, and TP53, confirming the Pt131 organoid to be of tumor origin.  

Animal studies  
Animal work procedures were approved by the animal experimental committee 
(Instantie voor Dierenwelzijn) of the institute according to Dutch law and performed 
in accordance with ethical and procedural guidelines established by the 
Amsterdam UMC, location AMC and Dutch legislation. Ethical approval number 
is AVD1180020171672. NOD.Cg-Prkdcscid Il2rgtm1Wjl / Szj (NSG) mice were bred in-
house. Animals were kept at room temperature in a DM2/ML2 animal facility, and 
were specific pathogen-free. From 10 weeks of age, mice were included in the 
experiment, and subcutaneously injected in the right hind limb. 1x105 cells were 
injected in a volume of 100µl with 50% medium and 50% Matrigel. At a tumor size 
of approximately 100mm3, mice were randomized to treatment groups. Males and 
females were equally distributed. All experiments ended for individual mice either 
when the total tumor volume exceeded 500mm3, when the tumor showed ulceration, 
in case of serious clinical illness, when the tumor growth blocked the movement of 
the mouse, or when tumor growth assessment had been completed.
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METHOD DETAILS 

Chemoradiation protocol  
Carboplatin and paclitaxel were purchased from the pharmacy of the Academic 
Medical Center. All cell lines were challenged with the following 2-week regimen 
as described before8: Day 1, one single dose of carboplatin at 2 µM and paclitaxel 
at 0.05 nM combined with 1 Gy radiation; day 2–5, 1 Gy radiation per day; day 6–7, 
no therapy. This cycle was repeated on day 8 until day 14. 031M and 007B cells 
received the same schedule using carboplatin at 20 µM and paclitaxel at 0.5 nM. 

Electron microscopy  
Cells were treated with chemoradiation (14 days) or control. All samples were 
fixed in 0.1M PHEM buffer, 2% paraformaldehyde, and 0.2% glutaraldehyde for 
minimally 4 hours at room temperature, and subsequently washed and stored 
with PBS with 0.1 mM CaCl2 at room temperature. For embedding, the cells were 
pelleted and dehydrated in an alcohol series and embedded into epon resin. 
With an ultramicrotome the cells were sectioned in 70-200 nanometer coupes 
and collected onto formvar coated 200 Mesh copper grids (Fort Washington, PA, 
USA). The grids were contrasted for electron microscopy with uranyl acetate and 
counterstained with lead citrate. After staining the grids were imaged using a Tecnai 
12 transmission electron microscope (1900x for 289B, 2900x for 081R, or 9300x 
magnification, 120kV).

Lentiviral knockdown and overexpression  
Lentivirus was produced by transfecting HEK293T cells with either pLKO.1 targeting 
construct (see Key Resources for sequences) or scrambled non-targeting control 
shRNA (shc002) for knockdown experiments. For overexpression experiments, a 
pLeGO-V2 overexpression construct with an ESRRA ORF (ESRRA_OHu20547C) 
or a PPARGC1A ORF (PPARGC1A_OHu27412C) was used. Control was empty 
pLeGO-V2 control (#27340, Addgene46). To generate lentivirus, HEK293T cells were 
transfected with the above transfer plasmids, and packaging plasmids pMD2.G, 
pMDLg/pRRE, and pRSV-Rev using Lipofectamine 2000 (Invitrogen, Waltham, 
Massachusetts). Supernatant was harvested after 48h and 72h and filtered through 
a 0.45µm filter (Millipore, Germany). 081R and 289B cells were transduced at 
70% confluency with the harvested virus in the presence of 8 µg/ml polybrene 
(Sigma) overnight. Two days after transduction knockdown cells were selected for 
stable transduction with 2 µg/ml puromycin (Sigma). Five days after transduction 
overexpression cells were sorted (Sony SH800, Tokyo, Japan) for Venus positivity.

Luciferase 3xERRE reporter assay  
HEK293T cells were seeded in 6-well plates at 2 × 105 cells per well. The following 
day, cells were co-transfected with 3000ng 3xERRE-luciferase construct19, and 
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600ng of pRL-CMV-Renilla, respectively. After overnight incubation, transfection 
complexes were removed and the medium was replaced with regular DMEM 
medium. At 24h post-transfection the cells were irradiated. At 48h post-transfection, 
cells were lysed and analyzed for dual-luciferase activity using Dual-Luciferase 
Reporter Assay System (Promega, E1910) and luminescence was measured 
(Biotek).

GFP 3xERRE reporter generation  
The 3xERRE sequence was introduced in the FpG5 vector by GenScript (Leiden, 
the Netherlands). 19,45 The following sequence was inserted flanked by BamHI and 
NheI: 5’ gatccCGGACCTCAAGGTCACGTTCGGACCTCAAGGTCACGTTCGGACC
TCAAGGTCAGGATCCg 3’. Lentivirus was produced as described in the section 
Lentiviral knockdown and overexpression. Following transduction, selection was 
done using hygromycin (200µg/mL) and sorting for GFP positivity (Sony SH800, 
Tokyo, Japan).

GFP 3xERRE reporter assay  
3xERRE-GFP transduced cells were seeded in 24-wells culture plate (081R 1x105, 
289B 5x104 cells/well). After 24h, the cells were treated (irradiation or ROS-inducer) 
for 3 consecutive days. The following day, the cells were harvested and GFP 
fluorescence was measured on the FACS (BeckmanCoulter CytoFLEX-S, Brea, 
CA, USA). For the double transduced cells with pLEGO-iV2-PPARGC1A, 3xERRE-
GFP cells were transduced with pLEGO-iV2-PPARGC1A or pLEGO-iV2 virus (see 
lentiviral knockdown and overexpression). After 72h, the cells were analyzed on the 
spectral FACS (Sony SP6800, Tokyo, Japan).

ESRRA ChIP qPCR  
Following exposure to chemoradiation, cells were processed for pull-down 
according to the Cut-and-Run protocol and kit (Cell Signaling). Briefly, 4 × 105 cells 
were harvested, washed, and bound to activated Concanavalin A-coated magnetic 
beads and permeabilized. The bead–cell complex was incubated overnight with the 
respective antibody at 4°C. Cells were washed two times and resuspended in 100 
µl pAG/MNase and incubated for 30 minutes at 4°C. Input samples were obtained 
using the included DNA Extraction Buffer combined with sonification (100-600bp 
fragment size). Antibodies used were against ESRRA (see Key Resources Table, 
Ab76228, 1:20 dilution) and the included IgG control (1:20 dilution). Following pull-
down, qPCR for SDHA was performed or an unrelated gene (IKZF3). 20 DNA input 
(2%) was taken along. PCR data were corrected for input, non-specific binding by 
control IgG and expressed as fold change relative to untreated controls. 
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Immunofluorescence   
Cells were seeded on glass coverslips in 12-well plates (per well 2x105 081R cells, 
1x105 289B cells), to allow imaging and exposed to 1Gy for 72h. Cells were washed 
twice with PBS, fixed using 4% formaldehyde in PBS for 10 min, washed again 
and permeabilized using 1% Triton X-100 in PBS. Blocking was done using 5% 
goat serum (NGS)/ 0.1% Triton X100/ PBS for 30 min. Antibodies were incubated 
overnight at 4°C in blocking buffer at the following dilutions: anti-ESRRA at 1:100 
dilution (Merck), anti-Beta-I tubulin at 1:100 (Sigma). After washing, secondary 
antibodies were added: Alexa 568 anti-mouse IgG1 and Alexa 488 anti-rabbit IgG 
(H+L), both 1:100 (Invitrogen). Hoechst was added 1:1000. After washing, cells 
were mounted in Prolong Gold and imaged on a SP-8 confocal microscope (Leica). 

IncuCyte Live Cell imager  
For cell confluence measurements, cells were plated in 96-well tissue plates (per 
well 1x105 081R cells, 5x104 289B cells). After 24h, cells were washed and media 
was replaced with media containing indicated treatments. Photomicrographs were 
collected using the 10x objective with four planes of view per well at 72h. Phase contrast 
images were collected, and confluence was calculated as percentage of surface. 
For competition measurements with pLeGO-iV2-ESRRA, cells were plated in 
6-well tissue plates (per well 2x105 081R cells, 1x105 289B cells), treated with 14d 
chemoradiation or left untreated. Total confluence area of cells, and Venus positive and 
negative cell area were determined by Incucyte to determine proportional outgrowth.  
For apoptosis measurements, cells were plated in standard 96-well tissue 
culture plates (per well 1x105 081R cells, 5x104 289B cells). After 24h, cells were 
washed and media was replaced with media containing indicated treatments, 
and 1 µg/ml Annexin V ATTO 488 (Adipogen Life Sciences, Liestal, Switzerland). 
Photomicrographs were collected using the 10X objective with a single plate view 
per well. Phase contrast and green fluorescence channel (440/80nm–504/44nm) 
images were acquired at 72h. Annexin-positive area was calculated as total green 
object area (µm2/image). 

Multi-dose combination cell viability assay  
Cells were plated in standard 96-well tissue culture plates (per well 1x105 081R 
cells, 5x104 289B cells). After 24h ESRRAi LP0821 was added by HP D300 digital 
dispenser. After an additional 72h, cells were washed with PBS, fixed with 1% 
glutaraldehyde and 0.5% crystal violet. After 20 min incubation at RT, cells were 
immersed in tap water and air-dried. Pictures were made on a digital scanner (HP 
Scanjet 4850). Subsequently, crystal violet was dissolved overnight with 1% SDS and 
absorbance was measured at 600nm (Biotek). Absorbance values were subtracted 
by background absorbance and normalized to control conditions. ZIP-score was 
calculated and synergy landscape was generated by the synergyfinder R package. 
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Cell viability 3D culture  
For the proliferation assay, EAC organoids were seeded with 150 single cells in 6µL 
Matrigel per well. The first 72 hours (day -3 to 0), the medium was supplemented 
with ROCK inhibitor (Y-27632). For the rest of the assay, standard organoid medium 
was used without NAC. This medium was provided on day 0 and 4. ESRRAi 
concentration and radiation dosages are indicated in Figure 5. ESRRAi was only 
present in the culture medium between day 0 and day 4. Radiation was also given 
in this time period on a daily basis. 

For the clonogenicity assay, EAC organoids were seeded with 150 single cells in 
6µL Matrigel per well. The first 72 hours (day -3 to 0), the medium was supplemented 
with ROCK inhibitor. For the remainder of the assay, standard organoid medium was 
used and was refreshed every 3-4 days. 20µM ESRRAi was added at the indicated 
conditions and was supplemented directly before medium refresh. Daily radiation 
(1Gy) was given for the indicated conditions. On day 14, Matrigel was dissolved 
using Cell Recovery Solution (Corning) following manufacturer’s instructions and 
organoids were split by mechanical disruption. Organoids were then transferred 
to a 48-wells plate in a 20µL Matrigel droplet and cultured for 7 more days without 
any treatment. Cell viability was quantified by image-analysis using the nuclear dye 
Hoechst (10µg/mL, ThermoFisher). Hoechst was added to the culture medium for 
15 min and washed away. Organoids were subsequently imaged by ImageXpress 
Pico (Molecular Devices, San Jose, CA, USA) automatic fluorescence microscope 
using a 4x magnification. Organoid surface area was quantified using QuPath’s 
pixel classifier. Organoid count was quantified by using ImageJ.

RNA-Sequencing  
Snap frozen tumor biopsy samples were collected before and after 
chemoradiotherapy under ethical approval (BiOES biobank; METC 2013_241) and 
20 µm slices were cut on a cryostat. One section was used for haematoxylin and 
eosin staining to determine tumor cell percentage. Assessment of tumor purity was 
done by an experienced pathologist (SLM). Of 139 assessed esophageal biopsies 
and 105 resections, median tumor cellularity was 45% and 35%, respectively. 
Samples were considered eligible in case tumor purity was ≥ 30%. Matched pre- 
and post-treatment samples were identified for 6 patients. Total RNA was isolated 
using the AllPrep DNA/RNA/miRNA universal kit (Qiagen, Hilden, Germany). 
NanoDrop (Thermo Fisher, Waltham, MA) was used to measure RNA concentration. 
Biopsies and resection specimens were sent for RNA sequencing in case RNA 
concentration was above 20 ng/µL. Library preparation was performed using Total 
RNA library prep RiboErase (Roche, Basel, Switzerland). Samples were sequenced 
on an Illumina HiSeq4000 with single 50bp reads at 100M reads per sample. 
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Immunohistochemistry  
Biopsies and resection specimens from 17 patients were fixed in 4% formalin 
overnight prior to paraffin embedding. Tissue sections (5 µm) were deparaffinized 
and antigen retrieval was performed using 10 mM sodium citrate and boiling for 20 
min. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide in 
PBS. Aspecific staining was blocked using UltraVision Protein Blk (Thermo Scientific, 
Waltham, MA) 10 min on RT. Primary antibody anti-COX4 (3E11 Rabbit mAb 4850, 
Cell Signaling, Danvers, MA) was diluted 1:3000 diluted in BrightDiluent green 
antibody diluent (Immunologic, Duiven, The Netherlands), and incubated overnight 
at 4°C in a humidified chamber. For amplification of the staining, Brightvision+ post 
antibody block (Immunologic, Duiven, The Netherlands) was used for 20 min prior 
to the addition of the secondary antibody, poly-HRP-anti Ms/Rb IgG (Immunologic, 
Duiven, The Netherlands) for 30 min at RT. Visualization of stainings was performed 
with Bright DAB solution (Immunologic, Duiven, The Netherlands) according 
to manufacturer’s protocol, counterstained with undiluted Mayer Haematoxylin 
(Klinipath, Duiven, The Netherlands) and mounted tissue sections with non-aqueous 
medium. Slides were assessed by a trained pathologist to identify tumor areas. 
Fibroblasts and extracellular matrix were excluded and the remaining tumor ROIs 
were assessed for COX4 intensity using the Immunohistochemistry (IHC) plugin 
from Image Analysis Toolbox in ImageJ.

Quantitative PCR  
Genomic DNA isolation was performed using QuickExtract Extraction Solution 
(Lucigen, Middleton, USA) according to the manufacturer’s protocol. RNA was 
isolated according to manufacturer’s instructions (Macherey-Nagel, Duren, 
Germany). Subsequently, cDNA was synthesized with Superscript III, DTT, 5x 
First-Strand Buffer, RNAseOUT and dNTP Mix (Thermo Scientific, Waltham, MA) 
according to the manufacturer’s protocol. SYBR green (Roche, Basel, Switzerland) 
was used to perform quantitative real time PCR (qPCR) on a Lightcycler 480 II 
(Roche) according to manufacturer’s instructions. For primer sequences, see Key 
Resources Table.

Seahorse XF-96 metabolic flux analysis   
The Seahorse XF96 Extracellular Flux Analyzer (Seahorse Biosciences, Santa Clara, 
California, USA) was used to obtain real-time measurements of oxygen consumption 
rate (OCR) and extracellular acidification rate (ECAR) in cells. Cells were seeded 
in 96-well Seahorse culture plates at a density between 25,000 and 50,000 cells/
well and were reconstituted in culture medium overnight. Prior to the analysis, 
the culture medium was replaced with Assay Medium; DMEM at 25 mM glucose, 
sodium pyruvate 1 mM and L-glutamine 2 mM. Concentrations were according to 
the manufacturer’s instructions. Assay medium was subsequently adjusted to pH 
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7.4 and maintained at 37 °C throughout the experiment. For the “Mito Stress Test” 
protocol oligomycin (1.5 µM), FCCP (1 µM), and Antimycin A (2.5µM) and Rotenone 
(1.25 µM) were sequentially injected according to the manufacturer’s instructions. 
All values were normalized by protein abundance assessed a BCA assay kit. 

Flow cytometry  
To assess mitochondrial mass by flow cytometry (FACS), cells were harvested 
with trypsin-EDTA (Lonza, Basel, Switzerland) and stained with 50 nM MitoTracker 
Deep Red FM (Thermo Scientific, Waltham, MA) for 30 min at 37 °C. Cells were 
washed in FACS buffer (PBS with 1% FCS) prior to flow cytometry analysis. For 
flow cytometric detection of ROS production, cells were harvested as above, and 
stained with 25 µM H2DCFDA (Thermo Scientific, Waltham, MA) for 1h at 37 °C. 3 
mM H2O2 was used as positive control and treated for 1h at 37 °C before staining 
with H2DCFDA. For membrane potential assessment, cells were treated with 2 µM 
JC-1 for 30 min. 20 µM FCCP was used as positive control and cells were treated for 
1h at 37 °C before staining with JC-1. All samples were acquired on a FACSCanto II 
(BD, Franklin Lakes, NJ), measured at excitation 488 or 525nm. Data were analyzed 
using FlowJo 10 (Tree Star, Ashland, OR). Ratio was calculated by dividing the gMFI 
of PE by the gMFI of FITC.

In vivo radiation and ESRRAi  
Three weeks after cell injection mice were treated for two consecutive weeks with or 
without 2 Gy of radiation (10x 4Gy, 40Gy cumulative) on the right hind limb using an 
X-Ray RS320 Research Cabinet (XStrahl, 0.5mm Cu filter, 210kV, 13mA). The mice 
were shielded with lead to protect all other vital areas. Vehicle control (10% DMSO, 
20% Solutol, 70% water) or ESRRAi LP0811 (30mg/kg) were administrated by daily 
oral gavage in a volume of 100µl. 

RNA-Sequencing analysis  
Data went through quality control using FastQC. Reads were aligned to the human 
reference genome (NCBI37/hg19) using STAR v2.7.1 and annotated with Gencode 
v32. For gene set enrichment, count files were converted into DESeq2_vst values 
using DESeq2 in R. Differential gene expression between pretreatment biopsies and 
posttreatment resection material was determined by using the limma R package. 
Gene set enrichment analysis was performed on using all Hallmark gene sets52 
using the subcamera function of CMScaller47, and fGSEA (http://bioconductor.org/
packages/fgsea/)48. ESRRA target genes were derived from Stein et al.18  Upregulated 
targets genes were selected by Class 1 and p < 0.01, and downregulated target 
genes were selected by Class 5 and p < 0.01.

Gene expression correlated to OxPhos signature   
Signature scores were calculated for the OXPHOS signature (Table S6) as follows: 
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Every gene was transformed by Z-score across all the samples in the cohort shown 
(Figure 3; including all adenocarcinoma samples). Then per sample, the list of 
OXPHOS genes was summarized into a single value by calculation of the average 
over all OXPHOS genes. The signature scores were subsequently used to calculate 
the Pearson correlation against all the genes in the dataset. The significance of 
a correlation is determined by t = R/sqrt((1-r^2)/(n-2)), where R is the correlation 
value and n is the number of samples. Distribution measure is approximately as t 
with n-2 degrees of freedom. The p-values reported are False Discovery Rate (FDR) 
adjusted, plotted as the negative log10 values. Dots indicate genes.

Statistical analysis  
To compare two means, a two-tailed Student’s t test was used. When data were 
not normally distributed a Mann-Whitney U test was performed. To compare 
multiple groups of data to one control condition and when the data is not normally 
distributed, we performed a Kruskal-Wallis test. Survival analysis was performed 
by Log Rank Mantel-Cox test. The performed statistical tests are also indicated in 
the figure legends. Analyses were performed by Prism 9 (Graphpad Software Inc., 
version 9.3.1) or in R. A p < 0.05 was considered statistically significant. * p < 0.05, 
** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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SUPPLEMENTAL FIGURES  

Supplemental Figure 1 | Gene expression analysis of patient samples.   
A Pathologist assessment of tumor cellularity of samples used for Figure 1 is shown. 
Statistical test is unpaired Student’s t-test. B As for panel B, showing ESTIMATE-derived 
tumor cellularity53 Statistical test is unpaired Student’s t-test. C Gene set enrichment 
analyses were performed in EAC samples only, using indicated MSigDB Hallmark gene sets. 
Shown is significance of association with treatment naïve biopsies (grey) and neoadjuvant 
chemoradiated resection specimens (red). D Principal component analysis the gene 
expression from matched esophageal cancer patients: Samples are colored by the following 
features; unsupervised K-Means clustering, histology, and specimen-type (treatment-naïve 
biopsies and chemoradiated resections). Centroids of each group are depicted by enlarged 
symbols. E Oxidative phosphorylation gene set summary Z-scores in pre-treatment biopsies 
and matched resection specimens are shown (with Figure 1B, including ESC and EAC 
samples). Statistical test is paired t-test.
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Supplemental Figure 2 | Glycolysis and mitochondrial biogenesis in cells exposed to 
chemoradiation.            
A Glycolysis measured by extracellular acidification on Seahorse in 289B cells, N (control) 
and CR (chemoradiated; 2x5 days 1Gy fractionated radiation, 2 µM carboplatin and 0.05 nM 
paclitaxel). B Glycolysis related gene transcripts were measured by qPCR in untreated and 
14d-chemoradiated samples. Heatmap indicates fold reduction (blue) or induction (red) of 
chemoradiated samples compared to untreated. Asterisks indicate significance by Mann 
Whitney U test; * p < 0.05. C First column: as for Figure 2E, for the 081R cell line at 2900x 
magnification, scale bar is 2µm. Second and third column of panels: high magnification 
(9300x) TEM images, with mitochondria outlined to indicate general morphology. Cells 
were contrasted for with uranyl acetate and counterstained with lead citrate. Scale bar is 
1µm. D Indicated cell lines were exposed to chemoradiation and analyzed for mitochondrial 
content by qPCR for mtDNA as for Figure 2F. Average of technical triplicates are shown 
from single biological measurements. Statistical test is Wilcoxon signed-rank paired. E 081R 
cells were harvested after 14 days of treatment with IR (1 Gy; IR), chemotherapy (C) and 
chemoradiation (CR). Flow cytometry analysis of mitochondrial mass was performed using 
MitoTracker Green. F Cells were treated as for panel A, for times indicated in parentheses. 
Flow cytometry of ROS levels was measured using 25µM DCFDA probe. G Quantitative PCR 
analysis for mtDNA copy number was performed on 081R cells subjected to 1 Gy radiation 
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and harvested at indicated timepoints. Data are expression levels relative to nuclear gene 
(B2M, normalized to 1). The data shown are the mean ±SD of three independent experiments. 
Data from long-term 14d treatment are shown for reference and taken from the same source 
data as used for Figure 2F. Unpaired one-tailed Student’s t-test. 

Supplemental Figure 3 | ESRRA and mitochondrial biogenesis in response to chemoradiation.  
A Gene expression of ESRRA in matched patient cohort. Statistical test is Wilcoxon signed-
rank paired. B The panel of cells as shown in Figure 2 were treated with chemoradiation 
for 14d and ESRRA transcripts were measured by qPCR. Shown are levels relative to B2M, 
statistics as for Figure S2D. Statistical test is Wilcoxon signed-rank paired. C 081R and 289B 
cells were plated for microscopy, treated with 1Gy radiation (IR) for 72h and processed for 
immunofluorescence for ESRRA (green), tubulin (red), and nuclei (DAPI; blue). Magnifications 
and laser settings were identical between all images. Scale bars are 50 µm. D HEK 293T cells 
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were transfected with 3xERRE-luciferase reporter (and CMV-Renilla luciferase) and exposed 
to the indicated doses of radiation for 24h. Firefly luciferase values were corrected for Renilla 
values and expressed as fold change relative to 0Gy control. Dots show biological replicates. 
Statistical test is Simple linear regression. E HEK 293T cells were transduced with 3xERRE-
GFP reporter and exposed to indicated doses of radiation for 24h. The data shown are the 
mean gMFI relative to 0Gy ±SD of three biological replicates. Statistical test is Simple linear 
regression. F 081R and 289B cells were transduced with the 3xERRE-GFP reporter, selected 
for effective transduction, and exposed to indicated doses of radiation for 24h. The data 
shown are the mean gMFI relative to 0Gy ±SD of three biological replicates. Statistical test 
is Simple linear regression. G 081R and 289B cells were exposed to 14d chemoradiation, 
and processed for pull-down (see STAR Methods). Following pull-down, qPCR for SDHA was 
performed or unrelated control  gene(IKZF3, as for ref 20) PCR data were corrected for input, 
non-specific binding by control IgG, and expressed as fold change relative to untreated 
controls. Data from technical triplicates are shown. Statistical test is unpaired Welch’s t-test, 
* p < 0.05, ** p < 0.01.
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Supplemental Figure 4 | Validation of ESRRA knockdown and overexpression.   
A 081R and 289B cells were transduced with shRNAs against ESRRA or scrambled control 
(shc002) and following puromycin selection and exposure to chemoradiation, qPCR for 
ESRRA was performed to validate knockdown. Statistical test is unpaired Student’s t-test, * 
p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. B Validation of ESRRA overexpression 
by qPCR in cells lentivirally transduced with pLeGO-iV2-ESRRA (ESSRA-OE) and sorted 
for Venus expression. Statistical test is unpaired Student’s t-test. C Cells transduced with 
scrambled control (shc002) or indicated shESRRA clones were treated with CR, and phase 
contrast microscopy was performed. Numbers below panels indicate confluence relative to 
shc002 after 14d. Scale bars indicate 200µm.
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Supplemental Figure 5 | Contributions of known coactivators of ESRRA and ROS-responsive 
transcription factor to ESRRA activity.        
A Expression of TFAM as determined by RNA-Seq in matched pre- and post-treatment samples 
(cf. Figure 1). P-value is determined by Wilcoxon test. B Expression of TFAM as determined by 
qPCR in indicated cells treated with chemoradiation for 14d. Dots indicate biological replicates. 
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Mann–Whitney U test, * p < 0.05, ** p < 0.01. C Expression of PPARGC1A and PPARGC1B as 
determined by RNA-Seq in matched pre- and post-treatment samples (cf. Figure 1). P-value 
is determined by Wilcoxon test. D Expression of PPARGC1A and PPARGC1B as determined 
by qPCR in indicated cells treated with chemoradiation for 14d. Dots indicate biological 
replicates. Mann–Whitney U test, * p < 0.05, *** p < 0.001. E ERRE-GFP cells were transduced 
with a PPARGC1a-Venus overexpression construct (or empty control). Effectively transduced 
cells were identified by spectral flow cytometry, allowing the separate detection of the reporter 
and the overexpression construct, and reporter activity in Venus-positive cells is shown as 
histograms. Number in panel indicates fold change in gMFI by PPARGC1A overexpression. 
F ESRRA reporter activity in ERRE-GFP cells knocked down for indicated genes at 
baseline and in response to radiation (8Gy, 24h) is shown. G Knockdown efficiency 
in 081R cells following shRNA transduction, showing three hairpins tested (of which 
only one was effective and used for the experiments shown in panel A). Shown are 
biological replicates. Statistical test is unpaired Student’s t-test, ** p < 0.01.  
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Supplemental Figure 6 | ESRRA inhibition sensitizes cells to chemoradiation.   
A 081R and 289B cells were treated with indicated concentrations of ESRRAi and dose-
response curves were plotted. Cell viability was assessed by Cell-Titer Blue. Dashed line 
and concentrations mentioned indicate IC20. B Cells were treated for 14d with CR and/or 
ESRRAi. Dotplot shows red (aggregate)/green (monomer) fluorescence intensity ratio of JC-1 
dye. Dots indicate biological replicates. No statistical test was applied due to sample size. 
C Cells were treated for 14d with CR and/or ESRRAi. Flow cytometry of ROS levels was 
measured using 25µM DCFDA dye as for Figure S2F. D 081R cells were treated with ESRRAi 
and radiation for times and concentrations indicated. As a measure of apoptosis, Annexin 
V-positivity was measured by IncuCyte. Shown is total Annexin V-positive area (µm2) E 081R 
and 289B cells were treated for 66h with CR (1 Gy IR, 2 µM carboplatin, 50 pM paclitaxel), 
and 2.4 nM oligomycin as indicated. Shown is Annexin-V positivity, normalized to control, 
dots indicate average area of biological replicates. Statistical test is unpaired Student’s t-test, 
* p < 0.05, ** p < 0.01. F 298B cells were treated as for panel with indicated inhibitors. 
Oligomycin was used at 7.4nM, IACS-6274 900nM, phenformin 370µM, elesclomol 390pM. 



213

7

Annexin V-positivity was measured by IncuCyte. Shown is total Annexin V-positive area (µm2), 
relative to control treated cells (indicated by dashed grey line). Red dashed line indicates 
effect of radiotherapy alone. Statistical test is unpaired Student’s t-test, * p < 0.05, ** p < 0.01, 
*** p < 0.001, **** p < 0.0001. G With Figure 6; tumor volumes for each grafted hind limb 
are shown. Dashed vertical lines indicate start and end of treatment. (H) Tumor volumes per 
experimental group at moment of randomization and start of treatment. In the boxplot, the 
center line represents the median, the box limits show the quartiles, the whiskers show the 
minimal and maximal value. All the dots represent a single biological subject. Comparison 
between medians were analyzed using Mann-Whitney U. Kruskal-Wallis test was used to 
assess whether samples originate from the same distribution.
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SUPPLEMENTAL TABLES

Supplemental Table 1 | Baseline characteristics for matched biopsy and resection 
samples used for RNA-Seq. For each patient (n=6), a pre-treatment biopsy and a post-
treatment resection specimen were included (totaling n=12). Tumor response was 
assessed using the Mandard grading system.54

N %
Number of samples 12  
Number of patients 6  
Mean age in years 65 (58-74)  
Gender   
Male 5 83%
Female 1 17%
Histology   
EAC 4 67%
ESC 2 33%
Location   
Proximal 0 0%
Mid 0 0%
Distal 5 83%
GEJ/cardia 1 17%
T-stage   
1 0 0%
2 0 0%
3 5 83%
4 1 17%
NA 0 0%
N-stage   
0 1 17%
1 3 50%
2 2 33%
3 0 0%
Treatment tissue  % samples
Untreated biopsy 6 50%

Matched CROSS  resection 6 50%
Mandard   
Low (Mandard 2) 3 50%
High (Mandard 4) 3 50%
Recurrence   
Yes 3 50%
No 3 50%
Survival   
Alive 4 67%

Dead 2 33%
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Supplemental Table 2 | Baseline characteristics of samples used for immuno-
histochemistry. 

 N %
Number of samples 18  
Number of patients 17  
Age at diagnosis 66 (48-74)  
Gender   
Male 13 76%
Female 4 24%
Histology   
EAC 13 76%
ESC 4 24%
Location   
Proximal 0 0%
Mid 1 6%
Distal 10 59%
GEJ/cardia 6 35%
T-stage   
1 2 12%
2 5 29%
3 10 59%
4 0 0%
NA 0 0%
N-stage   
0 7 41%
1 6 35%
2 4 24%
3 0 0%
Treatment tissue  % samples
Untreated biopsy 6 33%
Untreated resection 6 33%
CROSS resection 6 33%
Mandard (of CROSS resections)   
Low (Mandard 2) 3 50%
High (Mandard 4) 3 50%
Recurrence   
Yes 9 53%
No 8 47%
Survival   
Alive 9 53%
Dead 8 47%
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Supplemental Table 3 | Patients included in the immunohistochemistry and RNAseq 
cohort. Indicated in bold are overlapping patients between cohorts. 

RNA-Sequencing cohort  
AMC-043-ESC   
AMC-045-EAC   
AMC-050-EAC   
AMC-070-EAC   
AMC-076-ESC   
AMC-161-EAC   
   
Immunohistochemistry cohort  
Biopsies Resections untreated Resections CROSS
AMC-076-ESC AMC-062-EAC AMC-070-EAC 
AMC-237-EAC AMC-094-EAC AMC-076-ESC
AMC-227-ESC AMC-096-EAC AMC-123-EAC
AMC-207-EAC AMC-110-EAC AMC-148-EAC
AMC-161-EAC AMC-198-EAC AMC-215-ESC 
AMC-088-EAC AMC-310-EAC AMC-305-EAC
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Supplemental Table 4 | Baseline characteristics of patient-derived primary lines. Note that 
007B, 031M, and 081R were previously reported8. All were of EAC subtype, and all were 
HER2 negative.

Cell line 
ID

Donor ID Gender Tissue 
source

Age cTNM Diff. 
grade

Tumor 
location

007B AMC-EAC-007 F Biopsy 50 cT3N1M0 2 GEJ/cardia
031M AMC-EAC-031 M Metastasis 78 cT3N3M1 3 distal
058M AMC-EAC-058 M Metastasis 76 cT3N2M0 NA GEJ/cardia
081R AMC-EAC-081 M Resection 38 cT3N1M1 3 distal
289B AMC-EAC-289 M Biopsy 51 cT3N0M0 3 GEJ/cardia
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Supplemental Table 5 | Short Tandem Repeat profiles.
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Supplemental Table 6 | Regulators of mitochondrial mass and morphology. 

Shown are genes considered in the analysis for Figure 3A. Genes are involved 
in mitochondrial dynamics and biogenesis and are derived from Boland et al. 55 
Asterisks indicate genes used for qPCR in Figure 4C.

Process regulated Gene Protein
Fusion MFN1*

MFN2 *
OPA1

Fission BCL2
DNM1L* DRP1
MFF
FIS1

Mitophagy PINK1
PRKN Parkin
BNIP3
BNIP3L
RHEB

Biogenesis PPARGC1A
PPARA
PPARD
PPARG
NRF1*
NFE2L2 NRF2
ESRRA
ESRRB
ESRRG

Spatial dynamics RHOT1
RHOT2
TRAK1
TRAK2
HDAC6

Transcription TFAM*
Sirtuins SIRT1

SIRT2
SIRT3*
SIRT4
SIRT5 
SIRT6
SIRT7
KEAP1
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Background 

It has become evident that acquired resistance against commonly used therapies 
is a major hurdle to effective cancer treatment. Esophageal adenocarcinoma (EAC) 
is a cancer type that remarkably quickly adapts to therapeutic pressure, including 
for example standard of care chemoradiation. Work from our group and others 
has shown that chemoradiation induces various resistance mechanisms and even 
contributes to metastasis formation, making it challenging to treat EAC patients in 
a consistently effective manner. The work described in this thesis aimed to identify, 
measure, and target resistance mechanisms in EAC. This will hopefully allow 
the design of novel treatment regimens to overcome or prevent therapy-induced 
resistance in EAC patients. In this final chapter, the findings described in this thesis 
will be put in perspective of other scientific literature and the clinical implications 
will be discussed.

Heterogeneity and resistance in esophageal cancer 

EAC is a highly heterogeneous tumor both between individual patient cases and 
within a single tumor tissue. This makes it difficult to target all tumors with one 
effective treatment. Although cytotoxic agents and radiotherapy are effective against 
most tumor cells, the results in Chapter 3 and 4 show that the ultimate efficacy of 
chemoradiation therapy varies greatly per patient and per molecular tumor subtype. 
Following initial successful treatment, tumors frequently show resistant populations 
resulting in aggressive tumor behavior and ultimately can lead to metastases. That 
heterogeneity hampers effective treatment has been proven in resected gastro-
esophageal adenocarcinomas, where increased intratumoral heterogeneity was 
associated with worse outcomes. 1 Heterogeneity is also hindering HER2 positive 
tumor targeting. Esophageal cancer has been considered a promising candidate for 
HER2-targeting as ErbB2/HER2 is overexpressed in 17-32% of cases. 2–4,5  Although 
several trials showed that the HER2 antibody trastuzumab improved overall survival 
for HER2 overexpressing advanced gastric and GEJ adenocarcinoma patients, 
treatment efficacy varied widely and ultimately patients still show relapse of the 
disease. 6–8 Likewise, in Chapter 3, we observed a wide heterogeneity in the propensity 
to undergo mesenchymal transitions that lead to resistance EAC cells. This implies 
that even when preventing mesenchymal transitions effectively in some EAC cells, 
other populations may not be affected and need different specific treatment. Yet, 
we don’t fully comprehend these tumor differences, but they do impact the outcome 
of patients. These data together with the findings in this thesis indicate that future 
investigations should continuously bear intratumoral heterogeneity in mind when 
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designing new studies for esophageal cancer. Multiregional sequencing or lineage 
tracing to assess the extent of heterogeneity and whather cells follow a hierarchy 
could prove useful for this.

Treatment of esophageal cancer is further complicated by acquired resistance 
under therapeutic pressure. This thesis has shown the existence of several 
chemoradiation-induced key resistance mechanisms in esophageal cancer. These 
mechanisms are multifactorial processes that involve genetic, transcriptional and 
environmental factors, in line with other studies. 9–13 However, as many previous 
attempts to overcome therapy resistance have shown ineffective, a deeper 
understanding of the molecular mechanisms that underlie acquired therapeutic 
resistance in esophageal cancer is crucial for the development of new effective 
therapies.

Models to study therapy resistance 

To properly address the mechanisms that explain therapy resistance in esophageal 
cancer, adequate experimental disease models are required. Currently, the number 
of esophageal cell lines and genetically engineered mouse models are limited. The 
research in this thesis involved generating patient-derived adherent cultures, EAC-
associated fibroblasts, 3D organoid cultures, and cell-derived xenograft (CDX) 
models to study therapy resistance mechanisms. For in vitro research, the ESCC-
derived KYSE cell lines 14 and the EAC-derived OE19 and OE33 cell lines 15 have 
been commonly used. Their widespread use helps reproducibility, but their limited 
number does not sufficiently cover tumor heterogeneity. Primary derived cell lines, 
while cumbersome to establish, often bear higher resemblance to the patient’s 
tumor and provides a higher number of cell lines to cover heterogeneity. 16,17 In 
Chapter 3, we assessed the heterogeneity of mesenchymal plasticity following 
chemo-radiation using a panel of twelve cell lines, half of which we established 
ourselves. With this high number of cell lines we were able to obtain a broad range 
of response to chemoradiation and a proper ranking, whereas without patient 
derived cultures we would have lacked power. Importantly, the possibility rises for 
integrating patient derived cultures for clinical personalized treatment (avatars). 
Since rapidly evolving high-throughput sequencing and drug screens can provide 
results within several days, combining this with avatars holds promise. 18,19 However, 
currently, establishing primary cultures still takes several weeks, which esophageal 
cancer patients cannot afford to wait for. If future work can optimize this timeframe, 
tailored therapy can be given per patient.  
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While two-dimensional cell lines have been an essential tool in the field, they 
generally do not reflect the spatial organization of a tumor. For this reason, three-
dimensional organoid culture models have become important preclinical model 
systems. 20 Organoids maintain key features from their parental tumors such as 
genetic and phenotypic heterogeneity and cell interactions that impact on therapy 
response. 21 Tumor organoids from esophageal cancer have been established in 
the past, but in limited numbers compared to other cancer types. 22,23 In Chapter 3 
and 7, we describe the establishment of four new EAC organoid cultures and used 
these to test treatments that circumvent chemoradiation resistance. Such organoid 
cultures may aid future studies on drug discovery to predict therapy response as 
patient avatars. 

To assess promising in vitro therapeutic options for esophageal cancer before 
going to clinical trials, mice models are the main option of choice. Due to the 
uncertainty of which mutations drive both ESCC and EAC, genetically engineered 
mouse models are sparse. 24 Several genetic models exist for EAC, for instance 
mice overexpressing interleukin-1ß that initiates a proinflammatory environment and 
in turn induces the progression from Barrett’s to EAC. 25 However, these models are 
slowly growing tumors, expensive and not suitable for each research question. Thus 
additional in vivo models are still being explored. Alternatively, xenograft models 
are being established by the subcutaneous injection of cell lines, generating cell-
derived xenografts (CDX) or by the implantation of patient’s tumor tissue (PDX) 
into immune-deficient mice. Xenograft models have shown advantages as a 
preclinical models in drug screening and biomarker development and are therefore 
mostly used in esophageal cancer research. 26 PDX models largely preserve cell-
cell interactions and tumor architecture, mimicking the tumor of the patient. But 
CDX and PDX models also have disadvantages such as the presence of mouse 
stroma, making the tumor microenvironment both human and mouse derived, and 
lack of an active immune system. Also, immunodeficient mice used for xenograft 
models bear a SCID mutation that renders them highly sensitive to radiation, 
limiting the translation of experimental results to the clinical setting. Considering 
this, in Chapter 6 we established a protocol to locally radiate xenograft tumors 
in immunodeficient mice, allowing radiation-based treatments and interventions 
against resistance mechanisms in xenograft mice models. For practical reasons 
we made use of a CDX model but our protocol can be used in any mice model, 
including PDX models. To address use of several PDX models derived from different 
patients to cover this heterogeneity in combination with radiation treatment might 
be an optimal approach in the future. Together with the development of new in vivo 
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models such as humanized immune system (HIS-models), 27 future studies will have 
more experimental mice model options. 

Mesenchymal plasticity in chemoradiation resistance 

Mesenchymal plasticity has emerged as an important factor in therapy resistance 
and metastases formation in several cancer types. 28–30 The results from Chapter 
2 and 3 highlight the role of mesenchymal plasticity in development of therapy 
resistance of EAC. Previously, our group observed that under the therapeutic 
pressure of chemoradiation according to the CROSS regimen, EAC cells could shift 
to a mesenchymal cell state. 9 The aim of Chapter 3 was to extensively assess 
this mesenchymal plasticity in a broad panel of esophageal cell lines to identify 
its mechanistic requirements. We observed that chemoradiation could induce a 
mesenchymal state, unrelated to histological subtype or whether cell lines were 
derived from pre-treatment biopsies or post-treatment tissues. Additively, in Chapter 
2 we observed that chemoradiation stimulated fibroblasts to secrete IL-6, leading to 
the induction of a mesenchymal state and therapy resistance in EAC cells. 

These findings show that EAC cells easily undergo EMT, both from therapeutic 
stressors and environmental stimuli. We also observed that under the therapeutic 
pressure of chemoradiation, EAC cells increased autocrine production of TGF-ß that 
resulted in EMT. Under therapeutic pressure, TGF-ß correlates with the expression 
of EMT-related genes in EAC cells, while a negative correlation was observed in our 
group between TGFB1 and epithelial marker ERBB3. 31 This implies TGF-ß to be 
upregulated and induce mesenchymal transition under therapeutic pressure. Given 
that TGF-ß targeting agents are clinically available, clinical studies are currently 
verifying the additional treatment value of TGF-ß inhibition for esophageal patients. 
23,32 Our results together with other studies indicate that mesenchymal plasticity 
is an evident driver of EAC in therapy resistance following various multimodality 
treatments. This highlights the potential of targeting EMT as a means of overcoming 
therapy resistance in EAC. 

Cancer stem cell properties in chemoradiation resistance 

The ability to resist conventional therapies has been attributed to properties of cancer 
stem cells (CSC) including increased expression of drug transporters, infinite self-
replication potential, as well as efficient DNA repair mechanisms. 33,34 In esophageal 
and gastric cancer, multiple CSC markers have been identified such as CD24, CD44, 
CD133, Integrin α7+ and ALDH1+ that could help to isolate CSC cells and study 
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resistance. 47–49 While the debate on whether CSCs are truly the origins of primary 
tumors continues, CSCs have been further characterized with data illustrating that 
they resist therapies due to enhanced epithelial to mesenchymal transition. 12,38,39 
Indeed, in Chapter 3, we identified the pluripotency factors NANOG and OCT4 as 
drivers of mesenchymal plasticity in EAC. We also found that NANOG was highly 
predictive for survival after chemoradiation. Previously, pluripotency factors ALDH1, 
NANOG, OCT3/4 and SOX2 had been associated with cancer recurrence and 
therapy resistance. 40 In several other cancer types, NANOG overexpression was 
correlated with increased metastatic potential and proliferation in cancer 41,42,43. The 
majority of literature describes the occurrence of stemness markers and properties 
as a consequence of mesenchymal transitions. However, in our research we found 
that pluripotency factors are in fact required for mesenchymal transitions, and that 
their inhibition prevents mesenchymal states in EAC. This is in line with a limited 
number of studies in ovarian cancer, hepatocellular carcinoma and bladder cancer, 
where the ability to undergo mesenchymal transitions was shown to require NANOG 
44–46 These studies as well as ours postulate that CSC properties could function 
as a driver of mesenchymal transition rather than a result. We suggest that future 
research should focus on the validation of the causative relation between CSCs and 
mesenchymal plasticity in esophageal cancer.    

Tumor microenvironmental ligands in chemoradiation resistance 

Extensive communication occurs between cancer cells and the tumor micro-
environment, with cancer-associated fibroblasts (CAFs) as one of the predominant 
cell types responsible for secretion of factors that lead to therapy resistance. 47,48 
Despite the significant knowledge on tumor-stroma interactions in other cancer 
types, surprisingly few studies have been performed in EAC. In Chapter 2, we 
report that the tumor microenvironment plays a critical role in the development of 
drug resistance. We revealed that CAFs secrete interleukin-6 (IL-6), which drives 
mesenchymal plasticity and therapy resistance in EAC. We observed that inhibition 
of IL-6 signaling with a neutralizing antibody could reverse the EMT induced by 
stroma-derived IL-6 and showed that tumor cells expressing mIL6Ra or hIL-6 (to 
allow IL-6 signaling between the mouse host and human tumor cells) had higher 
tumor takes than grafts in which IL6 signaling was not activated. In line with our 
study, IL-6 has previously been linked to tumor invasion and metastatic progression. 
49 In addition, IL-6 enhanced clonogenicity in vitro and in vivo and up-regulated the 
expression of EMT and CSC markers. 50 As previously EMT and CSC have been 
attributed to chemoradiation resistance, this could explain the striking effect of IL-6 
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inhibition. Given these findings and the availability of FDA-approved IL-6–targeting 
agents, a randomized phase II study with tocilizumab in addition to CROSS (the 
BASALT study) has been initiated. 51 We propose that addition of such agents to 
currently applicable regimens should be further explored.

IL-6 is primarily involved in inflammatory processes, and its serum levels are 
elevated in patients with asthma and rheumatoid arthritis. Consequently, IL-6 is likely 
not a specific serum marker for treatment response in EAC. Instead, we identified 
ADAM12, a marker associated with active CAFs, as one of the stromal genes 
most strongly correlating with IL6 in EAC tumor tissue as well as patient serum 
levels. Recent single-cell transcriptome efforts revealed a heterogeneity of CAFs 
in the microenvironment of ESC. 52 This indicates that further research is needed 
to identify specific CAF phenotypes that needs to be targeted, without targeting 
non-IL-6 secreting CAFs. Future work could identify the specific CAF phenotypes in 
esophageal cancer, using ADAM12 as a proxy for identifying IL-6 producing CAFs.

The question remains whether specifically targeting IL-6 producing CAFs is 
enough to overcome therapy resistance in EAC. In our study we observed that 
TGF-ß increased the production of IL-6 in EAC cells, indicating that there is a self-
sustaining loop of TGF-ß-induced CAF activation and IL-6-induced tumor cell therapy 
resistance. This would indicate a tumor-immune-stroma crosstalk in esophageal 
cancer, raising the question which other tumor microenvironment interactions 
exist and contribute to therapy resistance. Some studies show that irradiated 
CAFs increase therapy resistance, while others suggest that radiation-induced 
eradication and reprogramming of the stroma can improve anti-tumor immunity. 
53,54 Inflammatory CAF-related signatures have shown to predict prognosis and 
response to immunotherapy. 55  This implies that immune checkpoint inhibitors may 
help to overcome chemotherapy resistance by enhancing the anti-tumor immune 
response. Therefore, we propose that future research in esophageal cancer on 
the tumor microenvironment should also take along the interactions between both 
tumor cells, CAFs and immune cells for effective therapy efficacy.

Therapy resistance by compensatory signaling

In response to therapeutic pressure, esophageal cancer cells can acquire specific 
mutations or reactivate inhibited signaling pathways to circumvent therapy, initiating 
resistance in these cells. 56,57 Genetic changes, such as mutations of TP53 or 
overexpression of epidermal growth factor receptor, have been observed as drivers 
of therapy resistance following multimodality treatment in EAC. In Chapter 5, we 
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demonstrated that alterations in the PI3K-FOXO pathway associated with poor 
response to neoadjuvant chemoradiation in EAC patient samples. In addition, we 
demonstrated that PI3K inhibition can indeed sensitize chemoradiation-resistant 
cell lines. This is in line with several other studies that show high PI3K and low FOXO 
activity is associated with a poor prognosis 58,59 The PI3K-FOXO-AKT pathway has 
previously been linked to compensatory signalling and linked to therapy resistance. 
For example, upon upstream therapeutic pressure, this pathway can become 
activated by overexpression of proteins PI3K and Src or mutations in PTEN, 
maintaining downstream signaling. 60–62 As we observed that of all PI3K inhibitors the 
most broadly targeting LY3023414, targeting both PI3K, mTOR and DNA-PK, could 
sensitize EAC cells best under chemoradiation, this indicates that  compensatory 
signaling of the PI3K-FOXO pathway confers resistance to chemoradiation. As our 
results show an association with poor response and metastatic behaviour, in line 
with other cancer types, PI3K pathway inhibition seems a promising approach or 
therapeutic targeting in EAC patients in the future. 63,64

Biomarkers and subtyping to improve stratification 

One approach that may help treatment decision making, is the identification 
of biomarkers that can predict the response to treatment. Certain genetic and 
epigenetic alterations can influence the response to chemotherapy in esophageal 
cancer. 65–68 Mutations in the TP53 gene have been associated with a poor response 
to chemotherapy, while overexpression of ERCC1 has been linked to resistance 
to platinum-based chemotherapy. 69,70 In gastric cancer, using machine-learning 
techniques in a large set of gastric cancers, a gene biomarker signature was 
predictive for paclitaxel benefit. 71 However, patients and clinicians would be helped 
faster with biomarkers that can easily be applied in the current clinical routines, 
preferably in the form of immunohistochemical markers. In Chapter 3, we identified 
NANOG as a highly predictive biomarker for the response on chemoradiation, 
recurrences and overall survival. Despite the benefits of multi-marker panels, we 
believe single biomarker readouts such as NANOG are still valuable for reasons of 
simplicity, handiness and reproducibility. Since we were able to detect NANOG in 
patient pre-treatment biopsy FFPE slides, with optimization of immunohistochemical 
quantification, NANOG could be easily added in clinical routines along with other 
stainings.

Informatic data-driven approaches to assess cancer biology are continuously. 
With this increasing availability of -omics methods, such as sequencing for 
transcriptomics and genomics analyses, personalized surveillance and treatment 
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strategies will become possible for patients with EAC. 72,73 In Chapter 4, by applying 
in silico deconvolution of RNA-seq data including biopsies, resection specimens, 
metastases and cell lines, we identified two molecular subtypes in EAC. Based 
on the gene expression signatures associated with the two identified subtypes, 
these were called mesenchymal-like (ML) and intestinal-like (IL), analogous to 
similar subtypes identified in gastric adenocarcinoma. We observed that the IL 
subtype is sensitive to RTK inhibitors, while the ML subtype is relatively resistant. 
Additionally, the ML subtype associated in separate cohorts with poor responses 
to systemic therapy and consequently low survival rates. As regulatory factors 
of the mesenchymal subtype we identified HMGA2 and FOSL1, and functional 
pertubations reversed the mesenchymal subtype. However, these factors are hard 
to target by clinical compounds, diminishing their instant relevance for EAC patients. 
Whereas upstream regulators such as the miRNA let-7 might be alternative targets, 
epigenetic alterations might also contribute to the ML subtype, as they also drive 
mesenchymal molecular subtypes in gastric and pancreatic cancer. 74–76 Possibly, 
epigenetic readers and writers are involved which have been previously effectively 
targeted, holding promise for targeting the ML subtype of EAC. 77,78 Our finding that 
the fraction of ML subtype EAC cases strongly increases following neoadjuvant 
chemoradiation treatment aligns with previous observations of rapidly occurring 
mesenchymal cell states in response to therapeutic pressure. 79,80 Although our 
results are preliminary, further validation in clinical practice could set the stage for 
personalized medicine strategies in EAC patients.

Therapy resistance by metabolic rewiring 

Cancer cells utilize metabolic pathways that differ from those used by normal 
tissue. 81,82 Typically, cancer cells rely on aerobic glycolysis, rather than oxidative 
phosphorylation, to generate ATP from glucose. However, recent research suggests 
that cancer cells possess a metabolic flexibility that impacts all aspects of cellular 
metabolism. 83 Despite the growing evidence indicating that cancer metabolism 
plays a role in drug resistance, there is little knowledge on the metabolic mechanisms 
underlying resistance to neoadjuvant chemoradiotherapy in esophageal cancer. In 
Chapter 7, we assessed metabolic changes that occurred during nCRT in EAC 
and identified an upregulation of mitochondrial gene expression and associated 
oxidative phosphorylation. Targeting this mitochondrial biogenesis response using 
pharmacological and genetic methods rendered patient-derived EAC models, 
including organoids and CDX models more sensitive to (chemo)radiation. In line 
with our study, chemoresistance has been found to also associate with increased 
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mitochondrial respiration in multiple cancer types. 84–86 We observed the most 
effective synergistic effect of ESRRA inhibition when combined with radiotherapy 
alone, particularly in radiation-insensitive cells. This finding suggests the potential 
of using ESRRA inhibitors to enhance the efficacy of radiation in neoadjuvant 
treatment of EAC and possibly other cancer treatments dependent on radiation 
therapy. As radiation rather than chemoradiation resulted in a synergistic effect, 
omitting chemotherapy for EAC could be envisioned. The focused treatment with 
lower systemic toxicity that this combination offers makes it an attractive option 
for clinical use. Our study also demonstrated that direct inhibition of oxidative 
phosphorylation, using for instance oligomycin, had a synergistic effect with 
(chemo)radiation indicating that other metabolic inhibitors like Gboxin and IACS-
010759 may be useful to enhance the efficacy of radiation therapy. 87,88 Therefore, 
we propose clinical trials to evaluate the effectiveness of adding a ESRRA targeting 
agent to the conventional chemoradiation regimen or solely radiation therapy in 
EAC. This approach would require accurate patient selection tools, including the 
identification of biomarkers for metabolic rewiring and monitoring patients using 
functional imaging or circulating metabolites. We propose that patients should 
be identified that are most likely to increase oxidative phosphorylation after 
chemoradiation through biomarkers such as measuring COXIV levels in tumor 
tissue or circulating markers. These patients most probable respond to the addition 
of ESRRA inhibitor to the (chemo)radiation regimen.

Concluding remarks and future perspectives 

The results presented in this thesis provide a deeper understanding of the various 
mechanisms of resistance that preclude effective treatment of EAC. Due to these 
various mechanism of resistance, it is challenging to treat EAC patients in a uniformly 
effective manner. We have shown and addressed the need for a comprehensive 
approach to studying the biology of EAC and a personalized approach to treating 
these tumors. This thesis describes novel in vitro and in vivo EAC models, such as 
the PDXs and novel primary and organoid cultures that have allowed us to unravel 
mechanisms of drug resistance and test their targeting. This work will hopefully 
boost the development of new regimens for use in EAC patients. 
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SUMMARY   

Esophageal cancer is a highly aggressive type of cancer and the sixth leading 
cause of cancer-related deaths globally. It is characterized by a poor prognosis and 
merely 20% of patients survive five years after diagnosis. It comprises two distinct 
histological subtypes: esophageal squamous-cell carcinoma (ESC), typically found 
in the upper part of the esophagus, and esophageal adenocarcinoma (EAC), 
which occurs in the lower part near the stomach. Notably, ESC incidence rates 
have declined over the past three decades, whereas EAC rates have progressively 
increased, reaching up to six times higher in Western countries. 

Randomized controlled trials revealed that neoadjuvant chemotherapy or chemo-
radiation therapy offer improved survival outcomes compared to surgery alone. 
The CROSS trial regimen, that showed an improved median overall survival by 24 
months, has become a standard of care for resectable EAC patients. However, 
despite initial reduction of the tumor, most patients will recur. One of the reasons 
for the poor outcome and metastases formation is the development of treatment 
resistance. Various mechanisms of resistance to therapy in esophageal cancer have 
been proposed. The focus of this thesis was to identify resistance mechanisms in 
esophageal tumors and develop the means to overcome these. By using multiple 
esophageal disease models, we unraveled multiple resistance mechanisms induced 
by chemoradiation in esophageal cancer. In addition, we identified factors that can 
be targeted to overcome therapy induced resistance in esophageal cancer.

Between cancer cells and the tumor microenvironment, extensive communication 
takes place. Cancer-associated fibroblasts (CAFs) play a significant role by secreting 
factors that contribute to therapy resistance. In Chapter 2, we report that the tumor 
microenvironment plays a critical role in the development of drug resistance. 
We revealed that CAFs secrete interleukin-6 (IL-6), which drives mesenchymal 
transitions (EMT) and therapy resistance in EAC. We observed that inhibition of 
IL-6 signaling with a neutralizing antibody could reverse stroma-instructed EMT 
and showed that tumor cells expressing mIL6Ra or hIL-6 (to allow IL-6 signaling 
between the mouse host and human tumor cells) had higher tumor takes than grafts 
in which IL6 signaling was not activated. In line with our study, IL-6 has previously 
been linked to tumor invasion and metastatic progression. Given these findings and 
the availability of FDA-approved IL-6–targeting agents, we suggest exploring the 
inclusion of such agents in current treatment regimens.

Mesenchymal plasticity or a high propensity to undergo epithelial-to-mesenchymal 
transition (EMT) has emerged as an important factor in therapy resistance. During 
this transition, epithelial cells obtain a mesenchymal morphology with enhanced 
motility and invasiveness. Mesenchymal plasticity has previously been associated 
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with metastasis and reduced overall survival. In Chapter 3, we observed a 
heterogeneity for the propensity of mesenchymal plasticity in esophageal cancer, 
using a panel of 12 esophageal cell lines. Additionally, using a set of 78 EAC gene 
expression-profiled patient biopsies and Ridge regression analysis, we identified 
pluripotency factors NANOG and OCT4 as drivers of mesenchymal plasticity in 
EAC. We also found that NANOG was highly predictive for overall survival after 
chemoradiation. Our data postulate that CSC properties could function as a driver 
of mesenchymal transition rather than a consequence. We suggest that future 
research should focus on the validation of the causative relation between CSC 
properties and mesenchymal plasticity in esophageal cancer.    .

In Chapter 4, by applying in silico deconvolution of RNA-seq data including biopsies, 
resection specimens, metastases, and cell lines, we identified two molecular 
subtypes in EAC. Based on the gene expression signatures associated with the two 
identified subtypes, these were called mesenchymal-like (ML) and intestinal-like (IL). 
We observed that the IL subtype is sensitive to RTK inhibitors, while the ML subtype 
is relatively resistant to most therapies. Additionally, the ML subtype associated 
in separate cohorts with poor responses to systemic therapy and consequently 
low survival rates. We identified HMGA2 and FOSL1A as regulatory factors of the 
mesenchymal subtype, and functional perturbations reversed the mesenchymal 
phenotype. Although our results are preliminary, further validation in clinical studies 
could set the stage for personalized medicine strategies in EAC patients.

Under therapeutic pressure, esophageal cancer cells can acquire specific 
mutations or reactivate suppressed signaling pathways, leading to the development 
of resistance and evading the effects of the treatment. In Chapter 5 of this thesis, we 
presented evidence indicating that hyperactivation of the PI3K-FOXO pathway in 
samples from patients with EAC is associated with a poor response to neoadjuvant 
chemoradiation. Furthermore, we demonstrated that inhibiting PI3K can sensitize 
cell lines that were originally resistant to chemoradiation. These findings align with 
previous studies highlighting the correlation between high PI3K activity, low FOXO 
activity, and an unfavorable prognosis. Considering the association with poor 
treatment response and metastatic behavior in our results, consistent with findings 
in other cancer types, inhibiting the PI3K pathway appears to be a promising 
therapeutic strategy for targeting EAC patients in the future.

To properly address the mechanisms that explain therapy resistance in 
esophageal cancer, adequate experimental disease models are required. The 
use of chemoradiation therapy for treating curative esophageal cancer patients 
poses challenges in replicating these conditions in immunodeficient mice (which 
are typically highly radiosensitive), thereby limiting research possibilities in vivo. 



245

A

Acknowledging this limitation, in Chapter 6 we describe a protocol to locally 
administer radiation to xenografted tumors in immunodeficient mice. This approach 
allows us to simulate radiation-based treatments and investigate interventions 
targeting resistance mechanisms in vivo. 

Cancer cells utilize metabolic pathways that differ from those used by normal 
tissue. Typically, cancer cells rely on aerobic glycolysis, rather than oxidative 
phosphorylation, to generate ATP from glucose. However, recent research suggests 
that cancer cells possess a metabolic flexibility that impacts all aspects of cellular 
metabolism. In Chapter 7, we assessed metabolic changes that occurred during 
nCRT in EAC and identified an upregulation of mitochondrial gene expression and 
associated oxidative phosphorylation. Targeting this mitochondrial biogenesis 
response using pharmacological and genetic methods rendered patient-derived 
EAC models more sensitive to (chemo)radiation. We observed the most effective 
synergistic effect of ESRRA inhibition when combined with radiotherapy alone, 
particularly in radiation-insensitive cells. This finding suggests a potential for ESRRA 
inhibitors to enhance the efficacy of radiation in neoadjuvant treatment of EAC and 
possibly also other cancer treatments that include radiation therapy. As radiation 
rather than chemoradiation resulted in a synergistic effect, omitting chemotherapy 
for EAC could be envisioned. We propose that patients should be identified that 
are most likely to increase oxidative phosphorylation after chemoradiation through 
biomarkers in tumor tissue or circulating markers. These patients most probably 
respond best to the addition of ESRRA inhibitor to the (chemo)radiation regimen.

The findings presented in this thesis contribute to a deeper understanding of the 
diverse mechanisms of resistance that preclude effective treatment of EAC. Due to 
these various mechanisms of resistance, it is challenging to treat EAC patients in 
a uniformly effective manner. This thesis showcases the development of innovative 
in vitro and in vivo models for EAC, including patient-derived xenografts (PDXs), 
primary cultures, and organoid cultures. These models have enabled us to 
uncover mechanisms of drug resistance and explore strategies to target them. The 
knowledge gained from this work holds the potential to facilitate the development 
of novel treatment regimens for EAC patients, ultimately improving their prospects 
for successful outcome.
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SAMENVATTING  

Slokdarmkanker is een zeer agressieve vorm van kanker en wereldwijd de zesde 
doodsoorzaak door kanker. De prognose is slecht en slechts 20% van de patiënten 
is vijf jaar na de diagnose nog in leven. Slokdarmkanker kent twee verschillende 
histologische subtypes: plaveiselcelcarcinoom (Engelse afkorting; ESC), dat 
doorgaans ontstaat in het bovenste deel van de slokdarm, en adenocarcinoom 
(Engelse afkorting; EAC), dat ontstaat in het onderste deel van de slokdarm in de 
buurt van de maag. De incidentie van ESC is in de afgelopen drie decennia gedaald, 
terwijl de incidentie van EAC geleidelijk is gestegen, tot zes keer zo hoog in Westerse 
landen. Uit klinische studies is gebleken dat neoadjuvante (voor een operatie 
gegeven) chemotherapie of chemoradiatie therapie betere overlevingskansen 
geeft dan een operatie alleen. Het CROSS-studie behandelschema, waardoor de 
mediane overleving met 24 maanden verbeterde door neoadjuvant behandeling, 
is de standaardbehandeling geworden voor EAC patiënten die een operatie 
kunnen ondergaan. Ondanks een initieel veelbelovende respons, krijgt de 
meerderheid van de patiënten echter toch uitzaaiingen. Eén van de redenen 
voor de uitzaaiingen en slechte overleving is de ontwikkeling van resistentie. Er 
zijn verschillende mechanismen van resistentie tegen therapie bij slokdarmkanker 
beschreven in de literatuur, en het doel van dit proefschrift was het identificeren 
van resistentiemechanismen in slokdarmkanker tegen chemoradiatie therapie en 
het ontwikkelen van middelen om deze tegen te gaan. Door gebruik te maken van 
verschillende modellen, ontrafelden we meerdere resistentiemechanismen tegen 
chemoradiatie therapie in slokdarmkanker. Daarnaast vonden we factoren die 
geremd kunnen worden en bijdragen aan het voorkomen of bestrijden van therapie 
resistentie in slokdarmkanker.

Tussen kankercellen en de niet-kankercellen die samen het tumor micromilieu maken 
vindt uitgebreide communicatie plaats. Kankergeassocieerde fibroblasten (CAFs) 
spelen een belangrijke rol, met name door het uitscheiden van factoren die bijdragen 
tot therapieresistentie. In Hoofdstuk 2 laten we zien dat het tumor micromilieu ook 
een cruciale rol speelt bij de ontwikkeling van resistentie tegen chemoradiatie 
therapie. We vonden dat CAFs interleukine-6 (IL-6) maken en uitscheiden, dat 
vervolgens therapieresistentie in EAC kankercellen veroorzaakt. Wij vonden ook 
dat het remmen van IL-6 signalering met een antilichaam deze resistentie kon 
tegengaan. Gezien onze bevindingen en de beschikbaarheid van IL-6 remmers die 
goedgekeurd zijn voor toepassing in patiënten, stellen wij voor te onderzoeken of dit 
soort middelen geschikt zijn om aan huidige behandelingsregimes toe te voegen.

Epitheliale-naar-mesenchymale transitie (EMT) is een belangrijk proces in 
therapieresistentie. Tijdens deze transitie krijgen kankercellen een langgerekte 
morfologie met verhoogde beweeglijkheid en de mogelijkheid om andere weefsels 
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binnen te dringen. Daarnaast zijn deze cellen resistent tegen behandelingen. 
EMT is eerder in verband gebracht met uitzaaiingen en verminderde algehele 
overleving. In Hoofdstuk 3 hebben we gevonden dat EMT niet in alle patiënten met 
dezelfde snelheid geïnduceerd wordt door chemoradiatie therapie. Met behulp van 
12 slokdarmcellijnen, de genexpressie data van 78 biopten, en een geavanceerde 
regressieanalyse identificeerde we de stamcel eiwitten NANOG en OCT4 als de 
belangrijkste factoren die bijdragen aan het vermogen EMT te ondergaan. Ook 
vonden we dat NANOG zeer voorspellend was voor de overleving van patiënten 
na chemoradiatie therapie. Een belangrijke conclusie van de studie is ook dat 
stamceleigenschappen nodig zijn om EMT te kunnen ondergaan, en dat ze er 
niet gevolg van zijn. Wij stellen voor dat toekomstig onderzoek zich zou moeten 
richten op een validatie van, of therapeutische interventie tegen het verband tussen 
stamcel eigenschappen EMT in slokdarmkanker.  

In Hoofdstuk 4 hebben wij door toepassing van bioinformatische deconvolutie 
van genexpressie data uit weefsels van EAC biopten, resectiepreparaten, biopten 
van uitzaaiingen en cellijnen, twee zogeheten moleculaire subtypen gevonden. Op 
basis van de genexpressie in de twee geïdentificeerde subtypen, noemden we deze 
mesenchymaal-achtig (ML) en intestinaal-achtig (IL). We vonden dat het IL-subtype 
gevoelig is voor RTK-remmers zelfs als HER2 niet geamplificeerd was, terwijl het 
ML-subtype relatief resistent is tegen de meeste behandelingen. Bovendien ging het 
ML-subtype in afzonderlijke patiënten cohorten gepaard met een slechte respons 
op therapie en daardoor een slechte overleving. We identificeerden de factoren 
HMGA2 en FOSL1 die het ML subtype reguleerden, en het genetisch remmen van 
deze factoren veranderde ML subtype cellen in het IL subtype. Het selecteren 
van patiënten voor een bepaalde behandeling zou geholpen kunnen worden door 
kennis over het moleculaire subtype van de te behandelen tumor. 

Onder therapeutische druk kunnen slokdarmkankercellen specifieke mutaties 
verwerven of de geremde signaalwegen reactiveren, waardoor resistentie ontstaat 
en de effecten van de behandeling worden omzeild. In Hoofdstuk 5 van dit 
proefschrift vonden we hyperactivatie van de zogeheten PI3K-FOXO signaalweg, 
dat geassocieerd is met een slechte respons op neoadjuvante chemoradiatie 
in EAC patiënten. Daarnaast lieten we zien dat PI3K remming EAC cellijnen die 
oorspronkelijk resistent waren tegen chemoradiatie, opnieuw gevoelig maakte 
voor chemoradiatie. Gezien de associatie met een slechte respons en uitzaaiingen 
in onze studie, en de overeenkomsten met bevindingen bij andere kankertypes, 
lijkt remming van de PI3K-FOXO signaalweg een veelbelovende toekomstige 
therapeutische strategie voor de behandeling van EAC.
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Om de mechanismen van therapieresistentie in EAC goed te kunnen bestuderen, zijn 
adequate experimentele modellen nodig. De muismodellen die nu gebruikt worden 
om EAC in te bestuderen zijn zeer gevoelig voor straling. Daarom kon het effect van 
chemoradiatie therapie op EAC tumoren praktisch niet worden bestudeerd. Om 
deze reden hebben wij in Hoofdstuk 6 een protocol ontwikkeld om lokaal straling 
toe te dienen aan ingespoten tumoren in muizen. Deze aanpak maakt het mogelijk 
om op straling gebaseerde behandelingen van patiënten in muismodellen na te 
bootsen en interventies te onderzoeken.

Kankercellen gebruiken andere stofwisselingsroutes om energie aan te maken 
dan normale cellen. Doorgaans gebruiken kankercellen aërobe glycolyse en niet 
de veel efficiëntere oxidatieve fosforylering om energie te genereren. Recent 
onderzoek suggereert echter dat kankercellen een flexibiliteit bezitten die alle 
aspecten van de stofwisseling (in een cel) beslaat. In Hoofdstuk 7 hebben we de 
veranderingen in stofwisseling tijdens chemoradiatie therapie gemeten en vonden 
verrassend genoeg een verhoging van mitochondriale genexpressie en oxidatieve 
fosforylering. Het remmen van respons met farmacologische (ESRRA remmers) 
en genetische middelen maakte stralingsresistente EAC-modellen weer gevoelig 
voor bestraling. Deze bevinding suggereert dat ESRRA remmers de effectiviteit 
van bestraling kunnen vergroten bij de behandeling van EAC maar ook andere 
kankerbehandelingen die afhankelijk zijn van bestraling. In de toekomst zou het 
weglaten van chemotherapie zelfs kunnen worden overwogen. Wij denken dat 
toekomstige behandelingen gestuurd zouden kunnen worden met behulp van 
biomarkers die aantonen bij welke patiënten de kans op toename van oxidatieve 
fosforylering na chemoradiatie therapie het grootst is. Deze patiënten reageren 
hoogstwaarschijnlijk het best op de toevoeging van een ESRRA remmer.

De bevindingen in dit proefschrift dragen bij aan een beter begrip van resistentie-
mechanismen, die een effectieve behandeling van slokdarmkanker in de weg staan. 
Nieuwe modellen stelden ons in staat resistentiemechanismen tegen chemoradiatie 
therapie te ontdekken en strategieën te verkennen om deze aan te pakken. De 
opgedane kennis in dit proefschrift draagt bij aan de ontwikkeling van betere 
behandelingen voor slokdarmkankerpatiënten.
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samen gedaan in het begin van mijn PhD, maar wat had ik graag nog langer samen 
met jou gewerkt. Jouw efficiëntie en vermogen om alles simpel te laten lijken in 
combinatie met een vol privéleven vond ik direct inspirerend. Aafke, álles leek 
tegen te zitten bij het FOXO stuk, niets ging zoals we hoopten. Maar hier zijn we 
dan: die publicatie is goed gekomen, heb jij twee prachtige dochters en zijn we 
allebei ons boekje aan het afronden. Sandor: ik zal onze eerste ELISA samen nooit 
vergeten, maar ook je bruisende karakter. Dat je nog je hele leven bubbels mag 
drinken, gekleed in Sandor-blauw in jullie mooie tuinhuis. Madelaine, jij was samen 
met Sandor mijn eerste kamergenoot, bedankt voor je pro qPCR trucs en ik gun 
je het allerbeste. Joyce, jouw kennis van signaling pathways kon alleen Jan Paul 
evenaren, of misschien wel niemand. Sanne N, heel veel respect voor jouw harde 
werk en fantastisch om te zien hoe jij afgelopen jaren bent opgebloeid tot de vrouw 
die hoe dan ook haar eigen lab gaat leiden. Maar dan wel met roze handschoenen.

Laura, Valerie and Patricia: Together we were the LEXOR-babies, representing 
the new generation. The first two years were crazy, thank you for the retreats where 
certain people turned into cats, danced in pyjamas and and woke up in bathtubs, 
for the vrijmibo karaoke borrels, fiesta macumba parties, and your patience with 
everything. Laura, if you are as strict and crystal clear as personal trainer as you 
are if someone broke something in the lab, you will be the best personal trainer ever. 
Valerie, je bent een schat en ik hoop dat jullie droom snel werkelijkheid wordt om 
naar New York te verhuizen. Patricia, it's great to see you are completely home in 
the Netherlands, got another job and are getting married. I guess we can say it is 
time for the next LEXOR-baby generation. 

Mark, Sanne en Tom: De eetclub, Roomies van T1.0-228. Door Covid veranderden 
veel dingen maar ons fijn kantoor met z’n vieren en eetclub bij elkaar thuis maakte 
het helemaal geen straf. Mark, Dings, Dinges, met jou heb ik zeker weten de meeste 
tijd besteed in mijn hele PhD. We zijn heel verschillend maar vaak werkte dat juist 
goed. Experimenten bedenken, kloneren en Single Cell Sequencing protocollen 
uittesten tot je een ons weegt, studenten interviewen en begeleiden, geaccepteerde 
papers vieren met champagne en dikke lol als werktijden over waren, waaronder 
betonnen deep dish pizza weg proberen te werken in Chicago. Je bent een geboren 
wetenschapper en ik geloof dat je het enorm goed zult doen als je besluit om in 
de academie te blijven. Maar wat je ook gaat doen, ik weet zeker dat jij het ver 
gaat schoppen. Sanne B, jouw snelle denkwijze samen met jouw grondige aanpak 
kan bergen verzetten. In de laatste paar jaar gingen wij pas meer samenwerken, 
waar onze muizenliefde, ARIA-irritaties en illustrator perfectionisme samenkwamen. 
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We hebben samen de Dam-tot-Dam en halve marathon gelopen en Darm-to-Darm 
gefietst, maar een hele marathon is toch een heel ander kaliber hoor, mega veel 
respect. Niet meer dan logisch dat je bent aangenomen voor de opleiding, ik weet 
zeker dat het je goed af zal gaan. Tom, Tommie, the golden boy. Hoe rustig en 
bedachtzaam jij alles aanpakt is heerlijk om te zien, niets brengt jou van je stuk. Dat 
je ons langzaam heb ingeruild voor de VUmc-gang zullen we je vergeven, want als 
je er bent luister jij altijd met volle aandacht naar iedereen, iets wat je ongetwijfeld 
een fantastische arts maakt. Heel veel succes met alles wat je gaat doen.

Paul, Paultje, it was so nice when you came into the lab. I already miss your geeky 
meme jokes and our philosophical conversations about life on a Friday night in the 
cell culture lab. It is great to see you flourish and finding your way. Please stay your 
humble, funny, open minded self and I wish you all the best. Linde, onze gezamenlijke 
kattenliefde bracht gelijk een band en ik denk dat onze app voornamelijk bestaat 
uit Stoffer, Blik, Osmo of onze onderkinnen. Uitgaan kunnen wij als de beste samen, 
maar helaas weigerden experimenten interessante dingen te laten zien waardoor 
ons geplande gezamenlijke artikel helaas een stille dood is gestorven. We zien 
elkaar vast en zeker nog op feestjes. Benthe, het voelt als gisteren dat jij begon en 
vragen had over je eerste ADAM12 ELISA, maar vorige week ben je alweer moeder 
geworden. Heel veel geluk en succes met alles wat je gaat doen. Dajia, thank you 
for all the times you saved me by helping out with the daily chemoraditaion regimen. 
Monique, heerlijk jouw nuchtere houding waardoor alles luchtiger wordt. Andrea, 
I love your passion for science in combination with your cool, artistic vibe. When 
you said “plot twist” I really had to laugh, but I'm sure you’ll do great. Cesar, thank 
you for our great conversations about the Dutch and Latin-American culture, I think 
I will always stay in between. Dionne, mijn Darm-to-Darm fietstocht maatje! Laten 
we voor altijd onthouden: We Esopha-got this. Marjolein, bedankt voor wel een 
ruggengraat hebben in de ochtend en de constante factor te zijn vóór 9 uur. Job, 
laat jouw heerlijke “Noordelingse” houding nooit veranderen. 

David, Prashanthi, Robin, Nesrin, Alex, Larry, Paris, Simone, Arezo, Ciro, 
Nicholas, Sophie, Kristiaan, Leandro, Daniel, Ronja, Sanne H, Tom, Felipe, Rana, 
Selami, Tim, Milou, Sinejan, Chiara, Jasmijn, Oscar, Job, Pascale, Charlotte, 
Lauri, Jan, Danny, Richard, Roxan, Marloes, Karin, Mei, Arlene, Cansu, Etienne 
en Leonie, als oude en nieuwe gezichten van LEXOR, heel veel dank voor de 
fijne tijd. Paris, mijn IL-6 buddy in het lab en schilderende creatieveling. Laten we 
de wereld overtuigen dat wetenschap en kunst heel goed samen gaan. Sophie, 
bedankt voor de goede werkdiscussies, retreat avonden en gesprekken over het 
leven tijdens de cell culture. Jasmijn, onze nachtfietsrit waar we op kop fietsten en 
iedereen probeerden mee te krijgen met het harder zingen van “Brabant” maakte de 
Darm-to-Darm. Jan, Danny en Richard, ontzettend bedankt voor jullie hulp met de 
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RNA-sequencing. Cansu, oh and íf we hated the G2-112 incubator when fungus hit 
the flask, due to this monstrosity. Luckily this didn’t hold you back from finishing your 
PhD with flair. Etienne, waar jij gaat is het feestje en jouw activisme is inspirerend. 
Ik reken op jouw promotie volgend jaar! Leonietje, we were colleagues, became 
roommates in Amsterdam and are now friends. I love your no-nonsense attitude and 
feeling for aesthetics, admire your dedication when you put your mind to something 
but especially your ability to use the height of a room utterly efficient. 

Cynthia, Joan, Saskia, Kate, Veerle, Gregor, Lisanne, Nina, Khalid en Hans 
zonder jullie zou het lab niet draaien. Cynthia, the ELISA queen en mijn standaard 
hulp met alle immunnohistochemie kleuringen en muizenproeven. Heel veel geluk 
bij je nieuwe baan. Kate, you convinced me that if you think young, you'll stay 
young. Nina, als het te rustig dreigde te worden op G2 bracht jouw hilarische 
karakter altijd weer reuring in de tent. Lisanne, bedankt voor je positieve instelling 
en bereidheid om altijd te helpen als je kon. Hans, dank voor al je technische hulp 
met radiatiemachines en de zoveelste incubator die uitgegast moest worden.

Ook ontzettend bedankt aan alles CEMMIES, met in het bijzonder Monique J, zonder 
jou zouden sommige pakketjes nu nog in het magazijn liggen. Hella, bedankt voor 
je uitleg en het toestaan om jullie Thermomixer te stelen. Stijn, jij begon een paar 
maanden eerder dan ik en was altijd de stabiele factor bij CEMM, bedankt voor de 
labdag in bananenpak en je hulp bij mijn specifieke vragen. Ivan, thank you for 
everything. Marieke, niemand is sneller of beter dan jij bij de muizen. Ik hoop dat je 
droom om ooit naar Scandinavië te verhuizen uitkomt.

Reimer, jij was mijn eerste student en zonder jouw hulp met BIOES weefsel snijden 
en RNA-isolaties zouden we nu nog bezig zijn. Tim, Tatum, Maroeska en Hannah, 
jullie toomloze inzet en energie hebben alles stuk leuker gemaakt. Tatum, ik weet 
niet of ik ooit nog iemand ga tegenkomen die zo enthousiast is over mitochondriën 
en mijn zinnen zó goed kan afmaken. Hannah, jouw altijd vrolijke karakter dat 
zich niet omdraaide voor mijn belachelijke verzoeken om tien constructen in acht 
verschillende cellijnen te maken was geweldig en ben ik je enorm dankbaar voor. 

Meiden van M&M (Fleur, Kirsten, Nacho, Lieke, Joyce, Jessica, Sanne, Nixx, 
Maartje, Lisa, Brit, Elisa en alle huMMels), geweldig om te zien hoe jullie het stokje 
overnamen en M&M is uitgegroeid tot een dispuut wat nog jaren blijft bestaan. 
Bedankt voor jullie verhalen uit het Leidse studentenleven terwijl wij het burgerlijke 
werkleven begonnen. Jorinde, Yvonne, Debbie, Sanne, Jitske en Eveline: we 
zeiden het nog zó tijdens onze studie BW. Wij gaan géén PhD doen, niets voor ons. 
Uiteindelijk moesten zes van de zeven er toch aan geloven. Heerlijk om samen met 
jullie te klagen over alle ergernissen van een PhD en afgelopen jaren onze levens te 
zien veranderen. Ik ben benieuwd waar we hierna allemaal terechtkomen. 
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Eef, je bent een schat. Behalve dat je me opzadelt met je vrijgezellen en ceremonie-
meesterschap tijdens het afronden van mijn boekje. Toen je ook besloot het PhD 
leven in te stappen stond natuurlijk direct vast dat je mijn paranimf moest worden. 
Esmee, ik vind het bevrijdend hoe open jij tegen het leven aankijkt. Bedankt voor je 
andere inzichten en goede gesprekken. Renee, bij ons gaat alles in de versnelling 
en worden we omgedoopt tot “komisch duo”. We gaan door dezelfde levensfases, 
hypen elkaar op en kunnen altijd op elkaar rekenen, dat waardeer ik enorm. 
Pauline, Bodil, Linda en Kim; elkaar zo lang kennen in een hechte vriendschap 
blijft bijzonder. Of het nu lange avonden tafelen met goede gesprekken, borrels, 
festivals of citytrips zijn of de slappe lach krijgen om oude dansfilmpjes van vroeger, 
jullie zorgden er altijd weer voor om werk in perspectief te plaatsen. Opdat we nog 
steeds samen lachen en herinneringen maken als oude verlepte omaatjes.  

Lieve schoonfamilie, Margreet, Arjan, Renate, Luuk, Gijs en Anouk, bedankt dat 
jullie me vanaf dag één ontvingen als een warm bad. Altijd als ik bij jullie kom voel 
ik me enorm welkom. 

Als laatste wil ik mijn familie bedanken. Max en Elena, bedankt voor jullie nuchterheid 
om de randstad gewoontes in perspectief te plaatsen. En ook al mag ik straks de 
de titel doctor dragen, heb ik allang geaccepteerd dat ik mijn leven lang "kleintje" 
blijf heten. Pap en Sandra, de mix van talen die wij spreken valt me zelf niet eens 
meer op maar is zeker bijzonder. Bedankt voor de herinneringen in Brazilië en dat 
de deur altijd open staat. Sophie, bedankt voor je puurheid en ik hoop dat ik jou 
hiermee inspireer om altijd vragen te blijven stellen. Mam, door jou weet ik wat 
onvoorwaardelijke liefde is. Het had jou niet uitgemaakt wat ik deed, als ik er maar 
gelukkig van word. Dit kan iedereen zeggen maar ik weet dat jij dit in elke cel van 
je lichaam meent, en dat geeft vrijheid. Bedankt voor alles.

Lieve Koos, toen ik jou ontmoette viel alles op zijn plek. Jij voelt als thuiskomen. 
Bedankt voor altijd enthousiast reageren op mijn plannen, me een spiegel voor 
houden als het nodig is en me dagelijks aan het lachen maken. Tegelijkertijd een 
PhD afmaken blijkt een pittige opgave, maar we zijn er bijna! Ik kan niet wachten 
om aan onze volgende avonturen te beginnen. 


