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1
inTroDuCTion

Esophageal cancer is the sixth most common cancer related death worldwide. Unfortu-
nately, it is still a cancer type with a dismal prognosis, although some progress has been 
made in its treatment in the last 10-20 years. (1) Esophageal cancer is more common in 
males than females (male:female ratio 2.4:1) (2) It can be divided into two histological 
subtypes: esophageal adenocarcinoma (EAC) and esophageal squamous cell carcinoma 
(ESSC). While ESCC is known to be associated with risk factors such as smoking, use of 
alcohol and consumption of hot drinks, it is well established that EAC develops from a 
premalignant condition named Barrett’s esophagus (BE). (3)

BE was first described by Norman Barrett in 1950 in the British Journal of Surgery. 
Barrett reported the presence of gastric and esophageal ulcers in the esophagus. (4) 
Later, he described the presence of columnar-type cells in these lesions. (5) Nowadays, 
BE is defined as a metaplastic mucosa where the normal squamous epithelium (SQ) in 
the esophagus is replaced by columnar lined epithelium containing goblet cells, i.e. 
intestinal metaplasia. (3) It is well established that Barrett’s esophagus is the result of 
longstanding gastroesophageal reflux disease (GERD). Apparently the refluxate induces 
the metaplasia that is seen in the distal esophagus. Less well defined are the molecular 
events that accompany this metaplastic change and particularly the ones leading to 
neoplasia.

During the past decades, even after adjustment for the increase in the number of up-
per gastrointestinal (GI) endoscopies, the incidence of BE and EAC has rapidly increased 
in the Western world. (6) It is estimated that BE affects 1,6 % of the adult population, 
with alcohol and smoking as independent risk factors for BE. (7) In patients in whom BE 
is detected, the risk of developing EAC is 3-fold higher compared to the general popula-
tion. However, the annual risk for developing EAC in BE patients is still low and estimated 
at 0.1-0.5/year. (8,9)

ParT 1 ThE DEvEloPmEnT of BE anD EaC

Signaling pathways in the development of BE and EAC

Numerous signaling pathways are involved in the development of BE and EAC. Most 
often, these signaling pathways play an important role during the embryonic process, 
but are de-activated during the emergence of SQ. Active Hedgehog (Hh) signaling, for 
example, characterizes the development of intestinal columnar epithelium in de em-
bryonic esophagus, while during further development of the embryo, SQ arises when 
Hh-signaling is deactivated. (10) It is thought that chronic inflammation, caused by the 
acid and bile refluxate in the distal esophagus, initiates the metaplastic process leading 
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to BE. The Hh pathway is reactivated and induces the expression of bone morphogenetic 
protein (BMP) 4, which activates the BMP4 pathway (11)

BMP4 is one of the BMPs and belongs to the transforming growth factor (TGF)-β family. 
BMPs are important proteins that are essential for bone formation, neural and skeletal 
patterning and organogenesis. (12) In the early phase of GERD and reflux esophagitis, 
the BMP4 pathway is reactivated and has been shown to induce the expression of genes 
associated with columnar type epithelium. (13) Together with CDX2, a transcription fac-
tor, intestinal differentiation occurs. (14) In addition to the Hh- and the BMP4-pathway, 
other signaling pathways, such as WNT, Notch and retinoic acid (RA) are important 
during the development of BE and despite the currently available knowledge of the 
transition from SQ to BE, further studies are needed to clarify how different signaling 
pathways work together in the process of intestinalization. Even less is known about the 
role each of these pathways play in de development from BE to EAC.

Aberrantly expressed (circulating) microRNAs in BE and EAC

MicroRNAs (miRNAs) were first described in 1993 (15) and in 2001 they received their 
current nomenclature. miRNAs are small non-coding RNA molecules of 20-24 nucleo-
tides long that are expressed in tissues and body fluids. They regulate the expression of 
target genes by binding to the corresponding mRNA, leading to the inhibition of protein 
transcription. After their discovery, the miRNA research field has been rapidly evolving. 
Profiling studies have been performed to identify aberrantly expressed tissue miRNAs 
in the SQ-BE-EAC sequence. For example, miRNA-203, -205 and let-7 are downregulated 
while miRNA-21, -192 and -196 are upregulated during the carcinogenic process to 
EAC. (16,17) However, knowledge regarding the function of these aberrantly expressed 
miRNAs in BE and EAC is limited. Recently, the effect of miRNA-145 was evaluated. Over-
expression of miRNA-145 in a human Barrett’s esophagus cell line (BAR-T) decreased 
cell proliferation. In addition, it was found that BMP4 could induce the expression of 
miRNA-145 and after overexpression of miRNA-145 downregulation of GATA6 has been 
reported. (18) GATA6 is a transcription factor involved in intestinal development and 
acts as an oncogene in various gastrointestinal cancers. (19) It is therefore clear that 
miRNAs can play important roles in the development of BE and EAC, but further research 
is needed to explore the mechanistic roles of aberrantly expressed miRNAs in BE and 
EAC.

In addition to tissue specific miRNAs, the presence of circulating miRNAs has been 
reported in plasma, urine, cerebrospinal and amniotic fluids. (20-22) Circulating miRNAs 
are highly stable and resistant to RNase activity making them interesting biomarkers for 
the detection of disease. (23) Unique circulating miRNA profiles have been identified for 
example in cardiovascular disease (24), diabetes mellitus (25) and colorectal cancer (26). 
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Unfortunately, no profiling studies focusing on circulating miRNAs have been performed 
in BE or EAC patients.

ParT 2. survEillanCE of PaTiEnTs wiTh BarrETT’s EsoPhagus

The transformation from BE to EAC develops in a stepwise fashion as it progresses from 
BE with no dysplasia (ND), to low-grade dysplasia (LGD) and high-grade dysplasia (HGD), 
and ultimately early-stage or invasive carcinoma. (27,28) After the detection of nondys-
plasic BE, it may take 4 to 5 years or more to develop EAC. (8) This provides a window 
that enables early detection of precursor lesions and therefore guidelines recommend 
endoscopic surveillance in patients with BE. The frequency of surveillance is dependent 
of the presence or absence of dysplasia. For patients with ND surveillance has been pro-
posed to be limited to endoscopic inspection and biopsy taking once every 3 years or 
even 5 years if dysplasia remains absent, while for patients with LGD yearly surveillance 
is recommended although nowadays increasingly ablative therapy is considered. For 
patients with HGD or early EAC, removal of the neoplastic lesion is recommended, either 
endoscopically (if limited to the mucosa) or by surgery (if the tumor is extending into 
the submucosa). (29,30)

When microscopic abnormalities are observed, but pathologists are unsure whether 
they can make a diagnosis of dysplasia or not, the term ‘indefinite for dysplasia (IND)’ is 
used. This may be due to inflammation inducing changes similar to dysplasia or when 
dysplasia is restricted to the basal crypts but maturation towards the luminal surface is 
still present. The term IND is also used when pathologists are unable to evaluate surface 
maturation due to technical errors or disorientation of the tissue. In clinical practice, 
patients with IND are usually managed as patients with LGD and will undergo repeated 
endoscopy within 6 (30)-12 months (29), after starting or increasing the dose of acid 
suppression therapy. However, the management of these patients is based on limited 
available evidence that comes from studies with small sample sizes.

As mentioned earlier, when LGD is detected in BE biopsies, the frequency of surveil-
lance is intensified. This is due to the fact that the risk of malignant progression increases 
from 0.4-0.5 per 100 person years (ND) to 1.1-1.3 per 100 person years (LGD). (9,31) Re-
cently, studies have reported that patients with LGD benefit from endoscopic treatment 
with radiofrequency ablation (RFA). (32,33) The risk of developing HGD or EAC is reduced 
after RFA treatment. However, RFA is also associated with some complications, particu-
larly stricture formation is reported in 7-12% of patients, which often can be treated with 
endoscopic dilation. (32,34)

It is important to stress that a proportion of patient diagnosed with LGD have no 
dysplasia detected during follow-up. (32) This may be due to sampling error or a high in-
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terobserver variability, which is a known problem in LGD. In order to select the subgroup 
of patients with LGD that really will benefit from endoscopic treatment or intensified 
endoscopic follow-up, further risk stratification is needed.

aim anD ouTlinE of This ThEsis

As more studies are needed to gain detailed insight in the pathologic processes during 
the transition from SQ epithelium to BE and EAC, the first aim of this thesis is to address 
the functional effect of aberrantly expressed proteins and non-coding RNA molecules 
and to explore if there are differences in circulating miRNAs between groups of patients 
with BE (Part 1). In addition, to optimize current surveillance and treatment strategies, 
the second aim of this thesis is to evaluate in detail the risk of malignant progression in 
different histological groups of BE patients (Part 2).

Part 1

In Chapter 2 we address the effect of aberrant BMP4 signaling in the pathogenesis of EAC 
using in vitro cell culture experiments. Chapter 3 summarizes current knowledge of the 
function of differently expressed miRNAs in esophageal cancer. MiRNAs play important 
regulatory roles in cancer development and we describe various ways for developing 
new treatment modalities. In Chapter 4 we focus on miRNA-203. MiRNA-203 is known to 
be downregulated in BE and EAC compared to SQ and we therefore evaluate the role of 
miRNA-203 in the development of BE. In Chapter 5, the focus shifts from tissue specific 
miRNAs to circulating miRNAs. We explore if there are differences in circulating miRNAs 
between healthy controls, patients with BE and EAC, which is the first step in order to 
evaluate if circulating miRNAs could be used as biomarker. In Chapter 6 we explore if 
circulating miRNAs can be used to identify patients at risk for malignant progression. We 
describe miRNA expression profiles in patients with long- and short- segment BE, as pa-
tients with long-segment BE are known to be at a higher risk for malignant progression.

Part 2

In Chapter 7, we describe the risk of malignant progression in BE patients diagnosed 
with IND in order to tailor surveillance protocols as current available progression rates 
for IND are only based on small (sub)cohort analyses. In Chapter 8, we evaluate the 
interobserver variability in the diagnosis of IND in BE as interobser variability is a well-
known problem in other histological categories of BE. In addition, we evaluate the use of 
P53 immunohistochemistry in patients with IND to identify patients at risk of malignant 
progression. In Chapter 9 we shift from IND to LGD and report on the effect of persistent 
LGD (LGD in repeated biopsy samples) on the risk of malignant progression, in order to 
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1
identify a subgroup of LGD patients that could benefit from endoscopic treatment or 
intensified endoscopic follow-up.

Part 3

Last, the significance of the results of this thesis are discussed in Chapter 10, and, in 
addition, the main findings are summarized in Chapter 11. 



16 Chapter 1

rEfErEnCEs

 1. Ferlay J, Shin HR, Bray F, et al. Estimates of worldwide burden of cancer in 2008: GLOBOCAN 2008. 
Int J Cancer 2010;127(12):2893-2917.

 2. Spechler SJ. Barrett esophagus and risk of esophageal cancer: a clinical review. JAMA 
2013;310(6):627-636.

 3. Haggitt RC. Barrett’s esophagus, dysplasia, and adenocarcinoma. Hum Pathol 1994 Oct;25(10):982-
993.

 4. Barrett NR. Chronic peptic ulcer of the oesophagus and ‘oesophagitis’. Br J Surg 1950;38(150):175-
182.

 5. Barrett NR. The lower esophagus lined by columnar epithelium. Surgery 1957;41:881-894.
 6. van Soest EM, Dieleman JP, Siersema PD, et al. Increasing incidence of Barrett’s oesophagus in the 

general population. Gut 2005;54(8):1062-1066.
 7. Ronkainen J, Aro P, Storskrubb T, et al. Prevalence of Barrett’s esophagus in the general popula-

tion: an endoscopic study. Gastroenterology 2005;129(6):1825-1831.
 8. Hvid-Jensen F, Pedersen L, Drewes AM, et al. Incidence of adenocarcinoma among patients with 

Barrett’s esophagus. N Engl J Med 2011;365(15):1375-1383.
 9. de Jonge PJ, van Blankenstein M, Looman CW, et al. Risk of malignant progression in patients with 

Barrett’s oesophagus: a Dutch nationwide cohort study. Gut 2010;59(8):1030-1036.
 10. Krishnadath KK, Wang KK. Molecular pathogenesis of Barrett esophagus: current evidence. Gas-

troenterol Clin North Am 2015;44(2):233-247.
 11. Wang DH, Clemons NJ, Miyashita T, et al. Aberrant epithelial-mesenchymal Hedgehog signaling 

characterizes Barrett’s metaplasia. Gastroenterology 2010;138(5):1810-1822.
 12. Kallioniemi A. Bone morphogenetic protein 4-a fascinating regulator of cancer cell behavior. 

Cancer Genet 2012;205(6):267-277.
 13. Milano F, van Baal JW, Buttar NS, et al. Bone morphogenetic protein 4 expressed in esophagitis in-

duces a columnar phenotype in esophageal squamous cells. Gastroenterology 2007;132(7):2412-
2421.

 14. Mari L, Milano F, Parikh K, et al. A pSMAD/CDX2 complex is essential for the intestinalization of 
epithelial metaplasia. Cell Rep 2014;7(4):1197-1210.

 15. Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4 encodes small RNAs with 
antisense complementarity to lin-14. Cell 1993;75(5):843-854.

 16. Amin M, Lam AK. Current perspectives of mi-RNA in oesophageal adenocarcinoma: Roles in 
predicting carcinogenesis, progression and values in clinical management. Exp Mol Pathol 2015 
Mar 4.

 17. Sakai NS, Samia-Aly E, Barbera M, et al. A review of the current understanding and clinical utility 
of miRNAs in esophageal cancer. Semin Cancer Biol 2013;23(6 Pt B):512-521.

 18. van Baal JW, Verbeek RE, Bus P, et al. microRNA-145 in Barrett’s oesophagus: regulating BMP4 
signalling via GATA6. Gut 2013;62(5):664-675.

 19. Pavlov K, Honing J, Meijer C, et al. GATA6 expression in Barrett’s oesophagus and oesophageal 
adenocarcinoma. Dig Liver Dis 2015;47(1):73-80.

 20. Cogswell JP, Ward J, Taylor IA, et al. Identification of miRNA changes in Alzheimer’s disease 
brain and CSF yields putative biomarkers and insights into disease pathways. J Alzheimers Dis 
2008;14(1):27-41.

 21. Weber JA, Baxter DH, Zhang S, et al. The microRNA spectrum in 12 body fluids. Clin Chem 
2010;56(11):1733-1741.



Introduction 17

1
 22. Wang Q, Huang Z, Ni S, et al. Plasma miR-601 and miR-760 are novel biomarkers for the early 

detection of colorectal cancer. PLoS One 2012;7(9):e44398.
 23. Mitchell PS, Parkin RK, Kroh EM, et al. Circulating microRNAs as stable blood-based markers for 

cancer detection. Proc Natl Acad Sci U S A 2008;105(30):10513-10518.
 24. Li X, Yang Y, Wang L, et al. Plasma miR-122 and miR-3149 Potentially Novel Biomarkers for Acute 

Coronary Syndrome. PLoS One 2015;10(5):e0125430.
 25. Rong Y, Bao W, Shan Z, et al. Increased microRNA-146a levels in plasma of patients with newly 

diagnosed type 2 diabetes mellitus. PLoS One 2013;8(9):e73272.
 26. Ng EK, Chong WW, Jin H, et al. Differential expression of microRNAs in plasma of patients with 

colorectal cancer: a potential marker for colorectal cancer screening. Gut 2009;58(10):1375-1381.
 27. Schlemper RJ, Riddell RH, Kato Y, et al. The Vienna classification of gastrointestinal epithelial 

neoplasia. Gut 2000;47(2):251-255.
 28. Dixon MF. Gastrointestinal epithelial neoplasia: Vienna revisited. Gut 2002;51(1):130-131.
 29. Bennett C, Moayyedi P, Corley DA, et al. BOB CAT: a Large-Scale Review and Delphi Consensus for 

Management of Barrett’s Esophagus With No Dysplasia, Indefinite for, or Low-Grade Dysplasia. 
Am J Gastroenterol 2015;110(5):662-82; quiz 683.

 30. Fitzgerald RC, di Pietro M, Ragunath K, et al. British Society of Gastroenterology guidelines on the 
diagnosis and management of Barrett’s oesophagus. Gut 2014;63(1):7-42.

 31. Wani S, Falk GW, Post J, et al. Risk factors for progression of low-grade dysplasia in patients with 
Barrett’s esophagus. Gastroenterology 2011;141(4):1179-86, 1186.e1.

 32. Phoa KN, van Vilsteren FG, Weusten BL, et al. Radiofrequency ablation vs endoscopic surveillance 
for patients with Barrett esophagus and low-grade dysplasia: a randomized clinical trial. JAMA 
2014;311(12):1209-1217.

 33. Small AJ, Araujo JL, Leggett CL, et al. Radiofrequency Ablation Is Associated With Decreased 
Neoplastic Progression in Patients With Barrett’s Esophagus and Confirmed Low-Grade Dysplasia. 
Gastroenterology 2015;149(3):567-76.e3; quiz e13-4.

 34. Shaheen NJ, Sharma P, Overholt BF, Wolfsen HC, Sampliner RE, Wang KK, et al. Radiofrequency 
ablation in Barrett’s esophagus with dysplasia. N Engl J Med 2009 May 28;360(22):2277-2288.





 Part 1 

Pathogenesis





 Chapter 2

BMP4 signaling is able 
to induce an epithelial-
mesenchymal transition-
like phenotype in 
Barrett’s esophagus 
and esophageal 
adenocarcinoma through 
induction of SNAIL2
C. Kestens, P. D. Siersema, G. J. A. Off erhaus, J.W.P.M. van Baal.



22 Chapter 2

aBsTraCT

BaCKgrounD: Bone morphogenetic protein 4 (BMP4) signaling is involved in the 
development of Barrett’s esophagus (BE), a precursor of esophageal adenocarcinoma 
(EAC). In various cancers, BMP4 has been found to induce epithelial-mesenchymal tran-
sition (EMT) but its function in the development of EAC is currently unclear.
aim: To investigate the expression of BMP4 and several members of the BMP4 pathway 
in EAC. Additionally, to determine the effect of BMP4 signaling in a human Barrett’s 
esophagus (BAR-T) and adenocarcinoma (OE33) cell line.
mEThoDs: Expression of BMP4, its downstream target ID2 and members of the BMP4 
pathway were determined by Q-RT-PCR, immunohistochemistry and Western blot 
analysis using biopsy samples from EAC patients. BAR-T and OE33 cells were incubated 
with BMP4 or the BMP4 antagonist, Noggin, and cell viability and migration assays were 
performed. In addition, expression of factors associated with EMT (SNAIL2, CDH1, CDH2 
and Vimentin) was evaluated by Q-RT-PCR and Western blot analysis.
rEsulTs: Compared to squamous epithelium (SQ), BMP4 expression was significantly 
upregulated in EAC and BE. In addition, the expression of ID2 was significantly upregu-
lated in EAC and BE compared to SQ. Western blot analysis confirmed our results, show-
ing an upregulated expression of BMP4 and ID2 in both BE and EAC. In addition, more 
phosphorylation of SMAD1/5/8 was observed. BMP4 incubation inhibited cell viability, 
but induced cell migration in both BAR-T and OE33 cells. Upon BMP4 incubation, SNAIL2 
expression was significantly upregulated in BAR-T and OE33 cells while CDH1 expression 
was significantly downregulated. These results were confirmed by Western blot analysis.
ConClusion: Our results indicate active BMP4 signaling in BE and EAC and suggest 
that this results in an invasive phenotype by inducing an EMT-like response through 
upregulation of SNAIL2 and subsequent downregulation of CDH1.
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inTroDuCTion

Barrett’s esophagus (BE) is a premalignant condition in which the normal squamous 
epithelium (SQ) is replaced by intestinal type of epithelium containing goblet cells.(1) BE 
is a well-known risk factor for the development of esophageal adenocarcinoma (EAC). 
The incidence of EAC is steeply increasing in the Western world (2) and the prognosis 
remains poor with 5-year survival rates of 9% for metastatic and 25% for non-metastatic 
disease. (3) In the past decade many genes with an aberrant expression pattern during 
the development of BE and EAC have been reported. (4-6) However, understanding the 
cellular consequences of altered gene expression is far from complete.

Bone morphogenetic proteins (BMPs) belong to the transforming growth factor β 
family (TGF-β) and have multiple roles in cell proliferation, differentiation and migration. 
The BMP family consists of more than 20 members each having their own BMP-receptor 
affinity and regulating ligands. BMPs bind to transmembrane serine-threonine kinase 
receptors type 1 and 2 and activation of these receptors leads to phosphorylation of 
SMAD1, 5 and 8, which permits binding to SMAD4. This complex translocates to the 
nucleus and regulates gene transcription specific for the BMP pathway. Most of the 
functions of BMPs were thought to take place during embryogenesis, but recent studies 
have shown that they are aberrantly expressed in various malignancies and play a major 
role in cancer development. (7,8)

One of the BMPs, BMP4, is known to have an essential role in the development of BE. 
Milano et al. reported that the BMP4 pathway was activated in inflamed epithelium of 
the esophagus and in BE, in contrast to SQ were no active BMP4 signaling was found. 
(9,10) Zhou et al. reported that after bile and acid exposure, BMP4 expression was up-
regulated in human squamous epithelium cells. (11) Moreover, incubation of squamous 
cell cultures with BMP4 leads to a cytokeratin expression profile resembling that of BE. 
(9) This all suggests that in reflux esophagitis, the BMP4 pathway is activated which 
can lead to an intestinal type epithelium. (12) The molecular mechanism behind this 
metaplasic process is largely unknown; however, recent work of Mari et al. showed that 
binding of CDX2 and pSMAD 1/5/8 to the MUC2 promoter gene leads to the induction of 
MUC2 expression(13), which is one of the most characteristic intestinal markers highly 
expressed in BE. (10)

During the malignant progression from BE to EAC, oncogenes and tumor supressor 
genes are differently expressed leading to acquisition of invasive characteristics and 
eventually to metastasis. In the past, several studies have reported the ability of BMP4 
to induce SNAIL2 expression. (14-20) SNAIL2 is one of the transcription factors regulat-
ing epithelial-mesenchymal transition (EMT). This transdifferentiation process results 
in cellular detachment from the basement membrane and controls cell motility. (21) 
Cells which have undergone EMT will express stromal keratins i.e. Vimentin. In cancer, 
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cells most frequently de-differentiate rather than transdifferentiate showing an EMT like 
response. (22) A limited number of studies have focused on the role of EMT and/or an 
EMT-like response in relation to the malignant progression from BE to EAC. (23-25)

Until now, studies regarding the expression of BMP4 and the effect of BMP4 signaling 
in EAC are limited. We hypothesized that BMP4 could play a role in the progression from 
BE to EAC by inducing an EMT-like response. Therefore, we determined the expression of 
BMP4 and several members of the BMP4 pathway in EAC and investigated the effect of 
BMP4 signaling in a human Barrett’s esophagus (BAR-T) and an esophageal adenocarci-
noma (OE33) cell line.

maTErials anD mEThoDs

Biopsy specimens

Between September 2009 and May 2013, SQ, BE and EAC biopsy specimens were ob-
tained from patients with BE associated EAC. Patient characteristics are shown in Table 
1. Biopsies were collected during routine endoscopy and immediately frozen in liquid 
nitrogen and stored at -80⁰C. Pairwise-taken control biopsies were obtained to confirm 
the histological diagnosis. Patients were not treated with neoadjuvant chemotherapy 
and/or radiotherapy prior to biopsy sampling. All patients used proton pump inhibitor 
therapy. This study was approved by the Medical Ethics Committee of the University 
Medical Center Utrecht. All patients signed informed consent.

RNA isolation and Quantitative Reverse Transcriptase Polymerase Chain Reaction 
(Q-RT-PCR)

Total RNA from biopsy specimens was extracted using RNA easy isolation kit, while total 
RNA from cell culture experiments was extracted using miRNeasy Mini kit (both Qiagen, 
Venlo, the Netherlands), according to the manufacturer’s instructions. RNA concentra-
tions were measured using Nanodrop technology (Thermo Scientific, Erembodegem-
Aalst, Belgium); all samples had an excellent 260/280 ratio. cDNA synthesis and Q-RT-PCR 
reactions were performed as previously described. (26) Primer sequences and annealing 
temperatures are shown in Table 2. Taqman assays (Applied Biosystems, Forster City, 
CA, USA) were used to measure the expression of BMPR1a (Hs01034913_g1), BMPR1b 
(Hs00176144_m1), BMPR2 (Hs00176148_m1) and SNAIL2 (Hs00950344_m1). Expression 
of the reference genes GAPDH (Hs4333764F) and B2M (Hs4333766F) were used for 
normalization.

Relative expression was calculated using the ΔCt method. (27) All reactions were per-
formed in duplicate. Data were expressed relative to SQ biopsies, control cells or cells 
incubated with Noggin.
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Western blot analysis

Protein samples were extracted using cell lysis buffer (Cell Signaling, Boston, MA, USA) 
containing 1% protease inhibitor (Sigma, St Louis, MO, USA). Cell lysates were centrifu-
gated at maximum speed for 5 minutes at 4ºC and the pellet was discarded. The lysates 

Table 1. Patient characteristics of biopsies used for Western blot, IHC and Q-RT-PCR analysis.

Number Sex Age (Years) TNM stage

EAC 1 M 59 T3N4 WB and IHC

EAC 2 M 49 T3N2 WB and Q-RT-PCR

EAC 3 M 73 T2N0 WB, IHC and Q-RT-PCR

EAC 4 M 65 T2N0 WB, IHC and Q-RT-PCR

EAC 5 M 80 T2N1 WB, IHC and Q-RT-PCR

EAC 6 M 42 T3N1 WB, IHC and Q-RT-PCR

EAC 7 M 81 T1N0 IHC

EAC 8 M 57 T1N1M0 IHC

EAC 9 M 68 T2N0M0 IHC

EAC 10 F 39 T3N0M0 IHC

EAC 11 M 67 T3N1 IHC

EAC 12 M 69 T3N1M1a IHC

EAC 13 M 69 T3N0M0 IHC

EAC 14 M 72 T4N1M1a IHC and Q-RT-PCR

EAC 15 M 61 T2N0 Q-RT-PCR

EAC 16 M 79 T3N2 Q-RT-PCR

EAC 17 M 70 T3N1M0 Q-RT-PCR

EAC 18 M 47 T3N1M1a Q-RT-PCR

M = male, F = female, WB = Western blot, IHC = Immunohistochemistry, Q-RT-PCR = Quantitative Real Time 
PCR.

Table 2. Primer sequences.

Target Forward primer Reverse primer Annealing 
temperature (°C)

BMP4 TGAGCCTTTCCAGCAAGTTT CTTCCCCGTCTCAGGTATCA 57.5

SMAD1 CACAAACATGATGGCGCCT CATAGTAGACAATAGAGCACCAGTGTTT 58

SMAD4 TCCCGGACATTACTGGCCTGTTCA GCGATCTCCTCCAGAAGGGTCCA 57.5

SMAD5 TTCTGGCTCAATCTGTCAACC GGAGCCATCTGAGTAAGGAC 57.5

ID2 ACTCGCATCCCACTATTGTC CGTCCATTCAACTTGTCCTCC 60

CDH1 CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG 58

CDH2 TGGGAATCCGACGAATGG TGCAGATCGGACCGGATACT 58

Vimentin GGAAGCCGAAAACACCCTG GAGACGCATTGTCAACATCCT 58

Primer sequences used for Q-RT-PCR with corresponding annealing temperature
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were diluted in protein sample buffer (100mM Tris pH 6.8, 2% β-mercaptoethanol, 4% 
SDS, 0.2% bromphenol blue, 20% glycerol) and incubated at 95°C for 5 min. Samples 
were loaded onto a 10% SDS-PAGE gel and subsequently transferred onto a PVDF mem-
brane (Millipore, Amsterdam, the Netherlands). The blots were blocked with Odyssey 
Blocking buffer (Westburg, Leusden, the Netherlands) diluted 1:1 in Tris buffered saline 
(TBS) and subsequently washed with TBS. Blots were incubated 30-60 minutes at room 
temperature or overnight at 4°C with the primary antibody (Table 3) in Odyssey Blocking 
buffer diluted 1:1 in TBS supplemented with 0.1% Tween-20. After washing, blots were 
incubated with Alexa Fluor 680 conjugated secondary antibody (Invitrogen, Bleiswijk, 
the Netherlands) for 1 hour at room temperature. Visualization was performed using an 
Odyssey scanner (Westburg).

Immunohistochemistry

Four μm tissue sections were deparaffinized and blocked for endogeneous peroxidase 
activity by immersion in 0.3% H2O2 in methanol for 20 minutes. Antigen retrieval was 
performed in Tris/EDTA buffer (10 mM/1mM; pH 9.0) for 20 minutes at 100°C. After cool-
ing for 10 minutes and washing in PBS pH 7.4, nonspecific binding sites were blocked 
with Serum Free Protein Block (Dako, Glostrup, Denmark) for 10 minutes followed by 1 
hour incubation with SMAD4 antibody (Santa Cruz technology, Santa Cruz, CA, USA) at 
room temperature. Antibody binding was visualized using the BrightVision poly-HRP 
detection system (Immunologic, Duiven, the Netherlands) with 3,3-diamino-benzidine 
as chromogen. Sections were counterstained using hematoxylin, dehydrated and cov-
erslipped using Pertex. Pancreas cancer tissue sections were used as negative control, 
showing no SMAD4 staining (28). Control slides in which the primary antibody was omit-

Table 3. Antibodies used for Western blot analysis.

Protein Company Dilution

BMP4 R&D Systems Minneapolis, Minnesota, USA 1:1000

BMPR1a (ALK-3) R&D Systems Minneapolis, Minnesota, USA 1:500

BMPR1b (ALK-6) R&D Systems Minneapolis, Minnesota, USA 1:400

BMPR2 R&D Systems Minneapolis, Minnesota, USA 1:1000

SMAD1 Cell Signaling Technology, Danvers, Massachusetts, USA 1:1000

SMAD4 (B-8) Santa Cruz Biotechnology, Santa Cruz, California, USA 1:1000

pSMAD 1/5/8 (Ser463/465 
Ser463/465 Ser426/428)

Cell Signaling Technology, Danvers, Massachusetts, USA 1:1000

ID2 (C-20) Santa Cruz Biotechnology, Santa Cruz, California, USA 1:1000

SNAIL2 (C19G7) Cell Signaling Technology, Danvers, Massachusetts, USA 1:1000

CDH1 BD Biosciences, San Jose, California, USA 1:2000

Actin (I-19) Santa Cruz Biotechnology, Santa Cruz, California, USA 1:2000
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ted, were included. All sections were evaluated using a binocular microscope (Olympus 
BX 51, Zoeterwoude, the Netherlands).

Cell culture

The human telomerase-immortalized non-neoplastic Barrett epithelium cell line, BAR-T 
(29) was kindly provided by Dr. R.F. Souza and cultured in Keratinocyte basal medium-2 
(Lonza, Breda, the Netherlands), as described by Jaiswal et al. (29) Cell culture experi-
ments were performed in collagen IV-coated wells (BD Biosciences, San Jose, CA, USA). 
The human esophageal adenocarcinoma cell line, OE33 (ECACC, Porton Down, Salisbury, 
United Kingdom) was cultured in RPMI-1640 with L-glutamine medium (Invitrogen) 
supplemented with 10% fetal bovine serum (FBS; Glico, Bleiswijk, the Netherlands) and 
100 U/ml penicillin (Invitrogen) and 100 μg/ml streptomycin (Invitrogen). To evaluate 
the effect of BMP4 signaling, cells were seeded and after overnight attachment, the 
medium was replaced with serum reduced medium (0.2% FBS). Cells were incubated 
with 100 ng/ml recombinant human BMP4 or with 500 ng/ml Noggin Fc Chimera (both 
from R&D Systems, Minneapolis, MN, USA). All experiments were performed in duplicate 
and repeated at least 3 times.

Cell viability

Cell viability was measured using MTT-assay (ATCC, Manassas, VA, USA), according to the 
manufacturer’s instructions. After 24 and 48 hours of incubation, colorimetric analysis 
was performed at 570 nm (reference 655 nm; Molecular Devices, Sunnyvale, CA, USA). All 
experiments were performed in duplicate and repeated at least 3 times.

Cell migration

In vitro scratch assays were performed to evaluate cell migration; cells were seeded in a 
12-well plate and after 24 hours scratched with a 10 μl pipette tip to create an artificial 
wound. Cells were washed twice with PBS to remove cellular debris and fresh medium 
was added. After 24 hours photographs of the scratches were taken. Images of the areas 
were taken using an EVOS microscope (Westburg).

To confirm our results from the scratch assays, Boyden chamber migration assays were 
performed. BAR-T cells suspended in serum free medium with BMP4 or Noggin were 
plated in the upper part of a 24-well, 8-µm pore, cell migration chamber (Cell biolabs 
inc, San Diego, CA, USA) according to the manufacturer’s protocol. Medium with 10% 
FBS was placed in the lower wells as chemotactic stimulus. Cells were allowed to migrate 
for 24 hours in a 37°C incubator with 5% CO2. Optical density of the dye was measured 
at 560 nm in a 96-well microtiter plate (Molecular Devices). All experiments were per-
formed in duplicate and repeated at least 3 times.
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Statistical analysis

Data were analyzed using GraphPad Prism version 6.02 (San Diego, CA, USA). mRNA 
expression from biopsy specimens were presented as box plots, comparisons between 
different disease states were calculated using unpaired Student’s t-test or Mann-Withney 
U test when appropriate. The Mann-Withney U test was used to evaluate the effect of 
incubation with BMP4 or Noggin on ID2 expression in both BAR-T and OE33 cells. In all 
other cell culture experiments, data were expressed as mean ± standard deviation (SD) 
or standard error of the mean (SEM) and comparisons between groups were calculated 
using a Wilcoxon test. To exclude the effect of any active BMP4 signalling in control 
cells on mRNA expression, the results of cell culture experiments were compared to 
cells incubated with Noggin instead of control cells. A p-value of < 0.05 was considered 
statistically significant.

rEsulTs

Active BMP4 signaling in BE and EAC

To determine whether there is active signaling in BE and EAC, expression of BMP4, 
molecules involved in the BMP4 signaling pathway and its downstream target, ID2, were 
determined in SQ, BE and EAC biopsy specimens by Q-RT-PCR (Fig. 1a). BMP4 was 11.2-
fold (p = 0.001) upregulated increased in EAC and 8.9-fold (p < 0.0001) upregulated in BE 
compared to SQ. The downstream target, ID2, was significantly upregulated in both EAC 
(3.2-fold, p = 0.002) and BE (3.5-fold, p = 0.02) compared to SQ. Of the BMP receptors, 
BMPR1b was significantly upregulated in EAC compared to BE and SQ (both p = 0.02). In 
contrast, SMAD1 was 2.2-fold (p = 0.008) downregulated in EAC and 1.8-fold (p = 0.02) 
downregulated in BE compared to SQ. SMAD5 was 2.6-fold (p = 0.04) downregulated in 
BE compared to SQ. BMP receptors BMPR1a, BMPR2 and SMAD4 were all expressed and 
were not found to be statistically different between the various groups (Fig. 1a).

Next to mRNA expression, we determined protein expression levels by Western blot 
analysis. Upregulated expression of BMP4 and ID2 were observed in both BE and EAC 
(Fig. 1b). In addition, more activation of pSMAD1/5/8 was observed in BE and EAC. In 
contrast, SQ did not show BMP4, and ID2 expression or pSMAD1/5/8 activation.

SMAD4 is often aberrantly expressed in malignancies and we therefore determined 
SMAD4 expression in EAC biopsy specimens using immunohistochemistry (Fig. 1C). 
Eleven of 13 EAC specimens showed diffuse SMAD4 expression in both the nucleus and 
cytoplasm. The other 2 EAC specimens showed no SMAD4 expression. SMAD4 expres-
sion was present in 9 of 13 and 10 of 13, SQ and BE biopsy specimens respectively. 
Similar to EAC, BE specimens showed diffuse SMAD4 expression in both the nucleus 
and cytoplasm. In contrast, SQ specimens showed nuclear SMAD4 expression in the 



BMP4 in Barrett’s esophagus and esophageal adenocarcinoma 29

2

basal cells adjacent to the basement membrane, however no SMAD4 expression was 
observed in the more mature epithelial cells of the superficial layers (Fig. 1C).

In vitro BMP4 signaling showed a decrease in cell viability and an increase in 
migration in both a BE and EAC cell line

As a control, we first determined ID2 expression in BAR-T and OE33 cells upon BMP4 
and Noggin incubation. Q-RT-PCR results showed a significantly upregulated ID2 
expression in cells incubated with BMP4. A significant downregulation of ID2 expres-
sion was observed in cells incubated with Noggin compared to control cells. This effect 
was confirmed by Western blot analysis which also showed more phosphorylation of 
SMAD1/5/8 (Fig. 2).

 To explore the functional effect of BMP4 incubation in BAR-T and OE33 cells, cell vi-
ability and migration assays were performed. The results of the cell viability assays can 
be found in the supplementary data (S1 Fig.)

Results from the scratch assays showed an increase in cell migration in both BAR-T and 
OE33 cells upon BMP4 incubation compared to cells incubated with Noggin and control 
cells (Fig. 3a). These results were confirmed by a Boyden chamber assay for BAR-T cells; 
after 24 hours we observed a significant increase in cell migration in cells incubated 
with BMP4 compared to cells incubated with Noggin, 132% (±24.5) versus 84% (± 6.3; p 
= 0.006) respectively (Fig. 3b).

Upregulated SNAIL2 expression upon BMP4 incubation in BE and EAC cells

EMT is an important contributor in regulating cell motility and to assess the conse-
quences of BMP4 signaling in both BE and EAC, we investigated the ability of BMP4 
signaling to induce EMT in BAR-T and OE33 cell lines. Q-RT-PCR was used to determine 
SNAIL2 expression, a transcription factor regulating EMT, in BAR-T and OE33 cells incu-
bated with BMP4. BAR-T cells incubated with BMP4 for 24 hours showed a significant 
upregulation of SNAIL2 with a 1.6 (1.58±0.20; p = 0.02) fold induction compared to BAR-
T cells incubated with Noggin. OE33 cells incubated with BMP4 showed a 3.7 (3.71±0.46; 
p = 0.02) fold induction of SNAIL2 after 24 hours and a 2.3 (2.31±0.44; p = 0.02) fold 
induction after 48h (Fig. 4a). These results were confirmed by Western blot analysis, 
which showed upregulated SNAIL2 expression in BMP4 incubated BAR-T and OE33 cells 
(Fig. 4b).

Next, we determined factors associated with EMT regulated by SNAIL2. CDH1, which 
is directly inhibited by SNAIL2, did not show a significant difference in mRNA expression 
in BAR-T (1.87±0.36) and OE33 cells (0.77±0.16) after 24 hours. However, after 48 hours, 
CDH1 expression was significantly (1.4 fold, 0.69±0.11; p = 0.02) downregulated in BAR-T 
cells incubated with BMP4 compared to cells incubated with Noggin. OE33 cells showed 
a tendency to CDH1 downregulation upon BMP4 incubation that was borderline signifi-
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figure 1. Expression of BMP4, BMP4 pathway associated molecules and the downstream target ID2. 
a. Q-RT-PCR was used to determine mRNA expression of BMP4, its downstream target, ID2, BMP4 associ-
ated receptors and SMAD molecules in SQ, BE and EAC biopsy specimens. B2M and GAPDH were used for 
normalization. Data are relative to the mean ΔCt of SQ biopsies and are expressed as box plots, represent-
ing the mean with the minimum and maximum values. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
b. Western blot analysis in SQ, BE and EAC biopsy specimens showed BMP4, and ID2 expression and phos-
phorylation of SMAD1/5/8 in BE and EAC. Actin was used as loading control. Biopsy samples from 6 EAC 
patients were used. Representative pictures are shown.
c. IHC showed nuclear and cytoplasmic expression of SMAD4 in 10 of 13 BE (arrowhead) and 11 out of 13 
EAC tissue sections. EAC* represents a biopsy specimen with positive SMAD4 staining, EAC** represents 
a biopsy specimen with negative SMAD4 staining, stromal cells are SMAD4 positive and serve as internal 
control. Haematoxylin counterstain was used. Representative pictures are shown.

B.

C.
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cant (1.4 fold, 0.69±0.11; p = 0.06). Upon a one-tailed Wilcoxon test, CDH1 downregula-
tion upon BMP4 incubation was statistically significant (p = 0.03). These results were 
confirmed by Western blot analysis, showing downregulation of CDH1 in cells incubated 
with BMP4 compared with cells incubated with Noggin after 48 and 72 hours (Fig. 4b).

Mesenchymal markers, CDH2 and Vimentin did not show any significant difference 
after 24 and 48 hours. However, after 72 hours upon incubation with BMP4 in BAR-T cells, 
a strong tendency to upregulated mRNA expression of both CDH2 (7.85±7.89; p = 0.09) 
and Vimentin (4.68±6.78; p = 0.06) was seen. OE33 cells incubated with BMP4 showed 
also upregulation of mRNA of CDH2 (2.98±4.25) and Vimentin (2.27±2.92), although 
this was not statistically significant. We were not able to evaluate CDH2 and Vimentin 
protein expression in both BAR-T and OE33 cell culture experiments due to technical 
problems. As the positive control showed CDH2 and Vimentin expression, we concluded 
that it is likely that CDH2 and Vimentin expression in BAR-T and OE33 cells is very low.

figure 2. ID2 expression upon BMP4 or Noggin incubation.
a. mRNA expression of the downstream target ID2. B2M was used for normalization. Data are relative to 
the mean ΔCt of control cells and are expressed as mean±SEM. *p<0.05, **p<0.01, ***p<0.001.
b. Western blot analysis of BAR-T and OE33 cells incubated with BMP4 showed upregulated ID2 expression 
and more phosphorylation of SMAD1/5/8. Cells incubated with Noggin showed downregulated ID2 expres-
sion. Actin was used as loading control.

a.

B.
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figure 3. Migration assays of BAR-T and OE33 cells upon incubation with BMP4 or Noggin
a. In vitro scratch assay of BAR-T and OE33 cells. The rate of migration across the scratched area was moni-
tored for 24 h. Representative images showed that the scratch induced cells incubated with BMP4 to mi-
grate compared to control cells or cells incubated with Noggin. Images are representative of three inde-
pendent experiments.
b. Boyden chamber assay of BAR-T cells incubated with BMP4 or Noggin. Data are relative to control cells 
not incubated with BMP4 or Noggin and expressed as mean ±SD. * p<0.05, ** p<0.01.

a.

B.
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figure 4. mRNA and protein expression of factors associated with EMT upon BMP4 or Noggin incubation.
a. Q-RT-PCR was performed to determine mRNA expression of SNAIL2 and its target genes, CDH1, CDH2 
and Vimentin. B2M was used for normalization. Data are relative to the mean ΔCt of cells incubated with 
Noggin and are expressed as mean±SEM. *p<0.05.
b. Western blot analysis of BAR-T and OE33 cells showed that SNAIL2 expression was upregulated and 
CDH1 expression was downregulated in cells incubated with BMP4 compared to cells incubated with Nog-
gin. Actin was used as loading control. Pictures are representative of three independent experiments.

a.

B.
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DisCussion

BMP4 is known to play an important role in the development of BE in the esophagus. 
(9,13, 26) However, little is known about the expression and function of the BMP4 path-
way in the neoplastic development towards EAC. In this study, we showed active BMP4 
signaling in EAC biopsy specimens (Fig. 1). We subsequently studied the functional role 
of BMP4 signaling in BAR-T and OE33 cell lines and found that BMP4 signaling decreased 
cell viability and increased cell migration (Fig. 3). Furthermore, upregulated SNAIL2 ex-
pression was found in BAR-T and OE33 cells upon incubation with BMP4. CDH1, a known 
target of SNAIL2, was found to be downregulated. (Fig. 4)

BMP4 is aberrantly expressed in many cancers. (7) In most cases there is an upregu-
lated BMP4 expression compared with the corresponding normal tissue, for example in 
renal cell carcinoma, gastric cancer and squamous cell carcinoma originating in the head 
and neck region. (30-32) Previously, BMP4 expression was observed in both EAC and 
esophageal squamous cell carcinoma. (4) However, until now active BMP4 signaling was 
not confirmed in EAC. Here, we demonstrated expression of essential members of the 
BMP4 pathway in SQ, BE and EAC tissue. In addition we showed upregulation of BMP4, 
and, its downstream target ID2 in both BE and EAC tissue. Moreover more phosphoryla-
tion of SMAD1/5/8 was observed. This together with the fact that both cytoplasmic and 
nuclear SMAD4 staining was observed in BE and EAC suggests active BMP4 signaling in 
BE and EAC.

In epithelial neoplasms, cells are required to gain motile properties in order to metas-
tasize, a process called EMT. Epithelial cells lose their cell-junctions and cell-extracellular 
matrix connections, reorganize their cytoskeleton and reprogram gene expression, 
which leads to a more invasive mesenchymal phenotype. EMT is not only important 
for cancer metastasis but also plays a major role in embryogenesis, wound healing and 
fibrosis. (33) The hallmarks of EMT are the downregulation of CDH1 and the upregula-
tion of CDH2, Vimentin and α-smooth muscle actin. The process of EMT is controlled by 
transcription factors including SNAIL, TWIST and ZEB. (21) SNAIL2 is a transcriptional 
repressor and directly binds to the E2-homeobox promotor region of CDH1 leading to 
CDH1 downregulation. Additionally, through indirect mechanisms, SNAIL2 activates the 
expression of mesenchymal genes such as Vimentin and CDH2. (34)

The exact consequences of increased BMP4 signaling are not completely understood. 
However, the functional effects of active BMP4 signaling have been investigated in vitro in 
various cancer cell lines, showing the possibility of a tumor-specific reaction upon BMP4 
activation. (7) For example, in pancreatic and ovarian cancer increased migration and 
decreased cell growth has been observed, while in brain tumors increased cell growth 
and in breast cancer reduced cell growth was demonstrated upon BMP4 incubation. (7) 
Recently, several studies have shown the ability of BMP4 to induce EMT or an EMT like re-
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sponse during embryogenesis (14,15), wound healing (16,17) and in various cancer cell 
lines (18-20). In vitro cultured ovarian and pancreatic cancer cells showed upregulation 
of SNAIL2 and downregulation of CDH1 upon BMP4 incubation. (18,20) Gordon et al. 
also showed that BMP2, BMP4 and BMP7 were able to induce EMT in a pancreatic cancer 
cell line. (35) Our results showed that BMP4 is able to de-differentiate BE and EAC cells 
by upregulating SNAIL2 and subsequently downregulating CDH1 expression leading to 
a more invasive cell. In line with the results of Theriault et al. (18), the downregulation 
of CDH1 occurred after 48 hours of BMP4 incubation. Our results showed a tendency 
of CDH2 mRNA upregulation but we did not observe any effect on the expression of 
Vimentin. This may be explained by the fact that both CDH2 and Vimentin are no direct 
but indirect targets of SNAIL2. (21) In addition, other transcription factors i.e. SNAIL1 
or TWIST may also be important to completely induce EMT. Moreover, morphological 
changes take place concurrently with upregulated expression of mesenchymal markers 
and other studies observed morphological changes after 3-7 days. (17,18,20) Extending 
the experiments up to 72 hours, might induce morphological changes and upregulate 
the expression of mesenchymal markers in the esophagus. This is the first study focusing 
on the role of BMP4 signaling on an EMT like response and we believe that future studies 
are needed to fully elucidate this.

Previous studies investigating EMT in EAC have shown expression of the transcription 
factors SNAIL1, SNAIL2 and TWIST. (23) Rees et al. reported upregulation of mesenchy-
mal genes, Vimentin and α-smooth muscle actin, and downregulation of CDH1 at the 
invasive margins of EAC compared to the central tumor using immunohistochemistry. 
(24) A study by Jethwa et al. concluded that SNAIL2 was upregulated in EAC compared 
to BE and SNAIL2 expression was inversely correlated with CDH1 expression. In addi-
tion, overexpression of SNAIL2 in OE33 cells resulted in downregulation of CDH1. (25) 
Previous studies have indicated that during malignant progression from BE to EAC, the 
expression of CDH1 is downregulated, which is known to be associated with a worse 
prognosis. (36-39) In addition to these studies, we showed that active BMP4 signaling 
resulted in downregulation of CDH1. In theory, active BMP4 signaling could be associ-
ated with a worse prognosis. In the future, manipulation of the BMP4 pathway may help 
to prevent neoplastic progression in BE patients.

In summary our study showed that the BMP4 signaling pathway, which is highly 
expressed and activated in BE and EAC, is capable of de-differentiating epithelial cells 
to an EMT like response in the esophagus through an upregulation of SNAIL2 and 
subsequently a downregulation of CDH1. In combination with the previous described 
literature, our study suggests that BMP4 signaling could induce malignant progression 
from BE to EAC. However, further studies are required to explore the precise molecular 
role of BMP4 activation in the esophagus.
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supplementary fi gure 1 Cell viability assay of BAR-T (S1 Figure a) and OE33 cells (S1 fi gure b) incubated 
for 24 and 48 hours with BMP4 or Noggin. 
Data are relative to control cells not incubated with BMP4 or Noggin and expressed as mean±SD. * p<0.05, 
** p<0.01.
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aBsTraCT

The incidence of esophageal cancer is rising, mostly because the increasing incidence of 
esophageal adenocarcinoma in Western countries. Despite improvements in diagnosis 
and treatment, the overall 5-year survival rates remain low. MicroRNAs (miRNAs) are 
small non-coding RNA molecules that regulate the expression of target genes. Recently, 
disease specific miRNAs have been identified, which act as tumor suppressors or onco-
genes. In this review, we will summarize the current knowledge about the function of 
aberrantly expressed miRNAs in esophageal cancer. We selected 5 miRNAs (miRNA-21, 
-143, -145, -196a and let-7) based on the available literature, and described their po-
tential role in regulating pathways that are deregulated in esophageal cancer. Finally 
we will highlight the current achievements of using and targeting miRNAs. Because 
these miRNAs likely have important regulatory roles in cancer development, they open 
a therapeutic window for new treatment modalities.
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inTroDuCTion

Esophageal cancer is the 8th most common cancer and the 6th most lethal cancer 
worldwide. (1) Esophageal cancer is divided into two main histopathological subtypes; 
esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma (EAC). 
ESCC develops in esophageal squamous cells while EAC develops in intestinal type 
epithelium containing goblet cells, which is also known as Barrett’s esophagus (BE). 
Both cancer types are different in development, etiology and treatment. Due to fact that 
most patients have already distant metastases at the time of diagnosis, the prognosis of 
esophageal cancer remains poor. Despite improvements in diagnosis and treatment, the 
overall 5-year survival rate is 15-20%, and only after treatment with a curative intent, the 
survival rate increases to 47%. (2)

MicroRNAs (miRNAs) are small non-coding RNA molecules of 20-24 nucleotides long 
that modulate the expression of target genes. They are first transcribed from DNA as parts 
of longer molecules (pre-miRNA) and undergo final processing by dicer in the cytoplasm 
to form mature miRNAs. (3) miRNAs are present in tissue, blood and other body fluids 
and have emerged as critical components of complex functional pathways involved in 
processes such as differentiation, apoptosis and proliferation. (4) Recently, numerous 
studies have identified tissue or disease specific miRNAs by extensive miRNA-profiling. 
These studies have identified miRNAs which are aberrantly expressed in esophageal 
cancer for example miR-21, -145, -192, which are upregulated and miRNA-31, -203, -205 
and let-7 which are often downregulated compared to normal esophageal tissue. (5,6) 
These findings have led to the identification of miRNAs that act as tumor suppressors or 
oncogenes. In addition, several studies have shown that aberrant expression of specific 
miRNAs correlates with the survival of patients with esophageal cancer, presence of 
metastasis and response to neo-adjuvant therapies. (5) However, to date little is known 
about the cellular function of these differently expressed miRNAs.

In this review, we will summarize the function of miRNAs in the carcinogenic process 
of the esophagus. Using PubMed, we identified studies that evaluated the effects of 
miRNAs in ESCC or EAC and selected five miRNAs, miRNA-21, -143, -145, -196a and let-7, 
which are known to be up- or downregulated in esophageal cancer. Moreover, we will 
describe the current development of novel anti-cancer therapy by targeting miRNAs.

miRNA-21 acts as an oncogene in esophageal squamous cell carcinoma

miRNA-21 is reported to be an oncogene and is highly expressed in various malignan-
cies. (6) Next to colon and gastric cancer (7), miRNA-21 expression is also upregulated in 
esophageal cancer. In ESCC, miRNA-21 expression is consistently reported to be higher 
expressed compared to normal adjacent squamous epithelium. (8-10) Moreover, in-
creased expression of miRNA-21 is associated with more advanced stages of ESCC. 
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(8,9) Profiling studies of EAC have also shown upregulated miRNA-21 expression in EAC 
compared to normal adjacent squamous epithelium. (11-13) In addition, high miRNA-21 
expression is already observed in the known precursor of EAC, BE. (12,14,15) This indi-
cates that miRNA-21 plays an important role in the carcinogenic process that occurs in 
the esophagus. Several studies have focused on functional roles of miRNA-21 during 
cancer development of the esophagus.

In vitro studies using ESCC cell lines showed increased cell viability upon miRNA-21 
precursor transfection. (8,9) This increase in cell viability could be the effect of 
miRNA-21 targeting the PI3K pathway. This pathway regulates various cellular processes 
including metabolism, proliferation and cell migration and is one of the most critical 
cancer-promoting pathways. In short, PI3K catalyzes the formation of PIP3, which trans-
duces activating signals to the serine-threonine kinase AKT, which in his turn is able 
to phosphorylate a wide array of additional substrates that also induces proliferation 
and survival. Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is an 
antagonist of this pathway; it dephosphorylates PIP3 and subsequently inhibits activa-
tion of AKT. (16) Dysregulation of the PI3K pathway through selective mutations have 
been reported in numerous cancers. (16)

In ESCC, Ma et al. observed an inverse correlation, however not statistically significant, 
between miRNA-21 expression and PTEN protein expression (Table 1 summarizes the 
function of all miRNAs described in this review). (9) In vitro transfection experiments 
overexpressing miRNA-21 showed no significant effect on PTEN mRNA expression, but a 
downregulation of PTEN protein expression was observed. This suggests that miRNA-21 
targets PTEN at a post-transcriptional level. In addition, knockdown of miRNA-21 leads 
to significantly upregulated PTEN expression. (9,17,18) Moreover, Huang et al. showed, 
that after PTEN downregulation, pAKT is dephosphorylated. (17) Based on these studies, 
it can be concluded that miRNA-21 inhibits PTEN thereby inhibiting the PI3K pathway 
leading to increased proliferation and cancer cell survival.

Next to regulating the PI3K pathway, Lui et al. reported that miRNA-21 targets pro-
grammed cell death 4 (PDCD4) gene in ESCC(10). This is in line with other studies, which 
have shown that miRNA-21 directly targets PDCD4 in colorectal cancer, hepatocellular 
carcinoma and breast cancer. (19-21) PDCD4 is a recently discovered tumor suppressor 
which controls cell migration, directs apoptosis and regulates the cellular response to 
DNA damage. In various types of cancer tissue, PDCD4 expression is downregulated. This 
was also observed in ESCC, where high expression of PDCD4 was detected in normal 
squamous epithelium in contrast to ESCC. (10,22) In addition, in ESCC an inverse cor-
relation of PDCD4 with miRNA-21 was reported. (10) Future studies should determine 
if miRNA-21 also targets PDCD4 during the carcinogenic processes that occur in the 
transition from BE to EAC.
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Table 1. miRNAs and their targets in esophageal cancer

miRNA Expression profile ESCC EAC Related biological function Reference

miRNA-21 ↑ PTEN Cell proliferation 8,17,18

PDCD4 Cell migration, apoptosis 9

Let-7 ↓ HMGA2 Cell proliferation 25,26

IL-6 Cytokine activity 27

miRNA-143 & -145 ↓ FSCN FSCN Cell migration 29,32

ERK5 Cell proliferation, cell migration 30

miRNA-196a ↑ Annexin A1 Apoptosis 38,39

SPRR2C Pseudogene 38

S100A9 Cell differentiation, cell proliferation 38

KRT5 Cell architecture 38

RAP1A 41

Cell proliferation, cell adhesion and 
cell migration

miRNAs with corresponding expression profile (↑ = upregulated, ↓ = downregulated in esophageal can-
cer), described targets and related biological function in esophageal squamous cells carcinoma (ESCC) and 
esophageal adenocarcinoma (EAC).

Let-7 acts as a tumor suppressor in esophageal cancer

One of the first miRNAs discovered, the let-7 family is comprised of 12 family members 
and have an overlapping set of target genes. (23) In the earliest phases of embryology, 
the let-7 family is not expressed while expression is upregulated during later stages of 
development. During neoplastic progression, let-7 is often downregulated and there-
fore considered to be a tumor suppressor. (24) In both ESCC and EAC, downregulated 
expression of let-7 has been reported and downregulated expression is associated with 
a poor prognosis. (5,6)

Overexpression of let-7 in an ESCC cell line resulted in decreased cell viability com-
pared to cells transfected with a let-7 inhibitor. (25) Several studies have identified high 
mobility group AT-Hook (HMGA2) as a putative target of let-7. (24) In contrast to let-7, 
expression of HMGA2 is prominent during development and absent in adult human 
tissues. However, during cancer development HMGA2 is re-expressed and acts as an 
oncogene by regulating cell proliferation. (24) An in vitro study of Liu et al. observed 
decreased HMGA2 protein expression after let-7 overexpression in an ESCC cell line. 
However, no difference was observed in mRNA expression among the different groups 
(25) suggesting that let-7 targets HMGA2 at a post-transcriptional level. Another paper 
from the same group confirmed with a luciferase assay that let-7 directly targets HMGA2 
in the esophagus. (26) To our knowledge, no studies regarding HMGA2 expression have 
been performed in BE or EAC. It would be interesting to determine if downregulated 
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expression of let-7 also results in upregulation of HGMA2 in EAC. Future studies are 
required to elucidate this in detail.

Besides HGMA2 as putative target of let-7, Sugimura et al. reported an inverse asso-
ciation between both let-7b/c and IL6 expression in ESCC tissue. IL-6 was identified as 
potential target using the Target scan database. (27) In addition, in vitro studies have 
shown that let-7c overexpression significantly reduced IL-6 expression in ESCC cell lines. 
Moreover, expression of STAT3, a downstream target of IL-6, was also reduced after let-
7c overexpression. (27) Findings by Sung et al. supported the results of this study as 
they showed that let-7 directly targets IL6 in cancer associated mesenchymal stem cells 
involved in prostate cancer. (28)

miRNA-143 and miRNA-145 jointly act as tumor suppressors

miRNA-143 and miRNA-145 are positioned in close proximity with each other on chro-
mosome 5 and this suggests that they have similar biological functions. The expression 
of miRNA-143 and miRNA-145 is downregulated in both ESCC and EAC. (29-31) Fur-
thermore, downregulation of these miRNAs is reported to be associated with increased 
invasion depth and lymph node metastasis (29,30) suggesting a tumor suppressive 
role for these miRNAs. In vitro studies have shown that overexpression of both miR-143 
and miR-145 significantly reduced cell proliferation and migration while apoptosis was 
increased. (30-33) In addition, overexpression of miRNA-143 decreased invasive proper-
ties of ESCC cell lines. (30)

Two different groups have shown that miRNA-145 directly targets fascin homolog 
(FSCN). Following overexpression of miRNA-145, a significant downregulation in 
FSCN expression was observed. (29,32) In addition, Lui et al. showed that miRNA-143 
also directly targets FSCN, with even a 2-fold higher inhibition efficacy compared to 
miRNA-145. (29) FSCN is an important regulatory element in the maintenance and 
stability of filamentous actin. It organizes filamentous actin in well-ordered parallel 
bundles and plays a crucial role in the formation of membrane protrusions. It has been 
suggested that FSCN has an oncogenic role as it promotes cell motility and migration. 
(29,32) Knockdown of FSCN in an ESCC cell line resulted in decreased cell growth and 
cell invasion. (32) In addition, high expression of FSCN correlates with poor survival in 
ESCC. (34)

Besides the effect on FSCN expression, it was also suggested that miRNA-143 targets 
extracellular-signal-regulated kinase 5 (ERK5) expression. This kinase is a member of the 
mitogen activated protein kinase (MAPK) family and is important for cell proliferation 
and angiogenesis. Some reports have shown a potential role for ERK5 in cancer progres-
sion. (35) To our knowledge, only one study investigated ERK5 expression in ESCC on 
protein level. After overexpression of miRNA-143 in an ESCC cell line, ERK5 expression 
was downregulated. (30) In bladder cancer, overexpression of both miRNA-143 and -145 
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reduced ERK5 expression. (36) However, further studies are necessary to evaluate if ERK5 
is a direct target of miRNA-143 and -145 and if the downregulation is a downstream 
effect of targeting another gene in the MEK5/ERK5 pathway in the esophagus.

miRNA-196a acts as an oncogene

The miRNA-196 family contains three miRNAs: miRNA-196a-1, miRNA-196a-2 and miRN-
A196b. miRNA-196a-1 is located on chromosome 17 while miRNA-196a-2 is located on 
chromosome 12. When these miRNAs are processed to mature miRNAs, both have iden-
tical mature nucleotide sequences (miRNA196a). (37) In BE, the precursor of EAC, the 
expression of miRNA-196a is already significantly upregulated compared to the normal 
squamous epithelium. This increased expression is also observed in EAC. (38) Further 
studies are needed to specifically identify whether this is miRNA-196a-1 or -196a-2 that 
is upregulated in BE and EAC. For ESCC, publications concerning miRNA-196 expression 
are limited.

Functional assays have shown that overexpression of miR-196a in EAC cells resulted 
in increased cell proliferation compared to control cells. (39) However, this study used 
SEG-1 cells, which later found to be a cell line derived from lung cancer. (40) The first 
study which evaluated the effect of increased miRNA-196a expression in EAC found 
an inverse correlation comparing the expression of Annexin A1 and miRNA-196a. As 
expected, miRNA-196a was upregulated while Annexin A1 was downregulated in EAC 
compared to normal squamous epithelium. (38) Annexin A1 is a crucial factor regulating 
apoptosis and suppression of Annexin is often reported in malignancies. (39) To confirm 
that Annexin A1 was a direct target of miRNA-196a, luciferase assays were performed, 
showing that miRNA-196a directly targets Annexin A1. (39) The same group also showed 
an inverse correlation between the expression of miRNA-196a and SPRR2C, S100A9 and 
Keratin 5. To confirm these putative targets, in vitro miRNA-196a overexpression and 
luciferase-based assays were performed in EAC cell lines. (38)

In addition, Wang et al. showed in ESCC cell lines that miRNA-196a directly inhibits 
RAP1A. (41) RAP1A belongs to the family of RAS-related proteins regulating a wide 
range of biological processes i.e. cell proliferation, cell adhesion and cell mobility. (41) In 
patients with ESCC, high expression of RAP1a is associated with lymph node metastasis. 
Overexpression of RAP1A in an ESCC cell line resulted in increased migration and inva-
sion. In addition knockdown of RAP1A resulted in decreased migration and invasion. 
(41) To our knowledge, this is the only study which have reported RAP1A as a target for 
miRNA-196a. It would be interesting if other groups can confirm these results and to 
further evaluate the effect of reduced expression of RAP1A in ESCC.



50 Chapter 3

Clinical applications of miRNAs

Results of the studies summarized above highlight the important regulatory roles of 
miRNAs in mediating changes in gene expression during the development of esopha-
geal cancer. These miRNAs are excellent candidates for the development of novel 
treatment modalities. Depending on the oncogenic or tumor suppressive role(s) of the 
specific miRNA, it may be possible to inhibit or replace its function through the use of 
miRNA mimics and inhibitors. However until now, the research field has mainly focused 
on the identification of down-stream targets of miRNAs using in vitro studies (Figure 1). 
Animal studies should be the next step in order to elucidate whether the manipulation 
of specific miRNAs could provide a new therapeutic window for esophageal cancer. In 
a mouse model of ESCC, knockdown of miRNA-21 reduced tumor size and weight, sug-
gesting a potential role for miRNA-21 as therapeutic target in the treatment of ESCC. (9) 
This study indicates that it should be possible to translate the in vitro results to animal 
studies.

Recently, the first human study for the evaluation of miRNA-based therapy was 
published. In patients with chronic hepatitis C virus (HCV), Miravirsen, an antisense 
oligonucleotide which binds and thereby blocks miRNA-122, was randomly compared 
with placebo. Treatment with Miravirsen was found to dose-dependently reduce HCV 
RNA levels compared to placebo. (42) In addition, MRX34, a mimic of the tumor suppres-
sor miRNA-34, is currently evaluated in an open-label phase 1 clinical trial in patients 
with unresectable liver cancer (ClinicalTrials.gov number: NCT01829971). These crucial 
studies will pave the way for other phase 1 studies for miRNA-based therapies.

Moreover the expression of specific miRNAs could be used in order to individualize 
the treatment for patients with esophageal cancer. For example, a low expression of 
let-7c was found to correlate with a poor response to chemotherapy. (27) Sensitivity to 
Cisplatin, which is commonly used as chemotherapy in esophageal cancer, increased 
after transfection with let-7c in ESCC cell lines. (27) Furthermore, Hummel et al. com-
pared the miRNA signature of chemoresistant esophageal cell lines (both EAC as ESCC) 
to chemotherapy sensitive controls and identified 18 miRNAs that were significantly 
dysregulated compared to controls. Q-RT-PCR validation of the microarray experiments 
has identified numerous miRNAs aberrantly expressed in Cisplatin resistant esophageal 
cancer cell lines and 5-FU resistant esophageal cancer cell lines. (43) It would be of high 
interest to further investigate if these results can be translated into a clinical setting in 
order to modify the treatment for patients with esophageal cancer and increase disease 
survival.
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figure 1. An overview of the current and future studies for developing miRNA-based therapies. The re-
search fi eld of esophageal cancer has mainly focused on the identifi cation of miRNAs (profi ling studies) 
and evaluating their specifi c functions by identifying the targets using in vitro experiments. Animal studies 
provide insight whether the manipulation of miRNAs provide new therapeutic windows. For the future, 
phase-1, -2 and -3 studies should be conducted in order to determine whether the manipulation of miRNAs 
could provide a new therapeutic window for esophageal cancer.

ConClusion

This review describes the current knowledge regarding the function of aberrantly ex-
pressed miRNAs in esophageal cancer. Overall there is a limited number of studies pub-
lished evaluating the eff ect of miRNAs in esophageal cancer; however, the knowledge 
in this fi eld is rapidly expanding. Further studies to identify putative targets of miRNAs 
will improve our understanding of their function in the development and progression of 
esophageal cancer. This knowledge will improve the ability to utilize miRNAs clinically as 
therapeutic targets and/or as prognostic markers.
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aBsTraCT

BaCKgrounD: In the pre-malignant Barrett’s esophagus (BE), microRNA-203 (miR-
NA-203) expression is downregulated compared to normal squamous epithelium (SQ). 
In various cancers, downregulation of miRNA-203 has been found to induce epithelial-
mesenchymal transition (EMT). The effect of downregulated miRNA-203 expression in 
BE is however unclear.
aim: To investigate the function of miRNA-203 in a human BE cell line and the involve-
ment of EMT in the development of BE.
mEThoDs: The functional effect was investigated by restoration/blocking of miRNA-203 
expression in human BE (BAR-T) cells. Evaluation of cell morphology, growth and mi-
gration was performed. Potential (in)direct targets were determined by Q-RT-PCR and 
Western blot analysis. Because miRNA-203 expression is downregulated in BE biopsy 
specimens, we evaluated the expression of putative target genes in human BE biopsies 
compared to SQ biopsies using Q-RT-PCR and Western blot.
rEsulTs: Overexpression of miRNA-203 reduced cell growth, decreased migration and 
a significant downregulation of Snail2 expression was observed both on mRNA and 
protein level. Furthermore, overexpression of miR-203 increased expression of adhe-
sion molecules E-cadherin, Claudin-1 and γ-catenin, all putative targets of Snail2. These 
effects were blocked when cells were co-transfected with a miRNA-203 inhibitor. More-
over, we observed decreased expression of adhesion molecules (E-cadherin, Claudin-1 
and γ-catenin) in BE compared to SQ biopsies.
ConClusion: These results suggest that miRNA-203 could inhibit Snail2 and subse-
quently upregulates the expression of adhesion molecules in the esophagus, represent-
ing the first phase of EMT.
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inTroDuCTion

Barrett’s esophagus (BE) is a metaplastic change in which the normal stratified squamous 
epithelium (SQ) of the distal esophagus is replaced by intestinal type of epithelium con-
taining goblet cells. (1) In patients with BE, the risk of developing EAC is 30- to 40-fold 
higher compared to the general population. (2,3) It is thought that prolonged exposure 
to acid and bile in patients with gastro-esophageal reflux disease (GERD) results in 
epithelial damage and subsequently metaplasia. However, the exact mechanism behind 
this metaplastic process in the esophagus is largely unknown.

MicroRNAs (miRNAs) are small, non-coding RNA molecules of 20-24 nucleotides that 
negatively influence the translation of mRNAs through binding with target mRNAs of 
protein coding genes. They have a crucial regulatory role in biological processes such as 
differentiation, apoptosis, and proliferation. (4) In the last decade, studies have been ini-
tiated to identify tissue or disease specific miRNAs by extensive miRNA profiling. These 
studies have reported distinct miRNA expression profiles in SQ, BE and EAC. (5-13) To 
date, however, little is known about the (cellular) function of these differently expressed 
miRNAs in the esophagus as only one earlier study evaluated the effect of an aberrantly 
expressed miRNA, miRNA-145, in the development of BE.(5)

miRNA-203 is abundantly expressed in skin (14) and has been found to be down-
regulated in BE and EAC compared to SQ epithelium. (15) Downregulated expression 
of miRNA-203 has been reported in several cancers, such as hepatocellulair carcinoma 
(16), prostate cancer (17,18), lymphomas and leukemia (19). It has been reported that 
miRNA-203 could inhibit epithelial-mesenchymal transition (EMT) in breast and pros-
tate cancer, a process that enables cells to acquire invasive metastatic features. (20-25) 
Interestingly, no studies have been performed evaluating the effect of miRNA-203 in a 
premalignant disease, like BE. In addition, EMT is one of the most important processes 
during wound healing and recent studies have suggested that wound healing could be 
important in the development of BE. (26)

During the transition from SQ to BE, impaired mucosal integrity (27,28) and thereby 
increased transepithelial permeability has been reported. (29,30) The integrity of the 
epithelial surface is dependent on the mechanical cohesion between epithelial cells 
that are constituted by structures called adherence junctions, desmosomes and tight 
juntions. Cadherins and claudins, both important molecules for initiating and maintain-
ing cell-cell contact, have been reported to be downregulated and associated with 
malignant progression in BE. (31,32) Downregulation of adhesion molecules is also one 
of the earliest events of EMT. (33)

Until now, no data regarding the cellular consequences of decreased miRNA-203 
expression in BE has been published. Therefore our goal was to first evaluate the func-
tional effect of miRNA-203 expression in a BE cell line. In addition, based on the above-
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mentioned studies, we hypothesized that miRNA-203 inhibition could lead to the first 
phase of EMT in BE with subsequent downregulation of adhesion molecules. Therefore 
we investigated putative target genes of miRNA-203 related to EMT.

maTErials anD mEThoDs

Biopsy specimens

SQ and BE biopsy specimens were obtained from patients with nondysplatic BE in the 
University Medical Center Utrecht. For Q-RT-PCR analysis, 13 SQ and 12 BE biopsy speci-
mens were used. Of the SQ biopsy specimens, median age of patients was 61 years (IQR 
53-64) and 85% were male. Of the BE biopsy specimens, median age of patients was 60 
years (IQR 57-62), and 77% were male. For Western blot analysis, paired biopsies were 
collected of 6 patients (67 % male, median age 60 years (IQR 56-70)). All patients used 
proton pump inhibitor therapy. Biopsies were collected during surveillance endoscopy 
and immediately frozen in liquid nitrogen and stored at -80ºC. Pairwise-taken control 
biopsies were used to histological confirm the diagnosis of BE, defined as the presence 
of intestinal metaplasia with goblet cells. This study was approved by the institutional 
Medical Ethics Committee of the University Medical Center Utrecht. All patients agreed 
to participate in this study and signed informed consent.

Cell culture

The human telomerase-immortalized non-neoplastic Barrett epithelium cell line, BAR-
T, was kindly provided by Dr. R.F. Souza and cultured in Keratinocyte basal medium-2 
(Lonza, Breda, the Netherlands) as described by Jaiswal et al. (34) Cell culture experi-
ments were performed in collagen IV-coated well plates (BD Biosciences, San Jose, CA, 
USA) without fibroblast feeder cells. All experiments were performed in duplicate and 
repeated 3 times.

The human squamous esophageal cell line, Het-1a, was purchased from American 
Type Culture Collection (ATCC, Manassas, Virgina, USA) and cultured in EPM2 medium as 
previously described (5). Esophageal adenocarcinoma cell lines, OE-19 and OE-33 were 
purchased from the European Collection of Authenticated Cell Cultures (ECACC, Porton 
Down, Salisbury, UK) and cultured according to the provider’s instructions.

Transfection experiments

Before starting the transfection experiments, miRNA-203 expression in different esopha-
geal cell lines (HET-1a, BAR-T, OE-19, OE-33) was evaluated compared to miRNA-203 
expression in human SQ, BE and EAC biopsies by Q-RT-PCR. BAR-T cells were transfected 
with hsa-miRNA-203a-3p (miRbase accession number: MIMAT0000264) mimics, in-
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hibitors and control oligonucleotides (NC#1) using lipofectamine RNAiMAx (all from Life 
Technologies, Bleiswijk, the Netherlands) in six-well plates following the manufacturer’s 
instructions. miRNA mimics, inhibitors and NC#1 were diluted in lipofectamine in Opti 
MEM I (Invitrogen, Breda, the Netherlands) and added to the wells containing KBM-2 
medium without antibiotics. As recommended by the manufacturer, we first examined 
the transfection efficacy based on downregulated PTK9 mRNA by overexpression of 
miRNA-1 in control experiments. The transfection efficacy was > 85%. Images of cells 
were taken using an EVOS microscope (Westburg). Cell counting was performed using 
a coulter counter.

Cell migration

In vitro scratch assays were performed to evaluate cell migration, 48 hours after transfec-
tion. For this, six-well plates were scratched with a 200 μl pipette tip to create an artificial 
wound. Cells were washed twice with PBS to remove cellular debris and fresh medium 
was added. At 0, 6 and 8 hours after transfection, photographs of the scratches were 
taken.

RNA isolation and Quantitative Reverse Transcriptase Polymerase Chain Reaction 
(Q-RT-PCR)

Isolation of total RNA was performed using the miRNeasy Mini kit (Qiagen, Venlo, the 
Netherlands), according to manufacturer’s instruction. RNA concentrations were mea-
sured using Nanodrop technology (Thermo Scientific, Erembodegem-Aalst, Belgium); 
all samples had an excellent 260/280 ratio. cDNA synthesis and Q-RT-PCR reactions were 
performed as previously described and all reactions were performed in duplicate.(5) 
Primer sequences and annealing temperatures are shown in Table 1. Taqman probes 
(Applied Biosystems, Forster City, CA, USA) were used to measure the expression of 
Snail2 (Hs00950344_m1), Claudin-1 (Hs00221623_m1), miRNA-203 (has-miR-203a-3p) 
and U6snRNA. Expression of GAPDH (Hs4333764F) and B2M (Hs4333766F) were used for 
normalization of the amplification results of the genes of interest using the ΔCt method. 
(35) Data were expressed relative to SQ biopsies or to BAR-T cells transfected with NC#1, 
when appropriate.

Table 1. Primer sequences

Target Forward primer Reverse primer Annealing temperature (°C)

E-cadherin CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG 58

γ-catenin AAGGACGACATCACGGAGCCTG GATCAAGCCGATGGTTGCCTTG 60
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Western blot analysis

Protein samples were extracted using cell lysis buffer (Cell Signaling, Boston, MA, USA) 
containing 1% protease inhibitor (Sigma, St Louis, MO, USA). Cell lysates were centri-
fuged at maximum speed for 5 minutes at 4ºC and the pellet was discarded. Lysates 
were diluted in protein sample buffer (100mM Tris pH 6.8, 2% β-mercaptoethanol, 4% 
SDS, 0.2% bromphenol blue, 20% glycerol) and incubated at 95°C for 5 min. Samples 
were loaded onto 10% SDS-PAGE gel and subsequently transferred onto a PVDF mem-
brane (Millipore, Amsterdam, the Netherlands). The blots were blocked with Odyssey 
Blocking buffer (Westburg, Leusden, the Netherlands) diluted 1:1 in Tris buffered saline 
(TBS) and subsequently washed with TBS. Blots were incubated 30-60 minutes at room 
temperature or overnight at 4°C with the primary antibody in Odyssey Blocking buffer 
diluted 1:1 in TBS supplemented with 0.1% Tween-20. Table 2 summarizes the dilutions 
and antibodies used. After final washing, blots were incubated with Alexa Fluor 680 con-
jugated secondary antibody (Invitrogen) for 1 hour at room temperature. Visualization 
was performed using an Odyssey scanner (Westburg).

Table 2. Antibodies used for Western blot analysis

Protein Company Dilution

PCNA Santa Cruz Biotechnology, Santa Cruz, California, USA 1:2000

Snail2 Cell Signaling Technology, Danvers, Massachusetts, USA 1:1000

E-cadherin BD Biosciences, San Jose, California, USA 1:2000

Claudin-1 Santa Cruz Biotechnology, Santa Cruz, California, USA 1:1000

γ-catenin Cell Signaling Technology, Danvers, Massachusetts, USA 1:1000

Actin Santa Cruz Biotechnology, Santa Cruz, California, USA 1:2000

Statistical analysis

For cell culture experiments, differences in cell count between groups were calculated 
with the Wilcoxon test. mRNA data from transfection experiments and biopsy specimens 
were expressed in box plots. Differences between the three groups were analyzed us-
ing the unpaired Student’s t test or Mann-Whitney U test when appropriate. Data were 
analyzed using GraphPad Prism version 6.02 (San Diego, CA, USA). A p-value of < 0.05 
was considered statistically significant. 

rEsulTs

Phenotypical and functional effect of miRNA-203 transfection in BAR-T cells

First, we determined miRNA-203 expression in various esophageal cell lines and com-
pared this with the expression of human SQ, BE and EAC biopsies (Supplementary figure 
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1). Next, we investigated the phenotypical eff ect of miRNA-203 in BE cells by transfect-
ing miRNA-203 mimics and inhibitors into BAR-T cells. After transfection, miRNA-203 
expression was highly upregulated in BAR-T cells transfected with miRNA-203 mimics 
(data not shown) compared to negative controls and cells transfected with miRNA-203 
a specifi c miRNA-203 inhibitor. After 48 hours, cells transfected with miRNA-203 showed 
distinct morphological changes, the cells showed long and slim shapes, while BAR-T 
cells co-transfected with miRNA-203 inhibitor were more round and more similar to 
control cells (fi gure 1).

figure 1. Morphological changes after miRNA-203 transfection in Barrett’s epithelial cells. BAR-T cells 
transfected with negative control (NC#1), miRNA-203 or miRNA-203 with a specifi c miRNA-203 inhibitor 
(miR-203 & inh) after 48h. Pictures are representative of three independent experiments.

To explore the functional eff ect of miRNA-203 transfection, cell viability and migration 
assays were performed. BAR-T cells transfected with miRNA-203 showed a signifi cant 
reduction in cell count after 48 hours compared to BAR-T cells co-transfected with 
miRNA-203 inhibitor (p=0.03, fi gure 2a). To verify these results we analyzed proliferat-
ing cell nuclear antigen (PCNA) by Western blotting and observed a decreased PCNA 
expression in cells transfected with miRNA-203 compared with cells transfected with the 
negative control (fi gure 2b). This eff ect was blocked when cells were co-transfected with 
a specifi c miRNA-203 inhibitor (fi gure 2b). These results indicate that when miRNA-203 
is overexpressed proliferation is decreased in BAR-T cells.

To determine the eff ect on cell migration, we performed a scratch assay. This showed 
decreased wound healing in BAR-T cells transfected with miRNA-203 compared to BAR-T 
cells co-transfected with miRNA-203 inhibitor and cells transfected with negative con-
trol after 6 and 8 hours (fi gure 2c).
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figure 2. Functional assays upon miRNA-203 transfection in Barrett’s epithelial cells. 
a. Cell growth of BAR-T cells transfected with negative control (NC#1), miRNA-203 or miRNA-203 and the 
inhibitor (miR-203 & inh) after 48 hours. Data are expressed as mean ± SD. * a P <0.05.
b. Western blot analysis of proliferating cell nuclear antigen (PCNA) expression in BAR-T cells transfected 
with NC#1, miRNA-203 or miRNA-203 and the inhibitor after 48 hours. Actin was used as loading control.
c. In vitro scratch assay of BAR-T cells transfected with NC#1, miR-203 or miRNA-203 and the inhibitor (miR-
NA-203 & inh) transfected BAR-T cells. Cell migration across the scratched area was monitored for 8 hours. 
Pictures are representative of three independent experiments.

a.

B.

C.
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miRNA-203 targets Snail2 and subsequently upregulates the expression of 
adhesion molecules

Using target scan (36), potential targets, with special interest of targets related to EMT, 
were identified. Q-RT-PCR was performed to determine the expression of miRNA-203 
putative targets in BAR-T cells transfected with miRNA-203. mRNA expression of the 
transcription factor Snail2 showed a significant (2-fold) downregulation when BAR-T 
cells were transfected with miRNA-203 (p = 0.004, figure 3a) compared to cells trans-
fected with a negative control. This effect was blocked when cells were co-transfected 
with a specific miRNA-203 inhibitor, with Snail2 mRNA levels being comparable with 
BAR-T cells transfected with a negative control (figure 3a). Subsequent Western blot 
analysis showed downregulated Snail2 expression in miRNA-203 transfected BAR-T 
cells compared to cells transfected with negative control or cells co-transfected with a 
specific miRNA-203 inhibitor (figure 3b).

Next we determined mRNA expression of presumed downstream targets of Snail2, i.e. 
E-cadherin, Claudin-1 and γ-catenin. A significant upregulation in E-cadherin, Claudin-1 
and γ-catenin mRNA expression was found in BAR-T cells transfected with miRNA-203 
compared to BAR-T cells transfected with negative control. This effect was blocked when 
cells were co-transfected with a miRNA-203 specific inhibitor (figure 3a). Fold reductions 
and p-values are shown in table 3. In addition we determined protein expression using 
Western blot analysis. Compared to BAR-T cells transfected with negative control, an 
upregulated protein expression of E-cadherin, Claudin-1 and γ-catenin in BAR-T cells 
was observed upon transfection with miRNA-203. This effect was again blocked when 
cells were co-transfected with a miRNA-203 specific inhibitor (figure 3b).

Table 3. Fold-inductions of genes associated with cell adhesion after miRNA-203 transfection in BAR-T 
cells.

Gene NC # Mean 
(±SD)

miR-203 
Mean (±SD)

miR-203 & 
inh Mean 

(±SD)

Fold-
induction 
miR-203 

versus NC#1

p-value Fold-induction 
miR-203 versus 

miR-203&inh

p-value

E-cadherin 1.05 (±0.35) 2.41 (±1.55) 1.00 (±0.26) 2,30 a P < 0.05 2,41 b P < 0.05

Claudin-1 1.02 (±0.24) 3.27 (±1.70) 1.06 (±0.20) 3,21 c P < 0.002 3,09 d P 0.002

γ-catenin 0.74 (±0.59) 1.72 (±0.79) 0.92 (±0.31) 2,32 e P < 0.05 1,87 f P = 0.01
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figure 3. mRNA and protein expression of Snail2 and downstream targets of Snail2. 
a. Q-RT-PCR was performed to determine mRNA expression of Snail2 and its target genes, E-cadherin, 
Claudin-1 and γ-catenin in BAR-T cells transfected with negative control (NC#1), miRNA-203 or miRNA-203 
and inhibitor (miR-203&inh). GAPDH and B2M were used for normalization. Data are relative to the mean 
ΔCt of cells transfected with negative control and are expressed as box plots, representing mean with mini-
mum and maximum values.  * a P<0.05, ** b P<0.01.
b. Western blot analysis of BAR-T cells transfected with miR-203 showed that Snail2 expression was de-
creased and E-cadherin, Claudin-1 and γ-catenin expression was increased compared to cells transfected 
with negative control or cells co-transfected with a miRNA-203 specifi c inhibitor. Actin was used as loading 
control. Pictures are representative of three independent experiments.

a.

B.
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Expression of adhesion proteins in Barrett’s esophagus

Q-RT-PCR and Western blot analysis was performed to evaluate the expression of Snail2 and 
putative target genes of Snail2 in SQ and BE biopsy specimens. mRNA expression of Snail2 
was not diff erent between the two groups (p=0.56; fi gure 4a). We did not detect Snail2 pro-
tein expression in SQ and BE biopsy samples, the positive control (BAR-T cells) showed Snail2 
expression, therefore we concluded that Snail2 expression in SQ and BE biopsies is likely very 
low. E-cadherin, showed a tendency of downregulated mRNA expression in BE compared 
to SQ (1.46-fold, p=0.09). Moreover, in BE γ-catenin was 7.1-fold (p=0.0003) downregulated 
compared to SQ epithelium. Western blot analysis confi rmed downregulated E-cadherin 
and γ-catenin expression in BE. Claudin-1 expression was 3.4-fold (p=<0.0006) reduced in 
BE compared to SQ epithelium. However, Western blot analysis showed no diff erence in 
Claudin-1 expression between BE and SQ biopsy specimens. (fi gure 4b).

 

figure 4. Expression of adhesion molecules in normal squamous and Barrett’s esophagus biopsies.
a. Q-RT-PCR was performed to determine mRNA expression of Snail2 and its target genes, E-cadherin, Clau-
din-1 and γ-catenin in human squamous esophagus (SQ) and Barrett’s esophagus (BE) biopsies. GAPDH and 
B2M were used for normalization. Data are relative to the mean ΔCt of SQ biopsies and are expressed as box 
plots, representing mean with minimum and maximum values.  *** a P<0.001.
b. Western blot analysis of SQ and BE biopsies showed decreased E-cadherin and γ-catenin in BE. Actin 
was used as loading control. Biopsy specimens of 6 patients were used. Representative pictures are shown.

a. B.
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DisCussion

To our knowledge, this is the first study which evaluated the functional effect of 
miRNA-203 overexpression in a premalignant cell line, the human BAR-T cell line, which 
is the most frequently used cell line to study BE. We found that overexpression of miR-
NA-203 decreased both cell proliferation and migration (figure 2). Moreover, we found 
that miRNA-203 inhibits Snail2 expression, and subsequently upregulates E-cadherin, 
Claudin-1 and γ-catenin expression (figure 3). These effects were blocked in cells where 
miRNA-203 expression was downregulated. In addition, we observed downregulated 
expression of these adhesion molecules in BE tissue compared to SQ (figure 4).

Recently, miRNA-203 has been shown to directly target Snail2 in breast cancer. (22) In 
addition, Qu et al. reported Snail2 inhibition after miRNA-203 overexpression in prostate 
cancer cells. (21) Our results showed that miRNA-203 overexpression also resulted in 
downregulated expression of Snail2 in a premalignant cell line, BAR-T cells. We did not 
perform luciferase assays to confirm that Snail2 is a direct target of miRNA-203, however 
other studies did perform a luciferase assay and showed that Snail2 is a direct target 
of miRNA-203 in breast cancer cells. (22) Snail2 is a zinc finger containing transcription 
factor, which has a regulating role during EMT. (37) In the process of EMT, a phenotypic 
conversion occurs during which cells reorganize their cytoskeleton, lose their cell junc-
tions and gain motile properties in order to migrate. This mesenchymal phenotype is 
important during embryogenesis, wound healing and cancer metastasis. (38) The first 
step of EMT is the loss of cell-cell contacts leading to the loss of cell apical to basal 
polarity. In the healthy esophagus, the epithelium is a tight protective barrier against 
luminal components. During the transition from SQ to BE, as assessed by morphological 
and permeability studies, impaired barrier function and mucosal integrity has been re-
ported. (31,39) In addition, Zhang et al. showed that BAR-T cells, upon exposure to acidic 
bile salts, undergo features of EMT. (26) In this study, we showed that after miRNA-203 
downregulation in BE cells, EMT is induced and it could therefore well be that EMT plays 
a role in the transition from SQ to BE.

The esophageal barrier is dependent on various cell-cell contacts, in particular tight 
junctions, adherens junctions and desmosomes that provide the structural basis of 
the barrier by regulating diffusion of molecules. E-cadherin, a cadherin which is part 
of the adherens junctions (37), is known to be downregulated in BE. (40) In addition, 
E-cadherin is a direct target of Snail2. We therefore investigated the effect of overexpres-
sion of miRNA-203 on E-cadherin expression and found that both mRNA and protein 
expression were increased after 48 hours of miRNA-203 overexpression. Claudin-1 and 
γ-catenin are also implied targets of Snail2 (40,41) and are involved in intercellular com-
plexes. Claudin-1 is a tight junction protein, which seals the paracellular space, where 
γ-catenin binds the intermediate filaments with desmosomes. In this study, we showed 
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that both adhesion molecules are upregulated after miRNA-203 overexpression in a hu-
man BE cell line. These results indicate an indirect effect of miRNA-203 overexpression 
through downregulated expression of SNAIL2.

Unfortunately, due to the low expression, we were not able to detect protein expres-
sion of Snail2 in human biopsies of SQ and BE. So far, limited data is available on expres-
sion of these molecules in BE. Bailey et al. evaluated γ-catenin expression during the 
neoplastic progression of BE and observed decreased protein expression in half of the 
cases with BE compared to SQ. (41) Downregulated Claudin-1 expression has also been 
reported in BE (29,32) In this study we confirmed downregulated expression of γ-catenin 
in BE compared to SQ on both mRNA and protein level. In addition, downregulated 
mRNA expression of Claudin-1 was observed in BE, however we were unable to confirm 
this on protein level.

The effect of impaired mucosal integrity is largely unknown. It has been suggested 
that it results in increased sensitivity to acid reflux by activation of esophageal noci-
ceptors as this effect is observed in patients with nonerosive reflux disease and gastro-
esophageal reflux disease. (27,28) However, the effect on cell damage and subsequently 
the development of dysplasia in BE remains unclear. In the future, it would be of interest 
to evaluate if re-expression of miRNA-203 in BE could restore the barrier function and 
thereby decrease cell damage and additionally the progression to dysplasia.

In summary, we showed that upregulated miRNA-203 expression resulted in 
downregulated Snail2 expression and subsequently upregulated the expression of 
specific adhesion molecules. These effects were blocked when miRNA-203 expression 
was downregulated. The combination of downregulated miRNA-203 expression and the 
downregulated expression of cell-cell adhesion molecules in BE, might comprise the 
first phase of EMT.
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supplementary fi gure 1 Q-RT-PCR was performed to determine miRNA-203 expression in human biop-
sies (SQ, n = 17, BE n = 17, EAC n =17) and esophageal cell lines. U6SN was used for normalization. Data are 
expressed as mean ± SD.
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aBsTraCT

BaCKgrounD: Circulating microRNAs (miRNAs) have been suggested as novel markers 
for various diseases. The goal of this pilot study was to identify circulating miRNAs dif-
ferentially expressed comparing Barrett’s esophagus (BE), esophageal adenocarcinoma 
(EAC) and controls.
mEThoDs: miRNA expression profiling was performed by qPCR array using plasma 
from 6 controls and 8 BE and 8 EAC patients. Validation was performed by analyzing 
the expression of 6 selected miRNAs, by qRT-PCR in 115 plasma samples of controls, BE 
and EAC patients. Diagnostic accuracy was evaluated by Area Under the Curve (AUC) 
analysis.
rEsulTs: We identified 3 miRNAs that were elevated in EAC and 4 miRNAs that were el-
evated in BE. Further validation showed that miRNA-382-5p was significantly increased 
and miRNA-133a-3p significantly decreased in EAC. miRNA-194-5p and -451a were 
significantly increased and miRNA-136-5p significantly decreased in BE versus controls. 
A combination of 3 or more miRNAs was found to have a good diagnostic performance 
in discriminating BE from controls (AUC: 0.832), EAC from controls (AUC: 0.846) and BE 
from EAC (AUC: 0.797).
ConClusion: Our data suggest that circulating miRNAs are differentially expressed in 
BE and EAC. The miRNAs identified may be used for future non-invasive screening of BE 
and EAC.
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inTroDuCTion

Barrett’s esophagus (BE) is a premalignant condition of the distal esophagus, charac-
terized by the metaplastic replacement of normal stratified squamous epithelium by 
specialized intestinal columnar epithelium. (1) BE is associated with an increased risk of 
progression to esophageal adenocarcinoma (EAC) with an estimated annual incidence 
of 0.33%. (2) Over the last decades incidence rates of BE and EAC have increased dra-
matically in the Western world. (3)

The current approach of BE screening includes routine surveillance endoscopy with 
histopathological analysis of biopsies taken during endoscopy. For the diagnosis of BE 
and EAC, morphological assessment of biopsies is the golden standard. The histological 
presence or absence of dysplasia is the basis for the advised endoscopic follow-up in-
tervals in BE. Unfortunately, sampling bias occurs (4) and there is an ongoing discussion 
on whether BE surveillance is indeed cost-effective .(5) Additionally, histological grad-
ing of BE biopsies is subject to considerable interobserver variability. (6, 7) Moreover, 
in over 90% of new EAC cases, BE was not diagnosed before (8). This suggests that it is 
important to have easy-to-use markers that are able to distinguish BE and EAC patients 
from the normal population.

MicroRNAs (miRNAs) are small non-coding RNAs of approximately 21-25 nucleotides 
long. They function by negatively influencing the protein translation machinery via 
translational repression or mRNA degradation. (9) Expression profiles of miRNAs in vari-
ous cancers have been investigated, which showed that miRNA expression profiles are 
disease- and tissue-specific and therefore can be considered as candidate biomarkers. 
(10-13) In addition, miRNA expression profiling of BE and EAC biopsies has shown tissue 
specific miRNAs. (14-17)

The stability and predictive value of miRNAs make them ideal to be tested in plasma 
or serum samples. (18, 19) Unique circulating miRNA profiles have been identified in 
patients with colorectal, breast and esophageal squamous cell cancer (ESCC). (20-25) 
However, the expression of circulating miRNAs in BE and EAC in plasma has as yet not 
been evaluated. We hypothesized that different miRNA expression patterns are pres-
ent in plasma of BE and EAC patients compared to controls. We therefore determined 
circulating miRNA expression profiles in BE and EAC patients and in controls. Based on 
this, we selected a panel of miRNAs that was subsequently validated in a different and 
larger group of BE and EAC patients.
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maTErials anD mEThoDs

Ethics statement

This study was approved by the Medical Ethical Committee of the University Medical 
Center Utrecht and Radboud University Medical Center. Written consent was obtained 
from all patients prior to obtaining plasma samples.

Study subjects

All participants, including controls, underwent routine endoscopy. Twelve ml blood 
for plasma miRNA analysis was collected in EDTA-containing tubes (BD Biosciences, 
Plymouth, UK). Plasma from EAC patients was collected before treatment. All BE patients 
were on long term proton pump inhibitors (PPIs) in a dose of 40 to 80 mg daily to treat 
and/or prevent reflux esophagitis. Controls were patients undergoing endoscopy for 
unexplained upper abdominal complaints, had no reflux symptoms or endoscopic ab-
normalities and did not use PPIs. Biopsies were taken from controls, and BE and EAC pa-
tients for histopathological confirmation. Histopathology confirmed that all BE patients 
had proven BE (with intestinal metaplasia) without dysplasia, controls had no signs of 
inflammation and EAC patients had confirmed BE and EAC. Patient characteristics are 
summarized in Tables 1a-b and the study design in Suppl. figure 1.

Blood samples were centrifuged for 10 minutes at 2,100 g at 4ºC and plasma was col-
lected. Samples were stored at -80ºC or -20ºC, before subsequent miRNA expression 
analysis.

RNA isolation

RNA was isolated as previously described (26, 27) and according to the manufacturer’s 
protocol using the miRNeasy Minikit kit (Qiagen, Venlo, The Netherlands).

Samples were defrosted on ice and centrifuged at 3000 g for 5 min to remove residual 
platelets. Two-hundred μl plasma was transferred into a new tube, 3.75-volume Qiazol 
(Qiagen, Venlo, The Netherlands) containing 1.25μg/ml MS2 RNA (Roche, Mannheim, 
Germany) was added. After 5 minutes incubation at room temperature, 0.2-volume chlo-
roform (Merck, Darmstadt, Germany) was added. After centrifugation at 12,000g for 15 
minutes at 4ºC, supernatant was transferred to a clean tube, 1.5-volume 100% ethanol 
(Merck) was added. The sample was then applied directly to a Qiagen RNeasy Mini Spin 
Column. The isolated RNA was dissolved in 30μl RNase-free water.
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Table 1a. Characteristics of normal controls and patients with Barrett’s esophagus or esophageal adeno-
carcinoma used for microRNA expression profiling.

Variable controls
(n=6)

BE*
(n=8)

EAC**
(n=8)

Gender (male) 3 (50%) 7 (88%) 7 (88%)

Age (years, mean ± SD & (range)) 51.8 ± 10.3 (40 - 68) 59.5 ± 12.1 (40 - 76) 56.0 ± 11.0 (42 - 70)

Barrett length (mean & (range)) n.a. C4M5***
(C1M3 - C10M11)

C8M8
(C5M5 - C13M13)

Tumor stage (T)

1 n.a. n.a. 0 (0%)

2 2 (25%)

3 5 (63%)

4 1 (13%)

X (unknown) 0 (0%)

Lymph node status (N)

0 n.a. n.a. 3 (30%)

1 2 (25%)

2 0 (0%)

3 3 (38%)

4 0 (0%)

X (unknown) 0 (0%)

Metastasis (M)

0 n.a. n.a. 1 (13%)

1 1 (13%)

X (unknown) 6 (75%)

Body Mass Index (mean ± SD) 26.8 ± 5.3 25.2 ± 2.1 24.1 ± 1.9

Current smokers 1 2 1

Previous smokers 1 2 4

Non-smokers 4 4 3

*) BE = Barrett’s esophagus, **) EAC = esophageal adenocarcinoma, ***) CM = circumference length, maxi-
mum length.
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Table 1b. Characteristics of normal controls and patients with Barrett’s esophagus or esophageal adeno-
carcinoma used for validation by Q-RT-PCR.

Variable controls
(n=15)

BE*
(n=41)

EAC**
(n=59)

Gender (male) 3 (20%) 31 (76%) 53 (90%)

Age (years, mean ± SD & (range)) 39.5 ± 14.7 (19 - 68) 59.2 ± 11.7 (35 - 81) 65.8 ± 10.8 (42 - 85)

Barrett length (mean & (range)) n.a. C3M4 ***
(C0M2 - C10M11)

C5M8 (C0M2 – C14M14)

Tumor stage (T)

1 n.a. n.a. 6 (10%)

2 10 (17%)

3 36 (61%)

4 1 (2%)

X (unknown) 6 (10%)

Lymph node status (N)

0 n.a. n.a. 22 (37%)

1 24 (41%)

2 6 (10%)

3 1 (2%)

4 0 (0%)

X 6 (10%)

Metastasis (M)

0 n.a. n.a. 6 (10%)

1 8 (14%)

X 45 (76%)

Body Mass Index (mean ± SD) 24.5 ± 4.0 25.6 ± 2.6 25.3 ± 2.9

Current smokers 3 4 6

Previous smokers 3 4 7

Non-smokers 9 6 6

Unknown 25 42

*) BE = Barrett’s esophagus, **) EAC = esophageal adenocarcinoma, ***) CM = circumference length, maxi-
mum length.

Quality control and miRNA expression profiling

RNA quality control and subsequent miRNA expression profiling were performed by 
Exiqon, Denmark. For quality control, 2µl RNA was reverse transcribed (RT) in 10µl reac-
tions using the miRCURY LNATM Universal RT microRNA polymerase chain reaction (PCR), 
Polyadenylation and cDNA synthesis kit (all from Exiqon). Each reverse transcription 
reaction was performed in duplicate, including an artificial RNA spike-in (Sp6, Exiqon). 
cDNA was diluted 50x and assayed in 10µl PCR reactions according to the protocol for 
miRCURY LNATM Universal RT microRNA PCR; 4 miRNAs (miRNA-103a-3p, miRNA-191-5p, 
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miRNA-423-3p and miRNA-451a) and Sp6 were assayed by quantitative polymerase 
chain reaction (qPCR). The amplification was performed in a LightCycler® 480 Real-Time 
PCR System (Roche). The amplification curves were analyzed using the Roche LC soft-
ware, both for determination of Cp (∆∆Cp method) and for melting curve analysis. A 
mean Cp was calculated for the duplicate RT’s and evaluation of expression levels was 
performed based on raw Cp-values. High technical quality was achieved, since all four 
miRNAs and the synthetic spike-in were found to be present in the samples.

For miRNA expression profiling, 5µl RNA was reverse transcribed in 25µl reactions 
using the miRCURY LNATM Universal RT microRNA PCR, Polyadenylation and cDNA syn-
thesis kit (Exiqon). cDNA was diluted 50x and assayed in 10µl PCR reactions. PCR panels 
containing primers for miRNAs found in serum and plasma were used (Serum/Plasma 
Focus miRNA PCR panels, Exiqon). This panel consisted of 175 miRNAs that are known to 
be present in human plasma samples. Negative controls, samples excluding template in 
the RT reaction, were included.

Data analysis, miRNA expression profiling

The amplification efficiency was calculated using algorithms similar to the LinReg 
software. (28) All assays were inspected for distinct melting curves. miRNA assays were 
included if the samples were detected 5 Cp’s lower than the negative control, the upper 
limit of detection was set to Cp 37. NormFinder was used to find the best normalizer. (29) 
Based on this, data were normalized to the average of assays detected in all samples. 
(30) Statistical analysis was performed using Kruskal Wallis and Mann-Whitney U tests, 
depending on the number of groups tested. Fold changes were measured using mean 
ratios. miRNAs with a p-value of 0.05 or lower or fold changes of 1.5 or higher were listed 
and supposed to be differentially expressed between the various groups.

Validation by real-time reverse transcribed polymerase chain reaction

Six miRNAs were selected from the initial miRNA profiling phase for further validation 
by real-time reverse transcribed polymerase chain reaction (RT-PCR) assays. Selection 
criteria are described in Suppl. Figure 2. In addition, NormFinder was used on the initial 
circulating miRNA profiling results to select a set of miRNAs that could be used for nor-
malization. (30) miRNA-93-5p, -103a-3p, -106a-5p, -423-3p and -423-5p were used for 
normalization (Suppl Fig 3).

RT-PCR assays were performed by three experienced researchers. The analyses were 
performed by using the TaqMan MicroRNA Assay kit according to the manufacturer’s 
protocol (Applied Biosystems). All RT and PCR reactions were performed on a thermal 
cycler (iCycler iQ system, BioRad, Hercules, CA, USA). Assays were performed in duplicate 
(technical replicates).
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Data analysis, validation study

The relative expression level was calculated using the ∆Ct method. miRNA expression 
was expressed in box plots. Data was analyzed using GraphPad Prism version 5.03 (San 
Diego, CA, USA). The groups were analyzed using Kruskal Wallis and Mann-Whitney U 
tests, depending on the number of groups compared. Fold changes were measured 
using mean ratios. To evaluate whether circulating miRNAs could be used to distinguish 
between the different groups Receiver Operating Characteristic (ROC) curve analysis 
was performed to determine the accuracy of the established miRNA panel (area under 
the curve (AUC), 95% confidence interval (CI), sensitivity and specificity) (GraphPad 
Prism). Logistic regression analysis (Statistical Package for Social Sciences, version 20; 
SPSS Inc., Chicago, IL, USA) was used to determine miRNA panels for ROC curve analysis.

rEsulTs

miRNA expression profiling

Three unique circulating miRNA profiles of plasma samples from BE and EAC patients, 
and controls were obtained. On average, 161 miRNAs were detected in each sample, 
with an overlap of 114 miRNAs in all samples. The complete circulating miRNA expres-
sion profiles can be found on the Gene Expression Omnibus website (http://www.ncbi.
nlm.nih.gov/geo/, accession code: GSE51410).

A Venn diagram (Figure 1A) was constructed to sort the distribution of the miRNAs 
in plasma samples from BE and EAC patients, and controls. The diagram demonstrated 
that 8 miRNAs were elevated in plasma samples from controls, 4 miRNAs were elevated 
in plasma samples from BE and 3 miRNAs were elevated in plasma samples from EAC. 
The specific miRNAs presented in the Venn diagram are shown in Figure 1B. Comparing 
the various groups, we found that miRNA-194-5p was highly present in plasma samples 
from EAC and BE patients compared to controls. miRNA-532-3p was highly expressed 
in both BE and controls compared to EAC, while miRNA-136-5p, -127-3p, -154-5p and 
-382-5p were highly present in EAC and controls compared to BE (Figure 1B).

miRNAs differentially expressed in plasma from BE and EAC patients and controls

We first investigated the miRNAs that were differentially expressed when comparing 
plasma samples from BE with controls (Table 2). Five miRNAs were more than 1.5-fold 
upregulated and 8 miRNAs were more than 1.5-fold downregulated comparing BE with 
controls. In addition, 2 miRNAs were significantly differentially expressed, of which 1 
miRNA was up- and 1 miRNA was downregulated in BE compared to controls (miRNA-
451a and let-7d-3p, respectively).
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Plasma sample microRNA ID
Controls* hsa-let-7d-3p

hsa-miRNA-1-3p
hsa-miRNA-10a-5p
hsa-miRNA-92b-3p
hsa-miRNA-133a-3p
hsa-miRNA-133b
hsa-miRNA-365a-3p
hsa-miRNA-500a-5p
hsa-miRNA-574-3p

BE** hsa-miRNA-95-3p
hsa-miRNA-122-5p
hsa-miRNA-451a
hsa-miRNA-1974

EAC*** hsa-miRNA-186-5p
hsa-miRNA-195-5p
hsa-let-7e-5p

Controlsand BE hsa-miRNA-532-3p
Controls and EAC hsa-miRNA127-3p

hsa-miRNA-136-5p
hsa-miRNA-154-5p
hsa-miRNA-382-5p

BE and EAC hsa-miRNA-194-5p
figure 1.
a. Venn diagram showing the distribution of microRNA expression comparing plasma samples from 
controls, patients with Barrett’s esophagus (BE) and esophageal adenocarcinoma (EAC) . Depicted are all 
miRNAs signifi cantly diff erentially expressed or more than 1.5-fold up- or downregulated comparing the 
various groups.
b. shows the specifi c microRNAs depicted in the Venn diagram.

Comparing plasma samples from EAC and controls, we identifi ed 1 miRNA that was more 
than 1.5-fold upregulated and 7 miRNAs that were more than 1.5-fold downregulated 
(Table 2). Particularly, miRNA-10a-5p and -365a-3p were signifi cantly downregulated 
in EAC compared to controls. An additional 2 miRNAs were signifi cantly diff erentially 
expressed comparing the two groups.

Comparing plasma samples from EAC patients and BE patients, we found 5 miRNAs 
that were more than 1.5-fold upregulated and 4 miRNAs that were more than 1.5 fold 
downregulated (Table 2). Particularly, miRNA-382-5p and let-7e-5p were signifi cantly 
and more than 1.5-fold upregulated in EAC compared to BE. Additionally, 2 miRNAs were 
signifi cantly diff erentially expressed comparing the two groups.

Validation study of selected miRNAs as plasma marker candidates

We subsequently validated our miRNA profi ling study results using plasma samples from 
another 41 BE and 59 EAC patients and 15 controls. Based on our miRNA profi ling study 
we selected 6 miRNAs that were used for the validation study: miRNA-95-3p, -133a-3p, 
-136-5p, -194-5p, -382-5p and -451a. These miRNAs met the selection criteria: compar-
ing the various groups were 1.5-fold induced/reduced and signifi cantly diff erentially 

a.

B.
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expressed or more than 2-fold induced/reduced in one or two of the groups (detailed 
selection criteria are described in Suppl. Figure 2).

Q-RT-PCR results indicated that miRNA-133a-3p was significantly higher expressed 
in plasma samples from controls (2.5-fold) and BE (2.1-fold) compared to EAC (Figure 
2A). miRNA-136-5p was significantly lower expressed in plasma samples from BE (3.0-
fold) compared to controls (Figure 2B), whereas miRNA-451a was significantly higher 
expressed in BE (2.6-fold) compared to controls (Figure 2C). miRNA-382-5p was signifi-
cantly higher expressed in plasma samples from EAC compared to BE patients (2.4-fold) 
(Figure 2D). In addition, miRNA-194-5p and -95-3p were significantly higher expressed 
in BE (4.2-fold and 4.4-fold, respectively) and EAC (3.2-fold and 2.8-fold, respectively), 
compared to controls (Figures 2E and 2F). miRNA-136-5p showed an increased expres-
sion in EAC compared to BE (2.9-fold; Table 3). Known functional and expression data 
from these 6 miRNAs are summarized in Table 4.

Table 2. microRNA expression in plasma samples; profiling study

microRNA ID Mean 
expression 
controls

Mean 
expression 
BE

Mean 
expression 
EAC

Fold induction 
BE/controls

Fold induction 
EAC/controls

Fold induction 
EAC/BE

hsa-let-7d-3p 1.02 0.78 0.85 0.76 (p=0.011) 0.83 1.09

hsa-let-7e-5p 1.22 1.08 1.61 0.88 1.32 1.50(p=0.038)

hsa-miRNA-1-3p 1.74 0.61 0.51 0.35 0.29 0.84

hsa-miRNA-10a-5p 1.01 0.64 0.57 0.63 0.56 (p=0.018) 0.89

hsa-miRNA-92b-3p 1.13 0.88 0.72 0.77 0.64 0.82

hsa-miRNA-95-3p 1.18 2.61 0.93 2.21 0.79 0.36

hsa-miRNA-122-5p 1.09 1.65 1.07 1.52 0.99 0.65

hsa-miRNA-127-3p 1.31 0.79 1.30 0.60 0.99 1.65

hsa-miRNA-133a-3p 1.64 0.51 0.52 0.31 0.32 1.02

hsa-miRNA-133b 2.21 0.71 0.70 0.32 0.32 0.99

hsa-miRNA-136-5p 1.17 0.68 1.43 0.58 1.22 2.11

hsa-miRNA-154-5p 1.31 0.84 1.32 0.64 1.01 1.58

hsa-miRNA-186-5p 1.01 0.86 1.05 0.86 1.04 1.21 (p=0.01)

hsa-miRNA-194-5p 1.12 2.47 2.55 2.21 2.28 1.03

hsa-miRNA-195-5p 1.00 1.25 1.46 1.24 1.45 (p=0.02) 1.17

hsa-miRNA-365a-3p 1.07 0.87 0.67 0.82 0.62(p=0.02) 0.76

hsa-miRNA-382-5p 1.15 0.76 1.57 0.65 1.36 2.08 (p=0.007)

hsa-miRNA-451a 1.10 2.01 1.29 1.83(p=0.029) 1.18 0.64

hsa-miRNA-500a-5p 1.09 0.77 0.65 0.71 0.59 0.84

hsa-miRNA-532-3p 1.03 0.96 0.74 0.93 0.71 0.77 (p=0.038)

hsa-miRNA-574-3p 1.02 0.87 0.72 0.85 0.71 (p=0.043) 0.83

hsa-miRNA-1974 1.39 3.20 1.73 2.31 1.25 0.54

MicroRNAs significantly (p<0.05) or more than 1.5 fold up- or down-regulated comparing plasma samples 
from esophageal adenocarcinoma (EAC), Barrett’s esophagus (BE) and controls. Mean expression along 
with their fold induction are shown.



Profi ling of circulating microRNAs in patients with Barrett’s esophagus and esophageal adenocarcinoma 85

5

figure 2. Validation by Q-RT-PCR of plasma samples from controls, Barrett’s esophagus (BE) and esopha-
geal adenocarcinoma (EAC) patients. The upper and lower limits of the boxes and the lines inside the boxes 
indicate the 5th and 95th percentiles and the median, respectively. * p<0.05, ** p<0.01, *** p<0.001.
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Table 3. microRNA expression in plasma samples; validation study

microRNA ID Mean 
expression 
controls

Mean 
expression 
BE

Mean 
expression 
EAC

Fold induction 
BE/controls

Fold induction 
EAC/controls

Fold induction 
EAC/BE

hsa-miRNA-95-3p 0.23 1.01 0.63 4.39 (p=0.0009) 2.75 (p=0.0002) 0.63

hsa-miRNA-133a-3p 1.33 1.11 0.53 0.83 0.40 (p=0.0007) 0.48 (p=0.0024)

hsa-miRNA-136-5p 3.94 1.31 3.80 0.33 (p=0.0022) 0.96 2.91

hsa-miRNA-194-5p 0.62 2.58 2.01 4.17 (p=0.0263) 3.25 (p=0.0484) 0.78

hsa-miRNA-382-5p 0.93 1.39 3.34 1.50 3.60 2.41 (p=0.0007)

hsa-miRNA-451a 1.09 2.84 2.36 2.61 (p=0.0122) 2.17 0.83

Validation of miRNAs by Q-RT-PCR of plasma samples from controls, patients with Barrett’s esophagus (BE) 
and patients with esophageal adenocarcinoma (EAC). Mean expression along with their fold induction are 
shown.

Table 4. Expression and function of miRNAs

miRNA Presence in plasma/serum Tissue expression/known function

hsa-miRNA-95-3p — Colorectal cancer:↑(49)
Oncogenic role(49)

hsa-miRNA-133a-3p ESCC* patients:↓  (22) Ileal carcinoid tumor ↓(50)
Tumor-suppressive role (51)

hsa-miRNA-136-5p — Lung cancer: ↑(52)
Oncogenic role (52)

hsa-miRNA-194-5p ESCC patients:↑ (23) BE**/EAC*** tissue: (14)

hsa-miRNA-382-5p Breast cancer patients: ↑(35) Ovarian cancer:  ↓(53)
Role in TGF-beta**** pathway (54)

hsa-miRNA-451a Gastric cancer patients: ↑(36) BE/EAC tissue:  ↑(14)

*ESCC=Esophageal squamous cell carcinoma; **BE=Barrett’s esophagus;
***EAC=Esophageal adenocarcinoma; ****TGF-beta=transforming growth factor-beta.

Diagnostic potential of circulating miRNAs in plasma samples, validation study

To investigate the diagnostic potential of circulating miRNAs, we determined the dis-
criminatory power between the various groups by performing logistic regression and 
ROC analysis using the Q-RT-PCR results from the validation study (Figure 3). The most 
informative diagnostic panel to distinguish controls from BE was the combination of 
miRNA-95-3p, -136-5p, -194-5p and -451a showing the highest AUC 0.832 (95% CI: 0.698 
- 0.967) with a sensitivity of 78.4% (95% CI: 61.8 - 90.2) and specificity of 85.7% (95% CI: 
57.2 - 98.2) (Figure 3A). To distinguish EAC from controls the combination of miRNA-
133a-3p, -382-5p and -451a showed an AUC of 0.846 (95% CI: 0.738 - 0.954), a sensitivity 
of 85.7% (95% CI: 71.5 - 94.6) and a specificity of 80.0% (95% CI: 51.9 - 95.7) (Figure 3B). 
The highest potential to discriminate between BE and EAC patients was found by using 
a combination of miRNA-133a-3p, -136-5p and -382-5p, with an AUC of 0.797 (95% CI: 
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0.699 - 0.896), with a sensitivity of 81.0% (95% CI: 65.9 - 91.4) and a specifi city of 78.4% 
(95% CI: 61.8 - 90.2) (Figure 3C).

figure 3. Evaluation of the diagnostic potential of microRNAs in the plasma samples from controls, Bar-
rett’s esophagus (BE) and esophageal adenocarcinoma (EAC) patients. Presented Receiver Operating Char-
acteristic (ROC) curves show the greatest Area under the Curve (AUC) for distinguishing controls, BE and 
EAC patients. All formulas, used to combine the microRNAs, were calculated by performing logistic regres-
sion analysis. (a) The ROC analysis to distinguish controls from BE patients. A combination of miRNA-95-3p, 
-136-5p, -194-5p and -451a was used. The formula used: 0.391 + (0.734*miRNA-95-3p) + (-0.217*miRNA-
136-5p) + (0.158*miRNA-194-5p) + (0.322*miRNA-451a). (b) Diagnostic performance of miRNA-133a-3p, 
-382-5p and -451a for distinguishing controls from EAC patients. The formula used: -0.303 + (-0.703*miRNA-
133a-3p) + (0.925*miRNA-382-5p) + (0.380*miRNA-451a). (c) ROC curve analysis showing the diagnostic 
performance of miRNA-133a-3p, -136-5p, -382-5p in order to distinguish BE from EAC patients. The formula 
used: 0.103 + (-0.557*miRNA-133a-3p) + (0.068*miRNA-136-5p) + (0.215*miRNA-382-5p).

Comparison of circulating and tissue miRNAs

Previously, our group performed miRNA expression profi ling using esophageal squa-
mous epithelium, BE and EAC tissue biopsies. (14) We therefore compared the miRNA 
expression profi les of plasma samples described in the present study with the miRNA 
expression profi les of tissue samples described in the previous study. (14) We found that 
miRNA-194-5p and -451a were higher expressed in both tissue and plasma samples 
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from BE compared to normal squamous esophagus tissue and plasma from controls. 
In addition, miRNA-194-5p was higher expressed in both tissue and plasma from EAC 
compared to normal squamous esophagus tissue and plasma from controls. miRNA-
451a was found to be lower expressed in both tissue and plasma from EAC compared to 
BE tissue and plasma (Table 5).

Table 5. Comparison of miRNA profiles in tissue and plasma

Tissue Plasma

BE*/sQ** BE/controls

hsa-miRNA-194-5p 36.02 2.17

hsa-miRNA-451a 3.97 1.83

hsa-miRNA-133b 3.11 0.58

hsa-miRNA-1-3p 2.64 0.56

hsa-miRNA-10a-5p 2.24 0.55

EaC***/sQ EaC/controls

hsa-miRNA-194-5p 18.62 2.21

hsa-miRNA-365a-3p 0.45 0.62

hsa-miRNA-133b 2.58 0.65

hsa-miRNA-1-3p 2.31 0.44

EaC/BE EaC/BE

hsa-miRNA-451a 0.48 0.61

*BE=Barrett’s esophagus; **SQ= squamous epithelium; ***EAC= esophageal adenocarcinoma.
miRNAs more than 2-fold up- or downregulated comparing tissue samples and miRNAs more than 1.5-
fold up- or downregulated comparing plasma samples from esophageal adenocarcinoma (EAC), Barrett’s 
esophagus (BE) and controls are shown.

DISCUSSION

In this exploratory study we demonstrated that circulating miRNAs may have a promis-
ing diagnostic performance for the detection of BE and EAC. This raises the possibility 
of using such markers to develop a non-invasive and rapid diagnostic test for detecting 
BE and EAC. The investigation of plasma miRNAs as diagnostic markers is still in its early 
stages. However, considering the rapid advancements in this field, the development of 
non-invasive blood-based miRNA diagnostics may well be successful in the near future. 
In comparison to the current routine surveillance endoscopy program with histopatho-
logical analysis of biopsies, a plasma test would by far be more convenient, less invasive 
and possibly also cost-effective. In addition to plasma samples, serum samples can 
also be used and several studies have analyzed the expression of circulating miRNAs in 
plasma samples and compared them with serum samples and found little or no differ-
ence in circulating miRNA expression. (18, 31)
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BE is considered to be a complication of longstanding gastroesophageal reflux disease 
and is thought to develop from no dysplasia via low-grade dysplasia and high-grade 
dysplasia to EAC. (32) In the present study, we only included BE patients without dyspla-
sia, however future studies focusing on miRNA plasma levels in BE patients progressing 
from low-grade to high-grade dysplasia are required. Additionally we did not include 
patients with reflux disease, which is also a subgroup for which the determination of 
specific circulating miRNAs is of interest. Using circulating miRNAs for the detection of 
progression to EAC could be useful to detect EAC in patients already known with BE or 
as a general screening test for EAC. In addition, determining miRNA plasma profiles of 
all tumor stages separately could be of high interest. In our study, it was however not 
possible to draw a conclusion related to tumor stages, since the number of patients in 
each group was not sufficient.

Several studies investigating circulating plasma miRNAs as potential markers to de-
tect various types of cancer have shown promising results. (20, 24, 33) For example, a 
combination of 2 miRNAs (miRNA-21 and -375) has been suggested to have a predictive 
value for the detection of ESCC. (20) Several other miRNAs were found to be differentially 
expressed in plasma or serum of ESCC patients, compared to controls. (20-23) Two of the 
miRNAs in this study were also found in our dataset. First, miRNA-194-5p was found to 
be increased in ESCC patients (23), which is comparable to our results. Second, miRNA-
133a-3p expression was found to be increased in ESCC (22), but we found miRNA-133-3p 
to be decreased in plasma from EAC. These two esophageal cancer types are funda-
mentally different in pathogenesis and tumor biology (34), which likely explains some 
of the differences in circulating miRNA expression. Of the other miRNAs in our dataset, 
miRNA-382-5p was also found to be increased in plasma of breast cancer patients and 
included in a panel of miRNAs to detect breast cancer. (35) miRNA-451a was elevated in 
plasma of gastric cancer patients and proposed to be part of a panel to diagnose early 
stage gastric cancer (Table 4). (36)

In Table 5, we compared miRNA expression in plasma and tissue from controls, pa-
tients with BE and EAC. miRNA-194-5p, -451a and -365a-3p expression showed a similar 
expression pattern in tissue and plasma. Other miRNAs showed contradictory results, 
with an increase in BE or EAC tissue and a concomitant decrease in BE or EAC plasma. 
Since the exact origin and function of circulating miRNAs is unknown (37, 38), we are 
unable to explain the difference in expression.

miRNA measurement in plasma is affected by the occurrence of hemolysis or the pres-
ence of residual platelets in the sample (39), because red blood cells and platelets are 
known to contain miRNAs. (40, 41) In order to remove residual platelets we performed 
post-storage centrifugation of the plasma samples. Hemolysis of whole blood samples 
results in an increase of erythrocyte specific miRNAs (miRNA-16-5p and miRNA-144-3p), 
which are not disease specific. (42, 43) In the current study we identified miRNA-451a as 
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one of the markers. We realized that the results on miRNA-451a should be interpreted 
with caution, since hemolysis can greatly affect the presence of this miRNA. (42) To 
determine whether the differential miRNA-451a expression was due to hemolysis, we 
measured the presence of miRNA-16-5p. Our validation samples did not show an ef-
fect on miRNA-16-5p expression (data not shown) and therefore we concluded that our 
samples were free of hemolysis.

Although our results are promising, we are aware of some limitations. First, we in-
cluded significantly more females in the control group. From a Chinese study it is known 
that 90 of 101 miRNAs are present in both male and female serum, but miRNA-100, -184 
and -923 are male specific, while miRNA-222 is female specific. (44) These miRNAs were 
not induced or reduced in our groups; therefore we concluded that gender probably did 
not have an effect on our results. In addition, patients in the control group were younger 
than the patients in the BE and the EAC groups. This is a result of our inclusion criteria, 
in which controls were excluded when they had reflux symptoms. Previously, Noren 
Hooten et al. found 5 miRNAs in plasma to be differently present in serum of young and 
old people, using next generation sequencing. (45) We did not observe differential ex-
pression of these miRNAs comparing the various groups in our study. It was challenging 
to include persons with similar characteristics as the controls, particularly because both 
BE (46) and reflux symptoms (47) are more common among older males. We divided 
normal controls, BE and EAC patients in various age groups, males and females; miRNA 
expression results are depicted in Supplemental Figures 5-10. Thirdly, in the profiling 
study, we only chose to test 175 miRNAs, which were known to be present in human 
plasma samples. The miRNA research field is developing fast and new miRNAs are still 
(to be) identified. The number of known miRNAs has increased dramatically over the 
last few years. In order to discover all circulating miRNAs differentially expressed, high-
throughput sequencing should be used in the future. In addition, in large scale profiling 
studies it is useful to use a false discovery rate approach, because multiple testing can 
lead to false discoveries. (48) Here we chose to describe the actual p-value (Table 2). 
Finally, literature proving reproducibility of circulating miRNAs is lacking. Therefore it 
is important to analyze if circulating miRNAs are stably expressed over time without 
disease progression.

Although the number of studies published on circulating miRNAs as potential mark-
ers for cancer is increasing, data normalization remains an important issue. In tissue 
miRNA analysis, U6snRNA is commonly used for normalization; however its expression 
is not stable in plasma. (44) There are a few approaches that can be used to minimize 
experimental variation, for example spike-in RNAs. (18) During our quality control ex-
periments, we included an artificial spike-in RNA and achieved high technical quality. In 
addition, we used NormFinder to identify the best normalizer. (29) This showed that the 
average of assays detected in all samples could be used for normalization in our miRNA 
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expression profiling dataset and that a set of 5 miRNAs (miRNA-93-5p, -103a-3p, -106a-
5p, -423-3p and -423-5p) could be used for validation. (30) These miRNAs were stably 
expressed in each group during our initial miRNA expression profiling (Suppl. figure 
3). However, in the future, a consensus endogenous control suitable for normalization 
needs to be established.

In summary, we performed a profiling study to identify circulating miRNAs that are 
able to distinguish BE and EAC patients from controls and validated this in a larger 
cohort. In the future, this may have important clinical implications as it may be able to 
develop minimally invasive markers for diagnosing BE and EAC. These markers could 
make future screening and surveillance protocols that are based on upper endoscopy 
more (cost-)effective assigning patients to endoscopy when circulating miRNAs sug-
gest that they are at risk of having BE and/or developing EAC, whereas in those not at 
risk endoscopy is not indicated. Nevertheless, for now, further validation in larger and 
independent cohorts is required.
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supplementary fi gure 1 We divided the study into a profi ling and validation study.

supplementary fi gure 2 This fi gure shows the selection criteria for the 6 miRNAs used for validation. After 
the selection of all miRNAs that were elevated in two groups (*; miRNA-136-5p, -194-5p and -382-5p), we 
selected 2 additional miRNAs elevated in Barrett’s esophagus (BE; miRNA-95-3p and -451a) and 1 additional 
miRNA elevated in controls (miRNA-133a-3p) (**). miRNA-136-5p, -194-5p and -382-5p were all elevated in 
esophageal adenocarcinoma (EAC). Additionally, two of these miRNAs (miRNA-136-5p and -382-5p) were 
elevated in controls versus BE, whereas miRNA-194-5p was elevated in BE versus controls. Therefore, we 
selected 1 additional miRNA elevated in controls (miRNA-133a-3p) and two additional miRNAs that were 
elevated in BE (miRNA-95-3p and -451a). These additional miRNAs were chosen, because they fi tted the 
selection criteria best. miRNA-133a-3p was chosen because this miRNA showed the highest increase in 
controls compared to both BE and EAC. miRNA-451a was chosen since this miRNA has been found to be 
increased in BE tissue.
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supplementary fi gure 3 miRNA expression in plasma samples from controls, Barrett’s esophagus (BE) and 
esophageal adenocarcinoma (EAC) patients in the profi ling study. Depicted are the miRNAs chosen for 
normalization in the validation study. The upper and lower limits of the boxes and the lines inside the boxes 
indicate the 5th and 95th percentiles and the median, respectively.



Profi ling of circulating microRNAs in patients with Barrett’s esophagus and esophageal adenocarcinoma 97

5

supplementary fi gure 4 RNA quality of all samples used for miRNA profi ling study. This fi gure shows the 
raw Cp values of the synthetic spike-in RNA (Sp6).
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supplementary fi gure 5 Circulating microRNA expression from normal controls divided in various age 
groups (19-39, 40-49, 50-59, 60-69 and 70-81). The upper and lower limits of the boxes and the lines inside 
the boxes indicate the 5th and 95th percentiles and the median, respectively. N is the number of controls or 
patients in each group.
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supplementary fi gure 6 Circulating microRNA expression from Barrett’s esophagus patients divided in 
various age groups (19-39, 40-49, 50-59, 60-69 and 70-81). The upper and lower limits of the boxes and the 
lines inside the boxes indicate the 5th and 95th percentiles and the median, respectively. N is the number of 
controls or patients in each group.
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supplementary fi gure 7 Circulating microRNA expression from esophageal adenocarcinoma patients di-
vided in various age groups (19-39, 40-49, 50-59, 60-69 and 70-81). The upper and lower limits of the boxes 
and the lines inside the boxes indicate the 5th and 95th percentiles and the median, respectively. N is the 
number of controls or patients in each group.
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supplementary fi gure 8 Circulating microRNA expression from normal controls divided in males and fe-
males. The upper and lower limits of the boxes and the lines inside the boxes indicate the 5th and 95th per-
centiles and the median, respectively. N is the number of controls or patients in each group.
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supplementary fi gure 9 Circulating microRNA expression from Barrett’s esophagus patients divided in 
males and females. The upper and lower limits of the boxes and the lines inside the boxes indicate the 5th 
and 95th percentiles and the median, respectively. N is the number of controls or patients in each group.
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supplementary fi gure 10 Circulating microRNA expression from esophageal adenocarcinoma patients 
divided in males and females. The upper and lower limits of the boxes and the lines inside the boxes in-
dicate the 5th and 95th percentiles and the median, respectively. N is the number of controls or patients in 
each group.
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aBsTraCT

inTroDuCTion: Circulating microRNAs (miRNAs) have been suggested as markers for 
various diseases as they are easily accessible and highly stable in blood. We recently 
showed that circulating miRNAs are differently expressed in patients with Barrett’s 
esophagus (BE), a premalignant disorder of the esophagus, compared to healthy con-
trols. The aim of this study was to explore if circulating miRNAs are differently expressed 
in patients with a longer length of BE, which is a risk factor for malignant progression 
in BE.
mEThoDs: miRNA expression profiling was performed by Q-PCR array using plasma 
from 4 patients with long-segment (>3 cm) and 4 patients with short-segment (≤3 
cm) BE. Validation was performed by Q-RT-PCR, analyzing the expression of 2 selected 
miRNAs in plasma samples of 36 BE patients (15 patients with long- and 21 patients with 
short-segment BE).
rEsulTs: We identified 7 miRNAs that were aberrantly expressed in long- compared 
to short-segment BE, 3 miRNAs were upregulated while 4 miRNAs were downregulated 
in long-segment BE. Further validation showed that miRNA-21-5p was significantly 
decreased in patients with long-segment BE.
ConClusion: The results of this pilot study suggest that circulating miRNA-21-5p 
is differently expressed in long- and short-segment BE. Future research is needed to 
investigate the origin and specific function of circulating miRNAs in the malignant 
progression in BE .
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inTroDuCTion

Patients with Barrett’s esophagus (BE), a premalignant disorder of the esophagus, have 
an increased risk of developing esophageal adenocarcinoma (EAC). (1,2) In order to 
detect cancer in an early and potentially curable stage, BE patients undergo regular en-
doscopic surveillance of which the frequency is depended on the presence or absence 
of dysplasia. (3) Cost-effectiveness of this surveillance program has not uniformly been 
shown (4,5) and in order to optimize the current surveillance program, identification of 
other markers for malignant progression is mandatory.

Various risk factors have been identified for the prediction of malignant progression, 
including the presence of esophagitis, hiatal hernia and visible endoscopic lesions. (6,7) 
Moreover, several studies have also shown that the risk of malignant progression is in-
creased with the length of BE. (6,8) A large multicenter study from the US reported a 28% 
higher risk of developing high grade dysplasia (HGD) or EAC with every 1-cm increase 
in length of the BE-segment. (9) Revised guidelines therefore recommend intensified 
surveillance for patients with long-segment BE (≥3 cm) and no surveillance in patients 
with a BE length of ≤ 1 cm.10 In addition to the above-mentioned risk factors, molecular 
biomarkers could be adjunctive tools for further risk stratification and to facilitate a 
more tailored endoscopic surveillance program.

A potential group of biomarkers are microRNAs (miRNAs), which are expressed in 
tissue and body fluids. miRNAs are small regulatory non-coding RNA molecules which 
negatively influence the protein translation via translational repression or mRNA deg-
radation. Circulating miRNAs in plasma are highly stable and resistant to RNase activity. 
(11) This stability combined with the good accessibility make circulating miRNAs attrac-
tive biomarker candidates. Expression profiles of plasma miRNAs showed tissue- and 
disease-specific expression profiles, for example in different malignancies (12,13), car-
diovascular diseases (14) and diabetes mellitus (15). Recently, we showed that specific 
circulating miRNAs were differently expressed in patients with BE and EAC compared to 
healthy controls. (16)

In this study, we were interested if circulating miRNAs are differently expressed 
dependent on the BE length. We hypothesized that patients with a long-segment BE 
would have an increased expression of circulating miRNAs associated with malignant 
progression. Therefore our goal was to investigate if patients with long-segment (> 3 
cm) BE have a different circulating miRNA expression pattern compared to patients with 
short-segment (≤ 3 cm) BE.
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figure 1. Relative expresion of plasma miRNAs significantly differentially expressed between long- and 
short-segment BE profiling. The data is expressed in boxplots and median, minimal and maximal values 
are shown * p < 0.05

maTErials anD mEThoDs

Recruitment of study subjects

Patients with BE were recruited during routine surveillance endoscopy and had no 
history of EAC or any other malignancy. All patients were on long-term proton pump 
inhibitors (PPIs) in a dose of 40 to 80 mg daily. Twelve ml blood for plasma miRNA 
analysis was collected in EDTA-containing tubes (BD biosciences, Plymouth, UK) before 
endoscopy. Blood samples were centrifuged for 10 minutes at 2100 g at 4ºC and plasma 
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was collected. Samples were stored at -80ºC or -20ºC. During endoscopy, the length of 
BE was measured according to the Prague classification. (17) The maximum BE length 
(from the GE-junction to the maximal BE length) was used to assign patients in two 
groups, long- (>3 cm) and short- (≤ 3 cm) segment BE. Additional biopsies were taken 
to histologically confirm the diagnosis. The study was approved by the Medical Ethical 
Committee of the University Medical Center Utrecht and Radboud University Medical 
Center. A summary of the study design are summarized in

RNA isolation

To remove residual platelets, plasma samples were centrifuged at 3000 g for 5 min. For 
miRNA isolation, 200 μl plasma was transferred into a tube, 3.75-volume Qiazol (Qiagen, 
Venlo, The Netherlands) containing 1.25μg/ml MS2 RNA (Roche, Mannheim, Germany) 
was added. After 5 minutes incubation at room temperature, 0.2-volume chloroform 
(Merck, Darmstadt, Germany) was added. After centrifugation at 12,000g for 15 min-
utes at 4ºC, supernatant was transferred to a clean tube and 1.5-volume 100% ethanol 
(Merck) was added. The sample was then applied directly to a Qiagen RNeasy Mini Spin 
Column and the isolated RNA was dissolved in 30μl RNase-free water.

Quality control and miRNA expression profiling

RNA quality control and miRNA expression profiling were accomplished by Exiqon, Den-
mark. Amplification was done in a LightCycler® 480 Real-Time PCR System (Roche). Am-
plification curves were analyzed using Roche LC software, for Cp determination (∆∆Cp 
method) and melting curve analysis. The amplification efficiency was calculated using 
algorithms comparable to the LinReg software. (18) All assays were reviewed for distinct 
melting curves. miRNA assays were included if the samples were detected 5 Cp’s lower 
than the negative control, while the upper limit of detection was set to Cp 37. Norm-
Finder was used to find the best normalization method. (19) Based on NormFinder, we 
chose to normalize data to the average of assays detected in all samples (average–assay 
Cp). Statistical analysis was performed using Mann-Whitney U tests. Fold changes were 
measured using mean ratios. miRNAs with a p-value of 0.05 or lower or fold changes of 
1.3 or higher were listed and supposed to be differentially expressed between long- and 
short-segment BE. For detailed information regarding the miRNA expression profiling 
we refer to Bus et al. (16)

Validation by real-time reverse transcribed polymerase chain reaction

Two miRNAs were selected from the initial miRNA profiling phase for further validation 
by real-time reverse transcribed polymerase chain reaction (Q-RT-PCR) assays. These 
miRNAs were selected based on a combination of 1) a significant difference and 2) high-
est fold- in- or reduction and 3) known function as oncogenic miRNAs. The analyses 
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were performed by the TaqMan MicroRNA Assay kit according to the manufacturer’s 
protocol (Applied Biosystems). Primer details are shown in table 1. All RT and PCR reac-
tions were performed on a thermal cycler (iCycler iQ system, BioRad, Hercules, CA, USA). 
All reactions were performed in duplicate.

Table 1. Primer details

Primer miRNA accession number miRNA target sequence

hsa-miR-93-3p MIMAT0004509 ACUGCUGAGCUAGCACUUCCCG

hsa-miR-103a-3p MIMAT0000101 AGCAGCAUUGUACAGGGCUAUGA

hsa-miR-106a-5p MIMAT0000103 AAAAGUGCUUACAGUGCAGGUAG

hsa-miR-423-3p MIMAT0001340 AGCUCGGUCUGAGGCCCCUCAGU

hsa-miR-423-5p MIMAT0004748 UGAGGGGCAGAGAGCGAGACUUU

hsa-miR-21-5p MIMAT0000076 UAGCUUAUCAGACUGAUGUUGA

hsa-let-7e-5p MIMAT0000066 UGAGGUAGGAGGUUGUAUAGUU

Statistical analysis

Data was analyzed using GraphPad Prism version 6.02 (San Diego, CA, USA). The rela-
tive expression level was calculated using the ∆Ct method. Expression of miRNA-93-5p, 
-103a-3p, -106a-5p, -423-3p and -423-5p was used for normalization. For detailed infor-
mation regarding the normalization we refer to Bus et al. (16) miRNA expression was 
calculated relative to short-segment BE and expressed in box plots. Differences between 
groups were analyzed using Mann-Whitney U tests. Fold changes were measured using 
mean ratios.

rEsulTs

Profiling study of expressed miRNAs in plasma of patients with long- and short-
segment BE

We first investigated miRNAs that were differently expressed when comparing plasma 
samples from long- with short-segment BE (table 2). 22 miRNAs were more than 1.3-fold 
upregulated and 8 miRNAs were more than 1.3-fold downregulated comparing long- 
with short-segment BE.
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Table 2. Differently expressed plasma miRNAs comparing long- and short-segment BE; profiling study

miRNA Up or down 
regulated in 
long-segment 
BE

Mean 
expression 
short-segment 
BE

Mean 
expression 
long-segment 
BE

Fold-induction P-value

Let-7e-5p Upregulated 0.74 1.55 2.10 0.014

Let-7f-5p Upregulated 0.82 1.30 1.59 0.029

miR-15b-3p Upregulated 0.92 1.09 1.18 0.042

miR-1974 Upregulated 0.56 2.64 4.75 NS

miR-194 Upregulated 1.14 4.60 4.04 NS

miR-122-5p Upregulated 0.78 2.01 2.59 NS

miR-193b Upregulated 0.76 1.88 2.57 NS

miR-182 Upregulated 0.78 1.74 2.24 NS

let-7a-5p Upregulated 0.85 1.65 1.95 NS

miR-133b Upregulated 1.42 2.48 1.75 NS

miR-133a Upregulated 1.15 1.89 1.65 NS

miR-2110 Upregulated 0.82 1.30 1.59 NS

miR-885-5p Upregulated 0.93 1.38 1.48 NS

miR-26a Upregulated 0.68 1.00 1.46 NS

miR-30a-5p Upregulated 0.96 1.40 1.45 NS

miR-99b-5p Upregulated 0.86 1.25 1.45 NS

miR-145-5p Upregulated 0.88 1.27 1.45 NS

miR-181a-5p Upregulated 0.89 1.27 1.43 NS

let-7i-3p Upregulated 0.87 1.23 1.41 NS

miR-30c-5p Upregulated 0.90 1.24 1.39 NS

miR-29b-2-5p Upregulated 0.95 1.29 1.37 NS

miR-500a-5p Upregulated 0.94 1.24 1.32 NS

miR-19b-3p Downregulated 1.15 0.88 0.77 0.043

miR-103-2-5p Downregulated 1.16 0.87 0.75 0.014

miR-21-5p Downregulated 1.17 0.87 0.74 0.029

miR-497-5p Downregulated 1.31 0.79 0.60 0.014

miR-501-3p Downregulated 1.17 0.89 0.76 NS

miR-142-5p Downregulated 1.06 0.80 0.76 NS

miR-92b-3p Downregulated 1.29 0.95 0.74 NS

miR-223-3p Downregulated 1.18 0.86 0.73 NS
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In addition, 7 miRNAs were statistical significantly (p<0.05) differently expressed, of 
which 3 miRNAs (let-7e-5p, let-7f-5p and miRNA-15b-3p) were upregulated and 4 
miRNAs (miRNA-19b-3p, miRNA-103-2-5p, miRNA-497-5p and miRNA-21-5p) were 
downregulated in long- compared to short-segment BE. These miRNAs were however 
not significantly differentially expressed when performing a Bonferonni correction. On 
the Gene expression omnibus website, complete miRNA expression profiles can be 
found (http://www.ncbi.nlm.nih.gov/geo/, accession code: GSE51410), supplementary 
table 1 links the patients study number used in this study to the GEO sample number.

Validation study of selected miRNAs in plasma of patients with long- and short-
segment BE

We subsequently validated our miRNA profiling study results using plasma samples of 
36 BE patients (15 patients with long- and 21 patients with short-segment BE). Patient 
characteristics are shown in table 3. No significant differences in age and gender be-
tween the two groups were observed. Median BE length was 6 cm (Interquartile Range 
(IQR) 5-8, p < 0.0001) and 2 cm (IQR 2-3) for long- versus short-segment BE, respectively.

Based on our miRNA profiling study, we selected 2 miRNAs for the validation study; 
miR-21-5p and let-7e-5p. These miRNAs were both statistical significantly differently 
expressed between long- and short-segment BE.

Q-RT-PCR results showed that miRNA-21-5p expression was significantly lower in plas-
ma samples of patients with long-segment BE (median 0.58, IQR 0.31-1.24) compared to 
short-segment BE (median 1.81, IQR 0.53-2.30, p=0.03) with a 3.12 fold-reduction (Figure 
2). Let-7e-5p was not differentially expressed in plasma samples from patients with 
long-segment BE (median 1, IQR 0.42-3.02), compared to patients with short-segment 
BE (median 1.15, IQR 0-5.10).

DisCussion

Until now, no studies have been performed to evaluate if BE patients with an increased 
risk of developing EAC, in this study a longer BE length, have a different expression 
profile of circulating miRNAs compared to BE patients, in whom this risk is considered 
to be lower, in this study a short BE length. In our profiling study we identified 7 miRNAs 
that were aberrantly expressed between long- and short-segment BE. In the validation 
study including plasma samples from 36 additional patients we found that miRNA-21-5p 
was significantly downregulated in patients with long-segment BE (≥ 3 cm) compared to 
those with short-segment BE (< 3 cm).
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Table 3. Patient characteristics of patients with short- and long-segment BE

Patient number Short (S) or long (L) 
segment BE

Gender Age Maximal BE length

1 s 66 m 3

2 s 57 m 3

3 s 58 m 3

4 s 70 f 3

5 S 63 M 2

6 S 35 M 2

7 S 53 M 2

8 S 43 M 2

9 S 46 M 3

10 S 54 M 3

12 S 57 M 2

13 S 66 F 2

14 S 54 F 2

15 S 36 F 1

16 S 47 M 2

17 S 54 M 2

18 S 56 M 3

19 S 75 M 2

20 S 59 F 2

21 S 67 F 2

22 l 39 m 6

23 l 63 m 11

24 l 77 m 6

25 l 46 m 4

26 L 50 M 4

27 L 64 F 5

28 L 63 M 8

29 L 64 M 6

30 L 49 F 5

31 L 67 M 6

32 L 68 M 4

33 L 59 M 6

34 L 56 M 11

35 L 58 M 7

36 L 81 M 10

*Bold printed patients were used for the profiling study and validation study
S = short segment BE, L = long-segment BE, F = Female, M = Male.
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figure 2. Validation by Q-RT-PCR of plasma samples from patients with long- and short-segment BE. Me-
dian, minimal and maximal values are shown. * P < 0.05.

Several studies have shown that tissue miRNA-21 is stepwise upregulated in BE and 
EAC compared to esophageal squamous epithelium. (20,21) However, it has been 
suggested that in the malignant progression of BE from no dysplasia to high-grade 
dysplasia (HGD), miRNA-21 expression is temporary downregulated. (21) No studies 
have been performed to evaluate the function of miRNA-21 in BE or EAC but in other 
malignancies, miRNA-21 acts as an oncogene. In esophageal squamous cell carcinoma, 
miRNA-21 is known to inhibit phosphatase and tensin homolog deleted on chromo-
some 10 (PTEN) (22-24) and programmed cell death 4 (PDCD4) (25,26), which are both 
tumor suppressors. As an increasing length of BE is known to be associated with a higher 
risk of malignant progression (9), we propose that tissue miRNA-21 expression in long-
segment BE will become upregulated compared to short-segment BE. Unfortunately, no 
studies are available that support this hypothesis.

In a recently published study from our group, miRNA-21 was not identified to be dif-
ferentially expressed in plasma samples from BE and EAC patients compared to healthy 
controls (supplementary figure 2). In contrast, upregulated expression of circulating 
miRNA-21 is often reported in several other malignancies (27,28), and associated with a 
worse prognosis. (29,30) In the current study, we observed a significant downregulation 
of circulating miRNA-21-5p expression in patients with long-segment BE. Interestingly, 
plasma expression of let-7e-5p and let-7f-5p was significantly upregulated in our pro-
filing study. Let-7e and let-7f belong to the let-7 family, which are tumor suppressors 
and are known to be downregulated in BE and EAC tissue compared to esophageal 
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squamous epithelium. Like miRNA-21, no studies on the function of let-7e have been 
performed in BE or EAC. In other malignancies, let-7e directly targets HGMA2 which acts 
as an oncogene. (31) In plasma, the expression pattern of miRNAs seems to be appar-
ently vice versa compared to tissue miRNAs, however we acknowledge that our results 
are preliminary and that our validation group is relative small.

Circulating miRNAs are interesting biomarkers because they are easily accessible 
and their expression level is stable in blood because they are packed into exosomes, 
loaded into high-density lipoprotein or bound by AGO2 protein outside of vesicles. (32) 
As a result, the research field of circulating miRNAs for the use of biomarkers is rapidly 
evolving. The results of this study highlight some unaddressed issues, most importantly 
the origin of the circulating miRNAs, but also the lack of knowledge about their func-
tion. There are two hypotheses regarding the origin of circulating miRNAs. One is that 
miRNAs are present in blood as a result of cell death and cell lyses. The other option is 
that cells (actively) release miRNAs into the surrounding microenvironment for cell-cell 
communication. Recently, Tian et al. showed that miRNA-21 secreted by tumor cells can 
be delivered to adjacent non-tumor cells, and regulate target gene expression in the 
receiving cell. (33) Future studies should aim to elucidate the origin and function of 
miRNA-21 in BE.

This study has some limitations. First, data normalization for circulating miRNAs 
remains an important and unanswered issue in this research field. For a detailed dis-
cussion regarding the normalization procedure we refer to the discussion of our earlier 
study regarding circulating miRNAs in EAC. (16) Second, we had limited information on 
patient characteristics. For example, we did not have data on co-morbidities such as 
cardiovascular disease or diabetes mellitus, which may influence the expression profile 
of plasma miRNA. All patients were however endoscopically examined and histopathol-
ogy was performed to confirm the endoscopic diagnosis of BE.

In conclusion, we performed a profiling study to identify circulating miRNAs that 
were differentially expressed between long- and short-segment BE and validated this 
in a larger cohort. We identified miRNA-21-5p which is differentially expressed between 
long- and short-segment BE. We propose that miRNAs could be used as an additional 
tool to optimize the current surveillance program, identifying patients at increased risk 
for malignant progression. Nevertheless, further studies are needed to validate these 
results in larger and independent cohorts and to understand the origin and function of 
circulating miRNAs.
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supplementary fi gure 1 We divided the study into a profi ling and validation study.
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supplementary figure 2 Relative expression of plasma miR-21-5p and Let-7e-5p from BE and EAC pa-
tients compared to healthy controls. * = P <0.05
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aBsTraCT

inTroDuCTion anD aim: A histological diagnosis indefinite for dysplasia (IND) in 
Barrett’s esophagus (BE) is used when a diagnosis of genuine dysplasia is equivocal. The 
aim of the present study was to assess the risk of progression to high-grade dysplasia 
(HGD) or esophageal adenocarcinoma (EAC) after a diagnosis of IND in a nationwide 
cohort of patients with BE.
mEThoDs: Patients with a first diagnosis of IND in BE between 2002-2011 were selected 
from PALGA, a nationwide registry of histopathology diagnoses in the Netherlands. 
Patients were followed-up until treatment for HGD, detection of EAC or date of last 
endoscopy contact with biopsy sampling.
rEsulTs: In total, 1258 patients met the in- and exclusion criteria of whom 842 (67%) 
underwent endoscopic follow-up. Patients were followed for a total of 2585 person-years 
(mean 3.01, SD 2.6). Median duration until first follow-up endoscopy was 1.2 years (IQR 
0.3-1.8 years). The progression rate from IND to HGD/EAC and EAC after IND diagnosis 
was 2.0 (95% CI 1.5-2.6) and 1.2 (95% CI 0.8-1.6) per 100 person years, respectively. After 
excluding cases with HGD/EAC within 1 year after IND diagnosis (n=16), the progression 
rates were 1.4 (95% CI 1.0-1.9) and 0.8 (95% CI 0.5-1.2) per 100 person years for HGD/EAC 
and EAC, respectively.
ConClusion: In this large population-based cohort of patients with BE, the incidence 
rate of HGD/EAC following a diagnosis of IND was 1.4 per 100 person-years. Our study 
demonstrates the need for additional studies to select the subgroup of IND patients 
with an increased risk of neoplastic progression.
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inTroDuCTion

Barrett’s esophagus (BE) is a premalignant condition in which squamous epithelium is 
replaced by columnar-type epithelium containing goblet cells.(1) BE is a well known 
risk factor for developing esophageal adenocarcinoma (EAC). (2) In the last decades, 
the incidence of esophageal cancer and particularly EAC has been rising in the Western 
world. (3,4) EAC is the sixth most lethal cancer type worldwide, with a reported 5-years 
survival rate of 25% for non-metastatic and a 2-years survival rate of 9% for metastatic 
disease. (4) In order to achieve higher survival rates it is important to diagnose EAC at a 
potentially curable stage when the neoplastic process has not yet invaded the submu-
cosal layer of the esophageal wall. (5)

Despite the various reports on the application of biomarkers to predict neoplastic 
progression, a histological diagnosis of dysplasia in BE has been shown to be the most 
reliable predictor for cancer risk. (6,7) Neoplastic progression in BE is known to progress 
through consecutive histological stages, i.e., from no dysplasia (ND) to low-grade dys-
plasia (LGD) and high-grade dysplasia (HGD) (8, 9), which in fact represents a morpho-
logical continuum with EAC as end-stage. As not all BE patients will develop EAC, several 
studies have reported the risk of developing EAC starting from the histological stages 
ND, LGD and HGD. (10-14)

Indefinite for dysplasia (IND) is a diagnosis that represents a heterogeneous histologic 
group and is used by pathologists when a diagnosis of genuine dysplasia cannot be 
made. This is often due to the co-occurrence of inflammatory changes. Reactive cy-
tonuclear changes have similarities with histologic changes that are encountered in 
dysplasia and evaluation of maturation towards the luminal surface and/or the presence 
of clonality is not always possible. (15) Presently, treatment of inflammation with acid-
inhibiting drugs and endoscopic follow-up after 4-8 weeks of treatment with recurrent 
biopsy sampling is recommended in these patients. (8)

From a clinical point of view, it is important to elucidate the risk of progression to 
HGD/EAC in BE patients with IND as this could enable a tailored surveillance protocol 
and allow evaluation of its cost-effectiveness. Currently available progression rates for 
IND are only based on small (sub-)cohort analyses. (16,17)

The aim of our study was to evaluate the progression rate to HGD/EAC from pathology 
reports and, additionally, to report the currently employed surveillance patterns in a 
large group of IND patients.
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mEThoDs

Data collection

The PALGA database is a nationwide database including all pathology laboratories in the 
Netherlands. It was established in 1971 and has nationwide coverage since 1991. The 
PALGA database was set-up to facilitate communication between histopathology and 
cytopathology laboratories and to provide data to health care researchers. (18) All histo-
pathology reports in the database are registered as written conclusions of pathologists 
combined with the diagnostic code derived from SNOMED (Systemized Nomenclature 
of Medicine). (19) It includes sample type, and topologic and morphologic code. Patient 
identification is encrypted and for research purposes only gender, age and site of patho-
logical assessment are available.

In this study, we used all histopathological reports from January 2002 to December 
2011. The database was searched for all patients with a diagnostic code for BE but for 
detailed information we refer to supplementary table 1. For all patients in this cohort, 
written conclusions were evaluated for synonyms and misspellings, in both the English 
and Dutch language, of the word ‘indefinite’. All histopathological reports of patients, 
before and after an index IND diagnosis and related to the esophagus were collected. 
Reports of selected cases were manually reviewed to confirm the final diagnosis (CK, PS). 
Exclusion criteria were gastric type BE, a history of BE with any form of dysplasia or EAC 
and dysplasia in the same set of biopsies as the diagnosis of IND.

Table 1. Baseline characteristics.

Total 
population

Prevalent dysplasia

Yes No

N = 842 (%) N = 16 (%) N = 826 (%) p-value

Gender

Male 586 (69.6) 13 (81.3) 573 (69.4) 0.4

Female 256 (30.4) 3 (18.8) 253 (30.6)

Age (Yrs) 60.9 (±11.65) 63.6 (±12.1) 60.9 (±11.6) 0.3

History of ND BE 395 (46.9) 7 (43.8) 388 (47.0) 0.8

Hospital of IND diagnosis

Academic 148 (17.6) 3(18.8) 145(17.6) 0.6

General 694 (82.4) 13 (81.3) 681(82.5)

Reviewed IND diagnosis 59 (7) 2 (12.5) 57 (6.9) 0.3

Baseline characteristics of patients diagnosed with IND in BE with endoscopic follow-up.
Numbers with percentages and means with standard deviations are shown.
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The study was approved by the Review Board of the PALGA foundation.

Data analysis

The primary endpoint was the incidence of progression to HGD/EAC, calculated for 
patients with at least one follow-up endoscopy after an initial IND diagnosis. Secondary 
endpoints included progression rates to dysplasia in general, follow-up according to the 
general practice for IND in the Netherlands and risk factors for progression to HGD/EAC. 
To avoid an effect of the co-presence of HGD or EAC in the same set of biopsies, which 
remained undetected during initial diagnosis, prevalent HGD/EAC was distinguished 
from incident HGD/EAC. Prevalent HGD/EAC was defined as occurring within the first 
year after the index IND diagnosis. A final diagnosis was defined as the highest grade of 
dysplasia in the same set of biopsies. The date of the last follow-up was equal to the date 
of EAC diagnosis, ablation or resection of HGD, or date of the last histopathology report 
in the database.

Statistical analysis

Baseline characteristics were analyzed by calculating means or medians for continuous 
variables and frequencies or percentages for categorical variables. Comparisons be-
tween groups for baseline characteristics and secondary endpoints were calculated by 
the Chi-square test, Mann-Whitney U test and Student’s t-test when appropriate. The 
neoplastic progression rate was calculated per 100 person-years of follow-up. Kaplan-
Meier curves were used to evaluate progression-free survival. Uni- and multivariable 
Cox regression analysis was used to identify independent risk factors for progression to 
dysplasia or HGD/EAC. Estimates of relative risks are shown in Hazard Ratio’s (HR) with a 
95% confidence interval (CI).

Statistical analyses were performed using the Statistical Program for the Social Sci-
ences (SPSS) version 20.0 (Chicago, Illinois, USA). A two sided p-value <0.05 was consid-
ered statistically significant.

rEsulTs

In total, 2482 patients with BE and with ‘indefinite’ in the written conclusion of the pathology 
report were identified in the PALGA database. As shown in Figure 1, 1258 patients met the 
in- and exclusion criteria of whom 842 had endoscopic follow-up with biopsy sampling. 
Of these, 586 (70%) were male, 148 (17.6%) were diagnosed in an academic center and in 
59 (7%) the final diagnosis was the result of a histological revision (second report on same 
slides) (Table 1). In 395 patients (46.9%), a diagnosis of ND in BE was present prior to the 
index IND diagnosis with a median duration of 3.8 years (interquartile range (IGR) 1.85-7.01).
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figure 1. Identification of patients with IND in BE form the PALGA database between 2002 and 2011. FU 
= follow-up.

Surveillance patterns

A total of 3947 endoscopies with biopsy sampling was performed, with a median of 4 
biopsies per patient (IQR 3-6). Three-hundred-eight patients (37%) underwent endos-
copy with biopsies within 6 months after the index IND diagnosis (Figure 2). Median 
duration until first follow-up endoscopy was 1.2 years (IQR 0.3-1.8 years). Total duration 
of follow-up was 2585 person-years (mean per patient 3.01, SD 2.6). Patients who were 
not followed-up were significantly older compared to those who underwent follow-up 
(65.2 versus 60.9 years, p <0.001).
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figure 2. Difference in time until first follow-up endoscopy with biopsy sampling in BE patients with IND (n 
= 842) during the study period 2002-2011. A total 416 patients did not undergo follow-up.

Progression rates

In the total cohort, 189 patients (22%) progressed to dysplasia or EAC (138 LGD, 21 HGD, 
30 EAC), resulting in a progression rate of 7.3 per 100 person-years (95% CI 6.3-8.4). 
HGD and/or EAC were seen in 6.1% with a mean age of 60.9 years at IND diagnosis. The 
progression rate for developing HGD and/or EAC was 2.0 (95% CI 1.5-2.6) and for EAC 1.2 
(95% CI 0.8-1.6) per 100 person-years. After the initial IND diagnosis, 492 (58.4%) patients 
were found to have nondysplastic BE during follow-up. Table 2 shows the different rate 
of progression for patients who had ND, IND or LGD at the first follow-up endoscopy af-
ter IND diagnosis. As expected, the progression rate to HGD/EAC was higher for patients 
with LGD during their first follow-up endoscopy compared to patients with ND BE. Fig-
ure 3 shows the HGD and/or EAC free survival in the total cohort of IND patients. In the 
supplementary data, the interval and pathology results of the follow-up endoscopies in 
the patients with EAC (n=30) are shown.

After excluding prevalent cases of HGD and EAC (n=16) the progression rates were 
1.4 (95% CI 1.0-1.9) and 0.8 (95% CI 0.5-1.2) per 100 person-years for HGD/EAC and EAC, 
respectively.

Risk factors for neoplastic progression

Older age (per 10 years) was found to be a risk factor for developing HGD/EAC, with a HR 
of 1.5 (95% CI 1.10-2.04), while a diagnosis in an academic setting, histological revision, 
gender and a history of ND in BE were not (Table 3). Furthermore, the duration of ND in 
BE prior to baseline did not affect the risk of development of HGD/EAC. Since age was 
the only independent risk factor for progression to HGD, no multivariable Cox regression 
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was performed. As for the progression to HGD/EAC, older age was the only independent 
risk factor for progression to dysplasia in general (LGD, HGD or EAC), with a HR of 1.37 
(95% CI 1.20-1.57).

figure 3. Progression free survival of 842 BE patients with IND calculated for progression and HGD/EAC. * 
Progression defined as any form of dysplasia and/or EAC.

Table 2. Risk of progression in patients (n=732) with ND, IND or LGD during the first follow-up endoscopy 
after IND diagnosis. Remaining patients (n=110) had no BE, gastric type BE, BE and HGD or EAC during the 
first follow-up endoscopy.

No. of patients No. of HGD/EAC 
cases (%)

No. of EAC cases 
(%)

HGD/EAC 
incidence rate 
(per 100 PYRs)

EAC incidence rate 
(per 100 PYRs)

Histology

ND 530 7 (1.3) 3 (0.6) 0.43 (0.19-0.85) 0.18 (0.05-0.50)

IND 101 3 (3.0) 3 (3.0) 1.10 (0.28-2.99) 1.10 (0.28-2.99)

LGD 101 13 (13.0) 4 (4.0) 3.39 (1.88-5.64) 1.04 (0.33-2.51)
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Table 3. Risk factors for neoplastic progression, with exclusion of prevalent cases, for patients diagnosed 
with IND in Barrett’s esophagus as identified with univariable Cox regression analysis.

HR 95% CI

Gender

Male 1.06 0.72-1.54

Female - -

Age

Increasing/10yrs 1.50 1.10-2.04

History of ND BE

Yes 1.06 0.55-2.06

No - -

Hospital of IND 
diagnosis

Academic 1.57 0.73-3.35

Non-academic - -

IND diagnosis reviewed

No - -

Yes 1.83 0.71-4.71

Surveillance prior to IND diagnosis

No - -

Yes 1.44 0.65-3.16

HR, hazard ratio; CI, confidence interval; IND, indefinite for dysplasia

DisCussion

This is the first large population based cohort study (n=842) in BE patients diagnosed 
with IND. The risk of progression in this group of IND patients was 1.4 (95% CI 1.0-1.9) for 
the combined endpoint HGD/EAC and 0.8 (95% CI 0.5-1.2) per 100 person-years for EAC. 
Only older age was an independent risk factor for progression to HGD/EAC.

The natural history of the histological category IND in BE is largely unknown. In stud-
ies investigating the risk of neoplastic progression in different histological stages of BE, 
a diagnosis of IND is mostly combined with LGD. When progression rates to HGD/EAC 
for IND are discussed separately from LGD these are mostly based on small sub-cohort 
analyses. (13,16,17,20,21) Moreover, most studies did not report on the progression 
rates per person-years, which makes comparison with our data difficult if not impossible. 
The reported percentages of IND patients in these studies that developed EAC ranged 
from 11% to 18%.(16,17,20,21) One multicenter cohort study reported a progression 
rate of 0.33 per 100 person years for developing EAC in IND. (13) This is lower than the 
progression rate of 0.8 per 100 person-year in our study, but it was based on only 42 
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patients with a diagnosis IND in BE. More studies regarding the risk of progression to 
HGD/EAC in IND are needed to confirm our results.

Progression from BE to EAC has been studied extensively. The progression rate from 
nondysplastic BE to EAC has been reported to be 0.3-0.4 per 100 person years. (10,11) 
Not surprisingly, the progression rate in patients with dysplastic BE has been reported 
to be higher, i.e. 0.4-0.8 (11-14) and 4.2 (14) per 100 persons years for LGD and HGD, 
respectively. It is important to keep in mind that these progression rates are based on 
studies without histologic revision by a second (expert) pathologist. When HGD and EAC 
are combined, the progression rates are 0.4-0.5 and 1.1-1.3 per 100 person-years for ND 
and LGD, respectively. (11,22) This suggests that the progression rates for IND to HGD/
EAC are not different from the reported progression rates for patients with LGD. (11-13) 
Our study supports the common practice of combining patients with IND and LGD into 
one category, as was done in previous studies reporting on progression rates to HGD/
EAC in BE. (12,13,22)

Increasing age was an independent predictor for neoplastic progression, which is in 
line with other studies. (11,14) Histological assessment in an academic setting was not 
found to be associated with progression to HGD/EAC. It has been shown that the risk 
of progression to HGD/EAC is increased when a diagnosis of LGD is confirmed by an 
expert pathologist. As a result, it is recommended to confirm a diagnosis of LGD by a 
second (expert) pathologist to determine the real risk of neoplastic progression. (21,23) 
Surprisingly, this could not be confirmed in this IND cohort. This may be due to the fact 
that in only 7% of IND diagnoses a second pathologist reviewed the slides. We are cur-
rently performing a study in which two expert pathologists review a selection of IND 
cases to evaluate whether a subgroup of patients with an increased risk of neoplastic 
progression can be identified.

The results from this study raise several questions regarding the meaning of an IND 
diagnosis. It likely represents a heterogeneous subgroup of patients with BE; while in 
some cases the uncertainty is due to inflammatory changes, in others this category is 
used because changes could not be reliably recognized as genuine dysplasia, for ex-
ample when the cytonuclear features are limited to the lower part of the gland. (14,24) 
This may represent basal crypt dysplasia (25, 26), but this can be difficult to discriminate 
from an expanded proliferative compartment as seen in inflammation. This so-called 
basal crypt dysplasia is rarely seen and is currently not considered as a distinctive 
form of dysplasia. In general, dysplastic lesions show reduced or even absent surface 
maturation, which is a feature that is not found in crypt dysplasia and therefore for an 
inexperienced pathologist easily may lead to a diagnosis of IND. It would be interesting 
to evaluate the natural history of basal crypt dysplasia but based on our data this was 
not possible.
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Some limitations of this study warrant consideration. First, because a SNOMED code 
for IND does not exist, we only selected cases when some phrasing corresponding to 
‘indefinite’ was observed in the report. We potentially missed cases when the patholo-
gist used ‘indefinite’ in another phrasing. The 2482 cases with IND in the written conclu-
sion of the pathological reports came from 97% of all histopathological laboratories 
in the Netherlands, which suggest that the term IND is generally used among Dutch 
pathologist. Second, the PALGA database only contains histological data and we did 
not have access to clinical data. As a result, we could not adjust the progression rates 
of HGD/EAC for known risk factors such as the number of biopsies taken, the extent of 
dysplasia (unifocal versus multifocal), the length of the BE segment, presence of a hiatal 
hernia and/or esophagitis, smoking history or medication use. Furthermore, results from 
immunohistochemical staining of p53, which may help in stratifying patients at risk for 
progression to HGD or EAC (27-29), were not available for all IND cases. Third, because 
of the retrospective character of this study, no standardized endoscopy protocol was 
used. However, in the Netherlands it is general practice to follow international guide-
lines and take biopsies according to the Seattle protocol. (30) In 33% of the patients in 
our cohort no follow-up endoscopy with biopsy sampling was performed, which may at 
least partially be due to older age and/or co-morbidity. Given the design of this study, 
the reasons why these patients did not receive follow-up remain unknown. As this lat-
ter group was relatively large, the risk of progression could have been influenced by 
indication bias, which makes the actual risk lower if symptomatic patients underwent 
an endoscopy more frequently.

This study has some unique features that may overcome some of these drawbacks. To 
our knowledge, this is the first large population based cohort study of IND in BE. In the 
Netherlands, patients have free access to health care, which largely eliminates diagnostic 
bias. As a result, the generalization of our results is high as this cohort involves patients 
of all ages and both sexes with BE treated in a primary, secondary and tertiary setting.

In conclusion, in this large nationwide cohort study of patients with BE with a histologi-
cal diagnosis of IND, the annual risk of progression to HGD/EAC rate seems more or less 
the same as the progression risk in LGD and suggests that repeat endoscopy with biopsy 
sampling is mandatory. Particular attention should be paid to older BE patients as they 
have a higher risk of developing HGD/EAC compared to younger patients. Nonetheless, 
we recognize the need for additional studies to select the subgroup of IND patients with 
an increased risk of neoplastic progression.
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aPPEnDix 1.

supplementary table 1 

PALGA search strategy

Item Specification Code

Location Esophagus T62000

Sample type Biopsy OR excision OR resection 
OR ablation OR autopsy OR 
unknown

P11400, P11260, P11420, P11230, 
P11261, P11100, P11101, P11282, 
P11102, P11200, P30110, P11140, 
P11999

Diagnosis Barrett OR Intestinal metaplasia T62310M73330, M73320

supplementary figure 1 Clinical course of surveillance for patients diagnosed with esophageal adenocar-
cinoma ( n=30). EAC, esophageal adenocarcinoma; HGD, high grade dysplasia; LGD, low grade dysplasia; 
IND, indefinite for dysplasia.
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aBsTraCT

inTroDuCTion anD aim: Recently published data suggest that the malignant 
progression rate in patients with Barrett’s esophagus (BE) and indefinite for dysplasia 
(IND) is approximately the same as patients with BE with low-grade dysplasia (LGD). We 
examined whether the diagnosis IND is reproducible by an expert panel of gastrointes-
tinal (GI) pathologists, evaluated the additional value of p53 immunohistochemistry and 
reported the natural history of IND after confirmation of the original diagnosis.
mEThoDs: Histological slides of BE patients diagnosed with IND between 2000-2005 
from 6 participating non-university hospitals were collected and reviewed by two 
expert GI pathologists. The consensus diagnosis of the two expert GI pathologists was 
compared with the histological outcome during follow-up. Interobserver agreement 
was calculated using Cohen’s kappa. The additional value of p53 was evaluated with 
regard to their role in changing the consensus diagnoses.
rEsulTs: The histological slides of 107 patients with a first diagnosis of IND were 
retrieved. In 75 patients (70.1%), the two GI expert pathologists agreed on the histopa-
thology diagnosis after independent revision, resulting in a weighted Cohen’s kappa of 
0.52 (95% CI 0.38-0.66). After the consensus meeting, in 15 patients (14%) the original 
IND diagnosis was confirmed and in 66 patients, the diagnosis was changed to negative 
for dysplasia (ND) BE (61.7%). Of the confirmed IND cases (n=15), 2 patients developed 
high-grade dysplasia (HGD) during follow-up, while none developed EAC. Of the pa-
tients, in whom the diagnosis was changed to ND BE (n=66), 2 developed EAC. Add-
ing a p53 staining to the histologic evaluation in 56 patients, changed the consensus 
diagnosis in 50% of cases.
ConClusion: An initial diagnosis of IND is frequently not reproduced by expert GI pa-
thologists as most cases are reclassified as ND BE. It remains to be determined whether 
additional p53 staining aids in a correct diagnosis in patients with IND.
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inTroDuCTion

Patients with Barrett’s esophagus (BE) are at an increased risk of developing esopha-
geal adenocarcinoma (EAC). (1) In the last decades, the incidence of EAC has rapidly 
been rising in western countries. (2) In order to detect EAC in an early and potential 
curable stage endoscopic surveillance is recommended for patients with BE. (3,4) The 
frequency of surveillance depends on the grade of dysplasia, which is classified accord-
ing the Vienna classification as negative for dysplasia (ND), indefinite for dysplasia (IND), 
low-grade dysplasia (LGD), high-grade grade (HGD) and as final end stage EAC. (5) HGD 
is associated with a high risk of developing EAC (6) and is therefore considered as an 
indication for endoscopic treatment. Decision-making in case of IND and LGD is not as 
straightforward, as limited studies are available regarding the natural course of IND (7-9) 
and the diagnosis of LGD suffers a high interobserver variability. (10,11,12)

IND is used by pathologists when a diagnosis of genuine dysplasia cannot be made. 
This is mostly due to the presence of inflammatory changes which may recapitulate the 
cytonuclear changes as seen in LGD.Other causes are misorientation due to tangentially 
cut section, discrepancies between H&E and p53 staining, but these are less frequent. 
In the past, studies that evaluated the natural history of BE often combined patients 
with IND and with LGD. (13) Studies have recently also reported on the incidence rates 
of HGD and EAC in patients diagnosed with only IND, with incidence rates of 0.9-4.5 
and 0.2-1.2 per 100 person years for HGD/EAC and only EAC respectively. (7-9) In these 
studies, intermediate surveillance endoscopies yielded no dysplasia in these patients 
with IND. (7-9) This may be due to true regression of inflammatory changes after anti-
inflammatory therapy, inter-observer variability or sampling error during endoscopy.

Interobserver variability is a well-known problem in the histological assessment of 
biopsy specimens from BE. (11,14) From a clinical point of view it is important to know 
whether the diagnosis IND is reproducible before implementing surveillance or treat-
ment protocols in (inter)national guidelines. However, until now only one small study 
from the United Kingdom evaluated the reproducibility of the diagnosis IND. (15)

In the current study we therefore aimed to examine whether the diagnosis IND is 
reproducible by an expert panel of gastrointestinal (GI) pathologists and to evaluate 
the additional value of p53 immunohistochemistry in the revision process of cases with 
IND. In addition, we report the natural history of IND after confirmation of the original 
diagnosis by the expert panel.
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mEThoDs

Study population

The PALGA database is a nationwide database containing all pathology reports in the 
Netherlands. (16) In an earlier study, we identified all patients with a diagnostic code 
for Barrett’s esophagus and indefinite for dysplasia from the PALGA database. For the 
detailed in- and exclusion criteria we refer to this study. (9) In short, patients were in-
cluded in the study at the first time of an IND diagnosis with no history of LGD, HGD 
or EAC. Patients with a follow-up less than one year were excluded. (9) In the current 
study, six regional hospitals in the Netherlands participated. From these hospitals, we 
identified all patients who were included in the earlier study. The selection of centers 
for histopathological review was based on the availability of histological slides and the 
geographic distribution. All pathology specimens of the patients with an original IND 
diagnosis were collected. In addition, follow-up biopsy specimens showing HGD or EAC 
of these patients were identified, retrieved and revised. The study was approved by the 
review board of the PALGA foundation.

Data collection

Patient characteristics, i.e. age at diagnosis, gender, number of endoscopies prior to the 
IND diagnosis, were collected from the PALGA database. If present, a history of non-
dysplastic BE was documented and if present the duration of pre-existing BE was cal-
culated. The duration of follow-up was calculated and defined as the time from the first 
IND diagnosis to one of the following endpoints: 1) last pathology report in the PALGA 
database, 2) detection of EAC, 3) endoscopic treatment with EMR. Confirmed IND was 
defined as IND after the consensus meeting between the two expert GI pathologists.

Pathology Review

The histology slides were independently reviewed by two experienced GI pathologists 
(G.J.A.O and F.J.W.t.K). Each case was scored as: 1) Presence or absence of BE, based on 
mucosa containing goblet cells 2) Grade of dysplasia (ND, IND, LGD, HGD or EAC). The 
most advanced grade of dysplasia observed in a biopsy specimen during revision was 
documented. p53 staining was scored as either positive, negative (indicative of wild-type 
p53) or completely negative (indicative of a stop codon mutation). (17) All revisions took 
place in a blinded fashion and no clinical information was provided. Biopsy specimens 
with a diagnosis of LGD (n = 11), HGD and/or EAC (n = 9) were added in order to “blind” 
the pathologists for the original IND diagnosis. When the two expert GI pathologists dis-
agreed on the diagnosis, the pathology specimens were discussed during a consensus 
meeting between the two expert GI pathologists.
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Statistical analysis

Statistical analyses were performed using the Statistical Package for the Social Sciences 
(SPSS 21.0, IBM Corp., Armonk, New York, USA). For baseline characteristics, mean and 
standard deviation or median and interquartile range were calculated, when appropri-
ate. Proportions of patients whose diagnosis were changed after pathological revision 
were assessed. Interobserver agreement between the two expert pathologists was 
calculated using Cohen’s kappa. The strength of agreement was categorized as follows 
0.00-0.20, poor; 0.21-0.30, fair; 0.41-0.60, moderate; 0.61-0.80, good; and 0.81-1.00, very 
good.

rEsulTs

Patients

From the six participating centers, 109 patients were identified who had a first diagnosis 
of IND in BE between 2005 and 2010. 2 patients were excluded because poor H&E stain-
ing of the biopsy specimens. Of the 107 eligible patients, 69 were male (64.5%) and the 
mean age was 59.8 years (± 11.4) as shown in Table 1. Median duration of follow-up was 
2.53 years (± 2.07).

Table 1. Patient characteristics of 107 patients with a first diagnosis of IND in BE.

Baseline characteristics Frequencies (%) / Mean (SD)

Gender

- Male 69 (64.5%)

Age (years) 59.8 ± 11.37

ND BE before IND 32 (29.9%)

Duration of ND BE 6.3 ± 5.3

Agreement between expert GI pathologists

In 75 cases (70.1%), the two expert pathologists agreed on the final diagnosis after the 
first independent revision. In 32 cases (29.9%) they disagreed, which was in 17 cases 
(53.1%) between the presence of ND or IND (Table 2). This resulted in a weighted Cohen’s 
kappa of 0.52 (95% CI 0.38-0.66) between both pathologists.

After the consensus meeting, where those with discordant diagnosis between the two 
expert pathologists were discussed, 16 patients (15%) were classified as no BE because 
of absence of goblet cells, 66 patients (61.7%) as ND, 15 patients (14%) IND, 8 patients 
(7.5%) LGD, 1 patient (0.9%) HGD and 1 patient (0.9%) EAC (Figure 1). The one patient 
who was diagnosed with EAC after revision, was also diagnosed with EAC during his first 
follow-up biopsy.
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Table 2. Overview of disagreement between two expert GI pathologists after revision of 107 patients with 
IND in BE.

Pathological diagnosis N (%)

No BE versus ND BE 4 (12.5)

No BE IND BE 2 (6.3)

ND BE IND BE 17 (53.1)

ND BE LGD BE 3 (9.4)

IND BE LGD BE 3 (9.4)

IND BE HGD BE 1 (3.1)

LGD BE HGD BE 2 (6.3)

figure 1. Flow chart of 107 patients with an initial diagnosis of IND in BE between 2005 and 2010, their 
diagnosis after pathological revision and their follow-up diagnosis.

Incidence of HGD and EAC based on agreement between pathologists

Due to the low number of patients with confi rmed IND after pathology revision, no 
statistics were performed on the incidence of progression. Figure 1 summarizes the 
follow-up diagnoses of patients with a consensus diagnosis of ND, IND or LGD. In 2 of 
the 15 patients with confi rmed IND, follow up biopsies lacked goblet cells. Nine patients 
showed ND, 4 LGD and 2 HGD during follow-up.

In 66 patients, ND was found after revision. During follow-up, in 4 patients the diagno-
sis BE could not be reproduced. 41 showed persistent ND , 9 IND, 10 LGD and 2 patients 
developed EAC.
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Of the 8 patients who were upstaged to LGD after revision, in 1 patient the diagnosis 
of BE was not confi rmed during follow-up. In the other 7 patients, 4 patients showed ND, 
1 IND, 1 LGD and 1 HGD during follow-up.

The additional value of p53 staining

In 56 of the 107 cases, histological slides with p53 staining were present. When the 
two expert pathologists added the results of the p53 staining to the evaluation, the 
original consensus diagnosis was changed in 28 cases (50%). The diagnosis ND was most 
frequently upgraded to LGD based on focal staining of p53 (fi gure 2). Table 3 shows 
the diff erent distributions of the consensus diagnosis before and after addition of p53 
staining and the detection of HGD and/or EAC during follow-up.

figure 2. Haematoxilin-eosin (A) staining and p53 immunohistochemistry (B) of Barrett’s esophagus. This 
fi gure represents a case which was upgraded to low-grade dysplasia due to focal p53 overexpression.

Table 3. Overview of the consensus diagnosis after the addition of p53 immunohistochemistry in 56 pa-
tients with a diagnosis of IND in BE

Grade of Dysplasia Number of cases (n = 56) Number of cases showing progression

LGD HGD/EAC EAC

No Dysplasia 24 (42.9%) 5 1 (4.2) 1 (4.2)

IND 11 (19.6%) 1 0

LGD 20 (35.7%) 4 4 (20)

HGD 1 (1.8%) - - -
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DisCussion

We found that after pathological revision by two expert GI pathologists, the majority of 
the IND diagnoses was not confirmed and the original diagnosis was most frequently 
changed to ND. Moreover, the interobserver agreement for a diagnosis of IND is only 
moderate. During follow-up of the cases with confirmed IND, 2/5 showed progression 
to HGD. With addition of p53 immunohistochemistry, the consensus diagnosis was 
changed corrected in half of the cases.

Limited studies have reported on the reproducibility of the diagnosis IND in BE. (7,15) 
Sonwalkar et al. reported a poor interobserver agreement after revision of 41 histopa-
thology slides with an original diagnosis of IND. In 27% of the cases, the three participat-
ing expert pathologists reached a consensus diagnosis, with kappa values between the 
three pairs of pathologists ranging from 0.21-0.49. (15) Horvath et al. reviewed 107 cases 
with an original diagnosis of IND in BE. Five pathologists classified the IND cases into 
simplified histological categories (negative, IND and positive for dysplasia) resulting in 
a kappa value of 0.33. (7) Would they have used the original 4-tier Vienna classification, 
the kappa value in this study would have been even lower. In our study, in 70% of the 
cases with an original IND diagnosis, both pathologists achieved a consensus diagnosis 
after the first independent reading resulting in a kappa value of 0.52 (95% CI 0.38-0.66). 
Despite the higher reproducibility of the diagnosis IND compared to earlier conducted 
studies, the poor reproducibility of the diagnosis IND remains a problem. It underlines 
that such a diagnosis should lead to repeated endoscopic biopsy, and cannot be used 
as guidance for any other specific management strategy. A difference in ND or IND is of 
clinical relevance due to the difference in suggested surveillance protocols. In patients 
with ND BE a surveillance endoscopy is recommended after 3-5 years while patients 
with IND are recommended to have a surveillance endoscopy with repeated biopsy 
sampling within 6-12 months. (3) (4)

In the last few years, studies have reported on the risk of malignant progression in 
patients with a diagnosis of IND in BE. In an earlier study from our group we reported 
the risk of malignant progression in patients with a diagnosis of IND without expert 
histopathological revision; 1.4 (95 %CI 1.0 - 1.9) and 0.8 (95 %CI 0.5 - 1.2) per 100 person-
years for HGD or EAC and EAC respectively. (9) Taken the results from this current study 
into consideration, most of the included patients in our previous study would have 
been excluded after expert pathological revision. In fact, in this current study after 
histopathological revision, only 15 patients (14%) had a confirmed diagnosis of IND. 
Remarkably, in the three largest studies, despite different study methods with regard to 
pathological revision of the IND diagnosis, no different incidence rates of HGD and/or 
EAC are reported (7-9).
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Due to the high interobserver variability in the diagnosis of BE, biomarkers may be 
used to identify patients at an increased risk of malignant progression. p53 is one of 
those biomarkers as aberrant p53 or complete loss of p53 staining increases the risk of 
malignant progression. (17) Horvath et al. evaluated the value of p53 staining to detect 
the risk of prevalent neoplasia in patients with IND. They concluded that patients with 
IND and aberrant p53 staining had a significant higher risk of progression to neoplasia, 
(18) suggesting that p53 staining could aid in differentiating dysplasia from no dysplasia 
in BE. In this current study we found that 50% of the consensus diagnoses changed with 
the addition of p53 immunohistochemistry. Most often the consensus diagnosis was 
upgraded to LGD, due to the presence of focal p53 overexpression. Unfortunately, due 
to the low number of cases with p53 immunohistochemistry, it is not possible to draw 
firm conclusions with regard to predicting the risk of progression in IND. For future stud-
ies, it will be of interest to prospectively evaluate the additional value of p53 staining 
in the identification of patients with IND at an increased risk of neoplastic progression.

There are some limitations in this study. Due to the fact that most patients with an 
original diagnosis of IND were reclassified to ND BE, there was only a small number of 
patients with a confirmed diagnosis of IND making it not possible to evaluate the natural 
history of a confirmed diagnosis of IND in BE in our cohort of patients. Moreover, in only 
a subgroup of BE patients histologic slides with a p53 staining were present. It could well 
be that this staining was performed because of high suspicion of dysplasia, resulting in 
a selection bias. Last, the two GI pathologists who conducted the pathology review in 
this study have extensive experience in evaluating biopsies containing BE but even be-
tween them a wide interobserver variation was observed, especially between dysplasia 
grades that are closely related to each other, e.g. IND and ND BE and IND and LGD. It 
should therefore be questioned whether revision by two other pathologists would have 
resulted in a different outcome. However, to our knowledge, this is the first large study 
evaluating the reproducibility of IND in BE based on the Vienna classification.

In conclusion, the reproducibility of the diagnosis IND is low and an original IND 
diagnosis is frequently corrected to ND. Revision of an IND diagnosis does not seem 
to predict cases that might progress to HGD and/or EAC. Nonetheless, larger studies 
are needed in order to elucidate the risk of malignant progression in patients with con-
firmed IND and the role of biomarkers, i.e. p53, in this.
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aBsTraCT

BaCKgrounD anD aims: In some patients with Barrett’s esophagus (BE) and a con-
firmed diagnosis of low-grade dysplasia (LGD), the LGD is not detected during follow-up 
examinations. We would like to avoid the unnecessary risks and costs of ablative treat-
ment for these patients. We therefore investigated whether persistent LGD increases risk 
for high-grade dysplasia (HGD) or esophageal adenocarcinoma (EAC), and what propor-
tion of patients are no longer found to have dysplasia after an initial diagnosis of LGD.
mEThoDs: In a retrospective study, we collected information on 1579 patients with BE 
and LGD, from 2005 through 2010, using a nationwide registry of histopathology diag-
noses in the Netherlands (PALGA). Confirmed LGD was defined as a diagnosis of LGD that 
was confirmed by any other pathologist. Persistent LGD was defined as LGD detected 
the first and follow-up endoscopy. Data were collected on patients until treatment for 
HGD, detection of EAC, or the last endoscopy at which a biopsy was collected (through 
July 2014). We evaluated whether persistent LGD was a risk factor for malignant progres-
sion using uni- and multivariable Cox regression analysis.
rEsulTs: Of individuals with BE and LGD in the database, the diagnosis of LGD was con-
firmed for 161 patients (10% of total). In these patients, the incidence of HGD and/or EAC 
was 5.18/100 person-years (95% confidence interval (CI), 4.32–8.10/100 person-years) 
compared to 1.85/100 person-years (95% CI 1.52-2.22/100 person-years) in patients for 
whom LGD was not confirmed at the first endoscopy. The incidence of EAC alone, in 
patients with confirmed LGD, was 2.51/100 person-years (95% CI, 1.46–3.99/100 person-
years), compared to 1.01/per 100 person-years (95% CI, 0.41–2.10/100 person-years) in 
patients for whom LGD was not confirmed at the first endoscopy. Of patients in whom 
LGD was confirmed at the first endoscopic examination, 51% were not found to have 
dysplasia at the first follow-up endoscopy and 30% had persistent LGD. In patients with 
persistent LGD, the incidence of HGD and/or EAC was 7.65/100 person-years (95% CI, 
4.45–12.34) and of only EAC was 2.04/100 person-years (95% CI 0.65–4.92); in patients 
without persistent LGD, the incidence of HGD and/or EAC was 2.32/100 person-years 
(95% CI, 1.08–4.40/100 person-years) and of only EAC was 1.45 (95% CI 0.53-3.21/100 
person-years). Persistent LGD was found to be an independent risk factor for the devel-
opment of HGD and/or EAC, with a hazard ratio of 3.5 (95% CI, 1.48–8.28).
ConClusions: In a large population-based cohort study of patients with BE and LGD, 
those with a confirmed diagnosis of LGD at only the first endoscopy and those found 
to have LGD at a subsequent endoscopy had an increased risk for HGD and/or EAC, 
compared with patients with unconfirmed or non-persistent LGD.
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inTroDuCTion

Barrett’s esophagus (BE) is a premalignant condition in which squamous epithelium is 
replaced by intestinal columnar epithelium. (1) It is considered to be a complication 
of longstanding gastro-esophageal reflux disease and is a well-known risk factor for 
developing esophageal adenocarcinoma (EAC). (2) Over the past decades, the incidence 
of EAC has been rapidly rising in the Western World, with an average annual increase of 
7.5% in males and 5.2% in females.3 Since EAC is frequently detected at an advanced 
stage, the prognosis of patients remains poor, with a reported 5-year survival rate of 25% 
for non-metastatic disease and a 2-year survival rate of 9% for metastatic disease. (3)

Malignant progression in BE develops through consecutive histological stages as 
defined by the Vienna Classification from no dysplasia (ND) to low-grade dysplasia (LGD) 
and high-grade dysplasia (HGD) with EAC being the end stage. (4) Despite numerous 
studies on possible biomarkers to predict malignant progression, dysplasia is the most 
important factor determining the management of BE. (1,5,6) Patients with LGD have a 
higher risk for malignant progression compared to patients with ND (7-9) and intensified 
surveillance is recommended to identify patients before progression to EAC. (5,10-12) 
However, there are some uncertainties related to the natural course of LGD, as some 
patients progress to HGD whilst in others the diagnosis of LGD is not reproduced over 
time. (12-15)

Therapeutic interventions, i.e. radiofrequency ablation (RFA) or endoscopic mucosal 
resection, are reserved for patients with HGD or early stage EAC. A recently published 
randomized trial suggested that patients with LGD, confirmed by an expert patholo-
gist, also benefit from ablative therapy. However, ablative treatments are not without 
complications, e.g. stricture formation after RFA has been reported in 7-12% of cases. 
(13,16) In addition, the authors also reported that 28% of patients in the control group 
had ND detected during follow-up. (13) In order to avoid unnecessary risks and costs 
associated with ablative treatment, further risk stratification of patients with confirmed 
LGD is indicated.

The aims of the current study were to evaluate whether the finding of persistent LGD 
affects the incidence rates of HGD or EAC (HGD/EAC) and to report the proportion of 
patients with a diagnosis of ND in BE after an initial diagnosis of LGD in a large cohort of 
patients with BE.



154 Chapter 9

mEThoDs

Data collection

The PALGA database is a nationwide database including all pathology laboratories in 
the Netherlands. It was established in 1971 and has nationwide coverage since 1991. 
The PALGA database was set up to facilitate communication between histopathology 
and cytopathology laboratories and to provide data to health care researchers. (17) 
All histopathology reports in the database are registered as written conclusions of 
pathologists combined with the diagnostic code derived from SNOMED (Systemized 
Nomenclature of Medicine). (18) It includes sample type, topologic and morphologic 
code. Patient identification is encrypted and for research purposes only gender, age and 
site of pathological assessment are available.

In the current study, we used all histopathology reports from January 2005 to Decem-
ber 2010, with follow-up data until July 2014. The database was searched for all patients 
with a diagnostic code of BE and LGD. For detailed information we refer to Supplemen-
tary table 1. Cases with LGD, HGD and EAC were detected by manually reviewing the 
collected summaries of the pathology reports of the first 100 cases. All synonyms and 
codes used for LGD, HGD and EAC were documented. Then, reports of all other cases 
were automatically searched for these earlier identified synonyms and codes. Exclusion 
criteria were HGD/EAC in the same set of biopsies during the index LGD diagnosis, a 
history of HGD/EAC prior to the index LGD diagnosis, index LGD diagnosis prior to 2005 
and cases with no follow-up or follow-up less than one year. Because a diagnostic code 
for indefinite for dysplasia (IND) is lacking and to exclude cases of gastric type metapla-
sia, which were incorrectly coded as intestinal type metaplasia, all included cases were 
manually reviewed to exclude these cases. In addition, we also documented whether 
another pathologist reviewed the diagnosis of LGD. A diagnosis of LGD was based on 
a revision if this was stated with a diagnostic code (*revision) or if it was clearly stated 
in the written conclusion of the pathology report. No difference was made between 
an expert and a general pathologist. Cases of prevalent HGD/EAC, defined as detected 
within 1 year after the initial LGD diagnosis, were excluded.

The Review Board of the PALGA foundation approved the study.

Definitions used in this study

Confirmed LGD was defined as present if a second pathologist confirmed the index LGD 
diagnosis, while it was defined as unconfirmed LGD if a diagnosis of LGD was not re-
viewed by a second pathologist. Persistent LGD was defined as LGD at two consecutive 
endoscopies (index LGD diagnosis and the first follow-up diagnosis).
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Table 1. Baseline characteristics of patients included in this study.

Variable Total Cohort
N = 1579

Confirmed LGD
N = 161

Unconfirmed LGD
N = 1348

p-value

Age (years), mean  (±) 61.1 (11.3) 62.7 (10.4) 61.0 (11.4) 0.18

Gender, n (%)

- Male 1091 (69.1) 121 (75.2) 918 (68.1) 0.07

- Female 488 (30.9) 40 (24.8) 430 (31.9)

ND BE prior to LGD, 
n (%)

762 (48.3) 99 (61.5) 635 (47.2) < 0.001

Duration of ND BE prior 
to LGD (years),  median 
(IQR)

3.8 (2.0-7.0) 5.2 (2.3-8.7) 3.4 (1.9-6.9) 0.01

Statistical analysis

Baseline characteristics were analyzed by calculating means or medians for continu-
ous variables and frequencies and percentages for categorical variables. Comparisons 
between groups for baseline characteristics were calculated using the chi-squared test, 
Mann-Whitney U test, or Student’s t test when appropriate. The malignant progression 
rate was calculated per 100 person-years of follow-up. Kaplan-Meier curves were used to 
evaluate the progression free survival until the development of HGD/EAC. The equality 
of these curves was compared using the log-rank test. Incidence rates were compared 
using a Mid-p-exact test. To evaluate whether persistent LGD was a risk factor for 
malignant progression, uni- and multivariable Cox regression analysis was performed. 
Estimates of relative risk are presented in hazard ratios (HR) with a 95% confidence inter-
val (CI). Statistical analyses were performed using SPSS version 20.0 (IBM Corp. Armonk, 
New York, USA). A two-sided P-value of less than 0.05 was considered to be statistically 
significant.

rEsulTs

In total, 4,109 patients with Barrett’s esophagus and LGD were identified in the PALGA 
database between 2005 and 2010. As shown in figure 1, 1,579 cases were included after 
using the exclusion criteria. Of these, 231 cases had a revision of the initial LGD diagnosis 
and in 161 cases (70%) the diagnosis LGD was confirmed by a second pathologist. The 
diagnosis was not reviewed by a second pathologist in the other 1,348 cases (Figure 1). 
Table 1 shows baseline characteristics for the total cohort, the cases with confirmed LGD 
and cases with unconfirmed LGD. The median time interval between index endoscopy 
and the first follow-up endoscopy was 11.7 months (IQR 3.7-19.4). Patients with con-
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fi rmed LGD had more frequently and for a longer period ND BE prior to the index LGD 
diagnosis compared to patients with unconfi rmed LGD.

figure 1. Flow chart of included patients in this study. LGD, low-grade dysplasia; HGD, high-grade dys-
plasia; EAC, esophageal adenocarcinoma; IND, indefi nite for dysplasia; PA, pathological; ND, no dysplasia.

Incidence of HGD and EAC

In total, 144 of 1579 cases developed HGD/EAC and 82 of 1579 cases developed EAC 
during a median follow-up of 4.20 years (IQR 2.76-5.96; 6918 patient-years), resulting 
in an incidence rate for HGD/EAC and EAC of 2.10 (95% CI 1.78-2.46) and 1.19 (95% CI 
0.96-1.48) per 100 person-years, respectively. HGD/EAC was detected after a median 
follow-up of 2.25 years (IQR 1.26-4.02) while the median follow-up before detecting EAC 
was 2.93 years (IQR 1.71-4.37).

Confi rmed LGD and incidence of HGD/EAC and EAC

Thirty-three patients of the 161 cases with confi rmed LGD developed HGD/EAC during 
a median follow-up of 1.77 years (IQR 1.24-2.99; 637 patient-years), resulting in an inci-
dence rate of 5.18 (95% CI 3.63-7.19) per 100 person-years. In contrast, 110 of the 1,348 
patients with unconfi rmed LGD developed HGD/EAC during a median follow-up of 4.28 
years (IQR 2.83-6.04; 5939 patient-years), resulting in an incidence rate of 1.85 (95% CI 
1.52-2.22) per 100 person-years. Figure 3 shows the statistical diff erence in progression 
free survival between confi rmed and unconfi rmed LGD (P < 0.0001).
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figure 3. Progression-free survival of patients with Barrett’s esophagus and confirmed (n=161) or uncon-
firmed LGD (n=1348), calculated for progression to HGD or EAC.

Sixteen of 161 patients with confirmed LGD developed EAC, resulting in an incidence 
rate of 2.51 (95% CI 1.49-3.99) per 100 person-years. In the cohort with unconfirmed 
LGD, 66 of 1348 patients developed EAC resulting in an incidence rate of 1.01 (95% CI 
0.41-2.10) per 100 person-years.

Persistent LGD and incidence of HGD and EAC

Eighteen patients (51%) with confirmed LGD diagnosis were diagnosed with ND BE in 
the follow-up endoscopy, while 49 (30%) had persistent LGD, as shown in Figure 2. In pa-
tients with confirmed and persistent LGD (median follow-up 3.72 years, IQR 1.78-5.38), 
the incidence rate of developing HGD/EAC or EAC alone was 7.65 (95% CI 4.45-12.34) 
and 2.04 (95% CI 0.65-4.92) per 100 person-years, respectively. The incidence rate in 
patients with ND BE at the first follow-up endoscopy after an initially confirmed LGD 
diagnosis was significantly lower, 2.32 (95% CI 1.08-4.40, P < 0.0001) and 1.45 (95% CI 
0.53-3.21, P = 0.007) for HGD/EAC and EAC, respectively. In addition, patients with 2 
consecutive endoscopies showing ND BE after a confirmed LGD diagnosis (29%, n = 46) 
developed no HGD/ EAC during a follow-up of 117 patient-years.
Similar results were observed in patients with unconfirmed LGD. In the group with 
unconfirmed persistent LGD (n = 396) (median follow-up 4.41 years, IQR 2.89-6.38), the 
incidence rate of developing HGD/EAC and EAC alone was 2.63 (95% CI 1.73-3.15) and 
1.43 (95% CI 0.95-2.06) per 100 person-years, respectively. In contrast, in patients with 
ND BE after an unconfirmed LGD diagnosis (n = 765) (median follow-up 4.35 years, IQR 
2.99- 5.95) the incidence rate was significantly lower, 0.99 (95% CI 0.70-1.37, P < 0.001) 
and 0.38 (95% CI 0.21-0.63, P < 0.0001) per 100 person-years, respectively.

In addition to persistent LGD, the incidence rate of developing HGD/EAC showed a 
tendency (P = 0.19) to be higher in patients with confirmed LGD with a LGD duration >1 
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year (n = 24) compared to those with confirmed LGD with an LGD duration <1 year (n = 
25), 9.91 (95% CI 4.94–17.73) and 4.60 (95% CI 1.24-11.77), respectively.

Risk factors for malignant progression

Persistent LGD was found to be an independent risk factor for the development of HGD/
EAC with a hazard ratio of 3.5 (95% CI 1.48-8.28) (table 2). Gender, age and a history 
of ND BE did not affect the risk of developing HGD/EAC. Since persistent LGD was the 
only independent risk factor for progression to HGD/EAC, no multivariate Cox regression 
analysis was performed.

Table 2. Risk factor for malignant progression (identified using univariable Cox regression analysis) for 
patients with Barrett’s esophagus diagnosed as confirmed LGD (n=161).

HR 95% CI

Gender

Male 1.56 (0.64-3.78)

Female - -

Age- mean 1.01 (0.98-1.04)

History of nondysplastic BE

Yes 0.90 (0.44-1.83)

No - -

Persistent LGD

Yes 3.5 (1.48-8.28)

No - -

DisCussion

In this large population-based cohort study of patients with BE and LGD, we observed 
in patients with confirmed and persistent LGD an increased risk of malignant progres-
sion during follow-up. In addition, we also found that more than 50% of patients with 
confirmed LGD had a diagnosis of ND during the first follow-up endoscopy (figure 2).

A considerable number of studies have reported on the risk of malignant progression 
in BE with LGD. The incidence rate of 2.10 (95% CI 1.78-2.46) per 100 person-years for 
developing HGD/EAC and 1.19 (95% CI 0.96-1.48) for developing EAC in the whole group 
of patients with LGD, as observed in this study, is comparable with the results reported 
in a recent meta-analysis. These authors calculated a pooled annual incidence rate of 
1.73 (95% CI 0.99-2.47) for HGD/EAC and 0.54 (95% CI 0.32-0.76) for EAC alone in BE with 
LGD. (19) Nonetheless, substantial heterogeneity was reported to be present between 
studies.
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The malignant progression rate in BE with LGD has been debated for a long time. Rea-
sons for this are the well-known inter-observer variability between various pathologists 
(7,8), the population in which progression of BE is studied (19) and sampling error as 
only a small proportion of the Barrett’s segment is sampled during surveillance endos-
copy. (1)

High inter-observer variability is a well-known problem during histological assess-
ment of BE. LGD diagnosed in general practice is regularly downgraded to ND BE when 
reviewed by expert pathologists. (7) Moreover, several studies have reported that confir-
mation of LGD by an expert pathologist is associated with an increased risk of malignant 
progression (7 ,8), although this has not uniformly been shown. (11)

In this nationwide cohort study, we provide further evidence that a diagnosis of 
confirmed LGD is indeed associated with an increased risk of progression to EAC as dem-
onstrated by a significantly increased incidence rate of 2.51 (95% CI 1.49-3.99) per 100 
person-years in these cases. Unfortunately, due to the retrospective design of this study, 
we were not able to discriminate between expert and non-expert pathologists but it 
can be anticipated that the incidence rate of HGD/EAC could have been even higher if 
all confirmed LGD diagnosis were made by expert pathologists. (7) Nonetheless, even 
after confirmation of LGD by an expert pathologist, we and other studies found that 
a significant proportion of LGD diagnoses is not reproduced during follow-up (12-15), 
which may be explained by the same factors mentioned earlier, e.g. an overestimation 
of the original LGD diagnosis or sampling error.

To our knowledge, until now only one study has reported on the persistence of LGD 
as potential predictor of progression, but no statistically significant difference was 
found between patients with and without persistent LGD. (11) In this study, 68 patients 
with persistent LGD were identified and followed-up for a period of 297 patient-years. 
Increased incidence rates of 3.37% (95% CI 1.8-6.26) and 0.93% per year (95% CI 0.3-2.9) 
for HGD/EAC and EAC, respectively, were found in patients reported to have persistent 
LGD in BE. (11) While the overall incidence rates of HGD/EAC were comparable with find-
ings in our study, the incidence rates for HGD/EAC and EAC in patients with persistent 
LGD were considerably higher, i.e. 7.65 (95% CI 4.45-12.34) and 2.04 (95% CI 0.65-4.92) 
per 100 person-years, respectively. These findings in combination with the relative 
large number of LGD patients with ND during follow-up support the conclusion that 
persistent LGD can serve as a marker for risk stratification in patients with LGD. Although 
considered to be relatively safe, RFA is associated with complications, e.g. 7-12% of 
patients develop esophageal strictures following treatment. (13,16) Therefore, before 
considering endoscopic treatment of LGD, further identification of patients at risk of 
malignant progression is warranted.

In addition to persistent LGD, we evaluated if duration of persistent LGD influenced 
the incidence rate of malignant progression. We observed a tendency to increased 
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incidence rates to developing HGD/EAC in patients with persistent LGD longer than 1 
year. Unfortunately, not enough follow-up data were available to evaluate this for longer 
time frames.

There are some limitations to this study. First, the pathological data were extracted 
from the PALGA database and do not include clinical data. As a result, the reported inci-
dence rates of HGD/EAC could not be corrected for endoscopic factors such as length of 
the BE segment, and presence of esophagitis and hiatal hernia. Second, additional im-
munohistochemistry findings, e.g. p53 staining (which serves as a marker for malignant 
progression (5, 20) ), were available in only a subgroup of patients and could therefore 
not be used for risk stratification. Third, due to the retrospective design of the study, no 
standardized endoscopy protocol was used. In the Netherlands it is however general 
practice to follow international guidelines and take biopsies according to the Seattle 
protocol. (21) Fourth, a proportion of the patients were excluded from the study because 
they did not undergo follow-up endoscopy. The reason for this remains unknown, but 
older age and co-morbidities could be an explanation. This may result in selection bias, 
making the actual incidence rates lower if symptomatic patients would have undergone 
endoscopy more frequently.

This study has also some unique features that may overcome some of these drawbacks. 
Patients in the Netherlands have free access to health care, which largely eliminates 
diagnostic bias. As a result, the generalization of our results is high as this nationwide 
cohort involves BE patients of all ages and both sexes with LGD diagnosed in a primary, 
secondary and tertiary setting. Furthermore, in this study, we included a large number 
of LGD cases and we werew therefore able to follow-up a relatively large number of 
patients with ND BE after a diagnosis of LGD.

In conclusion, in this large nationwide cohort of BE patients with LGD, we demonstrate 
that confirmed and persistent LGD identifies a subgroup of patients with an increased 
risk of malignant progression. In addition, in half of these patients LGD was no longer 
detected during follow-up and a quarter of them exhibited persistent ND BE. We there-
fore believe that endoscopic treatment of LGD BE is indicated in patients with confirmed 
and persistent LGD. In patients in whom confirmed LGD does not persist, it may well be 
that a wait and see policy is justified.
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supplementary Table 1. Diagnostic codes used in the PALGA search strategy

PALGA search strategy

Item Specification Code

Location Esophagus T62000

Sample type Biopsy OR excision OR resection 
OR ablation OR autopsy OR 
unknown

P11400, P11260, P11420, P11230, 
P11261, P11100, P11101, P11282, 
P11102, P11200, P30110, P11140, 
P11999

Diagnosis Barrett OR Intestinal metaplasia T62310M73330, M73320

Dysplasia OR Low grade dysplasia M74000, M74006
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gEnEral DisCussion

Understanding the pathogenesis of the transition from squamous epithelium (SQ) to 
Barrett’s esophagus (BE) and esophageal adenocarcinoma (EAC) may provide tools to 
find new biomarkers and to develop surveillance or treatment modalities for patients 
with BE. In the first part of this thesis we studied the effects of aberrantly expressed 
proteins and non-coding RNA molecules in the pathogenic process during the transition 
from SQ to BE and EAC. In addition, we explored if there were differences in circulating 
miRNAs between groups of patients for predicting the presence of BE and EAC. In the 
second part of this thesis we focused on two grades of dysplasia in BE, i.e. indefinite 
for dysplasia (IND) and low-grade dysplasia (LGD), and evaluated the associated risk 
of malignant progression. In this chapter, the main findings of this thesis and future 
perspectives are discussed.

Part 1 Pathogenesis

Many studies have been performed to identify differently expressed genes (1), proteins 
(2) and miRNAs (3-5) in SQ, BE and EAC. In order to get more insight in the pathogenic 
process the function of these aberrantly expressed genes and proteins require more 
investigation. We evaluated the function of the BMP4 signaling pathway in BE and EAC 
and found that BMP4 signaling was able to induce an epithelial-mesenchymal transi-
tion (EMT) like phenotype by inducing Snail2 (Chapter 2). During EMT, epithelial cells 
lose cell-cell contact, gain motile properties and as result transform to a mesenchymal 
phenotype (figure 1). (6) EMT can be classified in three subtypes; EMT during embryo-
genesis, EMT associated with tissue regeneration and organ fibrosis and EMT associated 
with cancer progression and metastasis. (6) In this thesis we focus on EMT associated 
with cancer progression. Patients with EAC often present with advanced metastatic 
disease and as result it is suggested that EMT may be relevant in the pathogenesis of 
BE and EAC. Until now only limited studies have reported on EMT in the pathogenesis 
of BE and EAC. (7-9) In vitro studies with exposure of human Barrett’s esophagus cells 
(BAR-T) to acidic bile salts have shown increased nuclear levels of transcription factors 
Snail1, Snail2 and ZEB2 (10); indicating an important role of EMT during the develop-
ment of BE and EAC. We showed the possibility of an EMT-like response due to an active 
BMP4 pathway. However, we did not observe morphological changes or upregulation 
of mesenchymal markers (i.e. CDH2, Vimentin), making it not possible to conclude that 
true EMT occurred. Snail2 is a transcription factor inducing EMT, but other transcrip-
tion factors, such as ZEB, TWIST or Snail1 are also important during EMT. Future studies 
should evaluate the expression and function of these other transcription factors in the 
malignant progression of BE. In addition, an earlier study showed a possible role of 
TGF-β1, another member of the TGF-family, for inducing EMT in the esophagus. (7) Thus, 
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the combined effects of both TGF-β1 and BMP4 needs to be taken into account in future 
studies investigating EMT in the esophagus. Moreover ot only in vitro studies, but also in 
vivo studies on the role of BMP4 are needed.

figure 1. (Duplicated from Kalluri R, 2009 J Clin Invest 2009;119(6):1420-1428.)

Tissue specific miRNAs

miRNAs are differently expressed in SQ, BE and EAC and in Chapter 3 we evaluated the 
functional roles of aberrantly expressed miRNAs in esophageal cancer with a review of 
the current literature. Only a limited number of studies have been published evaluating 
the role of miRNAs in esophageal cancer. The identification of putative targets of miRNAs 
may lead to the possibility to use them for developing new diagnostic and treatment 
modalities. Based on this review we investigated the function of miRNA-203, which is 
downregulated in both BE and EAC compared to SQ (Chapter 4). miRNA-203 inhibits 
EMT in prostate cancer (11,12), hepatocellular carcinoma (13) and lymphomas (14) and 
no earlier studies had evaluated the function of miRNA-203 in the esophagus. In this 
thesis we showed that in vitro downregulated expression of miRNA-203, as observed in 
BE and EAC, results in increased expression of Snail2 and subsequently downregulation 
of the adhesion molecules e-cadherin, claudin-1 and y-catenin. We did not evaluate 
whether miRNA-203 directly targets Snail2, but other studies have shown that Snail2 
is a direct target of miRNA-203. (15) Downregulated expression of adhesion molecules 
represents the first phase of EMT (figure 1). This suggests that miRNA-203 could play a 
role in EMT in the esophagus. Interestingly, during the transition from SQ to BE, in the 
early phase of gastro-esophageal reflux disease (GERD) the integrity of the epithelium 
surface is altered and increased permeability(16,17) and downregulated expression of 
adhesion molecules are observed. (18,19) Combined with the results described in this 
thesis, this suggests a role of miRNA-203 in the development of BE from SQ, as decreased 
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expression of miRNA-203 leads to downregulation of adhesion proteins. Future studies 
are indicated to evaluate the effect of impaired mucosal integrity as is found in BE. Stud-
ies have suggested that it leads to increased sensitivity to acid reflux, as is observed in 
patients with GERD (20,21); however, the effect on cell damage and the development of 
dysplasia remains unclear. Moreover, it would be of interest to evaluate if re-expression 
of miRNA-203 in vivo could restore the expression of adhesion molecules and repair the 
barrier function of the esophagus.

Insight into the functional role of other aberrantly expressed miRNAs in the patho-
genic process of BE and subsequently EAC could pave the road for innovative therapeu-
tic strategies for the prevention of EAC. There are examples of successful therapeutic 
treatments targeting miRNAs. (22) In the future it would be interesting to investigate 
the possibility of using these innovative therapies for preventing the development of 
BE and/or EAC.

Circulating miRNAs

While the research field on the function of tissue specific miRNAs is rapidly evolving, 
the function and origin of circulating miRNAs is still an issue of debate. It could be 
that miRNAs are present in blood as a result of cell death and cell lysis. The other op-
tion is that cells (actively) release miRNAs into the surrounding microenvironment for 
cell-cell communication. While the source and function of the circulating miRNAs are 
still unknown, we do know that miRNA expression profiles are disease specific. (23-25) 
Circulating miRNAs are highly stable and resistant to RNase activity (26), making them 
attractive biomarker candidates. In this thesis, we evaluated circulating miRNA profiles 
of healthy controls, and BE and EAC patients (Chapter 5). With a sensitivity of 78.4% 
(95% CI: 61.8 - 90.2) and specificity of 85.7% (95% CI: 57.2 - 98.2) we were able to dif-
ferentiate BE patients from healthy controls with a panel of miRNAs. Similarly, we were 
able to differentiate EAC from healthy controls with another panel of miRNAs with a 
sensitivity and specificity of 85.7% (95% CI: 71.5 - 94.6) and 80.0% (95% CI: 51.9 - 95.7), 
respectively. These results can be used to develop a rapid diagnostic test for detecting 
BE and EAC. A plasma test would be more convenient and less invasive compared to the 
currently used method of performing upper endoscopy with biopsy sampling. However, 
this is only the first study evaluating the role of circulating miRNAs in BE and EAC and 
other results with other cohorts are required to confirm our results.

In addition to differentiating patients with BE and EAC from healthy controls it would 
be of interest if we were able to identify patients at risk of malignant progression based 
on a blood test. Currently we know that patients with specific endoscopic findings, such 
as presence of esophagitis, hiatal hernia or visible endoscopic lesions, have an increased 
risk of developing high-grade dysplasia (HGD) or EAC. (27,28) In addition, the risk of ma-
lignant progression is increased with increasing lengths of BE. (27-29) In this thesis we 
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observed that patients with long-segment BE (≥3cm) showed a downregulated expres-
sion of circulating miRNA-21-5p and validated these results in a larger group of patients 
(Chapter 6). Unfortunately, no additional information on patient co-morbidities was 
available in this study. Cardiovascular disease (30) or diabetes mellitus (25), for example, 
may influence the expression profiles of plasma miRNAs and therefore could have af-
fected our results. In the future, a large cohort of patients, with detailed information on 
comorbidities should be studied to evaluate if miRNAs are able to identify BE patients 
with an increased risk of malignant progression. In addition, it is important to study 
the association between circulating and tissue specific miRNAs as studies have shown 
that tissue miRNA-21 is stepwise upregulated in BE and EAC compared to SQ. (31,32) 
Moreover further studies should evaluate the function of circulating miRNAs, as tissue 
miRNA-21is known to act as an oncogene in esophageal squamous cell carcinoma. 
(33,34) In this light it is somewhat remarkable that we found downregulated expression 
of circulating miRNA-21 in BE patients with an increased risk of progression to EAC.

Part 2 Surveillance

In the second part of this thesis the focus shifts to surveillance of patients with BE. Once 
BE is detected, patients are recommended to undergo regular endoscopic surveillance 
with biopsy sampling, in order to detect EAC at an early stage. (35-37) Due to the rela-
tively low progression rates to EAC (38,39), the only way for a surveillance program to 
be cost-effective is to identify the subgroup of patients at an increased risk of malignant 
progression. Despite all the ongoing research in this field, the current best known bio-
marker to predict malignant progression is the detection of dysplasia. For patients with 
BE and no dysplasia, the incidence rate to develop EAC is 0.39 per 100 person years, 
while for patients with LGD the incidence rate is much higher, 0.77 per 100 person years. 
(40) This is reflected in the recommended surveillance intervals as for patients with ND 
it is recommended to repeat endoscopy after 3-5 years depending on the BE length 
while for patients with LGD repeat endoscopy after 1 year or endoscopic ablation with 
radiofrequency ablation (RFA) of BE with endoscopic mucosal resection (EMR) of visible 
lesions is advised. (35-37)

A separate histological category is used for so called indefinite for dysplasia (IND) 
cases, which is used when a pathologist is not able to differentiate between the pres-
ence or absence of dysplasia. Current guidelines recommend to repeat endoscopy after 
6-12 months when a diagnosis of IND is made and to treat inflammation if present. 
(35-37) These recommendations were based on expert opinion as, until recently, no 
larger-sized studies evaluating the natural history of IND have been performed. In this 
thesis, we aimed to investigate the clinical meaning of a diagnosis of IND. In a large 
population-based cohort we reported the incidence rate of malignant progression fol-
lowing a diagnosis of IND as obtained from the histology report (Chapter 7). We found 
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progression rates of 1.4 (95% CI 1.0-1.9) and 0.8 (95% CI 0.5-1.2) per 100 person-years 
for HGD, or HGD and EAC combined, respectively. Remarkably, these progression rates 
were not different from those reported by Sinh et al., who used a different study method 
with regard to pathological revision compared to ours described in this thesis. (41) While 
they studied slides that were reviewed by a second pathologist as part of routine clini-
cal practice, in our studies IND cases were included that did not undergo revision by a 
second pathologist.

It would be of interest to evaluate whether the incidence rates of malignant progres-
sion in cases with IND change after confirmation of the diagnosis by a second (expert) 
pathologist (Chapter 8). We found that in only 14% of the patients the diagnosis of 
IND was confirmed after revision, with a moderate kappa value. In the other cases, the 
most frequent diagnosis was ND BE. When p53 immunohistochemistry was added to 
the second review more cases were diagnosed as LGD. This is in line with other findings 
that concluded that p53 is able to identify cases with prevalent dysplasia in patients 
with IND. (42) Unfortunately, our cohort was too small to perform any statistics to in-
vestigate the risk of malignant progression after a revised diagnosis of IND. We were 
only able to describe the proportion of patients that showed malignant progression; of 
the patients who had a confirmed IND diagnosis, 2 patients developed HGD and none 
developed EAC during follow-up. Of the patients in whom the initial diagnosis of IND 
was changed to ND BE after expert pathological revision, 2 patients developed EAC. 
In the future it would be interesting to evaluate the risk of malignant progression in a 
large cohort with confirmed IND after expert revision. For now, our results show that the 
histological diagnosis IND is true ‘indefinite’ and should lead to repeat endoscopy with 
biopsy sampling after adequate treatment of inflammatory changes, without the need 
for expert pathological revision.

Similar to a diagnosis of IND, a diagnosis of LGD in BE also has a low reproducibility, 
with kappa values ranging from 0.14 (43) to 0.5 (44). Current guidelines recommend 
revision by a second pathologist after a diagnosis of LGD as studies have shown that 
this diagnosis is frequently overestimated. (43-45) Moreover, a revised or confirmed 
LGD diagnosis could identify patients at risk of malignant progression. (44,45) In this 
thesis we confirmed that patients with a revised diagnosis of LGD have a higher risk 
of developing EAC (Chapter 9). Nowadays, a pathological diagnosis of LGD is of major 
clinical importance as endoscopic treatment with RFA has been shown to be beneficial 
for patients with LGD. However, endoscopic treatment is associated with higher health 
care costs and also some risks, i.e. stricture formation. (46,47) Therefore it should be 
restricted to patients with a defined high risk to develop malignant progression. While 
a confirmed LGD diagnosis increased the risk of developing EAC, as a risk factor alone it 
is not sufficiently sensitive, because the diagnosis is often not reproduced during follow 
up. (46) In this thesis we identified persistent LGD, defined as LGD during two consecu-
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tive endoscopies, as an easily applicable predictor of malignant progression (Chapter 
9). In the future, this newly identified risk factor could be used to select patients benefit-
ing from endoscopic treatment.

In addition to the pathological risk factors mentioned in this part of the thesis 
(presence/absence of dysplasia combined with, confirmation and persistence of LGD), 
biomarkers as p53 (48), SOX2 (49) or miRNAs (Chapter 5,6), are evaluated in the cur-
rent research field as potential markers to identify patients at risk. For the future we 
believe that BE surveillance strategies should be individualized to the patient’s risk and 
that histological classification should be combined with a biomarker panel containing 
immunohistochemical markers, microRNA expression profiles and possibly other bio-
markers, resulting in a clinical decision pathway aiding the physician and the patient to 
make a decision for endoscopic treatment or surveillance. This will reduce the burden of 
pathologists to differentiate patients at risk for malignant progression by the presence 
of dysplasia alone.
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summary

In the general population, patients with prolonged symptoms of gastro-esophageal 
reflux disease, male gender, white race and sixty years or older are at risk to develop 
Barrett’s esophagus (BE). BE is a condition in which the squamous epithelium is replaced 
by columnar lined epithelium containing goblet cells, and is the known precursor of 
esophageal adenocarcinoma (EAC). Only a small proportion of patients with BE will 
progress to EAC, with a histological diagnosis of dysplasia, long-segment BE (>3 cm) 
and visible lesions as the most important risk factors to develop EAC. The incidence of 
both BE and EAC have been rapidly rising in the Western world and despite the sur-
veillance program for patients with BE, EAC is often diagnosed in an advanced stage, 
making treatment with a curative intent no longer possible. As a result, the morbidity 
and mortality of EAC is still high. In Chapter 1, the general aims and outline of this thesis 
are summarized.

Part 1: Pathogenesis of Barrett’s esophagus and esophageal adenocarcinoma

In Chapter 2 we evaluated the expression of BMP4, and members of the BMP4 pathway 
in EAC. In EAC, BMP4 expression was significantly upregulated compared to squamous 
epithelium (SQ). Moreover, ID2, a downstream target of the BMP4 pathway, was signifi-
cantly upregulated in EAC compared to SQ. To evaluate the effect of active BMP4 signal-
ing in BE and EAC, a human Barrett’s esophagus (BAR-T) cell line and an adenocarcinoma 
(OE33) cell line were incubated with BMP4 or the BMP4 antagonist, Noggin. Upon BMP4 
incubation, cell viability was reduced; however, cell migration was induced in both 
cell lines. In addition, cells incubated with BMP4 showed a significant upregulation of 
Snail2 expression. Snail2 is a transcription factor, which is able to induce epithelial-
mesenchymal transition (EMT). This process enables cells to acquire motile properties 
and is important during wound healing, embryogenesis and cancer metastasis. CDH1, 
a direct target of Snail2 was significantly downregulated in both BAR-T and OE33 cells 
upon incubation with BMP4. These results suggest that active BMP4 signaling in BE and 
EAC results in a more invasive phenotype by inducing EMT.

MicroRNAs (miRNAs) are small non-coding RNA molecules that regulate the expres-
sion of target genes. In Chapter 3 we present an overview of the current knowledge of 
the function of aberrantly expressed miRNAs in esophageal cancer. Overall there are a 
few studies evaluating the effect of miRNAs in esophageal cancer. miRNA-21 and -196 
are known as oncogenes targeting PTEN, PDCD4 and Annexin A1, while miRNA-143,-145 
and let-7 are known as tumorsupressors targeting HGMA2 and FSCN. Nonetheless, more 
studies are required to understand the exact in vivo function of aberrantly expressed 
miRNAs in esophageal cancer. This knowledge could improve the ability to utilize miR-
NAs as therapeutic agents.
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In Chapter 4 we evaluated the function of miRNA-203, which is downregulated in 
BE and EAC compared to SQ epithelium. We evaluated the functional effect by restora-
tion/blocking miRNA-203 in a human Barrett’s esophagus cell line (BAR-T). miRNA-203 
overexpression reduced cell growth and cell migration. In addition, miRNA-203 over-
expression resulted in a significant downregulation of Snail2 expression. As previously 
described, Snail2 is a transcription factor important for EMT. During the early phase of 
EMT, adhesion molecules are downregulated. After Snail2 downregulation, we observed 
a significant upregulation of the adhesion molecules CDH1, Claudin-1 and γ-catenin. In 
human biopsies, we observed downregulated expression of these adhesion molecules. 
In conclusion, downregulated miRNA-203 expression in BE leads to increased expres-
sion of Snail2. Increased Snail2 expression is able to downregulate the expression of 
adhesion molecules in vitro.

Chapter 5 describes the expression of circulating miRNAs in patients with EAC and 
BE and healthy controls. Three unique circulating miRNA profiles of plasma from EAC 
and BE patients, and healthy controls were obtained. Three miRNAs were found to be 
elevated in EAC, 4 miRNAs in BE and 8 miRNAs in healthy controls. The expression of 
6 of these miRNAs (miRNA-95-3p, -133-3p, -136-5p, - 194-5p, 382-5p and -451a) was 
validated in a larger cohort. The miRNAs identified may be used for future non-invasive 
screening of BE and EAC in the population, but more studies to validate these miRNA 
sets are necessary.

Patients with an increased length of BE are at higher risk for malignant progression. 
Therefore, in addition to chapter 5, we explored in Chapter 6 whether circulating 
plasma miRNAs were differently expressed in patients with an increasing length of BE. 
miRNA expression profiling was performed using plasma samples from 4 patients with 
long-segment (> 3 cm) and 4 patients with short-segment BE (≤ 3cm). We identified 7 
circulating miRNAs that were aberrantly expressed between long- and short-segment 
BE. Further validation showed that miRNA-21-5p was significantly reduced in patients 
with long-segment BE compared to patients with short-segment BE.

Part 2: Surveillance of patients with Barrett’s esophagus

Patients with BE are advised to undergo endoscopic surveillance with biopsy sampling 
in order to detect EAC at an early, and potentially curable stage. However, guideline 
recommendations on this topic are not evidence based due to the lack of studies. When 
the pathologist cannot discriminate between the presence or absence of dysplasia in BE 
biopsies, the term ‘indefinite’ for dysplasia (IND) is used. In Chapter 7 we estimated the 
risk of malignant progression in patients with a diagnosis of IND in BE. In addition, risk 
factors for malignant progression were identified. From a nationwide database, 1258 
patients were identified of whom 416 had no follow-up and 842 had follow-up endos-
copies. Patients with prevalent HGD/EAC (within 1 year after the first IND diagnosis) 
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were excluded (n =16). The incidence rates of HGD/EAC and EAC alone were 1.4 (95% 
CI 1.0-1.9) and 0.8 (95% CI 0.5-1.2) per 100 person years, respectively. Older age was 
found to be an independent predictor for developing HGD/EAC. This remarkable high 
progression rate, which seems to be in line with the risk of malignant progression in LGD 
supports re-endoscopy with biopsy sampling in these patients.

To evaluate the influence of revision of the diagnosis IND, we report in Chapter 8 the 
results of a study using the same IND cohort as described in Chapter 7, in which two ex-
pert GI pathologists reviewed the histological slides of 107 patients with a first diagnosis 
of IND to evaluate the interobserver variability between pathologists. In 70.1% of the 
patients, the pathologists agreed on the histopathology diagnosis after independent 
revision, resulting in a weighted Cohen’s Kappa of 0.52 (95% CI 0.31-0.66). Only in 15 
of the 107 included patients (14%), the original diagnosis of IND was confirmed. In the 
majority of patients (n=66, 61.7%) the diagnosis was changed to negative for dysplasia 
(ND). Addition of p53 immunohistochemistry in 56 patients changed the consensus 
diagnosis in 50% of the cases.

In Chapter 9, the influence of persistent LGD on malignant progression was evalu-
ated in a nationwide cohort of patients with LGD in BE. Persistent LGD was defined as 
LGD detected during both the index and the first follow-up endoscopy. In total, 1579 
BE patients with LGD were identified, of whom 161 had confirmed LGD by a second 
pathologist. For patients with confirmed LGD, the incidence rate for developing HGD/
EAC was significant higher compared to patients with unconfirmed LGD. Of patients 
with confirmed LGD, the majority (51%) showed no dysplasia during the first follow-up. 
The incidence of developing HGD/EAC or EAC significantly increased to 7.65 (95% CI 
4.45-12.34) and 2.04 (95% CI 0.65-4.92) per 100 person years compared to patients with 
confirmed, but not persistent LGD. Gender, age and a history of ND BE did not influence 
the risk of developing HGD/EAC. Persistent LGD was the only independent predictor, 
with a hazard ratio of 3.5 (95% CI 1.48-8.28), for developing HGD/EAC.
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nEDErlanDsE samEnvaTTing

Patiënten met langdurige symptomen van gastro-oesofageale reflux ziekte, mannelijk 
geslacht, kaukasisch ras of een leeftijd van 60 jaar of ouder lopen een verhoogd risico op 
het ontwikkelen van een Barrett slokdarm (Barrett Esophagus, BE). BE is een aandoening 
waarbij het plaveiselepitheel van de slokdarm is vervangen door intestinale metaplasie 
waarin slijmbekercellen aanwezig zijn en is de voorloper van het adenocarcinoom in de 
slokdarm (Esophageal Adenocarcinoma, EAC). Maar een klein aantal patiënten met BE 
zal een EAC ontwikkelen waarbij een histologische diagnose van dysplasie, een lang-
segment BE (>3cm) of een waargenomen laesie tijdens een endoscopie de belangrijkste 
risico factoren zijn. In ontwikkelde landen neemt de incidentie van zowel BE als EAC toe 
en ondanks het screeningsprogramma voor patiënten met BE wordt EAC vaak in een laat 
stadium gediagnosticeerd waarbij een curatieve behandeling niet langer mogelijk is. 
Als gevolg hiervan is de morbiditeit en de mortaliteit van het EAC hoog. In hoofdstuk 1 
worden de algemene doelstellingen van dit proefschrift beschreven als inleiding op de 
studies in de daarop volgende hoofdstukken.

Deel 1: Pathogenese van het Barrett slokdarm en het adenocarcinoom van de 
slokdarm

In hoofdstuk 2 werd de expressie van BMP4, en andere factoren van de BMP4 signale-
ringsroute in EAC onderzocht. In EAC was de expressie van BMP4 significant verhoogd in 
vergelijking met de expressie in plaveisel epitheel. Ook ID2, een doel eiwit van de BMP4 sig-
naleringsroute kwam significant hoger tot expressie in EAC in vergelijking met de expressie 
in plaveiselepitheel. Om het effect van de actieve BMP4 signaleringsroute te beoordelen in 
BE en EAC werden cellen van een menselijke Barrett slokdarm cellijn (BAR-T) en een adeno-
carcinoom cellijn (OE33) geïncubeerd met BMP4 of, de BMP4 antagonist, Noggin. In beide 
cellijnen was, na incubatie met BMP4, de levensvatbaarheid van de cellen verminderd, ech-
ter, de bewegelijkheid van de cellen was toegenomen. Daarnaast lieten cellen, na incubatie 
met BMP4, een verhoogde expressie van SNAIL2 zien. SNAIL2 is een transcriptie factor, die 
de potentie heeft om epitheliale-mesenchymale transitie (EMT) te induceren. Dit proces 
zorgt er voor dat cellen die normaliter adherent zijn, kunnen bewegen en migreren. Deze 
bewegelijke eigenschappen krijgen zijn belangrijk tijdens wondgenezing, embryogenese 
en metastasering. De expressie van CDH1, een direct doel eiwit van SNAIL2, was significant 
verlaagd na incubatie met BMP4. Deze resultaten suggereren dat actieve BMP4 signalering 
in BE en EAC, door het induceren van EMT, zorgt voor een invasief fenotype.

MicroRNAs zijn kleine niet coderende RNA moleculen die de expressie van eiwitten 
reguleren. In hoofdstuk 3 geven we een overzicht van de huidige kennis over het effect 
van miRNAs die veranderd tot expressie komen in slokdarmkanker. Er zijn weinig studies 
die naar de de functie van miRNAs in slokdarmkanker hebben gekeken. miRNA-21 en 
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-196 gedragen zich als oncogenen door de expressie van PTEN, PDCD4 en Annexin 
A1 te reguleren, terwijl miRNA-143, -145, let-7 zich gedragen als tumorsupressors en 
reguleren de expressie van HGMA2 en FSCN. Om de exacte functie van miRNAs in vivo te 
begrijpen zijn er meer studies nodig die kijken naar miRNAs die afwijkend tot expressie 
komen in slokdarmkanker. Door het verzamelen van deze kennis kan het mogelijk zijn 
om miRNAs in de toekomst in te zetten als nieuwe behandelvorm.

In hoofdstuk 4 hebben we gekeken naar de functie van miRNA-203, welke laag tot ex-
pressie komt in BE en EAC in vergelijking met plaveisel epitheel. Door miRNA-203 expressie 
te herstellen/blokkeren konden we de functie beoordelen in een menselijke Barrett cellijn 
(BAR-T). miRNA-203 overexpressie leidde tot toegenomen cel groei en migratie. Ook zorgde 
miRNA-203 overexpressie voor een significante daling van de SNAIL2 expressie. Zoals 
eerder beschreven is SNAIL2 een transcriptie factor die belangrijk is tijdens EMT. Tijdens 
de eerste fase van EMT neemt de aanwezigheid van adhesie moleculen af. Na de waar-
genomen daling van SNAIL2 expressie, observeerde we een significante stijging van de 
expressie van adhesie moleculen CDH1, Claudin-1 en γ-catenin. Ook in de biopten van BE 
patiënten observeerden we een significante daling van deze adhesie moleculen. In conclu-
sie, verminderde expressie van miRNA-203 in BE zorgt voor toegenomen SNAIL2 expressie. 
Toegenomen SNAIL2 expressie kan de expressie van adhesie moleculen doen afnemen. In 
BE komen deze adhesie moleculen ook minder tot expressie dan een gezonde slokdarm.

hoofdstuk 5 beschrijft de expressie van circulerende miRNAs in EAC en BE patiënten, 
en gezonde proefpersonen. Drie unieke circulerende miRNA profielen uit het plasma 
van EAC en BE patiënten, en gezonde proefpersonen werden verkregen. 3 miRNAs 
waren verhoogd in EAC, 4 miRNAs waren verhoogd in BE patiënten en 8 miRNAs wa-
ren verhoogd in gezonde proefpersonen. De expressie van 6 miRNAs (miRNA-93-3p, 
-133-3p, -136-5p, -94-5p, 382-5p en -451a) werden gevalideerd in een groter cohort. De 
geïdentificeerde miRNAs kunnen in de toekomst mogelijk gebruikt worden voor non-
invasieve screening van BE en EAC.

Patiënten met een langere BE lengte hebben een verhoogd risico op maligne ont-
aarding. Als aanvulling op hoofdstuk 5 hebben we in hoofdstuk 6 gekeken of circule-
rende plasma miRNAs verschillend tot expressie kwamen bij patiënten met een lange 
BE lengte. Profiling van de miRNA expressie werd uitgevoerd met plasma samples van 4 
patiënten met lang- segment (>3cm) en 4 patiënten met kort-segment (≤ 3cm) BE. We 
identificeerden 7 circulerende miRNAs die verschillend tot expressie kwamen in lang- en 
kort-segment BE. Verdere validatie toonde aan dat miRNA-21-5p significant lager tot 
expressie kwam in patiënten met lang-segment in vergelijking met kort-segment BE.

Deel 2: Surveillance van patiënten met Barrett slokdarm

Patiënten met BE wordt endoscopische surveillance aangeboden om EAC in een vroeg 
en mogelijk behandelbaar stadium te detecteren. Echter, niet alle aanbevelingen van de 
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richtlijnen zijn evidence based door gebrek aan studies. Wanneer een patholoog geen 
onderscheid kan maken tussen de af- of aanwezigheid van dysplasie in biopten met BE 
wordt de term ‘indefinite voor dysplasie’ (IND) gebruikt. In hoofdstuk 7 onderzoeken 
we het risico op maligne ontaarding voor patiënten met een diagnose van IND in BE. 
Daarnaast kijken we of we risico factoren kunnen identificeren voor maligne ontaarding. 
Uit een landelijke database werden 1258 patiënten geïdentificeerd, van wie 416 geen 
follow-up en 842 een endoscopische follow-up hadden. Patiënten met een prevalente 
diagnose HGD/EAC (gedetecteerd binnen 1 jaar na de eerste IND diagnose) werden 
geexcludeerd. De incidentie ratio voor HGD/EAC en EAC alleen was 1.4 (95% CI 1.0-1.9) 
en 0.8 (95% CI 0.5-1.2) per 100 persoonsjaren. Oudere leeftijd was een onafhankelijke 
voorspeller voor het ontwikkelen van HGD/EAC. De opvallend hoge incidentie ratio, 
welke ongeveer het zelfde lijkt als de incidentie ratio voor patiënten met laaggradige 
dysplasie (LGD), ondersteund herhaalde endoscopie met het afnemen van biopten in 
deze patiënten groep. In hoofdstuk 8 onderzochten we de invloed van het reviseren 
van de histologische coupes met een diagnose IND. Uit het eerdere cohort, beschreven 
in hoofdstuk 7, selecteerde we 107 patiënten, waarbij de histologische coupes werden 
herbeoordeeld door twee expert pathologen op het gebied van gastro-intestinale 
aandoeningen. In 70.1% van de patiënten die werden herbeoordeeld, waren de expert 
pathologen het eens over de histologische diagnose na onafhankelijke revisie. Dit 
zorgde voor een Cohen’s Kappa van 0.52 (95% CI 0.31-0.66). Van de 107 patiënten met 
een initiële diagnose met IND, werd maar in 15 patiënten (14%) de originele diagnose 
bevestigd. In het merendeel van de patiënten (N=66, 61.7%) werd de diagnose veran-
derd in negatief voor dysplasie (ND). De toevoeging van p53 immunohistochemie bij 56 
patiënten veranderde de consensus diagnose in 50% van de patiënten.

In hoofdstuk 9 werd in een landelijk cohort de invloed van persisterende LGD op 
het risico van maligne ontaarding voor patiënten met LGD onderzocht. Persisterende 
LGD was gedefinieerd als LGD tijdens de index endoscopie en tijdens de eerste follow-
up endoscopie. 1579 BE patiënten met LGD werden geïdentificeerd, van wie 161 een 
diagnose had die bevestigd werd door een tweede patholoog. Voor patiënten met een 
bevestigde LGD diagnose was de incidentie ratio voor het ontwikkelen van HGD/EAC 
significant hoger vergeleken met patiënten waarbij de diagnose niet bevestigd was. Van 
de patiënten met een bevestigde LGD diagnose liet het merendeel (51%) geen dysplasie 
zien tijden de eerst follow-up. De incidentie voor het ontwikkelen van HGD/EAC of EAC 
alleen was significant verhoogd in patiënten met bevestigde en persisterende dysplasie, 
7.65 (95% CI 4.45-12.34) en 2.04 (95% CI 0.65-4.92) per 100 persoonsjaren vergeleken 
met patiënten met bevestigde, maar niet persisterende LGD. Geslacht, leeftijd en een 
geschiedenis van ND BE hadden geen invloed op het risico op het ontwikkelen van 
HGD/EAC. Persisterende LGD was de enige onafhankelijke voorspeller, met een Hazard 
Ratio van 3.5 (95% CI 1.48-8.28) voor het ontwikkelen van HGD/EAC.
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Kate, Prof. O. Kranenburg, Prof. Dr. B. L.A.M. Weusten, en dr. F.P. Vleggaar, wil ik bedanken 
voor het lezen van het proefschrift en de bereidheid hierover met mij van gedachten te 
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en Lotte, wat zorgden jullie voor een warm welkom! Erik en Mike, allebei gaan jullie recht 
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beantwoorden. Wouter, vele malen heb ik jouw verveeld met ‘ lab-plaatjes’ en gelukkig 
had je al snel had je door dat je gewoon het enthousiasme moest delen, dank daarvoor! 
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Lieve pap en mam, altijd staan jullie voor me klaar. Vanaf jongs af aan leerde jullie mij dat 
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194 Chapter 11

Lieve Jacob-Jan, ik ontmoette je in de laatste fase van dit promotietraject. Het afmaken 
van dit boekje heeft voor hectische tijden gezorgd! Ik kijk er naar uit dat we nu allebei 
meer vrije tijd hebben. Zet het benzinebrandertje maar klaar en op naar het volgende 
avontuur!
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