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Abstract 

Achaete-scute homologue-1 or ASCL1 (MASH1, hASH1) plays roles in neural development and 
pulmonary neuroendocrine (NE) differentiation, and it is expressed in certain lung cancers. This 
study was aimed to assess whether and/or how ASCL1 plays a role in 
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-induced pulmonary NE hyperplasia and 
carcinogenesis in hamsters. Hamsters were injected 3 times weekly with either NNK or solvent 
alone (control) for treatment periods of 6 and 24 weeks, both without and with 6-week recovery. 
Immunohistochemical analysis was carried out to examine the expressions of ASCL1, CGRP 
(calcitonin gene-related peptide), secretoglobin SCGB1A1 (club [Clara] cell specific 10 kD protein, 
CC10, CCSP), synaptophysin (SYP), and PCNA (proliferating cell nuclear antigen). The number of 
ASCL1-expressing NE foci per airway increased from 0.8 in controls to 1.6 and 2.0 during NNK 
exposure for 6 and 24 weeks, respectively, and the number of cells per foci doubled after NNK 
exposure. Most ASCL1-expressing cells in NEBs (neuroepithelial bodies) were also CGRP 
immunoreactive; NNK enhanced this co-expression with CGRP, a NE marker with known 
proliferation-promoting properties. NNK also increased PCNA expression within NE foci. 
NNK-induced tumors showed no immunoreactivity for NE markers. This study confirms ASCL1 
as an excellent marker for pulmonary NE cells and demonstrates CGRP co-expression in 
ASCL1-positive NEB cells participating in NNK-induced NE hyperplasia. 
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Introduction 
Neuroendocrine (NE) tumors arise from cells of 

the endocrine and nervous systems, including those 
occurring in the intestine, pancreas, lung, and 
elsewhere. They share common features such as 
similar structural and morphological appearance and 
presence of secretory granules containing various 
peptides and hormones [1, 2]. NE features are seen in 
approximately 25% of lung cancers including small 
cell lung carcinoma (SCLC, comprising 20%), the 
commonest NE cancer of the lung [3]. SCLC is 

thought to be directly derived from differentiated 
pulmonary NE cells [4]. SCLC is aggressively 
metastatic, and poorly differentiated NE features may 
contribute to the virulent behavior of this tumor. 

 NE cells in the normal lung airway lining 
include scattered individual pulmonary 
neuroendocrine cells (PNECs) and well-defined cell 
clusters called neuroepithelial bodies (NEBs); a NEB is 
often overlaid by a “cap” of non-ciliated epithelial 
cells similar to club cells (formerly Clara cells) [5]. 
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Among gene products characteristically expressed by 
NEBs is achaete-scute homologue-1 or ASCL1 
(MASH1, hASH1), a basic helix-loop-helix 
transcription factor, conserved from the Drosophila 
achaete-scute complex. In mammals, Ascl1 gene 
operates in fetal nervous system development [6]; 
during neurogenesis, Ascl1 gene expression is largely 
restricted to mitotically active precursor cells and is 
silenced before terminal differentiation [7, 8]. Ascl1 
plays a pivotal role in normal as well as neoplastic 
pulmonary NE cell differentiation [9, 10]. Ascl1-null 
mice had no detectable pulmonary neuroendocrine 
cells [9], while constitutive expression of Ascl1 gene in 
transgenic mouse lung enhanced SV40-induced 
tumorigenesis and NE differentiation in transformed 
epithelial cells [11]. Inhibition of Ascl1 expression by 
RNA interference suppressed growth of lung cancer 
cells through cell cycle arrest and induced apoptosis 
in Ascl1 expression-dependent manner [12]. ASCL1 
was suggested to be involved in lineage-specific 
survival and growth of lung cancers with NE features 
[12, 13] and to play a critical role in regulating 
tumor-initiating capacity of SCLC [14]. ASCL1 is 
expressed in greater than 50% of SCLC and large-cell 
neuroendocrine lung carcinomas [15]. 

 In addition to ASCL1, pulmonary CGRP 
(calcitonin gene-related peptide) is of particular 
interest. CGRP is a 37 amino acid neuropeptide 
occurring in two closely-related forms, α and β, 
differing by only three amino acid residues. αCGRP 
and βCGRP are products derived from different splice 
combinations of exons of CALC1 and CALC2 genes on 
human chromosome 11 [16]. αCGRP is the main form 
expressed in both central and peripheral nervous 
systems, while βCGRP is usually expressed in enteric 
tissues [17]. These two forms, antigenically very close, 
are thought to possess similar biological activities. 
CGRP is recognized as a biomarker for sensory nerve 
endings and pulmonary NE cells [4]. Among 16 SCLC 
cell lines, α and β CGRP mRNAs were expressed in 8 
and 13 cell lines respectively, while 12 cell lines 
expressed CGRP protein by radioimmunoassay [16]. 

 CGRP has mitogenic properties and stimulated 
proliferation of guinea pig tracheal epithelial cells in 
vitro [18]. Cultured A549 human lung carcinoma cells 
showed enhanced proliferation when exposed to 
CGRP, and rats intratracheally exposed to 
recombinant adenovirus expressing nuclear-targeted 
CGRP exhibited proliferation of lung alveolar cells 
[19]. Further, when Lewis lung carcinoma cells were 
implanted in Cgrp(-/-) and wild-type mice, tumor 
neovascularization and growth were depressed in 
knockout mice compared with wild-type mice, 
demonstrating that endogenous host-derived CGRP 
may stimulate angiogenesis [20]. Thus, CGRP could 

play a significant role in pulmonary epithelial 
hyperplasia and tumor growth. 

 NNK (4-(methylnitrosamino)-1-(3-pyridyl)-1- 
butanone) exposure has been associated with lung 
tumors in mice [21] and distinct pulmonary NE cell 
hyperplasia and tumors in hamsters [22]. In the 
current study, we employed a NNK carcinogenesis 
animal model with an aim to understand the adult 
expression pattern of ASCL1 with relation to other 
relevant biomarkers under these conditions. In 
particular, we wished to assess effects, if any, of 
NNK-induced hyperplasia on expression within 
NEBs of CGRP, a recognized NE marker possessing 
the interesting biological properties remarked above. 
Other antigens examined were SCGB1A1 (club cell 
[Clara cell] specific 10-kD protein, CC10, CCSP), SYP 
(synaptophysin, another NE marker), and PCNA 
(proliferating cell nuclear antigen), the last included 
to assay the extent of hyperplastic proliferation.  

Materials and Methods 
Animal studies 

Syrian golden hamsters (male, 8-9 weeks, N=59, 
6-10 animals/group) were given three subcutaneous 
injections per week of either 25 mg/kg NNK or 
solvent alone (trioctanoin) as control. The animals 
comprised 8 treatment groups: 6 weeks NNK 
exposure; 6 weeks’ solvent-only control; 6 weeks 
NNK exposure with 6 weeks’ recovery; 6 weeks’ 
solvent-only control with 6 weeks’ recovery; 24 weeks 
NNK exposure; 24 weeks’ solvent-only control; 24 
weeks NNK exposure with 6 weeks’ recovery; 24 
weeks’ solvent-only control with 6 weeks’ recovery. 
The number of animals was determined to obtain 
statistically meaningful results. At the end of each 
treatment period, the animals were killed by lethal 
injection, and two lung lobes from each animal were 
fixed in neutral buffered 4% formaldehyde, paraffin 
embedded, and serially sectioned (5 µm). All animals 
were housed in a temperature and humidity 
controlled specific pathogen-free facility under a 
12-hour light/dark cycle with free access to water and 
food, and handled in a humane manner in an 
AAALAC-accredited facility in accordance with the 
standards established in the NIH Guideline. Animal 
studies were carried out under protocols approval by 
the National Cancer Institute Animal Care and Use 
Committee.  

Immunohistochemical analysis 
Sections were deparaffinized, rehydrated, and 

microwaved for 10 min in 0.05 M citrate buffer, pH 6, 
for antigen retrieval. Sections were then incubated 
with primary antibody overnight at 4°C; primary 
antibodies and dilutions used are summarized in 
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Supplementary Table 1. For brightfield single 
visualization of ASCL1, CGRP, PCNA, or SYP, 
biotinylated secondary antibody was applied and its 
localization was detected by an avidin-biotin complex 
(ABC) staining method, using peroxidase and DAB 
(diaminobenzidine, Vector Laboratories, Burlingame, 
CA). Nickel intensification was achieved by 
immersing the slides in a substrate solution 
containing 0.075% DAB, 0.007% hydrogen peroxide, 
and 2% nickel sulfate in 0.1 M acetate buffer, pH 6, for 
10 min at room temperature [23]. Sections were 
counterstained with light green SF. For brightfield 
double staining, sections were first incubated with 
mouse primary antibody against ASCL1, followed by 
biotinylated secondary antibody, ABC peroxidase and 
DAB (without intensification). Sections were then 
incubated with rabbit primary antibody against 
CGRP, followed by biotinylated secondary antibody, 
ABC alkaline phosphatase and Vector® Red (Vector 
Laboratories), with no subsequent counterstaining. 
For fluorescence studies, Alexa® Fluor 488 coupled 
goat anti-rabbit IgG and Alexa® Fluor 594 coupled 
goat anti-mouse IgG (Molecular Probes, Eugene, OR) 
were used as secondary antibodies (1:250) applied in 
solution together for 45 min at room temperature. 
Representative sections were also stained with 
hematoxylin and eosin for morphological study. 
Sections were evaluated visually by brightfield or 

epi-fluorescence microscopy, and digital images were 
captured using Metamorph® software (Universal 
Imaging Corporation, Downingtown, PA). The 
number of immunopositive cells was compared 
within a group by unpaired t-test for statistical 
differences. 

Results 
The pulmonary NE cell population, as defined 

by immunoreactivity to CGRP, is represented by foci 
of both solitary cells and cell clusters [5]; foci of three 
or more cells are described as neuroepithelial bodies 
(NEBs). In the case of normal control hamster airways, 
the great majority of NEBs had a typical size of about 
five cells, although some NEBs had appreciably more 
while some had fewer. Both small and large NEBs 
found in control and NNK-exposed hamsters also 
demonstrated positive immunostaining for SYP and 
ASCL1 (Fig. 1). The number of solitary NE cells 
(PNECs) was relatively small, representing only 6% of 
the total NE cell population in control animals, while 
in NNK-treated animals they numbered less than 1%. 
For this reason, data presented here mainly reflect foci 
of the multiple-cell type. However, even though 
small, solitary PNECs were recognizable by their 
positive CGRP or ASCL1 staining. 

 

Figure 1. Focal immunohistochemical reactivity for synaptophysin (SYP) and ASCL1 in neuroepithelial bodies (NEBs). NEBs (arrows) visibly protrude into lung 
airway lumen (Lu) and tend to be larger in NNK-treated animals. Sections were stained using a standard avidin-biotin complex (ABC) method with peroxidase and 
DAB, followed by counterstaining with light green SF. Scale bar: 100 µm.  
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 NE hyperplasia following NNK exposure was 
evidenced by both an increased ratio of foci per 
airway (Fig. 2A) and an increased number of 
ASCL1-immunoreactive cells per foci, the latter 
considered to define foci size (Fig. 2B). The mean 
number of NE foci per airway expressing ASCL1 
increased from 0.8 in control hamsters to 1.6 and 2.0 in 
hamsters exposed to NNK for 6 and 24 weeks, 
respectively (Fig. 2A). This was associated with 
significant increases in numbers of ASCL1-positive 
cells per foci, and the effect was more profound for 
the groups exposed to NNK for 24 weeks with and 
without 6 weeks’ recovery. The number of 
ASCL1-positive cells per foci in the “24wk+6wk rec” 
group was more than 2.8 times that observed in the 
respective control (Fig. 2B). Such increases mainly 
reflected larger sizes of NEBs seen in NNK-exposed 
animals (Fig. 1). 

 

 
Figure 2. Quantitative analysis of ASCL1-expressing foci among different 
groups of control and NNK-exposed hamsters. (A) Comparison of number of 
ASCL1-expressing foci per airway. Statistical significance is between 
solvent-only (control) vs. NNK-treated groups. (B) Number of 
ASCL1-expressing cells per foci (equivalent to foci size). Foci size was also 
determined by CGRP-positive cell numbers. 6wk: 6 weeks’ solvent only 
(control) or NNK treatment; 6wk+6wk rec: 6 weeks’ solvent only or NNK 
treatment, followed by recovery period of 6 weeks, denoted by “rec”; 24wk: 24 
weeks’ solvent only or NNK-treatment; and 24wk+6wk rec: 24 weeks’ solvent 
only or NNK-treatment, followed by recovery period of 6 weeks. Mean ± SD is 
shown from N=6-10 animals per group. *: P<0.05, **: P<0.01, ***: P<0.001. 
Statistical analysis by unpaired t-test. 

 
 Most ASCL1-positive cells in NEBs were also 

positive for CGRP (Fig. 2B). The number of 
CGRP-expressing cells per foci tended to be lower 

than ASCL1-expressing cells in all groups; in 
particular, “6wk” and “24wk+6wk rec” control 
groups showed statistically significantly lower 
numbers of CGRP-expressing cells per foci than 
ASCL1-expressing cells, while no statistically 
significant differences were found in respective 
NNK-treated groups. This suggests that some cells 
were immunoreactive for ASCL1 only, and NNK 
exposure caused a distinct decrease of this fraction. 
Thus, NNK exposure resulted in a larger proportion 
of cells co-expressing CGRP and ASCL1. Localization 
of CGRP was usually strongest in the basal cytoplasm 
of cells expressing this antigen (Fig. 3A, left panel). 
Expression of SCGB1A1 was observed fairly 
consistently within NEBs of both control and 
NNK-exposed hamsters (Fig. 3A, middle panel); 
SCGB1A1 often assumed an apical position near the 
airway lumen. Many ASCL1-positive cells of NEBs in 
NNK-exposed animals were also positive for 
SCGB1A1. As expected, SCGB1A1 was widely present 
in normal airway club cell epithelium as well. 

 In control animals, within NE foci (defined by 
CGRP staining), PCNA was infrequently detectable, 
and cell nuclei often appeared completely unlabeled 
(Fig. 3A, right panel). Interestingly, PCNA was widely 
labeled in nuclei of ordinary airway epithelium. In 
contrast to controls, PCNA was clearly evident in 
many NE cell nuclei of hamsters exposed to NNK. 
Brightfield studies of adjacent serial sections 
separately stained for ASCL1, PCNA, and CGRP 
further substantiated these observations; PCNA 
reactivity was much more prominent in foci of 
NNK-treated animals (Fig. 3B). Same cell nuclear 
co-localization of ASCL1 with PCNA appeared 
demonstrable in NEBs of NNK-treated animals, but 
much less often in normal controls. Counts of 
PCNA-positive foci (containing one or more positive 
cells) versus negative foci, using fluorescence images 
as shown in Fig. 3A, showed that NNK-treated 
animals had twice as many PCNA-positive foci 
compared to controls (overall, 67% and 34%, 
respectively; Fig. 4). 

 Finally, lungs were examined for tumor 
development. Control lung sections examined did not 
have any tumors, and no tumors were found in 
hamsters after 6 weeks NNK exposure (data not 
shown). However, a spectrum of tumors which 
appeared to be NSCLCs (non-small cell lung cancers) 
were seen following 24 weeks NNK exposure plus 6 
weeks’ recovery (Fig. 5). No immunohistochemical 
staining of NE markers such as SYP and ASCL1 was 
detected in tumor areas, and there was no 
morphological evidence that the tumors were related 
to NE foci. 
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Figure 3. Double immunofluorescence staining of NEBs in control and NNK-treated animals. (A) Left panel: Red for ASCL1 and green for CGRP. Middle panel: Red 
for ASCL1 and green for SCGB1A1. Right panel: Red for PCNA and green for CGRP. Representative NEBs that co-express indicated markers are shown. In control 
lungs, NEB cells co-express ASCL1 and CGRP (left), but most cells do not co-express ASCL1 and SCGB1A1 (middle) or PCNA and CGRP (right). Both ASCL1 and 
PCNA localizations are nuclear, whereas SCGB1A1 and CGRP are cytoplasmic. Note that CGRP tends to be distributed basally in cells, while SCGB1A1 appears 
more abundant at the apical region, near the luminal free surface; however, club cells expressing SCGB1A1 sometimes overlie NEB cells. In NNK-treated animals, 
NEBs are larger and exhibit evident co-expressions. Lu: airway lumen. Scale bar: 25 µm. (B) Comparisons of focal immunoreactivities for ASCL1, PCNA, and CGRP 
in control and NNK-exposed hamsters. Serial sections obtained from 24-week treatment groups were separately stained with ABC peroxidase and nickel-intensified 
DAB, counterstained with light green SF. In the control NEB, all central cells express ASCL1 but are essentially unreactive for PCNA. In the NNK-stimulated NEB, 
both ASCL1 and PCNA are strongly expressed; tailed arrows indicate apparent same-cell nuclear localization of both antigens in adjacent serial sections. However, 
some PCNA-expressing cells (arrowheads) do not express ASCL1. In both control and NNK-exposed NEBs, cytoplasmic CGRP is abundantly evident, often 
basally-distributed. Scale bar: 25 µm. 

 
 

Discussion 
The concordance between ASCL1 and the 

recognized NE markers CGRP and SYP establishes 
ASCL1 as an excellent marker for pulmonary NE cells. 
Its nuclear expression, as seen in this study, is 
consistent with the fact that ASCL1 is a transcription 
factor. Unlike the situation in central nervous system 

development, ASCL1 continues to be expressed in 
normal adult NE cells of the lung. However, NNK 
exposure resulted in the emergence and/or 
proliferation of increased numbers of ASCL1-positive 
cells; these cells were mostly confined to foci (NEBs), 
which increased in number and size during exposure. 
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Figure 4. Increased percentages of PCNA-positive foci following NNK exposure. The analysis was carried out using digitally recorded epi-fluorescence images of 
sections double-stained for PCNA and CGRP. A neuroendocrine focus (identified by CGRP reactivity) was regarded as positive if it contained one or more 
PCNA-reactive nuclei. 6wk: 6 weeks’ solvent only (control) or NNK treatment; 6wk+6wk rec: 6 weeks’ solvent only or NNK treatment, followed by recovery period 
of 6 weeks, denoted by “rec”; 24wk: 24 weeks solvent only or NNK-treatment; and 24wk+6wk rec: 24 weeks solvent only or NNK-treatment, followed by recovery 
period of 6 weeks. Mean ± SD is shown from N=6-10 animals per group. **: P<0.01, ***: P<0.001 between control vs. NNK treatment groups. Statistical analysis by 
unpaired t-test  

 

 
Figure 5. Lack of neuroendocrine (NE) differentiation in NNK-induced tumors, following 24 weeks NNK exposure plus 6 weeks recovery. Left panel: Tumor mass 
(T) is stained with hematoxylin and eosin (H&E). Middle and right panels: Immunohistochemical reactivity is found only in NEBs (arrows) for synaptophysin (SYP) and 
ASCL1, respectively, whereas tumor (T) shows no NE immunoreactivity. Sections were stained using ABC peroxidase and DAB, followed by counterstaining with 
light green SF (ASCL1 staining intensified with nickel sulfate). Lu: airway lumen. Scale bar: 50 µm. 

 
 Whether the apparent NE hyperplasia was due 

to proliferation or simply to differentiation of 
preexisting “silent” precursor cells is unclear; 
however, prominent PCNA immunoreactivity of 
many cells within NEBs following NNK stimulation 
(compared with the frequent PCNA negativity of 
small normal NEBs in unexposed controls) suggests 
that such cells had entered S phase and would 
proliferate. Examples of same-cell nuclear 
co-expression of ASCL1 and PCNA were observed in 
adjacent serial sections of NEBs from NNK-exposed 
animals, suggesting that some ASCL1-expressing cells 
were actively proliferating. Nevertheless, while it is 
often observed that PCNA levels rise during late G1 
and S phases [24], the role of PCNA in relation to cell 
cycle and DNA synthesis is complex [25]. Often, 
5-bromodeoxyuridine incorporation and PCNA 
immunoreactivity do not correlate well [26]. Those 
considerations aside, however, it does seem likely that 

proliferation had occurred, because many NEBs were 
physically much larger in NNK-exposed animals, as 
compared to typical NEBs in controls.  

 Cellular co-localization of ASCL1 and CGRP 
was unmistakable, with the majority of cells 
expressing both markers, suggesting a mature NE 
phenotype. The focal pattern of ASCL1 
immunoreactivity, mainly associated with NEBs, may 
suggest the presence of a stem or progenitor 
population in this location that, especially when 
stimulated, matures into CGRP-expressing cells. With 
adult lung tissue injury, NE cells also possess the 
capacity to produce club cells and ciliated cells, with 
occasional co-expression of CGRP and SCGB1A1 [4]. 
In this study, we noted ASCL1-positive cells, 
particularly following NNK stimulation, that were 
also immunoreactive for SCGB1A1, the club cell 
specific protein. This is suggestive of bidirectional 
differentiation [5] of NEB cells after NNK exposure 
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along either NE or epithelial pathways (i.e., toward 
expression of CGRP or SCGB1A1, respectively). 
Possibly, the uncommitted progenitor stage of this 
development is an ASCL1-expressing cell of 
fundamental NE lineage. 

 In this study, consistent with previous work 
[22], NNK induced both NE hyperplasia and non-NE 
neoplasia. Of numerous and varied tumors seen in the 
present study, none was immunoreactive for NE 
markers. Also, there was no morphological evidence 
for a direct developmental relationship between 
hyperplastic NEB tissue and nearby tumors. It would 
appear that the NNK dosage regimen applied in these 
experiments is hyperplasia-inducing for NE cells but 
insufficient to induce their neoplasia. However, 
insight might be gained from electron microscope 
studies [27-29] of lungs in hamsters treated with 
various nitrosamines (N-diethylnitrosamine, N-dibu-
tylnitrosamine, N-nitrosomorpholine, nitrosohepta-
methyleneimine). Those studies demonstrated 
nitrosamine-induced hyperplasia in both airway NE 
cells (described as APUD cells) and club (Clara) cells. 
Under prolonged treatment, club cells developed 
lamellated inclusions normally found in alveolar type 
II cells. On the other hand, NE cells tended toward 
squamous metaplasia while progressively losing their 
characteristic dense-cored neurosecretory granules 
(their ultrastructural hallmark) which sometimes 
became so scarce that NE-derived cells were difficult 
to identify. Adenoid and mixed lung tumors 
occurred, some apparently with cells of both lineages. 
Therefore, in our present study, NE-negative tumors 
may have contained some NE-derived cells with 
neurosecretory markers too reduced to be detectable 
by immunohistochemistry. That hyperplastic areas 
were often SCGB1A1 positive (see Figure 3A, NNK 
middle frame) also suggests contribution from a club 
cell lineage. Possibly the neoplastic origins of 
NNK-induced tumors included both club cells and 
NE cells, even though the resulting tumors appeared 
to be NE-immunonegative. 

 Whether and how the increased NEBs might 
relate to development of NNK-induced NSCLC-type 
tumors remains to be determined. ASCL1 and CGRP 
expressed in the lung, both by NEBs and by solitary 
PNECs, may play roles in supporting carcinogenesis, 
regardless what the actual cellular origin of a tumor 
might be. Among solitary PNECs, abundantly 
scattered within the airway epithelium, some 
co-express CGRP and the NE marker PGP9.5 [30]. 
Such PNECs might presumably also express ASCL1 
as found in the present study. Regulation of CGRP 
synthesis is poorly understood, but it was suggested 
that ASCL1 may act as a transactivation factor for the 
calcitonin/CGRP gene complex [31, 32]. Further, 

CGRP synthesis appears upregulated in tissues 
undergoing inflammatory response [17]. NEB 
hypertrophy and proliferation occur following 
experimental exposure to bleomycin [33], 
naphthalene [34], or NNK as in the present study; 
these all induce damage and/or inflammation. CGRP 
is a mitogen and a pro-angiogenesis agent; it is also 
the most powerful microvascular dilator known [17]. 
These biological activities suggest that CGRP could 
play a role in promoting and supporting epithelial 
repair and/or pathological hypertrophy in damaged 
lung epithelium. With coincidental cancer-initiating 
gene mutations in lung epithelial cells, or perhaps 
even in NE cells themselves, ASCL1 and CGRP 
working in concert along with other cellular factors 
which doubtless may be present, such as VEGF 
(vascular endothelial growth factor) [20], might 
sustain and encourage a neoplastic growth. The 
actions of CGRP through stimulating cell 
proliferation, promoting angiogenesis, and enabling 
increased local nutritional supply through 
microvascular dilation might be ways in which this 
could occur. The influence of ASCL1 toward 
increasing the expressions of both CGRP and the 
anti-apoptotic regulator BCL2 [35] may also 
contribute to survival of a neoplasm and favor its 
growth, once initiated. 

 In conclusion, this study demonstrated a 
consistent close association between expressions of 
ASCL1 and the NE marker CGRP in pulmonary 
NEBs. Individual NEB cells co-express these two 
biomarkers, and some cells express SCGB1A1 also. 
NNK exposure in a chemical carcinogenesis hamster 
model induces hyperplastic increases both in size and 
number of airway NEBs, presumably enhancing net 
pulmonary expressions of both ASCL1 and CGRP. 
That actual cell proliferation is responsible for these 
increases is supported by nuclear co-expression of 
ASCL1 and PCNA. In the current experiments, NNK 
induced a variety of lung tumors, all NSCLC types, 
which did not express detectable NE markers. 
Whether higher levels of NNK or a longer latency 
time is required to induce actual NE tumors, and to 
what extent ASCL1-expressing cells might proliferate 
and play a developmental role in such a process, 
remain to be seen. A tentative hypothesis is offered in 
which, regardless of the cellular origin of a lung 
neoplasm, both ASCL1 and CGRP may contribute to 
the survival and growth of an established tumor. 

Supplementary Material  
Supplementary table 1.  
http://www.jcancer.org/v07p2124s1.pdf  
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