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ABSTR ACT: Esophageal cancer is the eighth leading cause of cancer and the sixth most common cause of cancer-related death worldwide. Despite recent 
advances in the development of surgical techniques in combination with the use of radiotherapy and chemotherapy, the prognosis for esophageal cancer 
remains poor. The cellular and molecular mechanisms that drive the pathogenesis of esophageal cancer are still poorly understood. Hence, understanding 
these mechanisms is crucial to improving outcomes for patients with esophageal cancer. Mouse models constitute valuable tools for modeling human cancers 
and for the preclinical testing of therapeutic strategies in a manner not possible in human subjects. Mice are excellent models for studying human cancers 
because they are similar to humans at the physiological and molecular levels and because they have a shorter gestation time and life cycle. Moreover, a wide 
range of well-developed technologies for introducing genetic modifications into mice are currently available. In this review, we describe how different mouse 
models are used to study esophageal cancer.
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Introduction
Esophageal cancer (EC), regardless of its histological subtype, 
is one of the most common causes of cancer-related deaths 
worldwide.1,2 Therefore, a better understanding of the patho-
genesis of this deadly disease is urgently needed. EC can 
be divided into two major histological subtypes: esophageal 
squamous cell cancer (ESCC), which is the most common 
histological subtype in the world, and esophageal adenocar-
cinoma (EAC), which represents the most rapidly increasing 
cancer in Western countries.1,3

ESCC occurs in the middle and lower esophagus. Major 
risk factors include alcohol consumption, tobacco use, and 
dietary factors (eg, vitamin deficiency, high nitrite levels, and/or  
nitrosamine consumption). Conversely, EAC occurs primarily 
in the distal esophagus. The etiology includes gastroesopha-
geal reflux disease, which can lead to complications such as 
Barrett’s Esophagus (BE), a condition defined by the replace-
ment of the normal stratified squamous epithelium of the 
esophagus by an intestinal-like columnar epithelium.4 Obe-
sity is another risk factor associated with EAC. Although the 
etiologies of both types of ECs differ, the pathogenesis of both 
types has been linked to inflammation.5–8

EC is usually aggressive and invasive in nature, and 
thus, many patients have a poor prognosis. The overall 5-year 

survival rate for patients with EC ranges from 15% to 25%.9,10 
Better outcomes are correlated with early diagnosis, and poor 
outcomes are associated with the presence of metastases.9,10 
EC is considered a “silent” cancer. Most patients are diag-
nosed at a late stage due to lack of symptoms in the early stages 
of the disease.11,12 Hence, the molecular mechanisms that pro-
mote esophageal carcinogenesis are not yet fully understood, 
especially for the early stages of pathogenesis of this disease. 
Locally advanced disease is generally treated with surgi-
cal approaches, whereas advanced (metastatic and dissemi-
nated) and/or recurrent disease is treated with chemotherapy 
and local therapies, such as radiotherapy or endoscopic pal-
liation. The management of EC is well summarized in a few 
reviews.9,10 Mouse models have permitted the modeling of 
human diseases and the testing of therapeutic approaches in a 
manner that is not possible in human subjects.13 Establishment 
of adequate mouse models of EC is necessary for exploring the 
mechanisms of esophageal tumorigenesis. Mouse models of 
EC have provided important insights into the biology of the 
histological subtypes of EC. In this article, we review various 
mouse models of ECs, including xenograft models, orthotopic 
models, genetically engineered mouse models (GEMMs), and 
chemical-induced or diet-induced mouse models (Table 1). 
For each model, we discuss the contributions and limitations, 
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as well as highlighting the opportunities for further research 
in the field (Table 1).

Histology of the Esophagus
The esophagus consists of four primary layers: mucosa, sub-
mucosa, muscularis propria, and adventitia. Unlike other 
areas of the gastrointestinal tract, the esophagus does not con-
tain a serous membrane (serosa). Therefore, esophageal tumors 
can spread more easily, which makes them more difficult to 
treat surgically.14 The stratified epithelium of the esophageal 
mucosa is composed of three compartments: the basal layer 
(stratum basale), suprabasal layer (stratum intermedium or 
prickle), and superficial layer (stratum superficiale).15 Cells 
proliferate in the basal layer of the esophagus and undergo 
differentiation as they migrate through the suprabasal layer 
to the superficial layer. Esophageal stem cells are located in 
the basal layer of the epithelium.16 The submucosa contains 
connective tissue, immune cells, nerve cells, vascular network, 
and small mucous glands. The muscularis propria of the upper 
esophagus is predominantly composed of skeletal muscle, 
which gradually transitions to predominant smooth muscle 
in the distal esophagus. Between the upper and lower por-
tions of the esophagus, the muscularis propria is composed of 

a mixture of both muscle cell types. The esophagus is covered 
by the adventitia, which is an external fibrous layer. One 
important histological difference between mouse and human 
esophagi is that the epithelium is keratinized in mice but not 
in humans.15

Mouse Models of EC
Subcutaneous xenograft models. The subcutaneous 

xenograft model has been used extensively in EC research and 
is generated by the transplanting of cultured cells derived from 
human esophageal tumors into immunodeficient mice. In 
addition to being relatively inexpensive, it allows direct tumor 
growth assessment.17,18 Moreover, because cancer cell lines are 
easy to propagate, there is an unlimited supply of cells that are 
available for use in mouse models.18 However, this approach 
also has limitations.19 For example, xenograft models usually 
require an injection of a large number of cells into the host 
and hence fail to mirror the development of human tumors 
that arise from a limited number of cells.18 Additionally, the 
use of immunodeficient mice does not allow for the character-
ization of study of tumor cell–host immune response interac-
tions, which is a critical component of tumor development and 
metastasis formation.20 Finally, few studies of subcutaneous 

Table 1. Mouse models of esophageal cancer.

TYPE OF MODEL DESCRIPTION ADVANTAGES DISADVANTAGES

subcutaneous  
xenograft models

subcutaneous transplantation of 
cultured cancer cells into immuno-
deficient mice

– relatively inexpensive
–  Cancer cells are widely avail-

able and easy to propagate

–  requires the injection of a large amount 
of cells

–  does not allow the study of tumor  
cell-host immune response interaction

–  Metastases development rarely reported  
with this model

Patient-derived  
xenograft models  
(PdX)

engraftment of esophageal tumor 
biopsies into immunodeficient mice

–  More reliable to model indi-
vidual patient tumors

–  Preservation of tumor 
heterogeneity

–  original tissue can be serially 
propagated in vivo

–  does not allow the study of tumor  
cell-host immune response interaction

–  take-rate might vary depending on the  
tumor subtype

–  deeper characterization needs to be 
made before PdX can be used as 
preclinical models

orthotopic  
xenograft models

esophageal cancer cells are 
implanted into the esophageal wall 
of recipient hosts such that tumors 
arise in the esophagus

–  Closely resemble human 
disease progression

–  ease of functional analyses  
of candidate genes

–  technically challenging due to anatomical 
location and size of mouse esophagus

–  Procedures are usually more difficult, 
time consuming, and more expensive

–  endpoint to determine the effects of  
therapy is more complex

Genetically  
engineered  
mouse models

Loss or gain of function of genes  
of interest in the esophagus

–  well-developed set of technol-
ogy available

– initiating genetic lesion is known
– Mice are immunocompetent
–  tumors develop spontaneously 

in situ in the appropriate tissue 
compartment

–  Phenotypes can be enhanced 
using carcinogens or nutritional 
deficiency

–  Limited options to express genes 
specifically in the esophagus

–  Mice develop esophageal cancer at a 
late stage

–  Genetic background of the mice 
influences the development of cancer

Carcinogen or  
diet-induced  
models

treatment of mice with carcinogens 
or diet deficient in specific nutrients

–  Mimic environmental exposures 
associated with human esopha-
geal cancer

–  Can be combined with GeMM  
to exacerbate their phenotype

–  Genetic background of the mice 
influences the outcome of the treatment

–  necessitates the manipulation of 
chemicals

– Cancer phenotypes are heterogeneous
– Metastases have not been reported

 

http://www.la-press.com
http://www.la-press.com/cancer-growth-and-metastasis-journal-j122



Esophageal cancer: insights from mouse models 

39CanCer Growth and Metastasis 2015:8(s1)

xenograft models of EC reported the development of distant 
metastases, a common component of EC.21 However, whether 
subcutaneous xenograft models of EC cannot lead to metasta-
ses is open for discussion. It is possible that some studies have 
focused solely on primary tumors and missed the formation 
of metastases, because of long-distance metastases, though it 
is also possible that distant metastases cannot develop in this 
model due to regulations stating that the tumor volume must 
not exceed 1 cm or because of long-distance metastases.3,21

Xenograft models of ESCC and EAC have been pub-
lished extensively since the early 1980s. In 1983, Robinson 
and Bux22 reported the successful establishment of subcuta-
neous xenograft tumors using human esophageal carcinoma 
cell lines. Because the number of studies using subcutane-
ous xenograft models is extremely high and because numer-
ous cancer cell lines have been generated and used in these 
models, we do not discuss this model further in this review; 
instead, we discuss the mouse models of EC that have been 
emerging.

Because the use of subcutaneous xenograft models 
derived from cancer cell lines has limitations, researchers have 
redirected their efforts toward developing patient-derived 
xenografts (PDX), which are developed by implanting a 
patient’s tumor biopsy into an immunodeficient mouse 
immediately following surgery.23 PDX models offer more 
reliability for the study of human EC compared with other 
xenograft models because they retain the architecture and 
stromal components of the original tumor and because they 
preserve tumor heterogeneity. Moreover, the original tissue 
that is used to generate PDXs can be serially propagated in 
vivo. Despite the advantages of PDXs, they also have their 
limitations, particularly, that an immunodeficient host is still 
required.23

Very few studies have reported the successful generation 
of xenograft models derived from patients with ESCC and 
EAC. Unfortunately, most of these studies have focused only 
on the feasibility of the method. The first successful transplan-
tation of an esophageal tumor into nude mice was reported 
in 1981.24 Tumors were obtained from 36 patients with EC 
(34 ESCC, 1 EAC, and 1 undifferentiated carcinoma), 24 of 
which were primary tumors and 14 of which were metastatic 
tumors. Tumor growth was observed in 44% of the speci-
mens engrafted to nude mice.24 No correlation was observed 
between the differentiation stage of the tumors and the rate of 
engraftment. Another group used xenografts generated from 
human EAC to investigate DNA copy number changes.25 Five 
tumors that were classified as intestinal-type adenocarcino-
mas were resected and transplanted into nude mice, and four 
of the specimens showed the presence of BE. Similarly, pri-
mary EACs and corresponding lymph node metastases were 
successfully transplanted into nude mice, with an engraftment 
success rate of 32%.25 Recently, PDXs of EC were used to 
investigate whether engraftment correlates with clinicopath-
ological features and to test whether they could be used for 

the pharmacologic evaluation of new therapies for EC.26,27 
Although engraftment was feasible for all disease subtypes 
and histological differentiation stages, improved engraftment 
rates were associated with poor differentiation and lack of 
neoadjuvant chemoradiation.27 The majority of the engrafted 
PDXs resembled their parental tumor (P0) and remained 
stable after multiple passages at both the histological and the 
molecular levels.26,27 Moreover, intratumoral heterogeneity 
was observed in both PDXs and their corresponding paren-
tal tumor. Interestingly, mRNA abundance profiling showed 
global differences during xenograft establishment (P1 versus 
P0), which can be explained by the replacement of human 
stroma with mouse fibroblasts.26 This last observation is a 
common concern for PDXs in general.23 Nonetheless, gene 
expression remained relatively stable between primary tumors 
and early-passage PDXs. The evaluation of different therapies 
on cell lines derived from PDX tumors showed a wide range 
of responses to standard chemotherapy, which, in some cases, 
led to resistance upon recurrent treatment. This observation 
recapitulates a challenge that is often observed in the clinic. 
Taken together, these studies demonstrate the feasibility of 
PDX models for EC, but a deeper characterization of these 
models needs to be made before they can be used as preclinical 
EC models.

Orthotopic xenograft models. The use of orthotopic 
models has increased over the past decade. Because ortho-
topic models resemble human ESCC disease progression 
more closely and frequently form distant metastases, they are 
considered to be a better option for studying EC than subcu-
taneous models.28,29 However, the establishment of this type 
of cancer model is extremely challenging technically due to 
the anatomical location and the size of the mouse’s esopha-
gus. Moreover, the accurate analysis of tumor progression in 
orthotopic studies is significantly more challenging than for 
subcutaneous xenograft models because it requires imaging.28 
Most studies commonly use survival rate and body weight to 
evaluate tumor progression in orthotopic models, which can 
be very inaccurate because many other factors can influence 
therapeutic efficacy. To circumvent this limitation, many 
experts in this field are now using tumor cells marked with a 
luciferase reporter gene combined with bioluminescent imag-
ing, which allows researchers to monitor tumor growth non-
invasively in vivo.30

Esophageal squamous cell cancer. Few studies have described 
the generation of orthotopic xenograft models of ESCC in 
mice. The advanced surgical techniques that are required to 
generate such models due to the size and the anatomical loca-
tion of the mouse esophagus might explain why, to date, only 
a few groups have been successful. The first orthotopic xeno-
graft model of EC was reported in 1990 and was used to test 
the effect of erbstatin, an inhibitor of epidermal growth factor 
receptor (EGFR), on the growth of four esophageal tumors.31 
In another orthotopic xenograft model of ESCC, EC cells were 
injected into the submucosal space of the abdominal esophagus 
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directly after opening the anterior wall of the stomach and 
performing a laparotomy.32 Although primary growth was sub-
stantial, no metastases were observed. Another group used a 
different method and injected EC cells (TE-4 and TE-8 cells) 
into the esophageal lumen through the mouth. In this model, 
tumor growth occurred both inside and outside the esopha-
geal lumen, with invasion to the dominant nerve, and the mice 
showed signs of dysphagia.33 Another study used a noninvasive 
semiquantitative bioluminescent imaging method to monitor 
the development and progression of ESCC.34 In this model, 
TE-8 EC cells suspended in Matrigel were implanted ortho-
topically into the subserosal space of the abdominal esophagus 
of nude mice without opening the stomach. Mice developed 
tumors at the implantation site, and local lymph node metas-
tases and peritoneal disseminations were observed within 
6 weeks after inoculation. However, there was no evidence of 
dysphagia or significant weight loss in these mice.34 The use 
of immunodeficient mice is a limitation for this model as well. 
A similar injection technique was used to generate the first 
syngeneic orthotopic model of EC, which was used to test an 
adenoviral-based immunotherapy.35 In this study, an EC cell 
line established from ED-L2-cyclin D1;p53 mice (as discussed 
in the GEMMs section) was transduced with or without the 
viral antigen human papilloma virus E7 protein antigen and 
was injected at the gastroesophageal junction of immunocom-
petent mice. The adenoviral-based immunotherapy reduced 
tumor growth and prolonged overall survival. This model is a 
good example of how a mouse model of EC can be used for 
the preclinical evaluation of new therapies. Recently, two other 
groups took advantage of bioluminescence imaging to estab-
lish orthotopic models of ESCC.36,37 In the first model, the 
human ESCC cell line KYSE30 transfected with a luciferase 
plasmid was injected into nude mice to generate subcutaneous 
xenograft tumors.37 Fragments derived from the subcutane-
ous tumors were subsequently implanted into the abdominal 
cavity of nude mice. Tumor progression was monitored with 
a fluorescence imaging system. In this model, primary tumor 
growth was observed in 100% of the mice, but no metastases 
were reported.37 In the second model, ESCC cancer cell lines 
labeled with luciferase were injected into the esophageal mus-
cularis externa of BALB/cAnN-nu mice, and live imaging was 
performed weekly to monitor tumor growth.36 Cell invasion 
was observed in the esophagus from the mucosa to the adven-
titia, with lymphovascular permeation. Perineural infiltra-
tion was also observed in tumors from this orthotopic model. 
Potential applications for this new orthotopic model of ESCC 
include the study of metastasis and therapeutic regimen testing.

Esophageal adenocarcinoma. A highly metastatic ortho-
topic model of EAC using the highly aggressive EC cell lines 
OE-19 and PT1590 was generated in NMR/nu mice. In this 
model, metastatic spread was detected in the liver and lungs 
and in the lymph nodes. This model was also optimized to use 
high-resolution imaging with green fluorescent protein and 
magnetic resonance imaging, which can be very useful for the 

noninvasive evaluation of therapeutic responses for the treat-
ment of EC.38 The potential of this orthotopic model of EAC 
as a preclinical model was demonstrated recently in a study 
evaluating the chemotherapeutic effects of a therapy targeted 
against HER-2, a member of the EGFR family, and therapy 
using the C-X-C motif chemokine receptor type 4 (CXCR4) 
antagonist CTCE-9908.39,40 A detailed protocol describing 
the generation of this mouse model using OE-19 and PT1590 
cells is available in the literature.41

Genetically engineered mouse models. GEMMs have 
been used extensively during the past decade to study cancer 
biology. They include transgenic mouse models, gene knockin 
and knockout models, and conditional/inducible models. The 
well-developed set of technologies available for genetic engi-
neering allows researchers to control gene expression in almost 
any desired tissue and at any time point. The methods and 
methodologies most commonly used in generation of GEMMs 
have been described in detail in previous publications.13,42–45

Both ESCC and EAC have been extremely difficult to 
genetically model in vivo (Table 2). This might be explained 
in part by the histological differences between mouse and 
human esophagi. In the human esophagus, the gastroesopha-
geal junction forms the border between the distal esophagus 
and the proximal stomach and correlates with the transition 
from the squamous epithelium of the esophagus transitions 
into the columnar epithelium of the gastric cardia. In the 
mouse esophagus, the transition from squamous epithelium 
to columnar epithelium occurs in the stomach.46 Moreover, 
the esophageal epithelium is nonkeratinized in humans but is 
keratinized in mice. The presence of keratinization in mouse 
esophagus is thought to make it more resistant to injuries and 
to the development of EC. Another factor that could explain 
the difficulties in genetically modeling EC in vivo is the time 
course of ESCC development in humans, which peaks around 
the age of 70 years.47

Different tissue- and cell-specific promoters have been 
used to study esophageal functions. The ED-L2 promoter 
from the Epstein–Barr virus has been used extensively to tar-
get transgenic expression in the squamous epithelium of the 
esophagus, tongue, forestomach, and skin of the ventral neck 
of mice.48,49 The ED-L2 promoter is expressed throughout 
the epithelium but is more active in differentiated cells in the 
suprabasal layer of the esophagus. Keratin 5 (K5) and kera-
tin 14 (K14) are intermediate filament proteins that are both 
expressed in the epithelial cells of the basal layer of the esoph-
agus wherein proliferating cells and stem cells are located. 
The K5 and K14 promoters are also expressed in basal cells 
of other squamous epithelia.50–52 Numerous studies have used 
the K5 or K14 promoter to target the epithelium of the esoph-
agus in mice. One advantage of using K5 or K14 promoters is 
that mice with the inducible expression of either K5 (K5-Cre/
ERT, K5-rtTA) or K14 promoters (K14-Cre/ERT, K14-rtTA) 
have already been generated, which has not been done yet 
for the ED-L2 promoter.50,51,53–55 However, the high levels 
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of expression of the K5 and K14 promoters in other tissues, 
including skin, salivary gland, mammary gland, tongue, fore-
stomach, and thymus might limit their use for studies investi-
gating esophageal function.56,57

Esophageal squamous cell cancer. ESCC is a multistep pro-
cess that is caused by the accumulation of multiple genetic 
alterations, such as overexpression of EGFR and cyclin D1, 
inactivation of p16 and p53, and alterations in the Wnt and 
Notch pathways.58–60 GEMMs have helped improve under-
standing of the pathogenesis of ESCC (Table 2). Gene ampli-
fication and the overexpression of cyclin D1 occurs in EC 
patients.61–63 Moreover, constitutively active nuclear cyclin D1 
mutants have been identified in patients with ESCC.64,65 The 
overexpression of cyclin D1 in esophageal epithelia of mice 
using the ED-L2 promoter leads to squamous cell dysplasia, 
which is a precursor for ESCC.48 Mutations in p53 are the 
most frequent genetic alterations found in EC and commonly 
occur during the early stages of the disease.66,67 Several p53 
mutations have loss-of-function properties.68 Interestingly, 
ED-L2/Cyclin D1 mice crossed with p53-deficient mice 
develop invasive ESCC.69 Lymph node metastases were found 
in approximately one-third of the mice analyzed. Through the 
use of GEMMs, other signaling pathways have been impli-
cated in the development of EC. Krüppel-like factor 4 (KLF4) 
is a transcription factor normally expressed in the differenti-
ated compartment of the esophagus. KLF4 is downregulated 
in ESCC and upregulated in BE.70 No mutations for KLF4 
have been described in EC. Klf4 deletion in the esophageal 

epithelia of mice results in increased proliferation and squa-
mous cell dysplasia.49 Interestingly, transgenic expression of 
Klf4 in esophageal epithelia induces inflammation and can 
lead to ESCC at an advanced age.7 The absence of KLF4 from 
the cancers arising in ED-L2/Klf4 mice indicated a non-cell 
autonomous effect of this DNA-binding regulator in ESCC. 
The development of ESCC in ED-L2/Klf4 mice appears to be 
due to cytokine activation within epithelial cells rather than 
the direct effects of KLF4 on epithelial cell proliferation.7 
Together, both models—with either loss or overexpression of 
Klf4—are concordant with a role for Klf4 as a tumor suppres-
sor in the esophagus. Inflammation was also linked to tumor 
formation in two other GEMMs of ESCC. Conditional dele-
tion of p120-catenin using the ED-L2 promoter results in des-
moplasia, inflammation, and invasive squamous cell cancer of 
the esophagus, forestomach, and oral cavity by 9–12 months 
of age.6 The local inflammatory response associated with loss 
of p120-catenin includes increased expression of several proin-
flammatory cytokines and chemokines, massive recruitment 
of immature myeloid cells, and activation of signal transducer 
and activator of transcription 3 (STAT3) and Nuclear factor-
kappaB (NFκB). This p120-catenin knockout model closely 
recapitulated human ESCC and clearly established the tumor-
suppressing role of p120-catenin in this cancer. Although no 
mutation in p120-catenin have previously been reported in 
EC, cytoplasmic mislocalization and/or decreased expression 
of p120-catenin has been observed in ESCC and EAC.6,71,72 
The transcription factor SOX-2 is involved in the regulation 

Table 2. Genetically engineered mouse models of esophageal cancer.

GEMM GENES ALTERED PHENOTYPE REFERENCES

ED-L2/Cyclin D1 Cyclin D1 overexpression – Mild dysplasia by 8–10 months of age
– severe dysplasia by 15–16 months of age

48

ED-L2/Cyclin D1;  
p53-/-

Cyclin D1 overexpression 
and p53 deficiency

– severe dysplasia by 5–6 months of age
–  Morbidity beyond 5 months for ED-L2/Cyclin  

D1; p53-/- mice
–  esCC by 12 months of age in ED-L2/Cyclin  

D1; p53+/- mice
–  25% of ED-L2/Cyclin D1; p53+/- mice develop  

lymph-node metastases

69

ED-L2/Cre; Klf4L/L Klf4 conditional knockout – dysplasia by 6 months of age 49

ED-L2/Klf4 Klf4 overexpression –  Chronic inflammation and dysplasia at 
6 months of age

– esCC by 20–24 months of age

7

ED-L2/Cre; p120L/L p120-catenin conditional  
knockout

– dysplasia at 4–6 months of age
– invasive esCC at 9–12 months of age

6

K5/Sox2 Sox2 overexpression –  sCC nodules in the forestomach within  
13 weeks of age

76

ED-L2/IL-1β IL-1β overexpression – Moderate inflammation by 6 months of age
–  severe columnar metaplasia by 

12–15 months of age
–  severe dysplasia and/or dysplasia by  

20–22 months of age

85

p63-/- p63 global knockout –  Presence of metaplasia resembling Be in e18  
embryos

– p63 null mice do not survive into adulthood

88
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of embryogenesis, organogenesis, and stem cell renewal.73 
Gene  amplification and overexpression of SOX-2 have been 
identified in patients with ESCC.74,75 Ectopic expression of 
SOX-2 in basal progenitor cells using an inducible keratin 5 
promoter leads to epithelial cell hyperplasia in the esophagus 
and squamous cell cancer in the forestomach.76 Tumor devel-
opment in the forestomach correlates with the presence of an 
inflammatory response and activation of STAT3.

Esophageal adenocarcinoma. Chronic inflammation has 
been linked strongly to the pathogenesis of BE and EAC.77–79 
Until recently, only surgical animal models of esophagojeju-
nostomy existed to induce BE and EAC.80–82 However, this 
model can be challenging to reproduce in mice and is there-
fore primarily done in rats. Given that genetic engineering 
technologies are still more advanced and widely used in mice, 
this major limitation has restricted our understanding of the 
origins and molecular pathogenesis of BE and EAC.

Fortunately, a new genetic mouse model of BE and EAC 
was generated several years ago (Table 2). The proinflam-
matory cytokine interleukin (IL)-1β is increased in patients 
with esophagitis, BE, and EAC.83,84 Therefore, the ED-L2 
promoter was used to drive the transgenic expression of the 
cytokine IL-1β to the esophageal and forestomach mucosa.85 
Mice with IL-1β overexpression develop moderate inflamma-
tion by 6 months of age and severe columnar metaplasia by 
12–15 months of age. By 20–22 months of age, a small percent-
age of mice progress to high-grade dysplasia or EAC. Thus far, 
this new model of BE/EAC has improved understanding of 
the potential cellular origin of BE and has demonstrated a role 
for bile acids, hypergastrinemia, and Notch signaling in the 
pathogenesis of this disease.86 Studies show that p63 expres-
sion is lost or downregulated in human BE samples.87 Further, 
a phenotype similar to BE was also reported in p63-deficient 
mouse embryos and was characterized by the development of 

columnar epithelium and the presence of positive Alcian blue 
and periodic acid–Schiff staining.88 However, because the 
p63-/- mice do not survive into adulthood, this model has a 
very limited potential to improve understanding of the patho-
genesis of BE.

Chemical- or diet-induced models. Carcinogen treat-
ments or diets have been used to develop mouse models that 
exhibit phenotypes similar to those of human ESCC and 
EAC (Table 3). Numerous factors can influence the suscepti-
bility to chemical carcinogen-induced cancers and the resul-
tant tumor incidence and multiplicity, including the dose and 
schedule of the carcinogens, as well as the age and mouse 
strain used.17 In some cases, a combination of carcinogens 
and genetic engineering has been applied to facilitate the 
development of EC.

Esophageal squamous cell cancer. Following ingestion of 
nitrates and nitrites, anaerobic bacteria generate N-nitroso 
compounds (NOCs) in the stomach. NOCs are carcino-
genic to animals and may play a role as cancer inducers.89 
4-Nitroquinoline 1-oxide (4-NQO) is a quinoline deriva-
tive that has been used extensively to study oral and esopha-
geal carcinogenesis.90 4-NQO causes DNA damage, which 
includes DNA adducts, single-strand breaks, abasic sites, 
pyrimidine dimers, and oxidized bases.91 Thus far, most stud-
ies have used 4-NQO painting of tongues in mice to study 
oral cavity tumorigenesis.90,92–94 When delivered in the drink-
ing water of mice, 4-NQO treatment mimics many aspects 
of human ESCC.90,95 Notably, the increased expression of 
keratin-14, keratin-1, and EGFR was reported in esophageal 
tumors from mice treated with the carcinogen.90 Reduced 
expression of the cell cycle inhibitor p16 was also observed 
in tumors from mice treated with 4-NQO.90 In this study by 
Tang et al, 100% of c57BL/6 or CBA mice developed esoph-
ageal tumors by 28  weeks after the start of the experiment 

Table 3. Chemical- or diet-induced mouse models of esophageal cancer.

CHEMICAL- OR  
DIET-INDUCED MODEL

TREATMENT DURATION PHENOTYPE REFERENCES

4-nitroquinoline 1-oxide  
(4-nQo)

16 weeks 4-nQo in drinking water,  
then resume normal water for  
12 weeks

–  100% of incidence of papilloma and  
invasive esCC at endpoint

– tested in CBa and C57BL/6 mouse strains

90

n-nitrosomethylbenzylamine  
(nMBa)

subcutaneous injections of 4 week  
old males for 15 weeks

– Mild dysplasia at 8 months of age
– tested in FVB/n and C57BL/6 mouse strains

101

deoxycholate (dCa) 0.2–0.3% solution in drinking 
water for 9 to 15 months

– no phenotype observed if used alone
–  Used to accelerate disease progression in  

ED-L2/IL-1β mice

85

n-Methyl-n-nitrosourea  
(MnU)

240 pmol/L for 12 months –  Causes gastric tumorigenesis, but does not  
affect non-inflamed esophageal epithelium

–  Used to accelerate disease progression in  
ED-L2/IL-1β mice

85

Zinc deficiency Diet deficient in zinc for 5 weeks  
to 22 weeks

–  thickened forestomach and esophagi  
after 5 weeks on the diet

– sometimes used in combination with nMBa
–  Used to exacerbate phenotype in ED-L2/

Cyclin D1 and p53-/- mice

113–115
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(16 weeks of 4-NQO at a concentration of 100 μg/mL and 
then resume normal water for 12 weeks).90 Few studies have 
used 4-NQO treatments on GEMMs to determine the 
influence of genetic factors in the development of ESCC.  
A number of genetically engineered mice show increased 
susceptibility to 4-NQO-induced esophageal carcinogenesis, 
such as transgenic mice with Cyclin D1 overexpression96 and 
miR-31 overexpression,97 as well as Nrf2 knockout mice.98 
Increased tumor formation is also observed in dominant-
negative p53-mutated mice [p53(Val135/WT)] that are given 
4-NQO in their drinking water.99 By contrast, knockouts 
for DNA methyltransferase 1100 and Keap198 are protective 
against esophageal tumor formation induced by 4-NQO. 
N-nitrosomethylbenzylamine (NMBA) is another NOC 
that induces dysplastic changes in the esophageal epithelia of 
wild-type mice.101 Interestingly, the route of administration 
of NMBA influences its mode of carcinogenicity in mice. For 
example, oral gavage of NMBA was reported to induce esoph-
ageal tumors, but only forestomach tumors are observed when 
NMBA is given intraperitoneally.102–104 Conversely, mice 
that were given NMBA in their drinking water developed 
tumors in both the esophagus and the forestomach.103 Treat-
ing ED-L2/cyclin D1 transgenic mice with NMBA increases 
the severity of esophageal dysplasia compared with that in 
untreated ED-L2/cyclin D1 mice, but no cancer development 
is observed.101 The development of dysplasia in ED-L2/cyclin 
D1 mice treated with NMBA was accompanied by increased 
proliferation in the basal and suprabasal layers.101

Esophageal adenocarcinoma. Components of gastroduode-
nal reflux, particularly unconjugated bile acids such as deoxy-
cholate (DCA) induce DNA damage and may contribute to 
the development of BE.105,106 Given that ED-L2/IL-1β mice 
spontaneously develop BE, and/or EAC at a late stage, DCA 
was used to accelerate the progression of the disease.85 Two- 
to 3-month-old ED-L2/IL-1β mice were given 0.2% DCA in 
their drinking water and were analyzed at 6 months, 9 months, 
12 months, and 15 months of age. Exposure to bile acids pre-
cipitated the development of BE and EAC and increased the 
severity and the incidence of the disease in ED-L2/IL-1β 
mice.85 Forty percent of the 15-month-old IL-1β mutant mice 
treated with DCA developed tumors in their distant esopha-
gus. This exacerbation of the cancer phenotype in ED-L2/
IL-1β mice by DCA allowed the authors of this study to gain 
important insights into the origin of BE and EAC. Using Lgr5 
reporter mice, the researchers demonstrated that BE can arise 
from gastric progenitors that are positive for Lgr5.85 More-
over, IL-6 deficiency inhibited the development of BE and 
EAC. This suggests that inflammation plays an important role 
in the induction of esophageal metaplasia and the progres-
sion of esophageal carcinogenesis. N-Methyl-N-nitrosourea 
(MNU) is a NOC that causes gastric carcinogenesis in mice 
but does not appear to affect noninflamed esophageal epi-
thelium.107 Treatment of IL-1β-overexpressing mice with a 
combination of bile acids and MNU significantly increased 

esophageal carcinogenesis.85 This result demonstrates that an 
inflamed mucosa is more sensitive to luminal carcinogens.

BE lesions have been observed in other chemically 
induced mouse models but never at the frequency reported 
with the ED-L2/IL-1β mice. Nutrient deficiencies are 
associated with increased incidence of EC in humans.108,109 
Zinc is an essential trace element that has numerous func-
tions, including the regulation of cell proliferation, apoptosis, 
and immunity.110 Dietary zinc deficiency is a risk factor for 
EC.111,112 A zinc-deficient diet combined with NMBA treat-
ment led to forestomach tumors and lesions resembling BE in a 
small percentage of p53-deficient mice and in some mice with 
esophageal-specific overexpression of cyclin D1.113,114 Wild-
type mice placed on a zinc-deficient diet and treated with bile 
acids developed esophagitis by 69 days of treatment.115 Fur-
thermore, 63% of the mice developed lesions that resembled 
BE if they were treated longer with this diet.115 However, no 
progression to EAC was reported with this mouse model.

Other mouse models used to study metastasis. As other 
alternatives to study metastases, researchers have injected 
EC cells into the tail vein of nude mice.116,117 Thirty-five to  
50 days postinjection, visible lung metastases were observed in 
control mice injected with the ESCC cell line KYSE-50.116,117 
Another group developed a peritoneal metastatic mouse model 
and examined the effect of combinational therapies with anti-
cancer drugs and triterpenes on tumor metastasis. The perito-
neal metastatic mouse model consists of injecting ESCC cells 
into the peritoneum of immunodeficient mice, which causes 
tumor colonization of cancer cells in the peritoneal cavities 
and produces bloody ascites.118

Conclusion
Over the past 10–15 years, different mouse models of EAC 
and ESCC have emerged. Although the perfect mouse 
model of ESCC or EAC does not exist and although the 
number of models is still very limited, these models have 
provided valuable insight into esophageal tumor biology. 
Despite their limitations and their challenges, the value 
of the mouse models must be recognized because a deeper 
understanding of this disease is needed to improve patient 
outcomes. Many preclinical animal models fail to accurately 
predict the clinical efficacy of anticancer agents. To maxi-
mize the potential of mouse models of EC, the combined 
use of multiple models (human samples, more than one 
type of mouse model) is highly recommended. This would 
ensure that the findings obtained with mouse models of EC 
more closely resemble the human disease. Moreover, further 
analyses of the currently available models are required to 
better understand the molecular mechanisms underlying the 
pathogenesis of EAC and ESCC.

Given that genomic analyses of ESCC and EAC have 
identified a mutational signature for both types of EC, the 
generation of future GEMMs should focus on evaluating the 
consequences of the expression of the mutated genes in EC. In 
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addition, developing future GEMMs of EC should focus on 
having a faster progression to the development of invasive can-
cer phenotypes. Another issue for the EC field lies in obtain-
ing a better understanding of the molecular and biological 
processes involved in the early stages of EC pathogenesis 
and on metastases, two areas that are currently underinvesti-
gated. Therefore, future mouse models of EC should focus on 
addressing these matters. Furthermore, it would be beneficial 
for EC research to generate more transgenic mice express-
ing new esophageal cell type-specific promoters, including 
esophageal stem cells. It would also be beneficial for the field 
to generate mice with inducible expression of the ED-L2 
promoter. Hopefully, this review will help EC research-
ers identify the currently available mouse models of EC and 
highlight the opportunities for research in the field. It is antic-
ipated that investigations using mouse models will uncover 
novel effective chemopreventive, diagnostic, and therapeutic 
strategies for EC and will increase the number of success-
ful human clinical trials of EC that are based on the use of  
mouse models.
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