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    Chapter 10   
 Transcommitment: Paving the Way 
to Barrett’s Metaplasia                     

     David     H.     Wang       and     Rhonda     F.     Souza         

    Barrett’s esophagus   is the metaplastic change of the distal esophageal epithelium 
from stratifi ed squamous to columnar that can arise as a complication of  gastro-
esophageal refl ux disease (GERD)   [ 1 ]. Barrett’s esophagus is considered by many 
as an adaptive response to chronic exposure to gastric acid and intestinal bile salts 
since a  columnar-lined esophagus (CLE)   should be more protective against these 
insults. The metaplastic esophageal columnar epithelium can be one of three types: 
specialized intestinal  metaplasia  , characterized by (intestinal mucin) MUC2- 
expressing goblet cells and other intestinal cell types; cardia-type epithelium, char-
acterized by mucus containing cells; and gastric fundic-type epithelium, 
characterized by mucus secreting, parietal, and chief cells [ 2 ]. While all three types 
of CLE are classifi ed as Barrett’s  metaplasia   outside of the United States, the 
 American Gastroenterological Association (AGA)   more strictly defi nes Barrett’s 
esophagus as “the condition in which any extent of metaplastic columnar epithe-
lium that predisposes to cancer development replaces the stratifi ed squamous epi-
thelium that normally lines the distal esophagus” [ 2 ]. Since only specialized 
intestinal  metaplasia   is clearly at increased risk of transforming into esophageal 
adenocarcinoma, the more prevalent form of esophageal cancer in Western 
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countries, the presence of goblet cells is required for the histopathologic defi nition 
of Barrett’s esophagus in the United States [ 2 ]. 

 Metaplasia is the replacement of one fully differentiated tissue by another [ 3 ]. In 
 Barrett’s esophagus  , the columnar epithelium that replaces the squamous epithelium 
originates either from a native esophageal cell or from a cell external to the 
esophagus that relocates to the esophagus and undergoes molecular reprogramming 
(i.e.,  transdifferentiation   or  transcommitment  ). Wherever the source of the Barrett’s 
esophagus cell or tissue of origin, the original cell is unlikely intestinal and therefore 
must undergo molecular reprogramming to convert into epithelium classifi ed as 
specialized intestinal  metaplasia  . Furthermore, the columnar cell would need to 
possess or acquire the ability to form three-dimensional (3D) structures such as the 
glands observed in Barrett’s esophagus. 

 There are four general possibilities for the source of the  Barrett’s esophagus   cell 
or tissue of origin (Table  10.1 ). First, a native esophageal differentiated squamous 
cell could give rise to an intestinal columnar cell through irreversible direct pheno-
typic conversion, also known as  transdifferentiation  . Second, a native esophageal 
progenitor cell, which could be located within the squamous epithelium or in a 
 submucosal gland   or its duct, differentiates to become an intestinal columnar cell 
(esophageal progenitor cell  transcommitment  ). Third, an external circulating bone 
marrow-derived stem cell migrates to the esophagus and undergoes intestinal 
columnar epithelial differentiation (circulating stem cell  transcommitment  ). 
Fourth, an external columnar progenitor cell from the squamocolumnar  junction   
( SCJ  ) or  gastric cardia   proximally shifts to fi ll a void left by damaged stratifi ed 
squamous epithelium and then undergoes intestinal differentiation (columnar pro-
genitor cell  transcommitment  ).

   Identifying the cell or tissue origin of  Barrett’s esophagus   could lead to devel-
opment of effective treatment or prevention strategies for this condition. 
Prevention is especially relevant in current clinical practice where Barrett’s 
esophagus is often treated with  radiofrequency ablation (RFA)   and frequently 
recurs postablation [ 4 ]. Understanding the process of how Barrett’s esophagus 
forms could also provide new insights into normal tissue development and dif-
ferentiation, wound healing, and stem cell biology. Data supporting various pos-
sible sources of the Barrett’s esophagus cell or tissue of origin have arisen from 
patient biopsies or human esophagectomy specimens; in vivo animal models (i.e., 
surgically induced refl ux esophagitis or genetically engineered mice); cell culture 
experiments utilizing human esophageal squamous and Barrett’s epithelial cell 
lines; and novel experimental systems such as organ explant culture, 3D organo-
typic culture, or in vivo transplant culture. 

    Transdifferentiation 

 Support for  transdifferentiation   is derived from the description of  multilayered 
epithelium (MLE)  , demonstrating the existence of biphenotypic squamous and 
columnar cells in adult human patients and experimental animals. By  scanning 
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electron microscopy (SEM)  , a distinctive superfi cial “transition zone cell” was 
identifi ed in mucosal biopsies from patients with  Barrett’s esophagus   where 
squamous and Barrett’s epithelium were apposed [ 5 ]. Squamous epithelium was 
characterized by SEM as having prominent intercellular ridges and distinct 
microridges while every Barrett’s esophagus cell exhibited microvilli and had 
neither intercellular ridges nor microridges. In contrast to both squamous and 
Barrett’s epithelium, transition zone cells displayed both intercellular ridges 
and short, stubby microvilli with some transition zone cells also demonstrating 
bulging mucus. Thus, these distinctive transition zone cells possessed SEM fea-
tures of both squamous and columnar epithelium. In addition, SEM could 

   Table 10.1    Summary evidence transdifferentiation and transcommitment   

 Type of molecular 
reprogramming/cell 
source  Reasons supporting  Reasons opposing 

  Transdifferentiation  
 Esophageal differentiated 
squamous cell 

 Multilayered epithelium (MLE)  No full phenotypic 
conversion of cultured cell 
in vitro 
 Not likely to sustain the 
tissue 

  Transcommitment  
  Esophageal progenitor 
cell   

 Biphenotypic cell in embryonic 
esophagus 

 Squamous  Hierarchy of progenitor/
differentiated cells 

 No direct evidence 

 Submucosal gland or 
duct 

 Gland ducts contiguous with 
squamous, multilayered, metaplastic 
Barrett’s, and neosquamous 
epithelium (with shared DNA and 
mitochondrial DNA mutations) 

 Rodents don’t possess 
submucosal glands but 
develop  Barrett’s esophagus   
following surgical 
induction of refl ux 
esophagitis 

 Circulating  bone 
marrow-derived stem cell   

 Transplant donor cells contribute to 
esophageal squamous and 
metaplastic Barrett’s epithelium and 
adenosquamous cancer 

 Donor cells only  partially  
contribute to glands 

  Proximally shifting 
columnar progenitor cell   

  Barrett’s esophagus   occurs 
in patients following 
esophagectomy in which 
the  SCJ   and  gastric cardia   
are removed 

  Squamo-columnar 
junction (SCJ)   

 Residual embryonic cells proximally 
shift following injury to adjacent 
squamous epithelium in mice 

  Gastric cardia    “Creeping substitution” occurs in 
dog models of refl ux esophagitis 
 Metaplastic glands observed in mice 
with IL-1β or Bmp4 overexpression 
or Smad3 deletion 
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further differentiate gastric surface-like cells from intestinal absorptive-like 
cells from goblet cells, which contained a central mound of protruding mucus, 
by surface topology. The investigators next examined biopsies taken from the 
normal  gastroesophageal junction (GEJ)   from several patients and did not fi nd 
cells resembling transition zone cells, suggesting that transition zone cells were 
unique to Barrett’s esophagus in the gastrointestinal (GI) tract. Later investiga-
tions found these distinctive transition zone cells overlying squamous epithelial 
cells in areas of squamo-Barrett’s transition [ 6 ]. Now termed “ multilayered epi-
thelium  ,”  cytokeratin (CK) expression   analysis by  immunohistochemistry 
(IHC)   demonstrated that individual basal cells found in MLE simultaneously 
expressed both squamous CK4 and columnar CK19 [ 7 ]. Mucin expression pro-
fi ling of both basal and superfi cial cells showed that MLE more closely resem-
bled Barrett’s epithelium and esophageal  submucosal gland   duct epithelium 
than  gastric cardia   epithelium, arguing against proximal shifting of  gastric car-
dia   cells [ 8 ]. The observation of MLE in association with Barrett’s esophagus in 
rats that have undergone esophagogastroduodenal anastomosis to surgically 
induce bile refl ux suggested that MLE could be a precursor lesion to Barrett’s 
esophagus [ 9 ,  10 ]. Ultrastructural analysis of mouse esophageal basal epithelial 
cells in which the intestinal transcription factor Cdx2 is overexpressed using the 
CK14 promoter revealed that the cells acquired some characteristics of MLE 
with both squamous and secretory features [ 11 ]. 

 A common objection to  transdifferentiation   as a mechanism of Barrett’s  meta-
plasia   is that direct phenotypic conversion of a squamous esophageal cell into an 
intestinal goblet cell has not yet been achieved in vitro. Overexpression of vari-
ous transcription factors in differentiated human esophageal squamous cell lines 
such as HET-1A (SV-40 immortalized) [ 12 ,  13 ], EPC2 (hTERT immortalized, 
proximal esophagus) [ 14 ,  15 ], NES-B3T, and NES-B10T (hTERT immortalized, 
distal esophagus) [ 16 ,  17 ] has led to expression of columnar, intestinal, or mucin 
associated genes that are found in  Barrett’s esophagus   but have not led to full 
phenotypic conversion of a squamous cell into a specialized intestinal metaplas-
tic cell. It is likely that a less differentiated cell that still maintains multipotent 
potential (i.e., a progenitor or stem cell) is required to form an intestinal goblet 
cell under these  conditions  .  

    Native  Esophageal Squamous Progenitor Cells   

 Evidence for  transcommitment   of esophageal epithelial progenitor cells comes 
from observations made during esophageal embryogenesis. The entire GI tract, 
including the esophagus, embryologically develops from a columnar epithelium- 
lined gut tube that then regionalizes and undergoes organ-specifi c differentiation. In 
humans, the epithelium lining the esophagus begins as a pseudostratifi ed columnar 
epithelium, seen as early as 7 weeks gestational age in autopsy specimens [ 18 ]. By 
8–10 weeks gestational age, the esophageal epithelium has become ciliated and 
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simple columnar. Early in the 5th month of gestation, the epithelium changes from 
columnar to squamous near the mid-esophagus [ 19 ]. The entire esophageal 
epithelium then bidirectionally transitions into stratifi ed squamous from this starting 
point, concluding at both the proximal and distal ends of the esophagus. IHC 
staining revealed expression of squamous CK5 and CK13 in the 14-week-old 
embryo; however, columnar CK20 was still observed in esophageal epithelium in 
the 17-week-old embryo [ 18 ]. Based on these observations, either a mixed phenotype 
of squamous and columnar epithelium may line the esophagus prior to its fi nal 
differentiation into stratifi ed squamous beginning at 5 months of gestation or a 
subpopulation of epithelial cells may express both columnar and squamous CK’s 
simultaneously. 

 This phenotypic switch was subsequently more carefully studied in  mouse 
embryos  . In mice, normal esophageal epithelial development occurs between E 
(embryonic day) 11.5, when the esophagus separates from the trachea, and 1 month 
after birth when the esophageal epithelium fully keratinizes. The timing of this 
change varies based on the mouse strain [ 20 – 22 ]. It was initially thought that the 
mechanism causing epithelial phenotype switching from columnar to stratifi ed 
squamous was luminal sloughing of columnar cells followed by replacement by 
underlying squamous cells. However, an elegant study using outbred CD1 mice 
demonstrated otherwise [ 22 ]. Investigators from the Tosh lab found that during 
normal esophageal embryogenesis some epithelial cells simultaneously expressed 
columnar and squamous CKs. This was demonstrated using columnar CK8 
immunostaining in conjunction with a squamous CK14-nuclear  green fl uorescent 
protein (GFP)   reporter or with CK8 and CK14 coimmunostaining. The acquisition 
of expression of a squamous CK by the CK8 positive columnar cells occurred in the 
absence of cell division and ended with CK8 being silenced through de novo 
promoter  methylation  . 

 Multiple studies have characterized adult mouse esophageal epithelial progenitor 
cells and identifi ed several cell surface markers and populations. Epperly and 
colleagues harvested esophageal epithelium from male GFP positive C57BL/6 mice 
and isolated esophageal epithelial progenitor cells using serial preplating or sorting 
for side population cells after staining with Hoechst dye [ 23 ]. Side population cells 
are characterized by their ability to exclude the DNA dye Hoechst 33342, and this 
technique has been used successfully to identify stem cells [ 24 ]. Identifi ed 
esophageal epithelial progenitor cells had high expression of the cell surface 
markers Sca-1 and Thy-1, homed to the esophagus when injected into the tail vein 
of female GFP negative mice that had been irradiated to induce esophagitis, and 
gave rise to colonies of cells within the esophagus. These GFP positive cells also 
could be serially passaged in later generations of female GFP negative mice. Though 
it was likely that the serially passaged GFP positive cells were epithelial, no 
costaining experiments were performed to confi rm this. 

 Kalabis and colleagues identifi ed a population of  label retaining cells (LRC)  , 
using BrdU or tritiated thymidine incorporation, comprising approximately 1 % of 
all CK14 positive basal epithelial cells in the mouse esophagus [ 25 ]. Since either 
type of DNA label is diluted by successive cell divisions, this technique can be used 
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to identify the slowest cycling cells which many consider to be quiescent progenitor 
or stem cells. These LRC were proven to be epithelial by staining with pan-CK and 
could be sorted among side population cells following staining with Hoechst dye. 
Side population cells contained a higher percentage of CD34 positive cells compared 
to the total esophageal epithelial cell population (34 % versus 0.4 %), formed 
colonies, and made a fully differentiated epithelium with keratinization in 3D 
organotypic culture. The 3D organotypic cultures made with side population cells 
also had more robust immunostaining for CK4 and CK13 which are normally 
expressed by suprabasal layers of squamous epithelium, and cells from these 
cultures could produce second-generation 3D organotypic cultures with a similar 
mature CK differentiation pattern. Finally, in mice in which the esophageal 
epithelium was mechanically wounded GFP positive, CD34 positive cells were 
shown to participate in repair within 48 h while GFP positive, CD34 negative cells 
did not. Based on these results, it was concluded that CD34 positive LRC represented 
esophageal epithelial progenitor cells. 

 Croagh and colleagues divided esophageal basal epithelial cells into four groups 
based on their expression of α6 integrin and CD71 [ 26 ]. Cells that were 
α6 bright CD71 dim , α6 bright CD71 bright , or α6 dim  had similar clonogenic potential compared 
to cells that were CD71 very bright (CD71 +++ ) which had a much lower clonogenic 
potential. In an in vivo transplant culture system in which mouse esophageal 
epithelial  cells   were injected into a denuded rat trachea which was then placed 
subcutaneously into NOD/SCID mice, α6 bright CD71 dim  and α6 bright CD71 bright  cells 
generated a differentiated stratifi ed squamous epithelium while α6 dim  cells did not. 
Finally, α6 bright CD71 dim  cells were shown to have the highest number of LRC for the 
longest period of time, consistent with being the least differentiated progenitor 
cells. DeWard and colleagues also identifi ed α6 integrin as a marker of cells that 
have stem cell-like features [ 27 ]. Single cells isolated from mouse esophageal 
epithelium gave rise to organoids in growth media supplemented with exogenous 
stem cell factors. This ability to form organoids in culture is a property retained by 
stem cells [ 28 ]. Further analysis found that this organoid-forming ability was 
dependent on positive Sox2 expression and limited to cells located in the basal 
layer. Sox2 positive basal cells were further sorted based on expression of α6 
integrin, β4 integrin, and CD73. α6/β4 integrin high, CD73 positive cells possessed 
the highest organoid forming activity. Treatment with the differentiating agent  all- 
trans retinoic acid (ATRA)   led to a decrease in α6/β4 integrin high, CD73 positive 
or α6/β4 integrin high, CD73 negative cells and an increase in α6/β4 integrin low 
cells. These studies support a hierarchy of cells within the basal epithelial cell layer, 
with α6/β4 integrin high, CD73 positive cells being the least differentiated. 

 Further work on identifying progenitor cells in the mouse esophagus was 
performed in the Jones lab [ 29 ]. They identifi ed 0.4 % of esophageal basal epithelial 
cells as LRC, but these LRC did not stain for CK14 or CD34 as Kalabis and 
colleagues had reported. Instead these LRC stained for CD45, consistent with a 
hematopoietic origin. Using a tamoxifen-inducible Ahcre mouse line [ 30 ] to activate 
a  yellow fl uorescent protein (YFP) reporter  , these investigators tracked individual 
cell clones in the mouse esophagus over 1 year. Unexpectedly, the number of YFP 
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positive clones decreased while the size of each clone increased linearly over time. 
Based on these fi ndings, Doupé and colleagues hypothesized that all esophageal 
progenitor cells were functionally equivalent, stochastically dividing to equally give 
rise to proliferating and differentiating daughter cells, and that the esophageal 
epithelium did not have a slow cycling stem cell population. Mice were then treated 
with ATRA at a dose selected to induce hyperproliferation and lineage tracing was 
performed. ATRA doubled both basal cell proliferation and differentiation with no 
observed difference in the proportion of symmetric (proliferating daughter cells) 
versus asymmetric (progenitor cells) cell division, thus establishing a new 
homeostatic state. The mouse esophageal epithelium was next injured by performing 
a microendoscopic biopsy to investigate the role of esophageal progenitors in wound 
repair. Through the use of two separate reporter mouse strains and EdU incorporation 
experiments, these investigators demonstrated that injury caused esophageal 
progenitors to favor proliferation over differentiation for a period of 5 days after 
which they returned to equal states of proliferation and  differentiation  . 

 Unlike mouse esophageal epithelium which is typically divided into basal and 
suprabasal compartments, the human esophageal epithelium is divided into two 
basal cell regions: one overlying the stromal papillae and the other overlying 
interpapillary regions [ 31 ] (Fig.  10.1 ). Seery and Watt described cells in the 
interpapillary basal cell regions as undergoing asymmetric division, while 
proliferating cells overlying papillae underwent symmetric division.  Proliferating 
Ki-67 positive cells   were found to be four times more common in cells overlying 
papillae, which had higher levels of β1 integrin. In contrast, studies from the 
Fitzgerald lab demonstrated that in human esophageal epithelium the most 

  Fig. 10.1     Human esophagus   (20×). Stromal papillae are indicated by the  arrows . Basal cells 
found between two papillae are within the interpapillary basal cell layer or region (IBL). Basal 
cells overlying papillae are within the papillary basal cell layer or region (PBL) which is indicated 
by the curly brace       
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proliferative basal cells are found within the interpapillary region with no mitoses 
seen in the region overlying the tips of the papillae [ 32 ]. Cells at the tip of the 
papillae were quiescent and costained for CD34 and β1 integrin. Barbera and 
colleagues then sorted human esophageal cells into four groups using a CD34 
antibody and an antibody against EpCAM, a marker for cells in the suprabasal layer. 
They found no difference in clonogenic capacity between the four groups and 
concluded that esophageal epithelial progenitor cells were widespread, not restricted 
to either basal cell region, and included cells that were committed to epithelial 
differentiation. In another study, Pan and colleagues injected four patients with 
adenocarcinoma who were scheduled to undergo esophagectomy with IdU to label 
proliferative cells and collected esophageal squamous tissue at the time of surgical 
resection 7, 11, 29, and 67 days postinjection [ 33 ]. Using IHC for Ki-67, they found 
that proliferating cells were located within the basal epithelium of both interpapillary 
and papillary regions and should have incorporated IdU during the infusion. After 7 
days, IdU positive squamous cells were observed within the basal layer as well as in 
differentiating cells transiting toward the lumen. By 29 and 67 days postinjection, 
LRC were rare and limited to basal epithelium. In agreement with studies by Barbera 
and colleagues [ 32 ], LRC were concentrated in the basal cell region overlying 
papillae and costained with pan-CK confi rming an epithelial phenotype. In addition, 
these LRC were located in close proximity to Ki-67 positive proliferating cells 
suggesting that perhaps these LRC gave rise to proliferative Ki-67 positive  cells  .

   A conclusion drawn from these studies is that esophageal squamous cells likely have 
a hierarchy in terms of differentiation status but may not contain true stem cells. If squa-
mous cells in the basal layer of the esophagus are the precursor cell pool then these cells 
could undergo  transcommitment   to give rise to  Barrett’s esophagus  . If, on the other 
hand, cells throughout the stratifi ed cell layers as well as cells in the basal layer equally 
function as progenitor cells, then  transdifferentiation   would be functionally synony-
mous with  transcommitment  . Direct evidence of a squamous progenitor cell undergoing 
a full phenotypic conversion into a specialized intestinal metaplastic cell remains lack-
ing. Lineage tracing experiments using reporter mice may resolve this in the future.  

    Native  Esophageal Submucosal Gland or Duct 
Progenitor Cells   

 Submucosal glands are found in the human esophagus and are distributed throughout 
its entirety [ 34 ,  35 ]. A single  submucosal gland   consists of acini lined by simple 
columnar cells surrounded by myoepithelial cells and a single duct lined by cuboidal 
cells that transition into squamous cells as the duct reaches the esophageal lumen [ 35 ]. 
Acinar secretions include acidic and neutral mucins, bicarbonate, epidermal growth 
factor, and prostaglandins. Submucosal gland ducts have been observed in direct con-
tinuity with overlying squamous epithelium, MLE, Barrett’s epithelium, and neosqua-
mous islands found within areas of  Barrett’s esophagus   [ 8 ,  34 ,  36 ] supporting the 
hypothesis that these glands harbor epithelial progenitor cells. The existence of 
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progenitor cells within submucosal glands or their ducts was further supported by 
clonal studies tracking DNA mutations [ 37 ]. Using laser capture microdissection and 
DNA sequencing, Leedham and colleagues located a squamous island arising from a 
 submucosal gland   duct. While a surrounding area of Barrett’s  metaplasia   was P53 
mutant, both the squamous island and the  submucosal gland   duct were P53 wild type. 
In another case, a silent point mutation in the second exon of the P16 gene was dis-
covered in an area of Barrett’s  metaplasia   and the same P16 mutation was identifi ed 
in an adjoining  submucosal gland   duct. These experiments strongly support the con-
tention that cells within submucosal gland ducts can give rise to both squamous and 
Barrett’s  epithelium  . 

 In 1988, Gillen and colleagues reported the results of an insightful experiment 
[ 38 ]. These investigators assigned 25 mongrel dogs either to a control group or to 
one of four experimental groups. Animals in the four experimental groups underwent 
circumferential mucosal stripping of two separate 2 cm wide sections of squamous 
epithelium lining the distal esophagus separated by a 2 cm section of intact squamous 
epithelium. Animals in three of the four experimental groups then underwent 
creation of a hiatal hernia while animals in the fourth group did not. Of the animals 
which underwent hiatal hernia creation, one group was given pentagastrin daily to 
induce acid secretion, a second group underwent an additional biliary diversion and 
ligation of the common bile duct to the lesser curvature of the stomach to induce 
acid secretion and bile refl ux, and a third group underwent biliary diversion and 
ligation of the common bile duct to the lesser curvature of the stomach followed by 
treatment with cimetidine, an H2 blocker which suppresses acid, twice daily 
postoperatively to induce exposure to bile salts only. After 3 months, the GEJ and 
distal esophagus were evaluated in all animals. Animals with a hiatal hernia which 
received pentagastrin (acid group) or those with a hiatal hernia and biliary diversion 
(acid and bile salt group) had columnar epithelialization in the lower stripped ring. 
Regenerating columnar epithelium contained both goblet and parietal cells. Animals 
with a hiatal hernia and biliary diversion treated with cimetidine (bile salt group) or 
those without a hiatal hernia (no refl ux) reepithelialized only with squamous 
epithelium. Of the animals with a hiatal hernia treated with pentagastrin, two also 
developed columnar epithelium in the upper stripped ring. This led to the conclusion 
that the presence of columnar epithelium in the upper ring beyond an intact 
squamous barrier ruled out “creeping substitution” from the  gastric cardia   and that 
the source of columnar cells was  submucosal gland   ducts since ducts contiguous 
with esophageal surface ulcerations were  observed  . 

 Another study reported several years later also supported submucosal glands as 
the source of esophageal epithelial progenitor cells. Li and colleagues performed 
rectangular-shaped mucosal stripping of the distal esophagus in 12 mongrel dogs, 
leaving 1 cm of intact squamous epithelium entirely around the stripped area [ 39 ]. 
Sutures were placed at the four corners of the stripped area to demarcate it. The 
animals underwent creation of a hiatal hernia and then were treated with pentogastrin 
daily for 3 months. After 3 months, the regenerated epithelium within the boundaries 
of the sutures was stripped from ten surviving animals and analyzed. Seven animals 
were found to have columnar epithelium without evidence of squamous islands. 
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No goblet cells were observed, but in most animals the columnar epithelium was 
contiguous with ducts of deep submucosal glands. Six of the ten animals then 
underwent surgical repair of the hiatal hernia followed by treatment with omeprazole 
for acid suppression. Three months later, the animals were sacrifi ced and the 
restripped epithelium within the four suture boundaries was analyzed. All six 
animals again had columnar  metaplasia   but now multiple squamous islands were 
found throughout the metaplastic epithelium. These squamous islands were 
contiguous with  submucosal gland   ducts. 

 More recently, rodents have become the preferred model system for studying 
Barrett’s pathogenesis through surgically induced refl ux procedures such as 
esophagojejunostomy or esophagoduodenostomy. Investigators at Mayo Clinic 
have even developed a method to use magnets to induce fi stula formation between 
the distal esophagus and small bowel [ 40 ]. Rat and mouse esophagi do not contain 
esophageal submucosal glands [ 35 ,  41 ], and thus in these animal models the source 
of metaplastic epithelium must be  elsewhere  .  

    Circulating  Bone Marrow-Derived Stem Cells   

 In esophageal injury models, bone marrow-derived stem cells can migrate to the 
esophagus and reconstitute esophageal epithelium. Epperly and colleagues irradiated 
female C57BL/6 mice with 30 Gray (Gy) to the upper torso, inducing lethal radiation 
esophagitis, and then injected the female mice with GFP positive male whole bone 
marrow cells [ 23 ]. The female GFP negative mice were sacrifi ced 14–21 days later 
and the esophagi evaluated. After 14 days, GFP and Y chromosome positive foci 
were seen in esophageal squamous epithelium. These GFP positive foci further 
increased in size after 21 days. The cells were confi rmed to be epithelial by 
 hematoxylin and eosin (H&E) staining   and pan-CK IHC. 

 Since the refl ux of acid and bile salts injures the esophageal squamous epithelium 
in patients with GERD, bone marrow-derived cells might also migrate to the 
esophagus to repair GERD-induced injury. To model this, Sarosi and colleagues 
irradiated female Sprague-Dawley rats at 6 weeks of age with 900cGy followed by 
tail vein injection of bone marrow cells obtained from age-matched male rats [ 42 ]. 
Ten days later, the female rats were randomized to either esophagojejunostomy or a 
sham operation. The esophagi were then harvested and analyzed 8 weeks 
postoperatively. Four of ten animals who underwent esophagojejunostomy and nine 
of ten sham-operated animals survived until 8 weeks. Animals that underwent 
esophagojejunostomy were found to have loss of keratinization, papillary 
lengthening, basal cell hyperplasia, and mucosal ulceration in addition to intestinal 
 metaplasia   while sham-operated animals exhibited none of these features. 
 Fluorescence in situ hybridization (FISH)   demonstrated that Y chromosome 
containing cells gave rise to both squamous and metaplastic columnar epithelium as 
differentiated by squamous CK14 expression. Further, in sham-operated animals Y 
chromosome containing cells were also found in female esophageal epithelium, 
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demonstrating that bone marrow-derived cells can contribute to esophageal 
epithelium even in the absence of injury. 

 In another study, Hutchinson and colleagues evaluated bile salt injury in 12 lethally 
irradiated C57BL/6 mice [ 43 ]. These mice subsequently received bone marrow trans-
plants from Gt(ROSA)LacZ mice [ 44 ] and underwent esophagojejunostomy. Twelve 
mice survived until the end of the study and were evaluated after 20 weeks. One-third 
of the mice were found to have intestinal  metaplasia   with half of the metaplastic 
glands expressing β-galactosidase. The β-galactosidase expressing cells were found in 
groups of 3–4 and never comprised an entire gland. They were shown to be epithelial 
by costaining with E-cadherin. Interestingly, Kalabis and colleagues reported a simi-
lar experiment in FVB/N mice but did not perform esophagojejunostomy. Recipient 
FVB/N mice were irradiated with 12Gy and given the bone marrow of Gt(ROSA)-
enhanced GFP mice. Though there was 95 % engraftment in the bone marrow, no GFP 
positive cells were found in the esophagus [ 25 ]. Esophageal injury, similar to that 
caused by refl ux of bile salts, may be required to cause migration of bone marrow-
derived stem cells to the mouse  esophagus  . 

 Hutchinson and colleagues also described the development of an esophageal car-
cinoma in a 45-year-old male who had received a bone marrow transplant at age 35 
from his sister for M2 acute myeloid leukemia. He presented with dysphagia and an 
esophagogastroduodenoscopy (EGD) identifi ed an 8 cm distal esophageal tumor. 
Biopsy revealed adenosquamous carcinoma, and X/Y chromosome FISH 
demonstrated that the tumor contained at least 6 % XX, 0Y cells. XX carcinoma 
cells were intermingled with Y containing cells and colocalized with E-cadherin. It 
was unclear whether the patient had gastroesophageal refl ux or whether his tumor 
was due to a chronically immunosuppressed state as the patient was reported to have 
severe graft versus host disease. 

 These studies raise the possibility that human  Barrett’s esophagus   might originate 
from a circulating, multipotent bone marrow-derived stem cell. What is important to 
note is that bone marrow-derived cells did not give rise to complete glands in either 
rodents on in the case report of the patient with adenosquamous carcinoma. Though 
bone marrow-derived stem cells can contribute to esophageal epithelium, they may 
not be the sole source of metaplastic  epithelium  .  

     Proximally Shifting Columnar Progenitor Cells   

 As described earlier, experiments in mongrel dogs supported  submucosal gland   
ducts as the source of Barrett’s epithelium. However, prior to those reports Bremner 
and colleagues came to a different conclusion in 1970 [ 45 ]. These investigators 
divided 35 mongrel dogs into three groups. All animals underwent stripping of the 
mucosa from the distal 6–10 cm of the esophagus and ending at the GEJ. Two groups 
of animals then underwent surgical destruction of the lower esophageal sphincter and 
creation of a hiatal hernia to induce refl ux, with one of these groups treated between 
two and 12 weeks with histamine to enhance acid secretion. In animals that only 
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underwent mucosal stripping, reepithelialization occurred quickly and was predomi-
nantly squamous, though in nine of ten animals columnar epithelium was also found 
in the distal esophagus. This would be consistent with a wound healing-like mecha-
nism. In animals exposed to refl ux, reepithelialization was much slower. Out of 14 
animals who did not receive histamine, 12 animals had presence of columnar epithe-
lium and squamous epithelium, with one animal having no squamous epithelium at 
all. In 11 animals who received histamine, one did not reepithelialize. In half of the 
remaining ten animals, only columnar epithelium was present. These investigators 
concluded that reepithelialization can occur with columnar epithelium, that colum-
nar epithelium is favored in the setting of refl ux, and this epithelium comes from 
gastric or junctional epithelium through “creeping substitution.” The fi nding of 
columnar  metaplasia   in dogs in the setting of gastroesophageal refl ux was confi rmed 
by others several years later [ 46 ]. 

 More recent studies in support of the “creeping substitution” hypothesis have 
utilized mouse genetic models. As discussed before, the mouse esophagus differs 
from the human esophagus in that it lacks submucosal glands and stromal papillae 
and its epithelium is keratinized at the luminal surface (Fig.  10.2 ). Unlike in humans 
where the normal squamous epithelium-lined esophagus directly meets the columnar 
epithelium-lined  gastric cardia   at the GEJ, in mice the squamous epithelium-lined 
esophagus ends in a pouch at the junction of the squamous epithelium-lined 
forestomach and columnar-lined glandular stomach. The forestomach is separated 
from the glandular stomach through the rest of its circumference by a structure 
known as the  limiting ridge   (Fig.  10.3 ). The entire  limiting ridge   is covered by 
squamous epithelium, which transitions into columnar epithelium as the  limiting 
ridge   meets the glandular stomach. Thus, in humans the  SCJ   occurs at the GEJ 
while in mice the SCJ occurs at the distal end of the  limiting ridge      at the junction of 
the forestomach and glandular stomach.

    Recent interest has focused on the distal  limiting ridge   as the putative source of 
Barrett’s epithelium. The fi rst of several high profi le studies found similarities 
between forestomach epithelium from p63 −/−  mouse embryos and Barrett’s 
epithelium as p63 is required for stem cell maintenance in stratifi ed epithelium and 
is absent in human  Barrett’s esophagus   [ 47 ]. At E18, wild-type embryos had 
forestomachs covered by a stratifi ed squamous epithelium while p63 −/−  embryos had 
forestomachs lined with columnar epithelium that secreted mucus. In addition, 
p63 −/−  epithelium had higher expression levels of Villin and Agr2, intestinal and 
mucin associated genes, respectively, that are expressed in human Barrett’s 
esophagus. Using  gene expression microarrays (GEM)  , 17 of the top 50 upregulated 
genes in the mutant p63 forestomach were found to be upregulated in two separate 
Barrett’s esophagus GEM datasets. Interestingly, the p63 −/−  forestomach did not 
express Cdx2, an intestinal transcription factor frequently found in Barrett’s 
epithelium. A time course examining epithelial development of the wild-type 
forestomach between E13 and E19 demonstrated that the forestomach was initially 
lined by a Carbonic anhydrase 4 (Car4) expressing monolayered epithelium. As 
embryogenesis progressed, these Car4 expressing epithelial cells were then pushed 
toward the lumen by a p63 positive epithelial cell population beginning at E13–14. 
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  Fig. 10.2     Mouse esophagus   (40×). Unlike the human esophagus, the mouse esophagus lacks 
submucosal glands and stromal papillae. The epithelium is keratinized at the luminal surface 
(marked with *). Basal cells are found attached to the basement membrane and are indicated by the 
 arrows . Suprabasal cells, which are more differentiated, are indicated by the curly brace       

  Fig. 10.3    The mouse squamocolumnar  junction   (20×). The squamous epithelium-lined 
forestomach ( right ) and the columnar epithelium-lined glandular stomach ( left ) are separated by 
the squamous epithelium-lined  limiting ridge   (LR). The transition from stratifi ed squamous to 
columnar epithelium occurs where the  limiting ridge   meets the glandular stomach. The fi rst gland 
of the gastric fundus is indicated by the  box . The top of the gland reaches the luminal surface in 
close proximity to the CK7 positive, Dclk1 positive, Lgr5 positive cells (**) as described in Refs. 
[ 47 ,  52 ,  58 ]       
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This led to decreased proliferative capacity (measured by Ki-67 IHC) of the  Car4 
positive cells   as they lost contact with the basement membrane. These investigators 
from the McKeon lab postulated that in p63 −/−  embryos, Car4 positive cells remained 
proliferative and in contact with the basement membrane and gave rise to columnar 
mucin secreting cells by E18. As embryogenesis continued in the wild-type mouse, 
Car4 cells expressed CK7 though not all  CK7 positive cells   expressed Car4. They 
then tracked CK7 cells during esophageal and forestomach development in wild- 
type embryos and discovered that this CK7 expressing epithelium was completely 
sloughed off except for approximately 30 cells which remained at the luminal 
surface at the  SCJ   at birth. In association with these remaining CK7 positive cells 
was an occasional Car4 expressing cell attached to the basement membrane. The 
remaining CK7 positive cells also expressed Muc4 and survived into adulthood as 
“residual embryonic cells.” Similar CK7, MUC4 positive cells were also found at 
the luminal surface of the human embryonic and adult SCJ. Induction of injury in 
CK14 positive squamous epithelium overlying the distal  limiting ridge   in 3-week- 
old wild-type mice using Diptheria toxin A (DTA), in an attempt to simulate acid- 
induced injury, caused CK7 positive epithelium at the SCJ to proximally shift and 
repopulate the distal  limiting ridge  . The theory that Barrett’s esophagus arises by 
proximal shifting of residual embryonic cells into voids left by damaged squamous 
epithelium was put forth. Over 50 years ago, Barrett’s epithelium was postulated to 
represent a persistence of embryonic esophageal epithelium in the distal esophagus 
that was not replaced during the transition to stratifi ed squamous [ 48 ]. Thus, the 
renewed interest in this concept is clearly  warranted  . 

 This intriguing study by Wang and colleagues raises several important questions. 
First, can the human  SCJ   population of CK7, MUC4 expressing cells give rise to 
 Barrett’s esophagus  ? The expression of CK7 has been detected in both superfi cial 
and deep metaplastic glands in patients with Barrett’s esophagus [ 49 ]. If so, then the 
CK7 cells would need to proximally shift into the esophagus and undergo phenotypic 
and proliferative change (i.e., molecular reprogramming) to form a glandular tissue. 
Second, do  CK7 positive cells   and  Car4 positive cells   share similar characteristics 
and have the capacity to phenotypically change into intestinal cells (i.e., express 
Cdx2)? Though the mouse SCJ population of CK7 positive cells was able to 
proximally shift following injury to adjacent squamous epithelial cells, Car4 cells 
did not move. These long-term questions remained unanswered because mice could 
only be followed out to 10 days post-DTA induction due to collateral damage of 
nearby squamous epithelium. Third, if residual embryonic cells reside superfi cially 
at the SCJ, wouldn’t they have maximum exposure to acid and bile salts, the 
physiological components of gastric refl uxate? Conceivably as a resident stem cell, 
 CK7 positive cells   located at the luminal surface might be more resistant to refl ux- 
induced injury. As the investigators noted in a later review, their work did not 
directly address how Barrett’s  metaplasia   occurs in surgical rodent models of bile 
refl ux (esophagojejunostomy or esophagoduodenostomy) in which the SCJ region 
is bypassed [ 50 ]. They did suggest that residual embryonic cells in other parts of the 
GI tract could potentially give rise to Barrett’s  metaplasia   in these surgical models 
and that the validity of their theory depends on identifi cation of these other popula-
tions of residual embryonic  cells  . 
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 The second study examined the phenotype of mice overexpressing human IL-1β 
in stratifi ed squamous epithelial cells of the oral cavity, esophagus, and forestomach 
in which the ED-L2 (an Epstein–Barr virus) promoter is activated [ 51 ]. These 
animals developed a systemic infl ammatory reaction as exhibited by splenomegaly; 
increased serum levels of IL-1β, TNFα, and IL-6; and acute and chronic infl ammatory 
infi ltrates in the esophagus and forestomach [ 52 ]. At 6 months of age, these mice 
developed epithelial hyperplasia at the  SCJ  . By 12–15 months of age, these mice 
developed columnar  metaplasia   without goblet cells at the SCJ with Muc5ac, Cdx2, 
and Tff2 (a marker for spasmolytic polypeptide-expressing  metaplasia   or SPEM) 
expressing cells. Between 20 and 22 months, 20 % of the animals developed high- 
grade dysplasia or intramucosal adenocarcinoma at the SCJ. In adjacent stroma, an 
increase in myofi broblasts and global hypomethylation was seen, consistent with a 
stromal role in tumorigenesis. Molecularly, there was increased Wnt (indicated by 
nuclear β-catenin), Notch, Sonic hedgehog (Shh), Bone morphogenetic protein 4 
(Bmp4), and Akt signaling with occasional loss of p16. While acidifi ed water (pH 
2.0) did not accelerate the  metaplasia   time course, adding the unconjugated bile 
acid deoxycholate to drinking water led to increased infl ammatory infi ltrates and 
development of SCJ  metaplasia   earlier at 9 months and higher degrees of dysplasia 
at 12 and 15 months with some mice developing tumors at 15 months. Adding the 
carcinogen N-methyl-N-nitrosurea to deoxycholate led to SCJ tumor development 
at 12 months. GEM analysis of the mouse SCJ metaplastic lesions in 15-month-old 
EDL2-IL-1β and 9-month-old EDL2-IL-1β + bile acid-treated mice revealed overlap 
of 609 genes with human  Barrett’s esophagus  . Finally, Quante and colleagues 
demonstrated that the  metaplasia   induced by IL-1β overexpression led to an 
expansion of Lgr5 and Dclk1 positive stem cells. This is relevant as LGR5 and 
DCLK1 positive cells have been detected in human Barrett’s  metaplasia   [ 53 ,  54 ]. 
The location of the Lgr5 cells appeared to overlap with the  CK7 positive cell   
population reported by Wang and  colleagues   [ 47 ]. 

 The third study examined the phenotype of mice overexpressing Bmp4 in CK14 
expressing basal squamous epithelium in the esophagus and forestomach. Epithelial 
Bmp4 overexpression upregulated stromal expression of the Bmp4 inhibitor Noggin, 
with higher levels of Noggin noted in the proximal esophagus as compared to the 
forestomach. At 20 weeks, mice were found to have metaplastic glands at the  SCJ   
which expressed phosphorylated Smads 1/5/8, transcription factors that mediate 
downstream Bmp signaling. A subset of cells in these glands stained for squamous 
markers such as CK5, CK14, and the squamous stem cell marker p63, whereas other 
cells stained with columnar markers CK8, CK19, and the intestinal and  gastric 
cardia   stem cell marker Lgr5. The glands also contained mucus cells and Tff2 
positive cells but did not express Cdx2, Muc2, or Muc5ac, thus resembling cardia- 
type  metaplasia   [ 55 ]. Twelve weeks after an esophagojejunostomy established with 
a microsurgical technique using magnets in wild type mice,  metaplasia   developed at 
the neo-SCJ in the setting of infl ammation. The  metaplasia   resembled human cardia 
epithelium with a few Cdx2 expressing cells, but no cells exhibited expression of 
Muc2. Later at 16 weeks, the metaplastic glands expressed both Cdx2 and Muc2. In 
vitro experiments further demonstrated that coexpression of Bmp4 and Cdx2 was 

10 Transcommitment: Paving the Way to Barrett’s Metaplasia



198

required to induce Muc2 expression and that a Smad/Cdx2 transcriptional complex 
was necessary to transactivate Muc2. These fi ndings suggested that the nonintestinal, 
cardia type of  metaplasia   evolved over time to an intestinal type of  metaplasia   in the 
setting of refl ux induced injury. In fact, indirect evidence supports this in human 
patients [ 55 – 57 ]. 

 Additional insight into the mouse  gastric cardia   was provided by a fourth study 
in which mice null for Smad3, a mediator of TGF-β signaling, developed tumors at 
the  SCJ   [ 58 ]. At 6 months, these mice had grossly exophytic growths on the lesser 
curvature of their stomachs. Histologically, metaplastic glands with cells expressing 
Tff2 were observed just distal to the  limiting ridge  . At 10 months, these metaplastic 
gastric glands exhibited dysplastic changes with increased expression of Ki-67 and 
phosphorylated Stat3, a key mediator of infl ammation and cancer. In addition, some 
cystic structures lined by metaplastic epithelium invaded into submucosal and 
muscle tissue. In the normal fundus of wild-type mice, these investigators found 
Dclk1 positive cells in the fi rst gland of the gastric fundus just distal to the  limiting 
ridge  , at the junction of squamous and columnar epithelium. In the Smad3 −/−  mice, 
Dclk1 positive cells were expanded in their normal location and were seen in 
invasive and noninvasive metaplastic glands. Thus, the fi rst gland of the gastric 
fundus may be the origin of gastric  metaplasia   as well as tumorigenesis in this 
model. Interestingly, the location of the Dclk1 positive cells appeared to be similar 
to the Lgr5 cells reported by Quante and colleagues [ 52 ]. 

 While Wang and colleagues demonstrated a proximal shift of CK7 positive 
columnar cells into an area previously inhabited by squamous epithelium, the other 
studies did not demonstrate movement of metaplastic glandular tissue into the 
esophagus. This may be because the immediately adjacent proximal squamous 
epithelium was not injured in the latter studies. It remains to be seen if the metaplastic 
glands reported in EDL2-IL-1β, CK14-Bmp4, or Smad3 −/−  mice would proximally 
shift in the setting of injury to adjacent squamous  epithelium  .  

    Transcommitment 

  Transcommitment  , which refers to molecular reprogramming of stem or progenitor 
cells, is almost certainly required for the development of Barrett’s epithelium 
because some type of phenotypic change is required to generate specialized 
intestinal  metaplasia   regardless of the  Barrett’s esophagus   cell or tissue of origin. 
For example, Barrett’s epithelium can contain Paneth cells, enteroendocrine cells, 
cells that resemble jejunal absorptive cells, and mature goblet cells [ 59 – 61 ], cell 
types that are found in both gastric and intestinal tissues. Further, proximal shifting 
of either residual embryonic cells at the  SCJ   or  gastric cardia   does not explain how 
patients who have undergone partial esophagectomy with esophagogastric 
anastomosis can develop columnar  metaplasia   in the residual esophagus [ 62 ,  63 ]. In 
these patients the anastomosis of oxyntic stomach to squamous cervical esophagus 
removes both the SCJ and  gastric cardia   [ 62 ]. Finally, following ablation of Barrett’s 
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esophagus, reepithelialization by squamous cells is favored in the setting of acid 
suppression whereas recurrent Barrett’s epithelium is favored when acid suppres-
sion is inadequate suggesting that the progenitor cell has the capacity to differenti-
ate into either a squamous or columnar cell phenotype depending on the local 
esophageal environment [ 64 ,  65 ]. 

  Transcommitment   could explain how progenitor cells found in esophageal sub-
mucosal glands or their ducts give rise to multiple phenotypes. Using  endoscopic 
mucosal resection (EMR)   or esophagectomy specimens and mitochondrial DNA 
mutation analysis in cytochrome c oxidase defi cient cells, Nicholson and colleagues 
demonstrated that esophageal submucosal glands are made up of clonal units [ 66 ]. 
More importantly, they went on to show in a specimen of Barrett’s  metaplasia   from 
a patient who had undergone ablative therapy that the metaplastic glands and over-
lying neosquamous epithelium shared the same mitochondrial DNA mutation, sug-
gesting they arose from the same progenitor cell. 

 Conceptually, an epithelial progenitor cell that gives rise to  Barrett’s esophagus  , 
regardless of origin, would need to acquire or maintain a columnar phenotype, 
undergo intestinalization, and secrete mucus as goblet cells are the  sine qua non  of 
specialized intestinal  metaplasia   (Fig.  10.4 ). Switching from a squamous to a 
columnar phenotype would require the ability to activate transcription factors that 

  Fig. 10.4    Transcommitment model for Barrett’s Esophagus. Following acid and bile injury and/or 
resultant infl ammation, a squamous progenitor cell could upregulate the columnar transcription 
factor  SOX9   and downregulate squamous transcription factors SOX2 and P63 to convert into a 
columnar cell. This metaplastic columnar cell could then upregulate intestinal transcription factors 
CDX1 and CDX2 to become an intestinal cell or upregulate the mucin associated transcription 
factor FOXA2 to become a mucin secreting goblet cell. To become a specialized intestinal 
metaplastic cell, the intestinalized columnar cell may become an intestinalized goblet cell or the 
goblet cell could become intestinalized       
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characterize columnar cells (i.e., Sox9) and/or downregulate transcription factors 
that characterize squamous cells (i.e., Sox2 and p63) [ 13 ,  67 ]. This would need to 
be followed by activation of intestinal (i.e., Cdx1 and Cdx2) and mucin associated 
transcription factors (i.e., Foxa2) [ 16 ,  68 ].

   Sox9, a member of the SOX gene family, was fi rst identifi ed in the GI tract 
within proliferative cells of intestinal crypts as well as Paneth cells [ 69 ]. Sox9 is 
expressed in the CLE during embryogenesis along with CK8 and CK18, but Sox9 
expression is lost when the epithelium becomes squamous [ 13 ]. To determine 
whether  SOX9   may have functional relevance to the development of  Barrett’s 
esophagus  , Wang and colleagues performed SOX9 IHC on esophageal tissue 
microarrays representing 96 esophagectomy cases containing Barrett’s esophagus 
and/or esophageal adenocarcinoma. Nuclear SOX9 was expressed in 100 % of 
patients with Barrett’s epithelium and 85 % of patients with esophageal 
adenocarcinoma but not in adjacent squamous epithelium [ 13 ]. SOX9 was activated 
in Barrett’s epithelium through acid and bile-induced Hedgehog ligand secretion by 
epithelial cells that in turn activated BMP4 secretion by adjacent stromal cells. This 
stromal BMP4 then acted back on the epithelium to induce SOX9  expression  . 
Though Sox9 is a Hedgehog target gene in chondrocytes and the skin [ 70 ,  71 ] and 
it has a distant enhancer region containing a Gli1 binding site [ 72 ], SOX9 expression 
could not be directly induced by Hedgehog pathway activation in human esophageal 
epithelial cells. Instead, treatment of esophageal squamous HET-1A cells with 
human recombinant BMP4 or transfection with a constitutively active form of the 
BMP type I receptor BMPRIA led to increased mRNA expression of  SOX9  by 
quantitative real-time PCR (qPCR). Overexpression of either SOX9 or constitutively 
active BMPRIA in HET-1A cells led to expression of columnar CK8/18 [ 13 ]. In an 
in vivo transplant culture system, esophageal epithelial cells from a Shh transgenic 
mouse induced stromal Bmp4 and epithelial Sox9 expression, establishing that 
SOX9 is a target of Hedgehog-BMP4 signaling in Barrett’s esophagus [ 13 ]. Using 
wild type C57BL/6 mouse esophageal epithelium in the same in vivo transplant 
culture system, Clemons and colleagues found that retroviral transduction of Sox9 
induced expression of columnar CK8 and of the intestinal glycoprotein A33 and 
changed the stratifi ed squamous epithelium into one to two layers of cuboidal or 
columnar shaped epithelial cells [ 73 ]. In contrast, retroviral transduction of Cdx2 
did not alter squamous differentiation or induce either columnar or intestinal gene 
expression. These data demonstrated that Sox9 expression in esophageal squamous 
epithelial cells induced markers and morphological changes characteristic of a 
columnar phenotype. 

 Sox2, another member of the SOX family of transcription factors, is expressed 
in the embryonic esophagus where its presumed role is to regulate endoderm dif-
ferentiation into stratifi ed squamous epithelium [ 74 ]. In Sox2 hypomorphic mice, 
the esophageal epithelium was observed to be thinner, characterized by multilayered 
columnar cells, and expressed mucin. There was also decreased expression of both 
p63 and CK14. Sox2 overexpression in the mouse intestine using a conditional 
Villin promoter led to loss of villi, appearance of p63 expressing basal cells 
(characteristic of the forestomach and esophagus), and decreased binding of Cdx2 
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to the promoters of its target genes [ 75 ]. A role in squamous differentiation was 
further supported by the fi ndings of increased SOX2 expression in squamous 
cancers of the GI tract and lung and that SOX2 and P63 colocalized on genes 
required for squamous cell carcinoma growth [ 67 ,  76 ,  77 ]. In addition to its role as 
a squamous differentiation factor, Sox2 also plays a role in stem cell maintenance. 
In mice with thymidine kinase (TK) inserted into the endogenous Sox2 locus, 
treatment with ganciclovir over 2 weeks led to loss of Sox2 expressing esophageal 
basal cells but maintenance of suprabasal epithelium; these epithelial changes were 
reversible with a shorter duration of ganciclovir  treatment  , suggesting that this 
shorter exposure allowed some Sox2 positive basal cells to survive [ 78 ]. 
Overexpression of Sox2 in the basal epithelium of the mouse esophagus using a 
conditional CK5 promoter caused basal cell hyperplasia [ 79 ]. Combining Sox2 
overexpression in esophageal basal epithelial cells with constitutive activation of 
Stat3 using a Lentiviral construct, led to formation of squamous cell carcinomas. 
These fi ndings demonstrated that Sox2 is an essential factor for squamous cell 
differentiation and tissue maintenance in the esophagus. In the normal adult 
esophagus of both rodents and humans, Sox2 is expressed in the basal cells of the 
stratifi ed squamous epithelium. In contrast, Sox2 is not expressed in MLE or 
intestinal  metaplasia   of the esophagus. Thus, downregulation of Sox2 may be 
required to reprogram esophageal progenitor cells into Barrett’s epithelium [ 9 ]. 

 P63 is a member of the P53 family of transcription factors and has six isoforms 
[ 80 ]. Three full length proteins, known as TAp63, contain an amino terminal 
transactivation domain. Three proteins transcribed from an alternate promoter in the 
third intron, known as ΔNp63, do not contain the transactivation domain but retain 
the carboxyl terminal DNA binding domain. Because of alternative splicing at the 
C-terminus, there are three forms each of TAp63 and ΔNp63 designated as α, β, and 
γ. Given that mice null for p63 completely lacked stratifi ed squamous epithelium 
and have esophagi lined by simple columnar epithelium [ 81 ], it is likely that 
downregulation of p63 also plays a role in the formation of Barrett’s  metaplasia  . As 
described earlier, p63 −/−  mice developed a Barrett’s like  metaplasia      in the forestomach 
[ 47 ]. Multiple studies have examined P63 expression in esophageal squamous 
epithelium, esophageal squamous cell carcinoma,  Barrett’s esophagus  , and 
esophageal adenocarcinoma. Using an antibody against the carboxyl terminus of 
P63, which recognized all 6 isoforms, one group of investigators reported moderate 
to strong P63 expression in esophageal squamous epithelium, absent to moderate 
expression in Barrett’s esophagus, and high expression in  Barrett’s esophagus   with 
high-grade dysplasia and esophageal adenocarcinoma [ 82 ]. Other investigators 
performed IHC with the commonly used 4A4 antibody followed by RT-PCR using 
primers specifi c for TAp63 and ΔNp63 [ 83 ]. They found that esophageal squamous 
epithelium and esophageal squamous cell carcinoma strongly expressed P63, while 
Barrett’s esophagus and esophageal adenocarcinoma did not. ΔNp63 was the 
predominant isoform expressed by esophageal epithelium. Finally, a third group 
used the 4A4 antibody as well as an antibody that specifi cally recognized ΔNp63 
[ 84 ]. They found that ΔNp63 was strongly expressed by esophageal squamous 
epithelium and esophageal squamous carcinomas while Barrett’s epithelium and 
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esophageal adenocarcinoma rarely expressed P63. Adenocarcinomas that did 
express P63 expressed the TA isoforms in 63 % of cases. Although these studies had 
somewhat confl icting results, it appeared that ΔNp63 is the predominant form of 
p63 in the normal esophagus and that it is required for squamous differentiation. In 
addition, Barrett’s esophagus without dysplasia is not likely to express P63 while 
adenocarcinomas may weakly express P63, favoring TAp63 isoforms. Another 
study examined the effect of bile acids and acidifi ed media on P63 expression in 
primary esophageal epithelial cells and in esophageal squamous cell carcinoma cell 
lines [ 85 ]. It was found that the predominant P63 isoform expressed was ΔNp63α 
and that ΔNp63α expression could be synergistically repressed with deoxycholic 
acid and acidic media (pH 5) in a squamous carcinoma cell line. In primary 
esophageal epithelium, ΔNp63α repression was mostly mediated by the bile salt 
with minimal additive effect from acidifi ed media. Taken together, these data 
suggested that bile salts in patients with GERD can suppress expression of ΔNp63 in 
the squamous-lined esophagus leading to reprogramming of esophageal progenitor 
cells and the development of Barrett’s esophagus. 

 Following the acquisition and maintenance of a columnar phenotype, the pro-
genitor cell still must undergo intestinalization to generate specialized intestinal 
 metaplasia      characterizing  Barrett’s esophagus  . Cdx1 and Cdx2 are members of the 
caudal related homeobox gene family which are expressed in the intestine [ 86 ]. 
Cdx1 is expressed in the proliferative crypt compartment, while Cdx2 is expressed 
in the differentiated villus compartment [ 87 ]. Cdx1 is expressed in two waves during 
embryogenesis, initially between E7.5 and 12.5 in the ectoderm and mesoderm. The 
second wave begins at E12.5 in the gut endoderm and continues through adulthood 
[ 87 ]. Cdx1 knockout mice had anterior homeotic shift of the axial skeleton but no 
known gut phenotype [ 88 ]. Targeting Cdx1 expression to gastric parietal cells using 
a rat H/K-ATPase promoter, investigators found Cdx1 transgenic mice developed 
intestinal  metaplasia   of the gastric epithelium with all four cell types of the adult 
colon represented including enterocytes, Paneth cells, goblet cells, and 
enteroendocrine cells [ 89 ]. This is consistent with Cdx1 reprogramming columnar 
progenitors into intestinal columnar cells.  CDX1  mRNA has been found in Barrett’s 
metaplastic tissue, but not in normal esophageal squamous tissue [ 90 ]. By bisulfi te 
sequencing, the CDX1 promoter was found to be methylated and silenced in 
squamous epithelium but demethylated and active in Barrett’s epithelium. Treatment 
of the esophageal squamous cell carcinoma cell line OE21 with 5-azacitadine, a 
demethylating agent, led to CDX1 expression. NFk-B, TNF-α, and IL-1β 
(proinfl ammatory cytokines elevated in refl ux esophagitis) were all able to induce 
CDX1 expression in the colorectal cell line C32. Further, exposure to bile salts or 
acidifi ed bile salts led to CDX1 expression in C32 cells while exposure to acid alone 
did not. Investigators in the Kinoshita lab performed esophagojejunostomy in Wistar 
rats using the Levrat procedure [ 68 ]. Seven weeks postoperatively, classic features 
of refl ux esophagitis such as basal cell hyperplasia and papillary lengthening were 
observed. Cdx1 nuclear staining was seen in squamous epithelium above the 
anastomosis. At 6 months, columnar  metaplasia   with goblet cells had arisen and 
expressed Cdx1. This colocalized with Cdx2 expression within metaplastic Barrett’s 
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epithelium. In vitro, bile salts activated CDX1 promoter luciferase activity in 
HET-1A and esophageal adenocarcinoma OE33 cells and induced CDX1 protein 
expression in primary cultured esophageal keratinocytes. Overexpression of Cdx1 in 
HET-1A cells caused expression of MUC2. Finally, these investigators demonstrated 
that Cdx1 and Cdx2 can autoregulate their own expression and the expression of 
each other, establishing a positive feed forward intestinalization  loop  . 

 By IHC,  CDX2 expression   has been found in 100 % of biopsy samples from 
nondysplastic and dysplastic Barrett’s  metaplasia   and esophageal adenocarcinoma 
[ 91 ,  92 ]. CDX2 expression has been found in infl amed esophageal squamous 
epithelium of GERD patients, but not in normal noninfl amed esophageal epithelium 
[ 93 ]. In another study, CDX2 expression was found in esophageal squamous 
epithelium in up to one third of GERD patients with  Barrett’s esophagus  , but not in 
any samples of esophageal squamous epithelium from GERD patients without 
Barrett’s esophagus [ 94 ]. We showed that human esophageal squamous epithelial 
cells from GERD patients with Barrett’s esophagus differentially respond to acid 
and bile salt exposure by upregulating CDX2 as compared to human esophageal 
squamous epithelial cells from GERD patients without Barrett’s esophagus [ 17 ]. 
These fi ndings suggest that CDX2 may be involved in reprogramming esophageal 
progenitor cells in those patients with GERD that develop Barrett’s esophagus. Like 
Sox9, Cdx2 is expressed early in the embryonic gut [ 87 ]. Unlike Sox9, which is 
expressed in the embryonic esophagus, Cdx2 is expressed from the duodenum 
through the gut distally beginning as early as E12.5 [ 95 ]. Some insight into its 
function can be obtained from knockout or overexpression studies in mice. Cdx2 
homozygote knockout mice died at E3.5 because of an implantation defect in the 
trophectoderm [ 96 ]. Cdx2 heterozygote mice have been found to develop multiple 
intestinal adenomatous polyps. Interestingly, keratinized squamous epithelial 
 metaplasia  , resembling esophagus or forestomach, was found within these adenomas 
[ 96 ]. Conditional knockout of Cdx2 using the Villin intestinal promoter led to loss 
of microvilli and intestinal epithelium expressing squamous genes such as p63 and 
Sox2 [ 97 ]. While Cdx2 overexpression in the murine stomach led to intestinal 
 metaplasia   [ 98 ], Cdx2 overexpression in the murine esophagus using the squamous 
CK14 promoter did not lead to macroscopic changes of intestinal  metaplasia   [ 11 ]. 
In vitro, acid induced Cdx2 expression in cultured murine keratinocytes [ 99 ]. 
Additional insight was obtained from CDX2 expression studies in human cells. 
CDX2 overexpression in vitro in human HET-1A cells led to gland formation [ 12 ]. 
Cdx2’s transcriptional targets include intestinal genes such as sucrase-isomaltase 
[ 100 ], MUC2 [ 101 ], CK20 [ 12 ], Villin [ 12 ], and CDX1 [ 97 ]. In esophageal EPC2 
cells, treatment with the demethylating agent DAC was required for CDX2 to 
transactivate its target genes. Collectively these data support a simplistic view that 
CDX2 is insuffi cient to induce an intestinal phenotype in squamous cells (unless 
changes in methylation states or other epigenetic changes are induced), while CDX2 
can induce intestinal  metaplasia   in columnar cells. Within the intestine Cdx2 is a 
major transcriptional activator and thus, Cdx2 loss and resultant loss of its 
downstream target genes seem to cause a reprogramming of intestinal progenitor 
cells into squamous  cells  . 
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 To identify additional proteins that may participate in the pathogenesis of  Barrett’s 
esophagus  , we performed GEM analysis of RNA isolated from whole esophagus of 
C57BL/6 embryos at E12.5 versus postnatal day (P)1 pups [ 16 ]. These timepoints 
were chosen to compare gene expression in simple columnar epithelium in the former 
and stratifi ed squamous epithelium in the latter. From this microarray analysis, we 
identifi ed another Hedgehog target gene, the transcription factor Foxa2 (Hnf3β), as 
having a similar esophageal developmental expression pattern as Sox9 [ 102 ,  103 ]. 
Foxa2 is expressed within the embryonic CLE but not in the adult squamous-lined 
esophagus [ 104 ]. On esophageal tissue microarrays, we found nuclear expression of 
FOXA2 in Barrett’s epithelium but not in normal esophageal squamous epithelium. 
Further, we found increased expression of  FOXA2  mRNA by qPCR in tissue samples 
from six cases of Barrett’s esophagus. We also found FOXA2 expression by Western 
blot in telomerase-immortalized Barrett’s epithelial cell lines (BAR-T cells) but not in 
telomerase-immortalized squamous epithelial cell lines from patients with GERD 
with (NES-BT) or without (NES-GT) Barrett’s esophagus [ 17 ,  105 ]. These telomer-
ase immortalized cells showed no signs of tumorigenesis, altered differentiation, or 
dysregulation of cell proliferation [ 105 – 108 ]. Since NES-BT cells did not express 
FOXA2, we electroporated them with plasmids containing Shh, Gli1 (a Hedgehog 
pathway transcriptional activator), and constitutively active BMPRIA. Consistent 
with prior reports [ 103 ,  109 ], we found that Shh and Gli1 induced  FOXA2  expression. 
We also found that Hedgehog signaling activated FOXA2 via a Gli dependent 
enhancer found 3′ to its coding region and that FOXA2 expression in BAR-T cells 
was decreased following GLI1 siRNA mediated knockdown. In an in vivo transplant 
culture system, Foxa2 expression was only seen in cultures made from esophageal 
epithelium from activated Shh transgenic mice. No Foxa2 expression was seen in 
cultures made from wild type esophageal epithelium. Thus, expression of Shh in 
mouse esophageal epithelium led to stromal expression of Bmp4 and epithelial 
expression of Sox9, Foxa2, and columnar CK 8/18 in our in vivo transplant culture 
 system   [ 13 ,  16 ]. Foxa2 has been demonstrated to transcriptionally regulate expression 
of MUC2, the mucin specifi cally expressed by intestinal epithelium and found in 
Barrett’s esophagus [ 110 ,  111 ]. Proper processing of mature MUC2 protein is regu-
lated by AGR2, a protein disulfi de isomerase localized to the endoplasmic reticulum 
[ 112 ]. Analysis of Agr2 knockout mice revealed that they have decreased intestinal 
mucus and lack morphologically normal goblet cells [ 113 ]. As expected, these mice 
lacked mature Muc2 protein but express  Muc2  transcript within their intestine. We 
examined expression of MUC2 mRNA and protein in NES-B3T and NES-B10T cells 
and found these cells expressed little to no  MUC2  mRNA and no protein. 
Overexpression of FOXA2 in both squamous cell lines led to expression of both 
MUC2 mRNA and protein. Further, we found that FOXA2 expression in NES-B3T 
and NES-B10T cells led to expression of AGR2 mRNA and protein. siRNA mediated 
knockdown of FOXA2 in both BAR-T and BAR-10T cells led to decreased expres-
sion of AGR2 mRNA and protein. Together, these data suggested that FOXA2 induced 
production of intestinal mucus. It does this through presumed transcriptional regula-
tion of MUC2 itself and of AGR2, which is required for proper processing of the 
MUC2 protein. Though FOXA2 expression led to MUC2 protein expression, the cells 
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did not acquire a full goblet cell phenotype. It is likely that other factors may be 
required in addition to FOXA2 to induce a goblet cell phenotype. Based on data from 
esophageal development, these other factors could include downregulation of SOX2 
and P63. Similar to Noggin null mice, in which Bmp4 signaling is unopposed, Sox2 
null or p63 null mouse embryos have esophagi with columnar epithelium containing 
goblet-like cells [ 47 ,  74 ]. Notch pathway modulation may also be required as treat-
ment with gamma secretase inhibitors and the resultant loss of Notch signaling in a 
surgical model of refl ux esophagitis and Barrett’s  metaplasia   led to almost a complete 
conversion of metaplastic epithelial cells to differentiated goblet cells [ 114 ]. 
Furthermore, the loss of Notch signaling would increase expression of  ATOH1  , a 
Notch pathway component which can also regulate MUC2 [ 115 ].  

    Conclusions 

 Based on available data generated from human patients, dog and rodent models of 
surgically induced refl ux esophagitis, and various cell culture systems, it can be 
concluded that cells that give rise to  Barrett’s esophagus   can come from multiple 
tissue sources and most likely undergo  transcommitment  . Transdifferentiation is 
unlikely because a nonproliferating differentiated squamous cell could not sustain 
Barrett’s esophagus tissue indefi nitely and full phenotypic conversion of a cultured 
squamous cell has not yet been demonstrated. Esophageal squamous epithelial pro-
genitor cells that retain the embryonic capacity to switch between squamous and 
columnar phenotype must still undergo molecular reprogramming to generate spe-
cialized intestinal  metaplasia  . Submucosal glands or their ducts have been shown to 
be contiguous with normal squamous, Barrett’s, MLE, and regenerating neosqua-
mous epithelium in human patients and in dogs which have undergone refl ux sur-
gery. More convincingly, mutational analysis of P53 and P16 has shown that the 
same mutation present in a  submucosal gland   duct is also present in either overlying 
Barrett’s or squamous epithelium. Progenitor cells in the submucosal glands or their 
ducts would be native to the esophagus, but would have to move out of the glands 
and ducts into the esophageal epithelium, and undergo molecular reprogramming to 
give rise to specialized intestinal  metaplasia  . Circulating bone marrow-derived stem 
cells have been shown to migrate to the esophagus and regenerate epithelium fol-
lowing injury induced by radiation, surgically induced refl ux, or bone marrow 
transplant preparative regimens in mice, rats, and humans. Residual embryonic 
cells at the  SCJ   in mice have been shown to proximally shift to repair immediately 
adjacent squamous epithelium injured with DTA. A similar mechanism is supported 
by proximal shifting of  gastric cardia   cells giving rise to columnar epithelium in 
dogs as reported by Bremner and colleagues and suggested by the EDL2- IL- 1β 
mouse model. Circulating bone marrow-derived cells, residual embryonic cells at 
the SCJ, and  gastric cardia   cells would all have to undergo molecular reprogram-
ming to give rise to specialized intestinal  metaplasia  . In human patients, data exists 
to support each of the currently proposed hypotheses and as of yet none can be 
completely excluded in an individual patient. 
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 Objections to some of these possible sources of  Barrett’s esophagus   include 
lack of submucosal glands in rodents that develop Barrett’s  metaplasia   from sur-
gically induced refl ux, the belief that bone marrow-derived cells do not migrate to 
the esophagus in the absence of major injury or the fi nding that they only partially 
contribute to glands, and the absence of defi nitive evidence in humans of either 
 transdifferentiation   of squamous epithelium or proximal shifting of  SCJ   or  gastric 
cardia   cells. Moreover, these data suggest that sources for the cell or tissue of 
origin of Barrett’s esophagus may vary depending on the species. For example, 
there is great interest in recently reported transgenic and knockout mouse models 
and the resulting  metaplasia   found at the SCJ in many of these mice. Further stud-
ies will likely show that the fi rst gland of the gastric fundus, found at the junction 
of the forestomach and glandular stomach, serves as a reservoir of multipotent 
progenitors in mice similar to esophageal submucosal glands or ducts in humans 
that can give rise to both squamous and columnar epithelium. This notion is sup-
ported by the fi nding of MLE, characterized by both squamous and columnar-like 
cells in CK14-Bmp4 mice. 

 We speculate that human Barrett’s  metaplasia   can arise from progenitor cells that 
originate in the esophagus, circulate in the bloodstream, or proximally shift from 
the  SCJ   or  gastric cardia   to fi ll in voids left by injured squamous epithelium. 
Regardless of their origin, these progenitors must then undergo  transcommitment   
through molecular reprogramming of the expression levels of different combina-
tions of transcription factors to give rise to the specialized intestinal  metaplasia   
characteristic of  Barrett’s esophagus  . Most likely, progenitor cells give rise initially 
to epithelial cells with biphenotypic potential (such as seen in MLE), followed by 
columnar differentiation, intestinalization, and for some mucus differentiation. 
Sequential activation or knockdown of a logical sequence of transcription factors in 
human cells in novel cell culture systems or in the appropriate animal model in the 
future may shed further insight into how Barrett’s  metaplasia   develops in patients 
with GERD.       Funding   This work was funded by the US National Institutes of Health 
(R01-DK097340 to D.H.W. and R01-DK63621 to R.F.S.) and by the Offi ce of 
Research and Development, US Department of Veterans Affairs (I01-BX001061 
and I01-BX002666 to R.F.S.).  
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