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Abstract

Tobacco smoke-induced squamous cell lung cancer develops from endobronchial dysplastic 

lesions that progress to invasive disease. A reproducible murine model recapitulating histologic 

progression observed in current and former smokers will advance testing of new preventive and 

therapeutic strategies. Previous studies show that prolonged topical application of N-nitroso-tris-

chloroethylurea (NTCU) generates a range of airway lesions in sensitive mice similar to those 

induced by chronic tobacco smoke exposure in humans. To improve the current NTCU model and 

better align it with human disease, NTCU was applied to mice twice weekly for 4–5 weeks 

followed by a recovery period before cigarette smoke (CS) or ambient air (control) exposure for an 

additional 3–6 weeks. Despite the short time course, the addition of CS led to significantly more 

premalignant lesions (PML) (2.6 vs 0.5; p<0.02) and resulted in fewer alveolar macrophages 

(52,000 macrophages/ml BALF vs 68,000; p<0.05) compared to control mice. This improved 

NTCU + CS model is the first murine squamous cell lung cancer model to incorporate tobacco 

smoke and is more amenable to pre-clinical studies because of the increased number of PML, 

decreased number of mice required, and reduced time needed for PML development.
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Introduction

Squamous cell lung cancer (SCC) is heavily smoking related, and over 34,000 Americans 

will die of SCC this year(1,2). Patients with localized non-small cell lung cancer (NSCLC) 

have a 61% five year survival rate(3), indicating a critical need for improved treatment 

regimens, including interception in high-risk populations to prevent pre-malignant lesions 

(PML) from advancing to invasive disease. Bronchoscopy in high risk subjects readily 

identifies precursor airway lesions, but a distinct minority of lesions progress to SCC. 

Predicting which lesions will progress, and developing strategies to target them, are major 

goals of current chemopreventive efforts. An improved, reproducible model of murine SCC 

lesion progression will advance the testing of interception strategies and help identify 

targetable pathways.

The mammalian respiratory epithelium is divided into tracheal, bronchial, bronchiolar and 

alveolar regions(4). In humans, a pseudostratified epithelium containing basal cells extends 

from the trachea through the terminal bronchioles. However, in mice this pseudostratified 

epithelium is restricted largely to the trachea and transitions to a simple columnar epithelium 

lacking basal cells in the mainstem bronchi(5). This bronchial epithelium consists of 

secretory club cells (club cell secretory protein [CCSP] positive cells) and ciliated cells with 

motile cilia that express acetylated tubulin (ACT+) and lack cytokeratin (CK) 5/14 

expressing basal cells(5,6). Tracheal basal cell progenitors have been suggested as the cells 

of SCC origin in mice as the histopathology and gene expression of SCC lesions resemble 

those cells(7), but there is also evidence that forced expression of the squamous oncogene 

Sox2 in Club and type II cells can also yield tumors that express SCC markers(8) but are 

histopathologically adenocarcinoma. In addition, Yamano, et al., identified club cells in 

early precancerous lesions(9). We previously demonstrated that NTCU treatment elicited 

CK5+/K14+ basal stem cells in the airway of FVB/N mice prior to the development of 

dysplastic squamous lesions(10).

Currently available genetic and chemical carcinogenesis mouse SCC models are laborious, 

time-consuming, toxic, and typically yield low tumor numbers, making them poorly suitable 

for prevention studies(11,12). Human SCC contain a large number of genetic 

abnormalities(13), and current genetic models often lack the mutational heterogeneity of 

carcinogen-induced lesions. Our group has shown that the topical application of NTCU 

leads to the appearance of basal cells and disappearance of club and ciliated cells in murine 

airways, subsequently generating an array of precursor lesions that progress to SCC(10). 

However, NTCU treatment is quite toxic, and up to 32 weeks of treatment is necessary to 

generate airway lesions in susceptible mouse strains, making large-scale prevention studies 

difficult. The mechanism by which topical application of NTCU causes lung squamous 

lesions is not entirely understood. Chloroethylating nitrosoureas (i.e. 1,3-bis(2-

chloroethyl)-1-nitrosourea/BCNU/carmistine) are used to treat brain cancer but result in 

prolonged myelosuppression as well as liver and lung toxicity(14,15). These 

chloroethylureas are metabolized in lung tissue(16) and alkylate DNA resulting in 

interstrand crosslinks(17), presumably introducing initiating mutations during DNA repair.
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Herein we report an initiation-promotion strategy, with NTCU as the initiating agent and 

cigarette smoke exposure for promotion, to improve the current carcinogen-induced SCC 

model. The introduction of cigarette smoke exposure adds relevance to human disease and 

allows more mechanistic approaches to studying PML development. Further refinement will 

yield a model that can be used in multiple strains, take less time for lesion development, and 

allow for the application of chemopreventive agents after carcinogen exposure to more 

closely model former smokers.

Materials and Methods

Female A/J mice (Jackson Laboratory, were housed in a pathogen-free facility in the 

Veterinary Care Unit at the Rocky Mountain Regional VA Medical Center (RMRVAMC). 

Studies were carried out in accordance with the recommendations in the NIH Guide for the 

Care and Use of Laboratory Animals and were approved by the RMRVAMC Animal Care 

and Use Committee. After acclimation (1–2 weeks), a 4 cm2 section of skin was shaved on 

the dorsal region of all mice (6–8 weeks of age). Twenty-five μl of 20 mM NTCU (Toronto 

Research Chemicals) in acetone was applied transdermally twice weekly for 4–5 weeks on 

the exposed patch of skin for a total of 8 treatments. If mice lost between 15–20% body 

weight or exhibited other NTCU-induced toxicities as previously described(18), treatments 

were suspended until symptoms improved. After a recovery period of 1–3 weeks between 

NTCU and CS exposure to allow all mice to receive 8 NTCU treatments, mice were divided 

into 2 experimental groups (10 mice/group). One group was exposed to whole body cigarette 

smoke (CS) at particulate levels of 35 mg/m3 and the other to ambient air in Teague 

Enterprises TE-10 smoking machines for 6 hour/day, 5 days/week for 3 (cohort 1) or 6 

(cohort 2) weeks. Mice were weighed biweekly during NTCU exposure, daily during the 

first 3 weeks of CS exposure, and weekly thereafter. CS exposure was suspended in mice 

experiencing 15–20% weight loss until they regained weight. Mice with advanced NTCU-

induced skin lesions and/or greater than 20% weight loss were euthanized prior to 

completion of the experiment (~15% of mice/group). At the time of sacrifice, 

bronchoalveolar lavage (BAL) was performed as previously described(19), and lungs were 

insufflated and formalin fixed for histologic analysis. Lungs from the first cohort were 

embedded as whole mounts to preserve architecture. In the second cohort, fixed lungs were 

cut into approximately 1 mm3 pieces and paraffin embedded for stereologic analysis. 

Differential counts using Wright stain were performed on BAL cells to compare relative 

alveolar macrophage numbers.

PMLs, defined as preneoplastic bronchial metaplasia and dysplasia, were detected on H&E 

stained 5 μm sections as described previously(18) and confirmed by cytokeratin 5 (CK5) 

immunohistochemistry (Figure 1B, C). CK5+ atypical epithelial was not counted as a PML 

unless it showed a stratified, nonciliated squamous epithelial layer with maturation in upper 

layers as indicated by horizontal nuclear orientation and decreased nuclear-to-cytoplasmic 

(N:C) ratios. Antigen retrieval of deparaffinized sections was achieved using Decloaker 

reagent (Biocare Medical) in an electric pressure cooker for 8 min, and endogenous 

peroxidases were quenched using Background Punisher (Biocare Medical). Cytokeratin 5 

(CK5) antibody (1:100 dilution, Biocare EP42 clone) was applied for 30 minutes at room 

temperature, followed by 2 washes in Tris buffered saline. CK5 was visualized using the 
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Biocare Warp Red Chromagen kit. CK5 positive dysplastic lesions were counted on 1 slide/

mouse, and PML data from cohorts 1 and 2 were combined. Identification of dysplastic 

lesions was confirmed by a board-certified pathologist (DTM) who was blinded to the 

treatment group.

Statistical analyses.

Experimental numbers were determined by power analysis using NTCU results (at 3 weeks) 

from Tago, et al.(20) to detect a 30% difference in PML number with a power of 0.9, with 

extra mice included to account for increased toxicity with the combination of NTCU and 

CS. Averages were determined between groups, and groups were compared by ANOVA with 

Tukey post-hoc analysis (GraphPad Prism software); p < 0.05 was considered significant.

Results

As predicted, very few dysplastic lesions developed in female A/J mice treated with NTCU 

alone for 9–12 weeks (Fig. 1 A–C). The addition of CS to NTCU led to significant increases 

in PML numbers (0.5 lesions/NTCU-treated mouse vs. 2.7 in NTCU + CS mice; p<0.02; 

Fig. 1 C) and CK5 airway expression (Fig. 1 A, B). Cohorts 1 and 2 exhibited similar lesion 

numbers, so the additional 3 weeks of smoke did not increase lesion multiplicity. Upper 

airways, which are normally lined with club and ciliated cells (6), exhibited CK5 staining 

indicative of basal cells in NTCU + CS treated mice (Fig. 1A). Most of the CK5 positive 

cells localized to the mainstem bronchi adjacent to the trachea. Club and basal cell nuclei 

appeared dysmorphic in most of the upper airways in both NTCU and NTCU + CS treated 

mice (Fig. 1B) with few apparent ciliated cells, consistent with our previous results(10). No 

adenomas or squamous cell tumors were detected at this early time point. BAL macrophage 

numbers were decreased in CS exposed mice (68,000 BAL macrophages/ml in NTCU-

treated mice vs. 52,000 in NTCU + CS mice; p<0.05; Fig. 1 D).

Discussion:

Squamous cell lung cancer is a common, smoking related malignancy that contains a large 

number of genetic mutations due to chronic tobacco smoke exposure(13). Unlike 

adenocarcinoma, SCC has proven difficult to model in mice. Basal cells are exceedingly rare 

in the normal mouse bronchial epithelium but are abundant in the trachea. Repeated NTCU 

skin exposure results in a gradual appearance of CK5+/CK14 (cytokeratin 14)+ basal cells 

and a loss of CCSP+ club cells and ciliated cells in the airways, followed by the appearance 

of bronchial dysplasia. While the NTCU model, first reported in 1991(21), has been used for 

chemoprevention studies(22–24), adverse toxicity, lack of reproducibility, the extended time 

course of carcinogen exposure, and slow lesion development provide significant challenges. 

Tago and colleagues showed rapid NTCU-induced airway dysplasia and SCC development 

in strain A mice(20), but we found A/J mice intolerant of their dosing regimen in our 

facility. With this extended model, the potential preventive agent is given in conjunction with 

the carcinogen, making it difficult to look at early tumor development and intermediate 

endpoints. Ideally, chemopreventive agents are administered after carcinogen exposure 

during early lesion development and potential progression. This models the former smoker, 
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and multiple clinical studies have shown chemopreventive agents to have different clinical 

efficacy in current and former smokers(25).

Here we provide the initial report of an improved model that adds CS to the known SCC-

inducing carcinogen NTCU in an initiation-promotion approach. Combining and shortening 

the customary NTCU and CS regimens ameliorated some of the toxicity, while also 

decreasing the time needed to develop pre-malignant lesions to build a more human relevant 

mouse SCC model. A compressed timeline compared to the typical NTCU model (12–14 

weeks vs. 32 weeks) will allow for improved testing of chemopreventive agent efficacy in 

PML development and progression since we have demonstrated the appearance of PML 

directly after NTCU + CS exposure. Clinical experience has proven that extensive pre-

clinical testing should be conducted before preventive agents advance to clinical trials. This 

improved murine SCC carcinogenesis model reliably induces the appearance of basal cells 

in murine airways and leads to more rapid PML development. We expect mice given an 

extended rest period after CS exposure will generate increased numbers of more advanced 

lesions that may progress to SCC much like that seen with the Witschi CS-exposure 

model(26).

Many inbred mouse strains, including A/J, are exquisitely sensitive to both the toxic and 

carcinogenic effects of NTCU, so balancing exposure and health is an ongoing challenge. 

We used A/J mice for model development because these mice develop a high incidence of 

lung tumors in response to cigarette smoke exposure(26). However, experimenting with 

NTCU + CS treatment in other susceptible strains (FVB and SWR) may further improve this 

model. SWR mice are less susceptible to the toxic effects of NTCU and can tolerate higher 

NTCU doses which results in a higher incidence of NTCU-induced SCC(27), while FVB, 

like A/J mice, develop CS-induced lung tumors(28). In addition, other known lung tumor 

promoting agents could be combined with NTCU to improve SCC development. Of these, 

we have extensive experience with butylated hydroxytoluene (BHT)(29,30), which causes 

acute lung injury in all mouse strains and chronic inflammation in susceptible strains. We 

have shown that both NTCU(10,31) and BHT injure the airway epithelium which could 

result in increased toxicity if not carefully administered.

The critical validation of this model will be how well it recapitulates human disease. We 

observed a decrease in macrophage numbers that mirrors the macrophage decrease observed 

in patients with progressive dysplastic airway lesions(32) initially, indicating that this model 

parallels human airway injury. Our results suggest that at this early time point, inflammatory 

macrophages are recruited to detect and eliminate dysplastic cells, and lesions that progress 

have a dampened inflammatory signature resulting in less macrophage activation and 

recruitment. Recent studies of premalignant lung biology have demonstrated the potential 

importance of Wnt/β-catenin signaling, PDL-1 activity, adaptive immune responses, and 

increases in proliferation and DNA repair in the progression of PML (33–36). It is critical to 

clarify how these mechanisms drive the change from normal to PML in the context of 

varying environmental and genetic insults. Insight into mechanisms of PML development 

will support investigation of chemoprevention in high risk population. Further 

characterization of this model will continue to validate its relevance to human SCC and the 
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updated protocol will facilitate novel studies of mechanisms of PML and opportunities for 

interception with chemoprevention.
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Figure 1. 
A) Schematic showing timing of NTCU and CS exposure. B) CK5 staining of bronchial 

epithelia (pink) shows the appearance of basal cells in the upper airways (4x). C) H&E and 

CK5 staining of non-dysplastic (NTCU; top panels) and dysplastic (NTCU/CS; bottom 

panels) air way epithelium at higher magnification (40x). Red arrows denote dysmorphic 

nuclei. D) Comparison of lesion number between NTCU and NTCU + CS treated mice. E) 

Comparison of the BAL macrophages between NTCU and NTCU + CS mice.
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