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Abstract
Lecithin:retinol acyltransferase (LRAT) is an enzyme that converts retinol (vitamin A) to retinyl
esters. Its expression is often reduced in human cancers, including oral cavity cancers. We
investigated the effects of ectopic expression of human lecithin:retinol acyltransferase (LRAT) on
murine oral cavity carcinogenesis induced by the carcinogen 4-nitroquinoline 1-oxide (4-NQO).
We targeted human LRAT expression specifically to the basal layers of mouse skin and oral cavity
epithelia by using a portion of the human cytokeratin 14 (K14) promoter. High levels of human
LRAT transgene transcripts were detected in the tongues and skin of adult transgenic positive (TG
+) mice, but not in transgenic negative (TG-) mice. The retinyl ester levels in skin of LRAT TG+
mice were 32% ± 5.4% greater than those in TG- mice, and topical treatment of the back skin with
retinol resulted in greater increases in retinyl esters (from 6.9 to 14.3 fold in different TG+ mice)
in TG+ mouse skin than in TG- mouse skin (1.3 fold). While carcinogen (4-NQO) treatment
induced multifocal precancerous and cancer lesions in the tongues of both TG positive (n=16) and
negative mice (n=22), higher percentages of transgenic positive mice (62.5%) developed more
severe tongue lesions (grades 3 and 4) than transgenic negative mice (24.8%) after 4-NQO
treatment (p < 0.05). Carcinogen treatment also resulted in greater percentages of transgenic
positive mouse tongues with hyperplasia (71.4%), dysplasia (85.7%, p < 0.05), and carcinoma
(28.6%) than transgenic negative mouse tongues (53.3%, 46.7%, and 20%, respectively).
Moreover, we observed higher cyclooxygenase-2 (Cox-2) and lower RARβ2 mRNA levels in TG+
as compared to TG- mouse tongues after 4-NQO treatment (p < 0.05). Taken together, these data
show that overexpression of human LRAT specifically in oral basal epithelial cells makes these
cells more sensitive to carcinogen induced tumorigenesis.
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INTRODUCTION
Oral squamous cell carcinoma (SCC) is one of the most common cancers in the world
(Jemal et al., 2007). Even though the cure rate for small primary tumors is high, many
patients will develop second primary tumors and the long-term survival rate for this cancer
is lower than 60% (Jemal et al., 2007). Two major etiological factors in oral cavity SCC are
the use of tobacco and alcohol, and malignant transformation of the oral cavity tissue is
thought to be related to exposure to certain carcinogens (Argiris et al., 2008; Binnie et al.,
1983). Oral cavity squamous cell carcinoma (SCC) development is a complicated, multi-step
process which involves genetic, epigenetic, and metabolic changes (Brinkman and Wong,
2006). Therefore, in addition to treatment, prevention of oral cancer is very important.

Retinoids, a group of natural and synthetic small, lipophilic molecules which are vitamin A
(retinol) derivatives, regulate cell proliferation and differentiation (Gudas et al., 1994). All-
trans retinoic acid (ATRA), one of the metabolites of vitamin A, regulates gene expression
by binding and activating retinoic acid receptors (RARs) and retinoid X receptors (RXRs)
(Chambon, 1996). Epidemiological studies on human populations have demonstrated that
increasing vitamin A in the diet is beneficial for the inhibition of the progression of
carcinogenesis of the lung, breast, cervix, prostate, gastrointestinal tract, kidney, and oral
cavity (Clarke et al., 2004; Hong and Itri, 1994; Lotan, 1996; Niles, 2000). In mammalian
cells, retinol is taken up via STRA6, a membrane receptor for retinol binding protein 4
(RBP4) (Kawaguchi et al., 2007), and retinol can be metabolized to polar products, such as
all-trans retinoic acid (ATRA); alternatively, retinol can be converted to all-trans retinyl
esters (storage forms of retinol) by lecithin:retinol acyltransferase (LRAT) (Blaner and
Olson, 1994; Ruiz et al., 1999). LRAT, retinyl ester hydrolases, and STRA6 play important
roles in maintaining a stable retinol concentration in serum when the intakeof retinoids in
the diet fluctuates (Blaner, 2007; Kawaguchi et al., 2007; Liu and Gudas, 2005; O'Byrne et
al., 2005), and LRAT null mice exhibit a much higher sensitivity to vitamin A deficiency
(Liu and Gudas, 2005). In retinal pigment epithelial cells, and possibly in other cell types as
well, LRAT also functions as a palmitoyl transferase to catalyze the conversion of the
pigment epithelial protein RPE65 from a membrane bound form to a solubilized form in the
visual cycle (Xue et al., 2004).

Recent reports have shown that vitamin A (retinol) metabolism may be altered in some types
of cancer, such as oral cavity cancer, prostate cancer, skin cancer, and breast cancer (Guo
and Gudas, 1998; Guo et al., 2002; Guo et al., 2001; Guo et al., 2000; Mongan and Gudas,
2007). In addition, we observed that the esterification of retinol to retinyl esters and the
levels of LRAT were greatly decreased in human oral cancer cells (Guo and Gudas, 1998).
However, the relationship of LRAT to the process of tumorigenesis has not been defined.

Several animal models which mimic certain aspects of human oral cancer have been
established, including hamster, rat, and mouse models (Gimenez-Conti and Slaga, 1992;
Gimenez-Conti and Slaga, 1993; Kanojia and Vaidya, 2006; Suzuki et al., 2006; Tanaka et
al., 1991; Tang et al., 2004). The oral SCCs induced by the carcinogen 4-nitroquinoline 1-
oxide (4-NQO) in the drinking water in the mouse model previously generated in our
laboratory demonstrate similarities to human oral tumors in terms of their morphological,
histopathological, and molecular characteristics (Tang et al., 2004; Vitale-Cross et al.,
2009). Therefore, in order to test the function of LRAT in the carcinogenesis process, we
generated transgenic mice in which the human LRAT gene was ectopically expressed in the
basal layer of the epithelial cells in the skin and tongue by using the human cytokeratin 14
(K14) promoter, and we investigated the effects of overexpression of LRAT on the process
of oral cavity carcinogenesis.
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MATERIALS AND METHODS
Synthesis of transgene constructs

The human K14 promoter containing plasmid (Arnold and Watt, 2001; Frye et al., 2003;
Tumbar et al., 2004) was provided by Dr. Elaine Fuchs, Rockefeller University. This portion
of the human K14 promoter functions in the mouse and its activity is not greatly affected by
its chromosomal location in transgenic mice (Vassar et al., 1989). Because expression of
transgenes driven by the K14 promoter is limited to the basal layer of the tongue, esophagus,
and skin,this truncated K14 promoter has been widely used in previous studies to express
ectopic proteins in the basal layer of stratified squamous epithelia of the skin, tongue, and
esophagus of mice (Arnold and Watt, 2001; Nowak et al., 2008; Tang et al., 2008; Tumbar
et al., 2004; Vassar et al., 1989). A human LRAT (hLRAT) cDNA of 693 bp (Locuslink No
AF 071510) corresponding to its protein coding region was amplified by polymerase chain
reaction (PCR) with the primer pairs listed in Table 1A. After PCR, the Sal I and BamHI
restriction sites GTCGACGGATCC were added at both ends of the construct, with a FLAG
tag ATGGACTAC AAAGACGATGACGATAAAGC added at the N-terminus prior to the
hLRAT coding region. The FLAG-hLRAT fragment was subcloned into the human K14
promoter containing plasmid by standard molecular cloning techniques. Briefly, the
promotercontaining vector was digested, dephosphorylated, and ligated to the FLAG-
hLRAT cDNA. Then the expression vectors were sequenced by the Bioresource Center of
Cornell University to verify that the sequences were correct.

Generation of transgenic mice
The K14/FLAG-hLRAT (4.7 Kb) fragment was liberated from the vector sequence by the
Kpn1/HindIII unique sites and given to the Weill Cornell Medical College/Memorial Sloan-
Kettering Transgenic Facility for transgenic mice generation. This construct was injected
into the pronuclei of one-cell fertilized eggs by standard methods. Positive founders were
identified by Southern blot analysis using a probe corresponding to the human LRAT cDNA
and were crossed into a C57BL/6J background. All procedures using mice were approved by
the Institutional Animal Care and Use Committee (IACUC) of Weill Cornell Medical
College, and were conducted in accordance with the principles outlined in the NIH
guidelines for the care and use of experimental animals.

Identification of transgenic mice by Southern blot
Mice carrying the K14/FLAG-hLRAT transgene were identified by Southern blot. Mouse
tail genomic DNA samples were digested with BamHI, separated by 1% agarose gel
electrophoresis by size, transferred to nylon membranes, and hybridized to the [32P] labeled
human LRAT probe. The specific signal was visualized by exposing the nylon membrane to
an X-ray film. Based on the results of Southern blot analysis, several independent K14/
FLAG-hLRAT transgenic mouse founder lines were established: #33, 54, 55, and 56.

Examination of human LRAT transgene expression by RT-PCR
Ten-week old adult mouse skin and tongue samples were dissected and snap frozen in dry
ice. The tissue samples were homogenized in Trizol (Invitrogen, Carlsbad, CA) and RNA
was extracted following the manufacturer's instructions. Five μg of total RNA was treated
with DNAse I (Invitrogen, Carlsbad, CA) and then 2 μg DNAse I treated RNA was used for
reverse transcription in a 20 μl reaction using Super Script™ II Reverse Transcriptase (RT)
(Invitrogen, Carlsbad, CA), according to the manufacturer's instructions. The reverse
transcribed cDNA and the same amount of DNAse I digested total RNA (as a negative
control) were used for PCR. Primers specific to FLAG and human LRAT were used to
determine the level of the FLAG-hLRAT transcript. The conditions for PCR reactions were:
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95 °C for 5 minutes, followed by 35 cycles at 94 °C for 30 sec; primer annealing at 58 °C
for 30 sec; product extension at 72 °C for 80 sec, plus a final extension at 72 °C for 10 min.
Mouse β-actin was used as a loading control. The primer sequences are listed in Table 1B.

Examination of retinoid metabolism in mice
The skin and tongue samples from K14/FLAG-hLRAT transgenic positive (TG+) and
negative (TG-) mice were dissected, weighed, and homogenized in cold phosphate-buffered
saline (PBS) (100 μl of PBS per 100 mg of tissue) with an electrical homogenizer (Ultra-
turrax T25, Jankel and Kunkel Laboratories Techniques). The volumes were adjusted to 500
μl with cold PBS. Alternatively, the back skin areas (an area of 3 × 3 cm) of K14/FLAG-
hLRAT transgenic positive and negative mice were shaved and mice were topically treated
with a single daily dose of ATRA or retinol (40 nmoles) in 400 μl acetone (vehicle) for 5
consecutive days following the method described previously (Tang et al., 2008). Then the
mouse skin topically treated with ATRA or retinol was dissected and homogenized as
described above.

The retinoids were extracted as described previously (Tang et al., 2007). Briefly, 350 μl of
acetoneitrile:butanol (50:50,v/v) and 0.1 % butylated hydroxytoluene were added to 0.5 ml
of homogenized tissues. The mixture was vortexed thoroughly for 30 seconds. After
addition of 300 μl of a saturated K2HPO4 solution and thorough mixing, the samples were
centrifuged for 10 min at 12,000 × g. The upper organic layer was collected for automated
high-performance liquid chromatography (HPLC) analysis. The HPLC analysis was
performed using a Waters Millennium system (Waters Corp., Milford, MA) to separate the
various retinoids as previously described (Guo and Gudas, 1998; Guo et al., 2000; Tang et
al., 2007). Samples were applied to an analytical 5-μm reverse-phase C18 column (Vydac,
Hesperia, CA) at a flow rate of 1.5 ml/min. Retinoids were identified by HPLC based on two
criteria: an exact match of the retention times of unknown peaks with those of authentic
retinoid standards and identical UV spectra (220–400 nm) of unknowns against spectra from
authentic retinoid standards during HPLC by the use of a photodiode array detector. The
retinoid levels were calculated from the areas under the peaks detected at the wavelength of
340 nm. The levels of retinol and retinyl esters were normalized to the tissue weights.

Tumor development in the mouse oral cavity
Six week old K14/FLAG-hLRAT positive and negative mice were used for this study. The
experiments were carried out under controlled conditions with a 12 hour light/dark cycle.
Animals were maintained on a normal chow (Lab-diet with constant nutrition, Lab-Diet Co,
St. Louis, MO). The mice were treated with 400 μl propylene glycol (vehicle as a control) or
100 μg/ml carcinogen 4-nitroquinoline-1-oxide (4-NQO, Sigma, St Louis, MO), made up in
vehicle, in the drinking water as previously described (Tang et al., 2004) for 10 weeks. Mice
were allowed access to the drinking water at all times during the treatment. After the
carcinogen treatment, mice were analyzed for precancerous and cancerous lesions in their
oral cavities at different times for up to 15 weeks, or until signs of sickness or weight loss.

Tissue dissection and pathological examination
The mouse body weights were measured before the tongues of mice were dissected,
immediately after cervical dislocation. Gross lesions were identified and photographed, and
tumors on the tongues with diameters of 1–2 mm or greater were counted. The gross lesions
on the mouse tongues were quantified by a grading system that included 0 (no lesion), 1
(mild lesion), 2 (intermediate lesion), 3 (severe lesion), and 4 (most severe lesion) in a
double blinded manner. Mouse tongues were cut in half longitudinally. Half of each tissue
was fixed in freshly made 4% paraformaldehyde overnight at 4°C, embedded in paraffin,
and sectioned into 5-μm sections. The other half of each tongue tissue was immediately
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placed in RNAlater solution (Ambion, Austin, TX) and stored at 4°C overnight before being
moved to -20°C for long storage. The histological diagnosis of squamous neoplasia was
performed by a pathologist (T. S.) on the hematoxylin and eosin (H & E) stained, sectioned
tissue samples. The lesions observed were classified into four types: epithelial hyperplasia;
dysplasia; carcinoma in situ; and invasive carcinoma, as described previously (Tang et al.,
2004).

Immunohistochemistry
Paraffin embedded sections were deparaffinized and rehydrated, and antigen was retrieved
by using Antigen Unmasking Solution (Vector Laboratories, Burlingame, CA) in a pressure
cooker for 2 min. The tissue sections were stained by using the M.O.M kit (when the
primary antibody was mouse IgG, except for the PCNA Ab) (Vector Laboratories,
Burlingame, CA) or the Zymed Superpicture kit (when the primary antibody was rabbit IgG)
(Zymed Laboratories, South San Francisco, CA). For proliferating cell nuclear antigen
(PCNA) antibody, the tissue sections were stained by using Envision™ + HRP (DAB+) kit
(Dako, Carpinteria, CA). After quenching endogenous peroxidase with 3% H2O2, the tissue
sections were blocked with Vector special blocking reagent (from the M.O.M. kit) or 1.5%
goat serum. Then the tissue sections were incubated with human LRAT (1:500) antibody
(rabbit polycolonal Ab, a custom antibody generated for the Gudas laboratory by Alpha
Diagnostic International, San Antonio, TX.), mouse PCNA (1:100) antibody (Cat # M0879,
mouse monoclonal Ab, Dako, Carpinteria, CA), p16 (1:200) antibody (Cat # sc-1661, mouse
monoclonal Ab, Santa Cruz, Santa Cruz, CA), cyclin D1 (1:100) antibody (Cat # sc-718,
rabbit polyclonal Ab, Santa Cruz, Santa Cruz, CA), and phospho-Akt (Ser 473) (1:200)
antibody (Cat # 587F11, mouse monoclonal Ab, Cell Signaling, Danvers, MA), respectively,
for 60 min at room temperature. Then the sections were incubated with secondary antibodies
(1:200, anti-mouse IgG from the Vector M.O.M kit for p16 and phospho-Akt; ready to use
anti-rabbit IgG from the Zymed SuperPicture kit for human LRAT and cyclin D1; ready to
use anti-mouse IgG from the Dako Envision™ HRP (DAB+) kit for mouse PCNA). As a
negative control, sections were stained without incubation with primary antibodies. Finally,
signals were visualized based on a peroxidase detection mechanism (manual of the product),
and 3,3-diaminobenzidine (DAB) (Zymed SuperPicture kit) was used as the substrate. The
cells with distinct nuclear staining were regarded as positive for PCNA, p16 and cyclin D1.
Percentages (indices) of PCNA, p16, and cyclin D1 positive cells were determined by the
number of these positive nuclei divided by the total number of basal layer epithelial cell
nuclei in the control mouse tongues (not 4-NQO treated) or in the lesions. The intensity of
phospho-Akt staining was quantified by using a grading system including 0 (no staining), 1
(weak staining), 2 (intermediate staining), and 3 (intensive staining) in a double blinded
manner.

Real time RT-PCR analysis
Total RNA from mouse tongues was extracted and reverse transcribed to cDNA as described
above. Real-time PCR was performed using gene-specific oligonucleotide primers for
mouse genes. These primers were designed to generate cDNA fragments that cross an
intron-exon boundary in the genomic DNA. Real-time PCR was performed on a MyiQ real
time PCR detection system (Bio-Rad Laboratories, Hercules, CA) with an iQ SYBR Green
Supermix. For every primer set, a series of dilutions of a sample with the highest gene
expression, from semiquantitative RT-PCR, was used to generate a standard curve. The
conditions for the PCR were as follows: 95 °C for 3 min to activate the DNA polymerase,
followed by 50 cycles at 94°C for 30 s, primer annealing at 58°C for 30 s, and product
extension at 72 °C for 30 s. After each cycle, fluorescence was read at 84 °C. 36B4 was used
as a control (Gillespie and Gudas, 2007a; Gillespie and Gudas, 2007b). The primer
sequences are listed in Table 1C.We used the University of California, Santa Cruz In-Silico
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PCR program (http://genome.ucsc.edu/cgi-bin/hgPcr) to ensure that the PCR primers were
not homologous to pseudogene sequences.

Statistical analysis of the data
The statistical analysis of the results was carried out using one way ANOVA test, Fisher's
exact probability test, and Wilcoxon rank sum test for multiple comparisons. Differences
with a p < 0.05 were considered statistically significant.

Results
Generation of transgenic mice that contain the K14/FLAG-hLRAT transgene (TG)

The K14/FLAG-hLRAT (Fig. 1A) fragment was injected into fertilized mouse oocytes and
these 1-cell stage embryos were transplanted into pseudopregnant female mice. Four
independent lines of transgenic mice (#33, 54, 55, and 56) carrying the transgene (TG)
human LRAT were established based on the Southern blot analysis (Fig. 1B). RT-PCR
analysis results show that FLAG-hLRAT mRNA was expressed in the skin and tongues of
TG positive progeny, but not in TG negative progeny (Fig. 1C). We used a human LRAT
antibody that does not cross-react with the endogenous mouse LRAT to examine human
LRAT protein expression in mouse tongues. The hLRAT protein was detected in the tongue
epithelial basal layer of TG positive mice but not in that of TG negative mice (Fig. 1 D), and
its expression pattern was similar to previously described expression patterns of K14 protein
in mouse tongues (Tang et al., 2004).

Then the retinoid levels in the skin and tongues of TG positive and negative mice were
measured by high-performance liquid chromatography (HPLC) as described in the Materials
and Methods. We detected trace amounts of retinyl esters in the tongues from the TG
positive mice and TG negative littermates (data not shown); the retinyl ester levels in the
skin of TG positive mice (from founders #33 and 54) were 32% ± 5.4% greater than those in
TG negative mice (Fig. 1E). After a 5-day ATRA or retinol topical treatment of the skin at a
daily dose of 40 nmoles, the retinyl ester levels in the skin of TG positive mice were much
greater than those in TG negative mice (Fig. 1E). Retinol topical treatment resulted in 6.9
and 14.3 fold increases in skin retinyl ester levels in mice from founders #33 and 54,
respectively, as compared to a 1.3 fold increase in TG negative mice (Fig. 1E). These data
demonstrate that the FLAG-hLRAT transgene is expressed and is functional in the skin and
also in the tongue, because the hLRAT protein expression in the skin and tongue of the
transgenic positive mice is the same. The TG positive mice did not show any obvious
phenotype. In addition, expression of the human LRAT transgene (TG) in the basal layer of
the skin and tongue epithelia did not cause significant morphological abnormalities in adult
skin and tongue epithelia in these TG positive mice (data not shown). In the following
studies, we used the progeny from founder #54 for the oral cavity carcinogenesis study.

Oral cavity and esophageal carcinogenesis
During the period of carcinogen treatment TG positive and TG negative mice consumed
similar amounts of drinking water. All of the K14/FLAG-hLRAT TG positive and negative
mice survived the 10 week 4-NQO treatment, and more than 90% of the mice survived
throughout the 15 week post-treatment period (Fig. 2A). Consistent with our previous study
(Tang et al., 2004), we did not observe any gross lesions immediately after the end of the 10
week 4-NQO treatment. The precancerous and cancerous lesions developed during the
15week post-treatment period. The carcinogen 4-NQO induced multifocal precancerous and
cancerous lesions in the tongues of both TG positive (n=16) and negative mice (n=22) (Fig.
2B). In contrast, no visible lesions (grade 0) were detected in the control TG positive (n=10)
and negative mice (n= 8) not treated with 4-NQO (Fig. 2B and C). The body weights of the
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control (not treated with 4-NQO) TG positive and negative mice of each sex did not differ
significantly. However, after 4-NQO treatment the body weights of TG positive mice were
lower than those of the TG negative mice of each sex (Table 2). After 4-NQO treatment, the
incidenceof grade 1 tongue lesions in TG positive mice (31.3%) and TG negative mice
(31.8%) did not differ; the incidence of grade 2 tongue lesions in TG positive mice (6.3%)
was significantly lower (p < 0.05) than that in TG negative mice (45.5%); however, the
percentages of TG positive mice with grade 3 (25%) and grade 4 (37.5%, p < 0.05) tongue
lesions were greater than those of TG negative mice (18.2% and 4.6%, respectively) (Fig.
2D). These data indicate that the lower body weights of TG positive mice after 4-NQO
treatment resulted from more severe tongue lesions.

We also observed precancerous and cancerous lesions in mouse esophagi, as described
earlier (Tang et al., 2004). In this paper we have focused on oral cavity carcinogenesis.
Pathological analyses show evidence of carcinogenesis induced by 4-NQO treatment in both
TG positive and TG negative mice, as representative pictures shown in Fig. 3A, including
hyperplasia, dysplasia, and carcinoma (including carcinoma in situ and invasive carcinoma),
and in some samples multiple types of lesions were present. After 4-NQO treatment, the
tongues of TG positive mice displayed a greater incidence of hyperplasia (71.4%), dysplasia
(85.7%), and carcinoma (28.6%) than those of TG negative mice (hyperplasia (53.3%),
dysplasia (46.7%), and carcinoma (20%), respectively), especially dysplasia (p < 0.05) (Fig.
3B). These data indicate that overexpression of the human LRAT transgene in the mouse
epithelial basal layer cells makes mice more sensitive to 4-NQO treatment induced oral
cavity carcinogenesis.

Cox-2 and RARβ2 mRNA levels in mouse tongues
Cyclooxygenases (Cox) are enzymes that synthesize prostaglandins from arachidonic acid.
Cox-1 is constitutively expressed in almost all mammalian cells. Cox-2 is usually
undetectable in normal tissues, but its expression can be rapidly induced by many signaling
molecules involved in the carcinogenesis process, such as growth factors, oncogenes, and
tumor promoters (Smith et al., 2000). Overexpression of Cox-2 has been reported in many
types of human cancer, such as colon, breast, pancreas, and head and neck cancers (Cha and
DuBois, 2007; Chan et al., 1999; Dannenberg et al., 2005; Dubois et al., 1998). These
findings suggest that the Cox-2 expression level is related to oral cavity cancer development
(Chan et al., 1999; Vishwanatha et al., 2003). During oral cavity carcinogenesis, Cox-2
expression is enhanced during malignant transition of the oral epithelium (Lippman et al.,
2005). In addition, in two different oral carcinoma animal models premalignant and
malignant oral lesions showed Cox-2 overexpression (Nishimura et al., 2004; Suzuki et al.,
2006), and inhibitors of Cox-2 suppressed carcinogen-induced tongue carcinogenesis
(Nishimura et al., 2004; Yoshida et al., 2003). Therefore, Cox-2 has been proposed to be a
promising molecular target for oral cancer prevention (Chen et al., 2004; Lin et al., 2008;
Lippman et al., 2005). Because the K14/FLAG-hLRAT TG positive mice showed more
severe pathological characteristics than the TG negative mice after the carcinogen treatment
(Figs. 2 and 3), we measured Cox-2 mRNA levels in the tongues in control and 4-NQO-
treated K14/FLAG-hLRAT TG positive and negative mice by real time RT-PCR. In both
TG positive (n=7) and negative (n=6) control (not 4-NQO treated) mouse tongues we did
not detect Cox-2 mRNA expression (Fig. 4A). Carcinogen treatment resulted in Cox-2
mRNA expression; seven out of twelve TG positive mouse tongue samples and eight out of
sixteen TG negative mouse tongue samples showed Cox-2 mRNA expression. Moreover,
after 4-NQO treatment the TG positive mouse tongues showed significantly greater average
Cox-2 mRNA levels than TG negative mouse tongues (p < 0.05) (Fig. 4A).

RARβ2, one of the isoforms of the retinoic acid receptor RARβ, plays a role in the
prevention of head and neck cancer (Hong et al., 1990; Lippman et al., 2005; Lotan, 1996;
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Lotan et al., 1995). Compared to normal epithelial tissues, RARβ2 mRNA levels are usually
decreased or absent in head and neck squamous carcinomas because of hypermethylation of
the RARβ2 promoter (Hu et al., 1991; Mongan and Gudas, 2007; Wan et al., 1999; Xu et al.,
1994). We assessed RARβ2 mRNA levels in TG positive and negative mouse tongues. In
non-carcinogen treated control mice we did not observe statistically significant differences
in RARβ2 mRNA levels between TG positive and negative mice (Fig. 4B). In 4-NQO
treated animals, the RARβ2 mRNA levels were statistically lower in the TG positive mouse
tongues than in the TG negative mouse tongues (p < 0.05) (Fig. 4B).

Immunohistochemistry of hLRAT, PCNA, p16, cyclin D1, and phospho-Akt (Ser 473) in
mouse tongues

Because our previous findings showed that the K14 protein expression pattern expanded
during the carcinogenesis process (Tang et al., 2004), we examined the transgene hLRAT
protein expression since hLRAT expression is driven by the K14 promoter. In mouse
tongues after 4-NQO carcinogen treatment hLRAT protein expression was expanded in TG
positive mice, but expression of hLRAT was not observed in carcinogen treated TG negative
mice, as expected (Fig. 5A).

Proliferating cell nuclear antigen (PCNA) is a protein which is expressed in the nuclei of
cells during the S phase of cell cycle, and this protein is needed for DNA polymerase delta
to bind DNA (Moldovan et al., 2007). Therefore, PCNA is a marker of cell proliferation. We
measured the PCNA protein levels in mouse tongues by immunostaining. Very few nuclei in
the tongue epithelia from TG positive and TG negative control mice showed PCNA positive
cells. In contrast, after carcinogen treatment the numbers of PCNA positive nuclei increased
in the tongue epithelial lesions in both K14/FLAG-hLRAT TG positive and TG negative
mice (Fig. 5B and Table 3).

During the process of carcinogenesis, dysregulation of the cell cycle is a critical event
(Sherr, 2004). One of the cell cycle inhibitors is p16, also known as MTS-1 (major tumor
suppressor 1), which inhibits CDK4/6 (Coleman et al., 1997; Morisaki et al., 1999). The loss
of p16 protein expression occurs frequently in human oral cancers (Todd et al., 2002). The
loss of expression of p16 has been observed in oral premalignant lesions and primary tumors
of the oral cavity (Hasegawa et al., 2002; Hunter et al., 2006; Kresty et al., 2002;
Papadimitrakopoulou et al., 1997). We examined mouse p16 protein expression in tongues
of control (not 4-NQO treated) and 4-NQO treated TG positive and TG negative mice by
immunohistochemistry. In control mice, p16 nuclear staining was observed in the epithelial
basal and suprabasal layers, but primarily in the basal layer, in both TG positive and
negative mice (Fig. 5C). After 4-NQO treatment the nuclear p16 protein levels in mouse
tongue lesions were reduced in both TG positive and TG negative mice to similar degrees
(Fig. 5C and Table 3).

In mammalian cells two families of cyclins are active key proteins during the transition from
G1 phase to S phase of the cell cycle, the D family (D1, D2, and D3) and the E family (E1
and E2). The synthesis of D cyclins depends on extracellular mitogenic factors instead of
being regulated by cell cycle progression (Sherr, 2000b; Sherr and Roberts, 1999). The
overexpression of D type cyclins, especially cyclin D1, has been reported in a number of
human cancers, such as head and neck cancer, lung cancer, stomach cancer, and breast
cancer (Sherr, 2000a; Sherr, 2000b). Overexpression of cyclin D1 has been observed both in
rat oral tumors induced by 4-nitroquinoline 1-oxide (4-NQO) and in human oral cancer
(Nakahara et al., 2000; Nakayama et al., 1996; Schoelch et al., 1999; Todd et al., 2002;
Yoshida et al., 2005). In control (not carcinogen treated) mouse tongues very few cyclin D1
stained nuclei were seen in the epithelial basal layer cells of both TG positive and negative
mice (Fig. 5D). Treatment with 4-NQO increased the numbers of cyclin D1 positive nuclei
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in mouse tongue tumors from both TG positive and negative animals to similar degrees (Fig.
5D and Table 3).

The phosphoinositide-3-kinase (PI3K)/Akt pathway plays a crucial role in the survival,
proliferation, migration, and differentiation of human cancer cells (Toker and Cantley,
1997). Specific inhibition of Akt suppresses proliferation and causes apoptosis and anoikis
in human head and neck squamous cancer cells (Mandal et al., 2006). The activation of Akt,
a serine/threonine kinase, is through the phosphorylation of its amino acid residues Thr308
and Ser473 (Alessi et al., 1996; Jacinto et al., 2006; Sarbassov et al., 2005). Carcinogen
exposure can activate Akt and this may be a critical event in oral cavity carcinogenesis
(West et al., 2003; Xu et al., 2007). Constitutively activated Akt has been detected during
the progression of human head and neck squamous cell carcinoma, and the level of
activation of Akt was inversely correlated with the survival rates of tongue cancer patients
(Amornphimoltham et al., 2004; Massarelli et al., 2005). In our TG positive and negative
control (not carcinogen treated) mouse tongues, we observed phospho-Akt (Ser 473)
cytoplasmic staining mainly in the epithelial basal layer cells (Fig. 5E). Carcinogen
treatment caused phospho-Akt staining to spread across the entire epithelial layers of both
TG positive and negative mouse tongues (Fig. 5E).

Discussion
LRAT mRNA and protein expression has been shown to be greatly reduced in human oral
cancer cells (Guo and Gudas, 1998). Understanding the role of LRAT in oral cavity
carcinogenesis will provide useful information for future prevention and treatment of this
disease. Because cytokeratin 14 (K14) is a specific marker for cells in the epithelial basal
layer, which contains proliferating cells (Fuchs, 1991; Fuchs and Green, 1980; Tang et al.,
2008 Submitted; Tumbar et al., 2004), we investigated the effect of ectopic expression of
human LRAT in mouse basal epithelial cells (Fig. 1D) on oral cavity carcinogenesis using a
mouse model previously generated in our laboratory (Tang et al., 2004). Human LRAT
protein shares 80% homology with mouse LRAT protein, including the region necessary for
LRAT activity (Moise et al., 2007; Ross and Zolfaghari, 2004). Our results show that
carcinogen treated K14/FLAG-hLRAT TG positive mice exhibit more severe tongue lesions
(Fig. 2D), lower body weights, and greater incidences of dysplasia that can progress to
carcinoma than TG negative mice (Fig. 3B). These data suggest that overexpression of
LRAT in the epithelial basal layer makes mice more susceptible to oral cavity
carcinogenesis.

Intracellular LRAT levels in the mouse tongue epithelial basal cells and oral cavity
carcinogenesis

Human head and neck tumors contain heterogeneous cell populations, including tumor cells,
stromal cells, and inflammatory cells. Among these cell populations, only a specific
subpopulation of cancer cells, cancer stem cells, is thought to drive the growth of the tumors
(Dalerba et al., 2007; Prince and Ailles, 2008). Prince et al. (2007) identified cancer stem
cells in human head and neck carcinoma. These cancer stem cells express cytokeratin 5/14
and were detected in the basal layer of the squamous epithelium (Prince and Ailles, 2008;
Prince et al., 2007). Retinoids, especially all-trans retinoic acid (ATRA), have been
regarded as candidates for cancer chemoprevention and chemotherapy because they induce
cells to differentiate, growth arrest, and/or undergo apoptosis (Clarke et al., 2004; Fields et
al., 2007; Mongan and Gudas, 2007). Our results (Figs. 1 D and E) indicate that in K14/
FLAG-hLRAT TG positive mice, the skin epithelia in which the human LRAT protein was
expressed contained more retinyl esters than the epithelial cells from TG negative mouse
skin. The proteins LRAT and STRA6 both increase retinol uptake, and STRA6 is the RBP4 /
retinol receptor (Kawaguchi et al., 2007), and a stable intracellular retinol concentration is
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maintained by LRAT, retinyl ester hydrolases, and Stra6 (Blaner, 2007; Kawaguchi et al.,
2007; Liu and Gudas, 2005; O'Byrne et al., 2005). During human oral cancer development
the reduction of LRAT expression in oral epithelial cells might result in less retinol uptake
into these cells, which impairs normal retinoid signaling. Conversely, it might be expected
that higher levels of LRAT would be protective with respective to cancer because the basal
epithelial cells would take up more retinol. Although there has been no report of a
relationship between the expression of retinyl ester hydrolases and vitamin A status,
Matsuura et al. (1997) showed that intracellular vitamin A status does not affect specific
activities of retinyl ester hydrolases (Matsuura et al., 1997). Because LRAT is critical in
determining intracellular retinol availability, which in turn affects the levels of all-trans-
retinoic acid, our data here suggest that the levels of LRAT must be balanced appropriately
with the levels of the various retinyl ester hydrolases (Harrison and Gad, 1989; Kurlandsky
et al., 1996; Linke et al., 2005) in order for retinoid signaling to function properly (Fig. 6).

Cox-2 and RARβ2 mRNA levels in K14/FLAG-hLRAT transgenic positive and negative
mouse tongues

Previous studies have shown that both Cox-2 mRNA and protein are undetectable in normal
tissues and are upregulated in human cancers, including head and neck cancer (Cha and
DuBois, 2007; Chan et al., 1999; Chen et al., 2004; Smith et al., 2000). Similarly, we show
here that Cox-2 mRNA is not detected in the control (not carcinogen treated) tongues of
both TG positive and negative mice, and that 4-NQO treatment increases Cox-2 mRNA
levels (Fig. 4A). Clinical studies show that Cox-2 expression is generally found in DNA
aneuploid oral dysplastic lesions which can further develop into malignant carcinoma
(Lippman et al., 2005). We found that the incidence of dysplasia in K14/FLAG-hLRAT TG
positive mouse tongues is greater than that in TG negative mouse tongues (Fig. 3B). Thus,
our Cox-2 mRNA results in mouse tongues treated with 4-NQO (Fig. 4A) correlate with our
pathological data (Figs. 2D and 3B). Mestre et al. (1997) (Mestre et al., 1997) reported that
ATRA inhibited Cox-2 mRNA and protein expression in human oral squamous carcinoma
cells. The level of LRAT is critical for the regulation of intracellular retinol and therefore
ATRA availability, which could in turn affect the Cox-2 mRNA level.

The decrease in RARβ2 mRNA level has been reported to correlate with the progression of
human oral squamous carcinoma (Hu et al., 1991), and the loss of RARβ2 expression may
be caused by abnormal retinoic acid signaling (Ren et al., 2005). Therefore, our results that
after 4-NQO treatment RARβ2 mRNA levels in TG positive mouse tongues were lower than
those in TG negative mouse tongues (Fig. 4B) are consistent with our pathological data
(Figs. 2D and 3B). In addition, the variability of RARβ2 mRNA levels in the mouse tongues
was at least in part from the differences in grades of these lesions.

Taken together, our data show that although LRAT expression is reduced in human oral
carcinoma cells, very high, ecotopic LRAT expression in oral epithelial basal cells makes
these cells more sensitive to carcinogen induced tumorigenesis. Thus, for prevention of oral
cavity carcinogenesis it is important to maintain an appropriate LRAT level in the basal cells
of the oral epithelium.
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Abbreviations

ATRA all-trans retinoic acid

Cox cyclooxygenases

DAB 3, 3'-diaminobenzidine tetrahydrochloride

H & E hematoxylin and eosin

HPLC high-performance liquid chromatography

K14 cytokeratin 14

LRAT lecithin:retinol acyltransferase

4-NQO 4-nitroquinoline 1-oxide

PCNA proliferating cell nuclear antigen

RAR retinoic acid receptor

ROH retinol

RXR retinoid X receptor

TG transgene
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Figure 1. Targeted overexpression of the transgene FLAG-hLRAT to the mouse epithelial basal
layer cells
A, The schematic structure of the transgene cassette. B, Southern blot result shows the
presence of the transgene in the mouse genomic DNA. C, RT-PCR analysis of the FLAG-
hLRAT transgene mRNA in the tongue and skin of K14/FLAG-hLRAT Southern blot
transgenic positive (TG+) and negative (TG-) mice from founder #54. D, The expression of
the transgene human LRAT protein in the tongue epithelial basal layer cells of K14/FLAG-
hLRAT transgenic positive (TG+) and negative (TG-) mice from founder #54 (200 ×). K14/
FLAG-hLRAT TG+ and TG- mice were sacrificed, and the tongues were fixed, embedded,
sectioned, and stained with anti-human LRAT antibody (see “Materials and Methods”). a,
TG positive mouse tongue; b, TG negative mouse tongue; c, negative control, tongue
stained only with a secondary antibody; the inset in each picture is 3 × the digital
magnification of the small boxed area in the picture. E, the levels of retinyl esters in the skin
of K14/FLAG-hLRAT TG positive and negative mice examined by HPLC after a 5 day
topical treatment with 40 nmoles (volume 400 μl) of all-trans retinoic acid (ATRA) or
retinol per day. Drugs were dissolved in acetone that was the vehicle (see “Materials and
Methods”). TG+ #33 and #54 are two TG positive founder lines. The differences among
different treatment groups were analyzed by using a one way ANOVA test. Differences with
a p value of < 0.05 (marked with an asterisk) in a comparison of retinyl ester levels in retinol
treated TG+ mouse skin to that in retinol treated TG- mouse skin were considered to be
statistically significant.
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Figure 2. 4-NQO carcinogen treatment of K14/FLAG-hLRAT TG positive and negative mouse
tongues
K14/FLAG-hLRAT TG positive and negative mice were treated with 4-NQO (100 μg/ml) in
the drinking water (see “Materials and Methods”) for 10 weeks and then maintained for
another 15 weeks. A, a brief diagram of the experimental protocol. B, representative gross
morphological observations of the mouse tongues and the gross tongue lesions grading
system (10 ×). C, the grading of tongue lesions in K14/FLAG-hLRAT TG positive and
negative control (not treated with carcinogen) mice. D, the grading of tongue lesions in K14/
FLAG-hLRAT TG positive and negative mice treated with 4-NQO. The data (percentages in
different grades) were analyzed by using a Fisher's exact probability test. Differences with a
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p value of < 0.05 (marked with an asterisk) between TG+ and TG- mouse tongue lesion
grades were considered to be statistically significant.
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Figure 3. Pathological evidence of carcinogenesis in mouse tongues after carcinogen treatment
K14/FLAG-hLRAT TG positive and negative mice were treated with 4-NQO (100 μg/ml) in
drinking water (see “Materials and Methods”) for 10 weeks and then maintained for another
15 weeks. The mice were sacrificed, and the tongues were fixed, embedded, sectioned, and
stained with H&E. A, representative pictures of pathology (200 ×): a, hyperplasia with
marked hyperkeratosis; b, mild dysplasia; c, severe dysplasia / carcinoma in situ; d, invasive
carcinoma with tumor cells invading the skeletal muscle fibers of the tongue. B, Percentage
of mouse tongue samples (each sample was from a different mouse) at different
carcinogenesis stages. The data were analyzed by using a Fisher's exact probability test.
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Differences with a p value of < 0.05 (marked with an asterisk) were considered to be
statistically significant.
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Figure 4. Cox-2 and RARβ2 mRNA levels in control (not treated with 4-NQO) and 4-NQO
treated mouse tongues
K14/FLAG-hLRAT TG positive and negative mice were treated with propylene glycol
(vehicle) or 4-NQO (100 μg/ml) in drinking water (see “Materials and Methods”) for 10
weeks and then maintained for another 15 weeks. Total RNA was extracted from mouse
tongues and specific mRNA levels were measured by real time RT-PCR. A, Cox-2 mRNA.
B, RARβ2 mRNA. The data were analyzed by using a Wilcoxon rank sum test. Differences
of mRNA levels between TG+ and TG- mouse tongues with a p value of < 0.05 (marked
with an asterisk) were considered to be statistically significant.
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Figure 5. Expression of hLRAT, PCNA, p16, cyclin D1, and phospho-Akt (ser 473) proteins in
control (not treated with 4-NQO) and 4-NQO treated mouse tongues
K14/FLAG-hLRAT TG positive and negative mice were treated with propylene glycol
(vehicle) or 4-NQO (100 μg/ml) in drinking water for 10 weeks and then maintained for
another 15 weeks. Mice were sacrificed, and the tongues were fixed, embedded, sectioned,
and stained with anti-hLRAT, anti-PCNA, anti-p16, anti-cyclin D1, and anti-phospho-Akt
(Ser 473) antibodies, respectively (see “Materials and Methods”) (200 ×). A, hLRAT
staining of 4-NQO treated mouse tongues (a and b TG+; c, TG-; a and c, before tumor
appears; b, tumor). B, PCNA staining of mouse tongues. C, p16 staining of mouse tongues.
D, cyclin D1 staining of mouse tongues. E, phospho-Akt (Ser 473) staining of mouse
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tongues. In panels B to E: a and c, TG positive mouse tongues; b and d, TG negative mouse
tongues. a and b, control (not treated with 4-NQO) mouse tongues; c and d, 4-NQO treated
mouse tongues. e, negative control, a mouse tongue stained only with a secondary antibody.
The inset in each picture is 3 × the digital magnification of the small boxed area in the
picture.
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Figure 6. Model of retinoid actions in K14/FLAG-hLRAT transgenic negative and positive
mouse tongue epithelia
A, transgenic negative mouse tongue epithelium. B, transgenic positive mouse tongue
epithelium. The thicker arrow under LRAT indicates a greater expression level of LRAT.
ATRA, all-trans retinoic acid; RE, retinyl esters; ROH, retinol; TG-, transgenic negative;
TG+, transgenic positive.
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