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Abstract

Understanding the molecular and cellular processes underlying the development, 
maintenance, and progression of Barrett’s oesophagus (BE) presents an empirical 
challenge because there are no simple animal models and standard 2D cell culture can 
distort cellular processes. Here we describe a three-dimensional (3D) cell culture system 
to study BE. BE cell lines (CP-A, CP-B, CP-C, and CP-D) and oesophageal squamous 
keratinocytes (EPC2) were cultured on a matrix consisting of esophageal fibroblasts and 
collagen. Comparison of growth and cytokeratin expression in the presence of all-trans 
retinoic acid or hydrochloric acid was made by immunohistochemistry and Alcian Blue 
staining to determine which treatments produced a BE phenotype of columnar cytokeratin 
expression in 3Dculture. All-trans retinoic acid differentially affected the growth of BE 
cell lines in 3D culture. Notably, the non-dyplastic metaplasia-derived cell line (CP-A) 
expressed reduced squamous cytokeratins and enhanced columnar cytokeratins upon 
ATRA treatment. ATRA altered the EPC2 squamous cytokeratin profile towards a more 
columnar expression pattern. Cell lines derived from patients with high-grade dysplasia 
already expressed columnar cytokeratins and therefore did not show a systematic shift 
toward a more columnar phenotype with ATRA treatment. ATRA treatment, however, 
did reduce the squamoid-like multilayer stratification observed in all cell lines. As the 
first study to demonstrate long-term 3D growth of BE cell lines, we have determined that 
BE cells can be cultured for at least 3 weeks on a fibroblast/ collagen matrix and that the 
use of ATRA causes a general reduction in squamous-like multilayered growth and an 
increase in columnar phenotype with the specific effects cell-line dependent.
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Introduction

Mechanistic studies of cancer initiation, progression, and therapeutic discovery require 
cell culture and/or animal model systems. Cell culture systems have typically grown 
cells on plastic, and often these results conflict with in vivo experiments. Two-dimensional 
culture models do not capture many effects of the tissue microenvironment, including 
cell morphology, polarity and junctions, interactions with the extracellular matrix (ECM) 
and adjacent cells, and mechanotransduction, which affect intracellular signalling and 
cell fate (1). Three-dimensional (3D) co-culture, consisting of a substratum prepared with 
collagen and fibroblast upon which epithelial cells are seeded, better imitates the in vivo 
tissue microenvironment, and may help to bridge the gap between traditional cell culture 
systems and animal studies. 
 Interest in the premalignant condition Barrett’s oesophagus (BE) stems from its 
association with oesophageal adenocarcinoma (EA). BE is the only known precursor of EA, 
increasing the relative risk of progression 30- to 120-fold (2). The incidence of EA among 
individuals with BE is 6–7 per 1,000 person-years (3,4). BE is a condition of the esophagus 
associated with acid and bile reflux where normal multilayer, stratified oesophageal 
squamous tissue is replaced by a single layer of columnar cells with a crypt architecture 
(specialized intestinal metaplasia) (5). The presence of mucous-producing goblet cells in 
BE is thought to protect the esophagus from insult of acid and bile (5). However, this 
metaplasia increases a patient’s risk of cancer, likely because constant reflux increases 
cellular proliferation, telomere shortening, and DNA damage, resulting in chromosomal 
instability and genomic alterations (5). 
 Building on 3D studies of skin and normal oesophageal epithelium (6,7), we 
provide the first 3D cell culture model of BE, allowing us to overcome some shortcomings 
associated with other models. Currently, the major BE animal model is a surgical 
anastomosis model in the rat, which creates reflux by connecting the jejunum of the small 
intestine with the distal esophagus (8), allowing the development of intestinal metaplasia. 
This model has various limitations, including atypical bile reflux, species differences, 
duration, expense, and the requirement of surgical expertise. Other studies have used 
explant tissue biopsies to study BE in more physiological conditions compared with 2D 
cell culture (9,10), however, biopsies are viable for only a short period of time ex vivo, 
preventing observation of cellular transformation, such as goblet cell formation, under 
different culture conditions. 
 To develop this organotypic reconstruct model, we grew hTERT-immortalized BE 
cell lines, derived from BE patients (11,12) and a control normal squamous esophageal cell 
line, EPC2-hTERT (13), on a fibroblast-collagen matrix. The reconstructs were examined 
for the presence of goblet cells and various squamous and columnar cytokeratin markers, 
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a reliable tool to describe cell type (14). Proper expression of cytokeratins in cell culture 
depends strongly on the method for culturing, including medium type, serum content, 
calcium concentration, and the presence of a feeder layer (15,16). Here, we studied the 
effects of acid pulses to simulate gastric reflux and continuous exposure to all-trans retinoic 
acid (ATRA) on expression of cytokeratins and morphology of BE cells in 3D culture.

Materials and Methods

Cell lines
Four hTERT-transformed BE cell lines, CP-A (p53 wild-type, 9p loss of heterozygosity 
(LOH), 5q LOH), CP-B (17q LOH, 9p LOH), CP-C (17q LOH, 9p LOH), and CP-D (17p LOH, 
9p homozygous deletion) (11,12) were obtained from University of Washington, Seattle, 
WA (gift from P. Rabinovich). Cells were adapted to serum-free conditions in keratinocyte 
serum-free medium (KSFM, Invitrogen, Carlsbad, CA). BE cell line identities were verified 
with the STR-based identifier PCR Amplification kit (Applied Biosystems, Carlsbad, CA) 
by comparison to original samples. EPC2-hTERT and primary fetal esophageal fibroblasts 
have been described previously (6,13).

Cell culture
Organotypic culture was performed as previously published for esophageal squamous 
cell reconstructs (6) with some modifications. The fibroblast feeder layer was incubated 
in bovine collagen for 4 days, after which 5105 epithelial cells were seeded on top. Media 
used for epithelial cell growth on the feeder layer was the same as previously published 
(6) with 2% FBS (Atlanta Biologicals, Lawrenceville, CA). Fresh medium was added every 
2–3 days. After seeding of the epithelial cells, medium was maintained on both the top 
and bottom of the 0.4 mm polycarbonate tissue-culture treated transwell membrane 
(Corning, Lowell, MA) for an additional 5 days, after which the media on top of the 
transwell was removed, while maintaining media on the bottom. At this point, epithelial 
cells were exposed to a liquid–air interface for the remainder of the experiment to enhance 
differentiation. Organotypic cultures were sampled weekly, fixed in 10% neutral buffered 
formaldehyde and embedded in paraffin for H&E and Alcian Blue staining.

All-trans retinoic acid organotypic culture
Culture conditions were as described above with some alterations (Supplemental 
Methods). ATRA was supplemented in culture medium at a concentration of 0.33 mM and 
replenished every 2 days.
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Acid pulsing on organotypic culture
Five days after epithelial seeding media was removed and replaced with pH 3.5 PBS for 
1 h every other day (3 days per week) in the top and bottom chambers. The acid was 
washed out of the chambers with PBS and fresh media was replaced. Samples were taken 
for fixation 24 h after the last pulse. Week 1 samples received 3 pulses, week 2 received 6 
pulses, and week 3 received 10 pulses total.

Immunohistochemistry
Immunohistochemical staining was performed on 5mm sections of paraffin-embedded 
reconstructs. Overnight incubation with primary antibodies was done at 48Cwith the 
following: cytokeratin 13 (NovaCastra/Leica Microsystems, Bannockburn, IL), cytokeratin 
19 (TROMA-III, University of Iowa Developmental Studies Hybridoma Bank), cytokeratin 
8 (RDI-PRO61038, Research Diagnostics, Acton, MA), and cytokeratin 14 (PRB155P, 
Covance, Princeton, NJ). Slide development was completed using DAB substrate kit for 
peroxidases (Vector Laboratories, Burlingame, CA), with development times monitored 
with a dissecting microscope. Hematoxylin counterstain was then applied. In order to 
determine the specificity of an antibody towards BE in 3D culture, each antibody was 
tested on samples of Barrett’s metaplasia, gastric and squamous tissue from four patients 
provided by the laboratory of Dr. Brian Reid (Fred Hutchinson Cancer Research Center, 
Seattle, WA). Antibodies were chosen based on specificity towards BE or squamous tissue. 
Slides were mounted with cytomount, and imaged using a Nikon E600 Upright microscope 
with ACT-1 software. Multiple images from each slide were taken and independently 
evaluated. REK, KLG, and LMFM independently scored each image based on proportion 
of positive cells and intensity of staining. Any discrepancies were resolved by examination 
of the original slides and, when necessary, repeating the staining procedure. Similarities 
of 3D BE cell culture with metaplastic BE tissue were evaluated by comparing patient 
biopsies of BE with 3D culture of BE using both IHC for specific columnar and squamous 
cytokeratin expression, hematoxylin and eosin for tissue architecture and Alcian blue for 
the presence of goblet cells.

Results

The patient-derived BE cell lines CP-A, CP-B, CP-C, and CP-D grown on a fibroblast/
collagen matrix vary widely in their phenotype and growth pattern. Co-culture of epithelial 
cells with fibroblast-embedded collagen allows for in vitro growth with more similarities 
to in vivo tissue than with 2D growth. CPB and CP-D cells, both derived from a region of 
high-grade dysplasia (HGD), grow as an even multilayered stratified epithelium, similar 
to squamous keratinocytes, but without keratin production (Fig. 1A,C,E). Additionally, 
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CP-D cells have a mildly invasive phenotype when grown on a fibroblasts/collagen 
matrix. CP-C cells are also derived from a region of HGD but typically do not form a 
multilayered stratified epithelium like CP-B and CP-D over the 3-week course of the 
experiment. However, occasionally there are small patches where CP-C cells grow in more 
than one layer, possibly due to patchiness of seeding (Fig. 1D). The remaining cell line, 
CP-A, derived from a region of non-dysplastic metaplasia, is distinct from the other cell 
lines (Fig. 1B). CP-A cells grown in 3D culture form goblet cells, invade into the matrix, 
and express both squamous and columnar cytokeratins. 
 BE cell culture on a fibroblast/collagen matrix was adapted to culture conditions 
originally developed for keratinocyte growth (6). Therefore, in this study we identify 
growth conditions necessary for the appropriate culture of BE cell lines to simulate in 
vivo growth. BE cells in vivo grow as a single layer of columnar epithelium with crypt 
architecture, with some goblet cells depending on the state of disease. BE cells cultured 
under conditions developed for keratinocyte growth resulted in a stratified epithelium. 
This study attempts to modify the stratified epithelium and squamous cytokeratin 
expression profile seen in control conditions with the differentiation factor, all-trans 
retinoic acid (ATRA), and physiologically by recreating gastric reflux with acid pulsing to 
promote more typical BE growth.

Effect of all-trans retinoic acid (ATRA)
We evaluated the effect of all-trans retinoic acid, the irreversibly oxidized form of vitamin 
A, on BE cells in 3D culture over 3 weeks for expression of squamous and columnar 
cytokeratins, goblet cells, and altered cell morphology. Cells exposed to ATRA did not 
grow in the typical stratified pattern as seen in the absence of ATRA (Fig. 1; Supplemental 
Fig. 1). Without ATRA exposure, most cell lines formed a thick epithelium, as much as 10 
cells thick (Fig. 1, ATRA). With the addition of ATRA, the squamoid stratified 3D structure 
of these cells was inhibited, and most cell lines (with the exception of CP-D) grew only 1–2 
cells thick on the fibroblast/collagen matrix (Fig. 1, +ATRA). Even in the CP-D cell line, 
stratification was greatly reduced by ATRA treatment (Fig. 1E, +ATRA). EPC2 treated with 
ATRA resulted in reduced superficial keratin (Fig. 1A). Additionally, keratin production 
was evident by week 3 in CP-A cultures without ATRA and absent with ATRA (Fig. 1B, 
Supplemental Fig. 1C). Goblet cells were detected in very abundant numbers in CP-A cells 
in control conditions, however, with ATRA treatment, their numbers diminished greatly 
(Fig. 2). Reconstructs of cells derived from HGD lack goblet cells, consistent with the in 
vivo observation that BE goblet cells are typically present in the non-dysplastic metaplasia 
phase of BE and not in HGD (17).

Proefschrift_Kirill.indb   64 10-05-15   23:47



65

3

 

67 
 

Figure 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: H&E staining of organotypic reconstructs demonstrate ATRA generally reduces epithelial thickness in BE 
and squamous cells at 3 weeks (see brackets). A:EPC2 cell line, (B) CP-A cell line, showing invasion (arrows) and 
goblet cells, (C) CP-B cell line, (D) CP-C cell line, (E) CP-D cell line. Scale bar=75μm

Squamous specific cytokeratins and ATRA
CK13 and CK14 are typically expressed in the suprabasal layer and epidermis of squamous 
tissue, and therefore were used in this study to identify changes in the squamous 
phenotype with ATRA. The results demonstrate that at 3 weeks of growth on a fibroblast/
collagen matrix with ATRA, EPC2 cells (Fig. 3A) and CP-A cells (Fig. 3B; Supplemental 
Fig. 2A,B) show an appreciable decrease in squamous cytokeratin CK13 expression. It 
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should be noted that there was no CK13 expression in CP-B, CP-C, and CP-D cells in 
control conditions, and no change in expression with ATRA was detected (Supplemental 
Fig. 2C–E). 
 CK14 expression in CP-A cells is detected in control conditions, and completely 
abolished at 3 weeks with ATRA (Fig. 3C). Contrary to our expectations, CP-B and CP-D 
both showed slightly increased expression of CK14 with ATRA at week 3 (Fig. 3D,E). EPC2 
expression of CK14 is not altered with ATRA treatment, and the CP-C cell line does not 
express CK14 (Supplemental Fig. 2F,I). Taken together, these results indicate that ATRA 
can reduce the squamous phenotype observed in the CP-A cells in 3D culture. CP-A cells 
were the only BE cell line studied here which expressed squamous cytokeratins (CK13 and 
CK14) under control conditions.
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Figure 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Columnar specific cytokeratins and ATRA
Columnar cytokeratins 8 and 19 (CK8 and CK19) are expressed in glandular, non-squamous 
epithelium including BE (18), and therefore were used to analyze whether ATRA caused 
a shift towards a columnar phenotype in squamous and BE cells. Here, all five cell lines 
expressed CK19 under control conditions. ATRA treatment with CP-D cells resulted in 
decreased CK19 expression along with increased patchiness of expression throughout the 
reconstruct (Fig. 4A). EPC2 keratinocytes express CK19 in the basal layers, when cultured 
with ATRA there is a reduction in stratified epithelium towards a single layer of CK19 
positive cells (Fig. 4B). Expression of CK19 was not affected by ATRA exposure in the CP-
A, CP-B, and CP-C cell lines (Supplemental Fig. 3A–E). 
 Evaluation of cytokeratin 8 expression in BE cells demonstrated that cells from 
HGD (CP-B, CP-C, and CP-D) express moderate to high levels of CK8, independent of 
ATRA treatment (Supplemental Fig. 3F–H). CP-A cells express a constant low level of 
CK8 with ATRA during weeks 1 and 2, however, by 3 weeks CP-A cells grown in the 
absence of ATRA also express CK8 (Fig. 4D,E). Therefore, there are temporal changes in 

Figure 2: Alcian Blue staining of CP-A organotypic reconstructs at 3 weeks with or without ATRA (A), demonstrates 
presence of goblet cells preferentially in control conditions. Scale bar=100μm; arrows denote cytokeratin-positive 
cells.
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Figure 3: Squamous cytokeratin expression is reduced with ATRA treatment in squamous and CP- A cells, but not 
in high-grade dysplasia. A: EPC2 CK13, (B) CP-A CK13, (C) CP-A CK14, (D) CP-B CK14, (E) CP-D CK14. Scale 
bar=100mm; arrows denote cytokeratin-positive cells.
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Figure 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

expression of columnar cytokeratins in 3D culture, supporting the hypothesis that long-
term culturing of these cells may be critical to create a system more similar to in vivo 
conditions. Additionally, ATRA may play a role in transition from squamous to columnar 
phenotype as evidenced in the treatment on EPC2 cells. Typically, EPC2 cells express no 
CK8, however, with ATRA treatment slight CK8 expression was detected (Fig. 4C). 
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 In summary, the effects of ATRA on cytokeratin expression and non-stratified 
growth are greatest on the growth pattern of CP-A cells derived from non-dysplastic 
metaplasia, rather than cells from HGD. Changes observed in the metaplasia-derived 
CP-A cell line with ATRA indicate a transition from a squamous - like phenotype to a more 
columnar, BE-like phenotype. This effect is not generally applicable to cell lines derived 
from HGD, though multilayer stratification was inhibited by ATRA in all cell lines.
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Figure 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Columnar CK19 expression in ATRA-treated CP-D cells and CK8 in CP-A cells were diminished, without 
measurable differences in other BE cells. A: CP-D week 3 CK19, (B) EPC2 week 3 CK19, (C) EPC2 week 3 CK8, (D) 
CP-A week 1 CK8, (E) CP-A week 3 CK8. Scale bar=100μm; arrows denote cytokeratin-positive cells.
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Effect of pH 3.5 hydrochloric acid pulses
To study the effects of long-term acid reflux and BE in vitro, we cultured cells for 3 weeks 
on a fibroblast/collagen matrix to study morphological and cytokeratin changes to the 
CP-A cell line, derived from non-dysplastic metaplasia cells. Cultures were pulsed with 
pH 3.5 PBS for 1 h every other day. Acidic PBS was added to the top and bottom of the 
transwell chamber. Reconstructs were measured for CK8, 13, 14, and 19 expression by IHC 
and morphology measured with H&E over the course of 3 weeks. Some morphological 
differences were observed with acid. Frequent acid insult to CP-A cells resulted in a 
temporary reduction in cell number and epithelial thickness, however, by week 3, there 
was no observable difference, indicating perhaps an adaptation to acid flux (Fig. 5A, 
Supplemental Fig. 4A–D,F–K).

Squamous cytokeratins and acid
As demonstrated in Figure 3B,C, CP-A cells express squamous cytokeratins CK13 and 
14 in the 3D model used here. Acid exposure does not alter the squamous cytokeratin 
profile of CP-A cells. CK13 expression in acid pulsed CP-A cells shows no difference 

Figure 5: CP-A organotypic reconstructs demonstrated no effect of acid pulsing over 3 weeks on squamous and 
columnar cytokeratin expression. A: CP-A week 3 H&E, (B) CP-A week 1 CK14, (C) CP-A week 3 CK14. Scale 
bar=100μm; arrows denote cytokeratin-positive cells.
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Figure 5 
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over 3 weeks compared with controls (Supplemental Fig. 4B–D). CK14 expression was 
initially evident in only some cells of the acid pulsed reconstruct at week 1 and not in the 
controls, however, by week 2 and continuing to week 3, control and acid pulsed CP-A cells 
expressed similar levels of CK14 (Fig. 5B,C Supplemental Fig. 4E). In summary, CP-A cells 
retain their squamous cytokeratin profile independent of acid exposure.

Columnar cytokeratins and acid
CP-A cells express a combination of both squamous and columnar cytokeratins in basal 
3D culture conditions. Acid pulsed CP-A cells stained for columnar cytokeratins CK8 
and CK19 demonstrate no significant change in expression compared with their controls 
over 3 weeks with acid exposure (Supplemental Fig. 4F–K). CK8 expression initially was 
particularly low, however, by week 2 expression increased substantially, independent of 
acid exposure. By week 3, control and acid-treated cells demonstrated equally reduced 
CK8 expression compared to week 2. CK19 expression was elevated throughout 3 weeks 
of culture, independent of acid exposure. In general, acid pulses of 1 h duration do not 
induce significant changes in squamous and columnar cytokeratin expression in CP-A 
cells.

Conclusion

In standard conditions designed to grow keratinocytes in 3D culture (6), BE cells 
express both squamous and columnar cytokeratins and exhibit a more squamous-like, 
multilayered growth morphology. Previous studies demonstrated that ATRA was 
observed to be important for columnar differentiation of esophageal tissue in vivo (10). 
Chang et al. demonstrated that squamous biopsies grown as explant cultures differentiate 
to a columnar phenotype when treated with ATRA and that this change was caused by 
altered differentiation, and not enhanced proliferation of a particular cell type within the 
explant tissue. Vitamin A was previously demonstrated to be critical to the development 
of chick esophageal epithelium where it strongly inhibited the development of a thick, 
stratified oesophageal epithelium in favor of a psuedostratified esophageal epithelium 
consisting of columnar, ciliated, and mucosal cells (19). Based on these studies, we used 
ATRA as a differentiation factor for BE cells. 
 Our 3D model of BE established all-trans retinoic acid as a differentiation factor for 
the BE cell line CP-A, leading to a reduction in squamous cytokeratin expression and an 
increase in columnar cytokeratin expression after 3 weeks. Among the other BE cell lines, 
ATRA did not alter cytokeratin expression, but it did alter morphology leading to more 
single-layer BE-like growth. Further analysis of biological differences between these four 
BE cell lines will help elucidate the differences observed with ATRA treatment. 
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 The development of BE in vivo is a response to the constant reflux of acid and 
bile salts from the stomach into the oesophagus in patients with gastro-esophageal reflux 
disease (GERD). It is hypothesized that BE may actually be a protective mechanism against 
esophageal tissue damage during reflux (5). As the esophagus is constantly wounded with 
this milieu of irritants, the lining responds by producing a cell similar to the intestines, 
which can withstand low pH, and which produces mucous for protection (5). Over time, 
the squamous lining is replaced with a more protective columnar lining in some GERD 
patients. 
 Acid exposure on ex vivo biopsies from BE patients resulted in enhanced survival 
of BE cells over squamous cells (20). Feagins et al. (21), however, demonstrated that acid 
exposure on BE cells in 2D culture had anti-proliferative effects. Other studies, however, 
demonstrated enhanced proliferation and decreased apoptosis in vitro and ex vivo with 
acid (22,23). Acid pulsing of a non-neoplastic BE cell line (BAR-T) demonstrated a change 
towards a colonic phenotype, indicated by an increase in CK8/ 18 expression (24,25), 
and increased colony formation and tumorigenicity (25). Based on the potential effects of 
acid on various BE tissue and cell culture models, we demonstrated here that application 
of acid on non-dysplastic metaplasia CP-A cells for 3 weeks did not affect cytokeratin 
profiles nor growth patterns. The lack of altered expression in squamous and columnar 
cytokeratins with acid suggests that these cells may have an upregulated protective 
pathway to retain normal levels of cytokeratin expression under stress conditions and 
protect against changes induced by the toxic effects of acid. Alternatively, the use of bile 
salts along with acid, and more frequent pulses could reveal more effects on BE growth in 
3D culture. 
 In basic growth conditions without ATRA or acid, CP-A cells, derived from non-
dysplastic metaplasia, demonstrated a highly invasive phenotype, unlike in vivo growth 
of BE metaplasia. This suggests that researchers should be cautious in interpreting CPA 
cells as a model of metaplasia and note that unlike the other cell lines tested here, they 
have LOH at chromosome 5q, which contains the APC tumor suppressor gene (11). APC 
blocks cell proliferation and induces differentiation (26). Tests for the relationship between 
mutation of APC and disruption to cellular growth in 3D culture are beyond the scope of 
this study but warrant further investigation. 
 The model developed in this study opens up many potential applications to 
study BE in vitro. Most importantly, a 3D model of BE, with modifications, can be used 
to test potential therapeutics in a more physiologically realistic (though still artificial) 
culture environment. In addition, the model can be used to study factors necessary in 
vivo for malignant transformation of EA derived from benign BE. By understanding this 
transition, potential agents can be developed that interfere with this conversion. These 
cell lines may provide a platform to test the generality of potential therapies or treatments 
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in a 3D culture environment as a stepping stone between standard 2D cell culture and 
other models. The heterogeneity in cell line responses ensures that the diversity present 
between patients and within a single patient can be captured experimentally.
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