
Introduction
Squamous cancers arising in the oral cavity and esoph-
agus are common worldwide. Approximately 40,000
new cases of oral squamous cell cancer occur annually
in the United States, making it the sixth most com-
mon cancer in the general population (1). Further-
more, with nearly 350,000 cases each year, it is the
third most common cancer in developing nations (1).
The prognosis for oral cancer remains dismal, as about
50% of patients succumb to the disease and its com-
plications within five years of diagnosis. Esophageal
squamous cell cancer is among the ten most common
cancers in the United States and the fifth most com-
mon among males worldwide (2). Patients suffer from
a poor prognosis when presenting at advanced stages.
While there are a few classic animal models using
chemical carcinogens to induce oral squamous cell

cancer (3, 4) and esophageal squamous cell cancer (5),
no suitable genetically defined model exists in which
to study progression of this disease.

Cyclin D1 expression is a frequent genetic event in the
vast majority of oral and esophageal squamous cell can-
cers. It occurs either through gene amplification or
mitogen induction of cyclin D1 transcription, indicat-
ing a critical role for cyclin D1 in these cancers (6, 7).
Since nuclear accumulation of the cyclin D1 protein
has been observed in precancerous dysplastic lesions
(8–10), cyclin D1 expression is believed to be an early
event in oral and esophageal squamous cell carcino-
genesis. Additionally, p53 mutations are frequently
found in the majority of oral and esophageal squamous
cell cancers (11, 12), and their biological consequences
are several, including promoting cell cycle progression,
augmenting genomic instability, and decreasing
growth arrest in response to genotoxic stress (13, 14).

While other genetic alterations — for example, p16
inactivation, EGF-R gene amplification, and c-myc
amplification — have been described in human oral and
esophageal squamous cell cancers, it is apparent that
cyclin D1 expression and p53 inactivation represent the
most frequent known genetic alterations. However, 
the timing and sequence of the genetic alterations 
that are important in oral and esophageal carcino-
genesis require elucidation. Therefore, we have deve-
loped a well-defined genetic model of oral-esophageal 
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carcinogenesis. In this model, we express cyclin D1
specifically in the oral-esophageal squamous epithelia
of transgenic mice using the Epstein-Barr virus ED-L2
promoter (L2), generating L2D1+ mice (15). When
crossbred with p53+/– mice, the resulting compound
mice reveal histologic evidence of invasive oral-
esophageal squamous cell cancer. Cell lines derived
from the oral epithelia of the compound mice
(L2D1+/p53+/– or L2D1+/p53–/–), but not cell lines from
control mice, induce tumor formation in athymic nude
mice. Because this well-characterized mouse tumor
model phenocopies the human disease, we believe it
will permit the identification of cooperating genetic
alterations as well as testing novel chemopreventive
and therapeutic agents.

Methods
Generation of transgenic mice. L2 was fused to human
cyclin D1 cDNA to create a transgene from which
founder lines were generated. This transgene was
microinjected into the male pronucleus of single-cell
embryos isolated from pregnant, superovulated
D3/C57BL/6 females. Fertilized eggs were reimplanted
in the oviducts of Sw(fbr) foster females that had been
previously mated with vasectomized Sw(fbr) males.
Potential founders were screened by Southern blot and
PCR analyses, and founder lines were identified. Trans-
genic mice were backcrossed over three generations to
the C57BL/6 strain to yield a greater than 90%
C57BL/6 background for analysis. This particular
strain was chosen for its enhanced tendency for
tumorigenesis. The mice were backcrossed into the
same background of p53 heterozygous mice (B6.129S2-
Trp53tm1Tyj, former name C57BL/6J-Trp53tm1Tyj)
that were purchased from The Jackson Laboratory (Bar
Harbor, Maine, USA). Then cyclin D1–expressing mice
were crossbred with p53+/– mice to generate these geno-
types: L2D1+/p53+/– (expressing low, moderate, or high
cyclin D1); L2D1+/p53–/– (expressing low, moderate, or
high cyclin D1); L2D1+/p53+/+ (expressing low, moder-
ate, or high cyclin D1); L2D1–/p53+/–; L2D1–/p53–/–;
and L2D1–/p53+/+ (wild-type).

In a subgroup of eight additional wild-type and eight
L2D1+/p53+/– littermates, the drinking water was sup-
plemented with 400 ppm sulindac on a daily basis for
3 months (starting when all mice were 4 months of age)
to test the potential chemopreventive efficacy of this
agent. Mice were sacrificed 1 month after completion
of the treatment. Dose was based on a limited pilot
study using 200 ppm sulindac.

PCR and Southern blot genotyping. Genotyping of cyclin
D1 and p53 was done using PCR and was confirmed by
Southern blot analysis. Mice were genotyped initially for
the human cyclin D1 gene using a PCR-based strategy.
Specific primers for L2 (L2-S7 and L2-AS2) were used to
generate an amplified product of 300 bp in the trans-
gene. L2D1+ mice were additionally genotyped by
Southern blot analysis with an L2 probe from the trans-
gene promoter. p53 genotyping was done with a PCR

strategy. Two sets of primers were used, one specific for
the neomycin cassette and the other for exon 6 (target-
ed) of the p53 gene. The amplified neomycin product
was 300 bp, and the amplified p53 product was 600 bp.
Thus, wild-type p53 yielded a 600-bp amplified product,
p53+/– yields 600-bp and 300-bp amplified products,
and p53–/– yields only a 300-bp amplified product.

Northern blot analysis and kinase assay. Northern blot
analysis was done as described previously (7). Briefly,
total RNA was purified. RNA samples (10 µg) were frac-
tionated and transferred onto a Hybond N nylon mem-
brane (Amersham Corp., Burlington, Massachusetts,
USA). The ultraviolet-cross-linked membrane was
hybridized with a 1.4-kb cyclin D1 cDNA random
primer labeled with [α-32P]dCTP (NEN Life Science
Products Inc., Boston, Massachusetts, USA) and
washed under high-stringency conditions.

Kinase assays were performed as described (16).
Briefly, cell lysates were sonicated and protein concen-
tration was determined. Lysates were then incubated
with either Cdk4 or Cdk6 antibody (Santa Cruz
Biotechnology Inc., Santa Cruz, California, USA) at
4°C. Thirty microliters of Sepharose beads were added.
The kinase reaction contained beads, kinase reaction
buffer, 1 mM ATP, 1 mM DTT, 10 µCi of [γ-32P]ATP,
and carboxyl-terminal fragment of the retinoblastoma
protein fused to glutathione S transferase (GST-pRb, a
gift of P. Hinds, Harvard Medical School, Boston,
Massachusetts, USA) and histone H1 as substrates.
Kinase assays were performed for 45 minutes at 37°C.
The samples were electrophoresed on a 12.5% SDS-
polyacrylamide gel.

Histology and immunohistochemistry. Total autopsies
were done on all transgenic and control mice. All com-
parisons were made between tissue sections of age-
matched wild-type and transgenic mice. The tissue sec-
tions were separated into four categories: mouth
(buccal mucosa), tongue (tip, center and floor), upper
esophagus, and lower esophagus (including the squa-
mous forestomach). Tissues were extracted, fixed in 4%
paraformaldehyde, embedded in paraffin, and
processed for hematoxylin and eosin staining.

All histologic changes were assessed and scored inde-
pendently in a blinded fashion by three different
observers. Dysplasia was defined as the presence of
unequivocally neoplastic squamous cells that replaced a
variable proportion of normal epithelium. It is charac-
terized by an accumulation of atypical cells with nuclear
hyperchromasia, abnormally clumped chromatin, and
pleomorphism. The cells have an increased nucleus/cyto-
plasm ratio and exhibit a loss of polarity and increased
mitosis. Dysplasia was graded by the degree of changes in
the tissues: 0, normal; 1, mild dysplasia; 2, moderate dys-
plasia; 3, severe dysplasia with or without invasive cancer.
Dysplasia scores were compared by the Fisher exact test,
progression of dysplasia and cancer with age by the Man-
tel-Haenszel χ2 test, and cancer occurrence in oral and
esophageal tissues by the marginal homogeneity test. In
all cases, P < 0.05 was considered to be significant.
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For immunohistochemistry, six-micrometer sections
of paraffin-embedded, formalin-fixed tissue were
dewaxed and rehydrated with a series of graded
ethanols. Antigenicity was restored using standard
microwave retrieval methods. Endogenous peroxidase
activity was quenched by treatment with 1.5% hydro-
gen peroxide. Endogenous biotin was quenched with
an avidin-biotin blocking kit (Vector Laboratories Inc.,
Burlingame, California, USA), and tissue was blocked
using Protein Blocking Solution (Coulter
Immunotech, Marseilles, France). Primary antibodies
were diluted in PBT (1× PBS with 0.1% BSA and 0.2%
Triton X-100) as follows: mouse anti-pancytokeratin
(1:3,000; Sigma-Aldrich, St. Louis, Missouri, USA),
mouse anti-desmin (1:1,000; Sigma-Aldrich), rabbit
anti-S100 (1:1,000; Novacastra Laboratories Ltd., New-
castle upon Tyne, United Kingdom), rabbit anti–COX-
2 (1:1,000; Cayman Chemical Co., Ann Arbor, Michi-
gan, USA), and rabbit anti–EP-2 (1:500; Cayman
Chemical Co.). Sections were incubated with primary
antibodies overnight at 4°C followed by incubation
with appropriate biotinylated secondary antibodies
(Vector Laboratories Inc.) using the ABC Elite kit 

(Vector Laboratories Inc.). Antibody binding was 
visualized using a DAB kit (Vector Laboratories Inc.).

Slot blot and methylation PCR analysis. Slot blots for
p16INK4a and p19ARF loss of heterozygosity, and EGF-R
amplification (17) and methylation-specific PCR for
p16INK4a (18) were performed as described previously.
Mouse EGF-R cDNA was labeled by random priming
(gift of R. DePinho, Dana Farber Cancer Institute).

Generation of cell lines. Mouse oral and esophageal ker-
atinocytes were isolated from tongue and esophageal
tissues dissected from different genotypes. The tongue
and esophagus were slit open longitudinally and cut
into three and two pieces, respectively. Each piece of
tissue was digested with 1 unit/ml dispase (Roche
Molecular Biochemicals, Mannheim, Germany) at 4°C
overnight to separate the mucosal epithelium. The
epithelium was minced finely and incubated at 37°C
in trypsin-EDTA (Invitrogen Corp., San Diego, Cali-
fornia, USA) for 5 minutes. Following incubation, soy-
bean trypsin inhibitor (Sigma-Aldrich) was added to
terminate trypsin activity, and cells were centrifuged
at 160 g for 5 minutes. The cell pellets were resus-
pended in keratinocyte-SFM without calcium chloride
(Invitrogen Corp.) supplemented with 45 mg/ml
bovine pituitary extract (Invitrogen Corp.), 1 ng/ml
recombinant EGF (Invitrogen Corp.), 0.018 mM calci-
um chloride (Clonetics Corp., San Diego, California,
USA), 100 units/ml penicillin, 100 µg/ml strepto-
mycin, 5 µg/ml gentamicin, and 100 units/ml nys-
tatin. Cultures were grown at 37°C and 5% CO2, and
the medium was exchanged every 2 days. After 7 days
of primary culture, the cells were maintained in medi-
um without gentamicin and nystatin. When the cells
reached 60–70% confluence, they were passaged.

Tumorigenicity assays. Cells were harvested by
trypsinization, washed, and resuspended in 200 µl of
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Figure 1
(a) Northern blot analysis with a random-primed, 32P-labeled human
cyclin D1 cDNA probe in three different founder lines with low, mod-
erate, and high cyclin D1 expression in tongue (T) and esophageal
(E) tissues. (b) Tongue and esophageal epithelial protein extracts
from mice expressing moderate levels of cyclin D1 were immunopre-
cipitated with Cdk4 or Cdk6 antibody. After a kinase reaction with
[γ-32P]ATP and GST-retinoblastoma carboxyl-terminus substrate
(GST-Rb c-term) or histone H1 substrate, products were elec-
trophoresed on a 12.5% SDS-polyacrylamide gel.

Table 1
Number of mice generated and sacrificed by genotype and sacrifice timepoint

L2D1+/p53+/– L2D1+/p53+/+ WT/WT WT/p53+/– L2D1+/p53–/– WT/p53–/–

3 months 25 10 8 8 NA NA
5 months NA NA NA NA 30 12
6 months 28 12 11 11 NA NA
12 months 31 19 8 12 NA NA
Total 84 41 27 31 30 12

All L2D1+ groups consist of an equal number of low, moderate, and high expressors of the cyclin D1 transgene. NA, not applicable.



keratinocyte-SFM containing India ink. Five- to seven-
week old athymic nude mice (NIH III; Charles River
Laboratories Inc., Wilmington, Massachusetts, USA)
were injected with a cell suspension containing 5 × 106

exponentially growing cultured oral keratinocytes from
the different genotypes. Tumor size was measured on a
regular basis. The time of initial tumor formation was
defined as the time when the tumor reached a diame-
ter of 3 mm. Mice were sacrificed after 12 weeks of
monitoring. Each tumor was dissected, measured, and
fixed in 4% paraformaldehyde for histological analysis.

The murine genomic DNA fragment (from M. Mey-
erson, Dana Farber Cancer Institute), EGF-R trans-
genic mouse (from R. DePinho, Dana Farber Cancer
Institute), and Sp6 lung cancer cells (from T. Dev-
ereux, National Institute of Environmental Health
Sciences, Research Triangle Park, North Carolina)
were all donated gifts.

Results
The Epstein-Barr virus lytically infects human oral-
pharyngeal squamous mucosa. We have previously
identified an Epstein-Barr virus promoter, ED-L2
(designated L2), that can target genes in oral-
esophageal squamous epithelial cells. There is regula-
tion of the L2 promoter by the interplay of key cis-reg-
ulatory elements and members of the KLF
transcription factor family (19).

We targeted human cyclin D1 cDNA to the oral-
esophageal epithelia using this promoter. Since the
level of cyclin D1 expression may be critical for its onco-
genic potential (20), we generated founder mice with
varying cyclin D1 expression in the oral-esophageal
squamous epithelium. Mice expressing low, moderate,
and high levels of cyclin D1 were generated, correspon-
ding to three-, five-, and eightfold elevations of ectopic
(human) cyclin D1 RNA levels, respectively (Figure 1).
Furthermore, kinase assays revealed that ectopic cyclin
D1 from either the oral or esophageal epithelium
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Figure 2
Dysplasia scores are depicted for wild-type, p53+/–, L2D1+/p53+/+,
and L2D1+/p53+/– mice for tongue, mouth, upper esophagus, and
lower esophagus tissues at 3, 6, and 12 months (a). The same scor-
ing system is represented for L2D1+/p53–/– and p53–/– mice at 5
months (b). Scores for the L2D1+/p53+/– group were significantly dif-
ferent from control scores at 6 and 12 months. Scores for the
L2D1+/p53–/– mice were significantly different from controls at 5
months. P < 0.05. WT, wild-type.

Table 2
Cancer incidence 

L2D1+/p53+/+ L2D1+/p53+/– WT/WT WT/p53+/–

3 months % 0 12 0 0
(x/tot) 0/10 3/25 0/8 0/8

6 months % 0 32 0 0
(x/tot) 0/12 9/28 0/11 0/11

12 months % 0 61 0 8
(x/tot) 0/19 19/31 0/8 1/12

Number of L2D1+/p53+/– mice with cancer of the mouth (buccal mucosa), tongue, upper esophagus, or lower esophagus at different timepoints compared
to control mice. For cancer occurrence over time, at 3 months P > 0.05; 6 months, P = 0.006, and at 12 months, P < 0.001 (Fisher exact test). P < 0.001
(Mantel-Haenszel χ2 = 14.6) for progression with age in L2D1+/p53+/– mice.



forms an immune complex with either Cdk4 or Cdk6,
resulting in phosphorylation of the retinoblastoma
protein (Figure 1). These three founder lines were
selected for further breeding and were backcrossed to
the C57BL/6 background.

We then bred cyclin D1 transgenic mice with p53-defi-
cient C57BL/6 mice (21, 22) to yield the desired
L2D1+/p53+/– and L2D1+/p53–/– genotypes. Littermate
control mice were generated with the following geno-
types: wild-type; high, moderate, and low cyclin D1
expressors (L2D1+/p53+/+), and heterozygous (p53+/–)
and homozygous (p53–/–) p53-deficient mice with nor-
mal (mouse) cyclin D1 levels (Table 1). All mice were
monitored for appearance and weight, and were sacri-
ficed at designated timepoints for determination of his-
tological changes, primarily in the oral cavity and esoph-
agus. We confirmed that oral-esophageal tissue–specific
cyclin D1 expression resulted in mild to severe dysplasia
over time. Moderate to severe dysplasia developed by 12
months of age, but without leading to cancer.

L2D1+/p53+/– and L2D1+/p53–/– mice develop oral-
esophageal cancer. L2D1+/p53+/– and L2D1+/p53–/– mice

developed histologic evidence of severe oral-esophageal
squamous epithelial dysplasia and even cancer by 5 and
6 months of age, respectively. These represented statis-
tically significant changes compared with all control
groups (Figure 2). It should be emphasized that p53–/–

and L2D1+/p53–/– mice could not be analyzed beyond
5 months due to morbidity from systemic lymphomas
or sarcomas and resulting death (15, 16).

The L2D1+/p53+/– mice were followed to 12 months of
age and displayed histologic evidence of cancer in the
oral cavity (anterior and posterior tongue, buccal
mucosa) and esophagus (upper and lower esophagus),
with invasion into the submucosa, muscle, and blood
vessels (Figure 3). Approximately 25% of cancers had evi-
dence of metastasis to lymph nodes, which was con-
firmed by pancytokeratin staining (Figure 3, e and f).
Enlarged lymph nodes were observed mostly in the para-
tracheo-pharyngeal-esophageal regions. Enlarged lymph
nodes were not found in the control mice. Notably,
L2D1+/p53+/– mice showed an increase in cancer fre-
quency with time, from 3 months to 12 months, with
61% of animals affected at 12 months (Tables 2 and 3).
The progression with age was significant by a test for
trend (P < 0.001; Mantel-Haenszel χ2 = 14.6). Interest-
ingly, the occurrence of cancer was significantly differ-
ent among the tissues types (P = 0.02 for marginal homo-
geneity tests), with the tongue most affected compared
with buccal mucosa and esophagus (Tables 2 and 3).

The occurrence of cancer in the L2D1+/p53+/– mice at
6 and 12 months was statistically significant compared
with the control groups (P < 0.05, Fisher exact test). It
is likely that L2D1+/p53–/– mice, while displaying can-
cer at 5 months, would have had a higher frequency of
cancer with a longer life span. Our study also allowed
examination of the percentage of L2D1+/p53+/– mice
with cancer at one or more tissue sites according to
cyclin D1 levels. However, we found no association
between the percentage of affected animals and cyclin
D1 levels. The number of affected animals with cancer
combining all timepoints was 10 of 29 mice expressing
low levels of cyclin D1, 12 of 29 in mice with moderate
expression, and 9 of 26 in mice expressing high levels
of cyclin D1. The differences were not significant 
(P = 0.976; Mantel-Haenszel χ2, P = 0.001).

p16INK4a, p19ARF, and EGF-R are not altered in
L2D1+/p53+/– mice. In order to determine whether cyclin
D1 expression and p53 deficiency were sufficient by
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Figure 3
Hematoxylin and eosin staining of tongue (a and b) and esophagus
(c and d). (a and c) Wild-type mouse at 12 months of age. (b and d)
L2D1+/p53+/– mouse at 12 months of age. b and d show evidence of
nuclear atypia, enlargement, and hyperchromasia of cells as well as
loss of polarity with migration of atypical cells into intermediate and
superficial layers as cellular and histologic features of dysplasia. In
particular, there is invasion of malignant cells into the submucosa and
muscle of the tongue and into the submucosa of the esophagus. Can-
cer lesions are marked by arrows. (e) Hematoxylin and eosin staining
and (f) pancytokeratin immunohistochemistry from one representa-
tive paraesophageal lymph node metastasis. There are keratin-posi-
tive epithelial cells within the lymphatic tissue. Magnification, ×400.

Table 3
Number of L2D1+/p53+/– mice with cancer of the mouth (buccal
mucosa), tongue, upper esophagus, or lower esophagus analyzed by
affected tissue

Mouth Tongue Upper Lower
esophagus esophagus

% 12.5 25.3 11.0 12.7
X/tot 10/80 21/83 9/82 10/79

Cancer occurrence is different among the four tissues types based on 75 mice
(P = 0.02 for marginal homogeneity test).



themselves to induce cancer in the oral and esophageal
tissues, we tested whether other known genetic alter-
ations were acquired in the process of oral-esophageal
carcinogenesis. When comparing DNA isolated from
cancerous cells from 12-month-old L2D1+/p53+/– mice
with those of age-matched wild-type littermates, there
was no evidence of p16INK4a or p19ARF deletion, or
p16INK4a promoter hypermethylation (Figure 4). There
was minimal EGF-R gene amplification (fold increase
of 1.5–2) in some transgenic mice compared with wild-
type littermates (Figure 4), the biological significance
of which is unclear. Surprisingly, there was no evidence
of loss of the remaining p53 allele in the tumors, which
was further corroborated by retention of the remaining
p53 allele and absence of p53 mutation in cell lines
derived from the tumors (data not shown).

Sulindac reduces dysplasia in L2D1+/p53+/– mice. Sulindac
is a common chemopreventive agent employed fre-
quently in mouse models of different cancers. We test-
ed its potential utility in L2D1+/p53+/– mice (which
were selected for their longer survival compared with
L2D1+/p53–/– mice). Sulindac was added to the 
drinking water of L2D1+/p53+/– and wild-type control 
mice; there was a statistically significant reduction in 
the mean dysplasia scores in L2D1+/p53+/– mice com-
pared with untreated L2D1+/p53+/– mice (Figure 5a).
L2D1+/p53+/– with sulindac treatment significant 
(P < 0.05) compared with L2D1+/p53+/– untreated.
While we appreciate that the mechanisms underlying

sulindac’s effects are several, including COX-2–depend-
ent and COX-2–independent actions, our main goal
initially was to establish the feasibility of applying a
chemopreventive agent in the context of our genetic
mouse model. Nevertheless, we analyzed the expression
of COX-2 and prostaglandin EP2 receptor (a major tar-
get of COX-2) in sulindac-treated and -untreated
L2D1+/p53+/– mice. COX 2 expression and EP2 recep-
tor expression were reduced by about 50% in the squa-
mous epithelium of treated L2D1+/p53+/– mice com-
pared with untreated L2D1+/p53+/– mice.
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Figure 5
Sulindac (400 ppm) was administered in the drinking water on a
daily basis for 3 months to L2D1+/p53+/– mice (n = 8) and wild-type
littermate mice (n = 8), starting when mice were 4 months old. (a)
Dysplasia scores were calculated after the mice were sacrificed at the
age of 8 months. UE, upper esophagus; LE, lower esophagus. Micro-
graphs show immunohistochemical staining for COX-2 in the esoph-
agus (b and c) and prostaglandin receptor EP2 in the tongue (d and
e) in sulindac-treated (c and e) and -untreated (b and d)
L2D1+/p53+/– mice, respectively. Magnification ×400.

Figure 4
(a) Slot blots of mouse EGF-R cDNA, exon 1α fragment for p16INK4a/p19ARF, and a nonamplified chromosome 19 murine genomic DNA
fragment. Of note, there is a mild increase in EGF-R cDNA in some samples (arrows). C, WT/WT; TG, EGF-R transgenic mouse. (b)
Methylation-specific PCR for p16INK4a. No p16INK4a promoter methylation was observed in 9 informative samples. Sp6 lung cancer cells
were used as a positive control. U, uninformative; N, normal; S, Sp6 lung.



Cell lines from L2D1+/p53+/– and L2D1+/p53–/– mice form
tumors in nude mice. Since the tongue was most affected
by cancer, we further tested the biological properties of
the dysplastic and cancerous oral cells. Accordingly, cell
lines were derived from tongue epithelia of mice (aged
4–5 months) from all genotypes. Their epithelial or ker-
atinocyte origin was confirmed by the expected expres-
sion of keratin markers (keratin 5 and keratin 14 in
basal cells and keratin 4 and keratin 13 in suprabasal
cells) and E-cadherin (data not shown). Early passage
cells corresponding to the different genotypes were
injected into athymic nude mice, and tumors arose
only from oral keratinocytes derived from
L2D1+/p53+/– and L2D1+/p53–/– mice (Table 4). The his-
tology of these tumors corresponded to poorly differ-
entiated squamous cell cancers mixed with spindle cells
(Figure 6), as further confirmed by cytokeratin, desmin,
and S-100 immunohistochemistry (Figure 6).

Discussion
We describe a novel genetic mouse model of oral-
esophageal squamous cell cancer that provides new
insights into underlying molecular mechanisms and
follows the histopathological and genetic changes
observed in the human counterpart. Tissue- and cell
type–specific cyclin D1 expression leads to dysplasia (a
precursor of cancer) in the oral-esophageal squamous
epithelium, and combination with p53 inactivation
resulted in cancer. Cyclin D1 expression in other cell
types such as lymphocytes, skin keratinocytes, or
myocytes leads to increased proliferation and/or pre-
malignant lesions, but is generally not sufficient for the
development of overt cancer (23–26). An exception is in
mammary epithelial cells (27), where cyclin D1 seems
to play a particularly prominent role (28, 29). Cooper-
ation by cyclin D1 with other genetic alterations is
essential for tumor formation in mouse models. Thus,
cyclin D1 and c-myc induce lymphomas, and cyclin D1
and ras generate skin tumors in mice (23, 24, 30, 31).

Direct cooperation between the cyclin D1/pRb and
p53 pathways is observed in our mouse model. Here we
show that cyclin D1 expression and p53 inactivation
cooperate to induce a rapid progression of dysplasia
and cancer specific to oral-esophageal squamous

epithelial cells in mice. Interestingly, the frequency of
induced tumors was higher in the oral cavity than in
the esophagus. This difference may be due in part to
the higher expression of p63 (a p53 ortholog) in the
esophagus than the oral cavity, thereby permitting the
activation of antiproliferative and antiapoptotic genes
such as p21 and bax (32).

This model allows the determination of specific
genetic events in multistep tumorigenesis, and has sig-
nificant applications in chemoprevention and thera-
peutics as well. When the L2D1+/p53+/– mice were treat-
ed with sulindac, a nonsteroidal anti-inflammatory
agent with chemopreventive properties, progression to
severe dysplasia was markedly diminished.

Because the cooperation of cyclin D1 expression and
p53 deficiency leads to malignant transformation, we
developed novel epithelial cell lines from the tongues
of all mouse genotypes, a model that we believe offers
physiological advantages over mouse embryonic
fibroblasts. Early passage cell lines derived from the
tongues of L2D1+/p53+/– and L2D1+/p53–/– mice, but
not control mice, resulted in tumors in athymic nude
mice. The tumors were poorly differentiated squa-
mous cell cancers with spindle-like and mesenchymal
components. Results of immunohistochemical and
electron microscopic studies strongly suggest that
spindle cells arise via metaplasia of malignant squa-
mous cells (33, 34), consistent with our findings. Inter-
estingly, this squamous epithelial-mesenchymal tran-
sition may reflect an aggressive tumor. Based on
preliminary gene array results of the nude mouse
tumors induced from the L2D1+/p53–/– oral cell line,
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Table 4
Tumor occurrence in athymic nude mice from oral epithelial cell lines
derived from different mouse genotypes

Injected cell Tumors Average tumor Histology
genotype volume (ml)

Wild-type 0/4 ND ND
L2D1+/p53+/+ 0/4 ND ND
p53+/– 0/6 ND ND
p53–/– 0/4 ND ND
L2D1+/p53+/– 5/6 11.0 PDSC with spindle cells
L2D1+/p53–/– 3/4 40.8 PDSC with spindle cells

ND, no tumor detected; PDSCC, poorly differentiated squamous cell carcinoma.

Figure 6
Oral epithelial cell lines were established in culture from L2D1+/p53+/–

and L2D1+/p53–/– mice and all control groups. These were then inject-
ed into athymic nude mice and monitored for up to 3 months for
tumor development. Tumors contain histologic features of poorly dif-
ferentiated squamous cell cancer mixed with spindle cells. Depicted
are representative photomicrographs of nude mouse tumors from cell
lines derived from L2D1+/p53+/– mice. (a) Hematoxylin and eosin
staining. (b) Pancytokeratin immunohistochemical staining. (c)
Desmin immunohistochemical staining. (d) S-100 immunohisto-
chemical staining. Magnification, ×400.



we have found upregulation of snail, which is known
to downregulate E-cadherin; induction of epiregulin,
which is an autocrine growth factor in squamous
epithelial cells; and downregulation of maspin, a pro-
tease inhibitor (Harada and Rustgi, unpublished
observations). Loss of maspin is associated with poor
prognosis in oral squamous cell cancer (35).

p53 is haploinsufficient in L2D1+/p53+/– tumors. p53 inac-
tivation by itself is uncommonly associated with
epithelial tumors in mice (20, 21). However, a recent
study demonstrated the occurrence of epithelial cancer
in telomerase RNA null (Terc-null), p53-mutant mice,
revealing a complex interaction between telomere
dynamics, checkpoint responses, and carcinogenesis
(36). Differences in telomere biology might be one rea-
son for some of the differences in human and mouse
carcinogenesis involving p53 (37, 38).

Our model supports the notion that p53 plays an
important role in mouse epithelial carcinogenesis. Loss
of p53 function results in genetic instability, thereby
leading to changes in chromosome number and ploidy,
and further increasing the likelihood that such cells
will more rapidly evolve toward malignancy. By con-
trast, selective inactivation of the remaining p53 allele
during epithelial tumor progression in the brains of
transgenic mice reveals that there is apoptosis reduc-
tion and absence of chromosomal instability (39).

The remaining p53 allele was not lost during the
development of invasive oral-esophageal cancer in the
L2D1+/p53+/– mice or in the athymic nude mice (data
not shown). Besides the possibility of mutations in the
remaining p53 allele, it is also conceivable that wild-
type p53 is retained in the tumors and reduction of p53
dosage is sufficient to promote cancer formation in
mice (40). p53 haploinsufficiency might well explain
the induction of malignant transformation in the con-
text of cyclin D1 expression. Haploinsufficiency in
tumor suppression is well described in different mouse
models. For example, p27kip1, Lkb1, and Dmp1 (a
p19ARF transcriptional activator) exert their tumor sup-
pression function in a dose-dependent manner (41–43).
p27kip1 heterozygous mice are predisposed to tumori-
genesis and do not lose the wild-type allele.

While abrogation of the pRb and p53 pathways is
necessary for the development of oral-esophageal can-
cer, it is likely that other genetic alterations may be
required, although this does not involve p16INK4a or
p19ARF deletion or p16INK4a promoter hypermethyla-
tion in our model. Our findings support the notion
that cyclin D1 expression alone, without p16 inactiva-
tion, can abrogate the pRb pathway, at least in cancers
of 12-month-old L2D1+/p53+/– mice. The development
of tumors in L2D1+/p53+/– and L2D1+/p53–/– mice does
not appear to be a function of cyclin D1 expression lev-
els. Recently, the specific hyperactivity of CDK6 found
in human oral cancer cell lines may reflect a unique role
for CDK6 in promoting proliferation in these cells that
cannot be filled by CDK4 (44). Likewise, p53 loss seems
to obviate the need for p19ARF deletion.

We believe our tumor model will serve as an opti-
mal platform for further analysis by genome-wide
methods or expression profiling to identify cooper-
ating genes that might have direct relevance to
human oral-esophageal cancers.
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