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Adenocarcinoma of the lung is the most common form
of lung cancer, but the cell of origin and the stages of
progression of this tumor type are not well understood.
We have developed a new model of lung adenocarcinoma
in mice harboring a conditionally activatable allele of
oncogenic K-ras. Here we show that the use of a recom-
binant adenovirus expressing Cre recombinase (Adeno-
Cre) to induce K-ras G12D expression in the lungs of
mice allows control of the timing and multiplicity of
tumor initiation. Through the ability to synchronize tu-
mor initiation in these mice, we have been able to char-
acterize the stages of tumor progression. Of particular
significance, this system has led to the identification of
a new cell type contributing to the development of pul-
monary adenocarcinoma.

Received September 4, 2001; revised version accepted October
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Lung cancer is the leading cause of cancer deaths world-
wide (Kerr 2001). Human lung cancers are categorized
into four distinct histopathological classes: adenocarci-
noma, squamous cell carcinoma, large cell carcinoma,
and small cell carcinoma. The prevalence of adenocarci-
noma is increasing, and adenocarcinoma is currently the
most common type of lung cancer in the United States.
Unlike squamous cell carcinoma, the stages of progres-
sion have not been well described for adenocarcinoma,
and little is known about the cell type of origin or the
characteristics of precursor lesions of pulmonary adeno-
carcinoma. Patients are usually diagnosed with lung can-
cer because of disease symptoms or incidental chest X-
ray findings. Perhaps owing to the inability to recognize
premalignant lesions, patients are seldom diagnosed be-

fore their cancer has reached an advanced stage (Tuveson
and Jacks 1999).

Activating mutations of the K-ras oncogene are found
in one-quarter to one-half of human lung adenocarcino-
mas. K-Ras is a membrane-associated GTPase signaling
protein that regulates proliferation, differentiation, and
cell survival (Campbell et al. 1998). Missense mutations
at codons 12, 13, and 61 result in decreased GTPase ac-
tivity and constitutive signaling. In the mouse, K-ras
mutations are found in >90% of spontaneous and chemi-
cally induced lung tumors (Malkinson 1998). In a previ-
ous effort to study spontaneous K-ras mutations in vivo,
we constructed a novel mouse strain harboring a latent
allele of K-ras G12D (referred to as K-rasLA) capable of
spontaneous activation in vivo (Johnson et al. 2001). K-
rasLA mice develop a variety of tumor types, with 100%
of the mice developing multiple early onset lung tumors.
K-rasLA mice succumb at a young age from respiratory
failure caused by an overwhelming number of predomi-
nantly early-stage lung lesions. This early mortality pre-
sumably limits the capacity for tumor progression. Also,
in this and other mouse lung tumor models, the asyn-
chrony of tumor development complicates analysis of
tumor initiation and progression. Finally, the penetrance
and multiplicity of tumor formation have been difficult
to control, as some models have incomplete penetrance,
but in others the number of primary lesions far exceeds
the situation in humans. An ideal model would have one
or a small number of tumors that could be followed over
time through different stages of tumor progression.

In an effort to improve mouse lung tumor modeling,
we used a Lox–Stop–Lox K-ras conditional mouse strain
(referred to as LSL-K-ras G12D), in which expression of
oncogenic K-ras is controlled by a removable transcrip-
tional termination Stop element (Tuveson et al., in
prep.). Floxed Stop elements have previously been used
to suppress transcription of transgenic SV40 TAg (Lakso
et al. 1992) as well as various reporter genes (Mao et al.
1999). We have extended the use of conditional alleles to
activate a gain-of-function mutation in a cellular onco-
gene. The endogenous K-ras locus is targeted in the LSL-
K-ras G12D strain and, therefore, endogenous levels of
oncogenic K-Ras G12D protein are expressed following
removal of the Stop element. Removal of the Stop ele-
ment from the LSL-K-ras G12D allele was achieved by
the use of an AdenoCre, which allows control of the
timing, location, and multiplicity of tumor initiation.
Through the ability to synchronize tumor initiation, we
have characterized the early stages of tumor progression.
In addition, analysis of early-stage lesions has led to the
discovery of a new cell type contributing to the develop-
ment of pulmonary adenocarcinoma.

Results

Infection with high doses of AdenoCre causes excision
of the transcriptional Stop element, resulting
in expression of K-ras G12D and numerous
lesions on the lung surface

Recombinant adenoviruses have been used as efficient
vectors for gene delivery. Adenoviruses are able to infect
a wide range of tissues and do not integrate into the host
genome; expression of the delivered gene is therefore
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transient and there are no insertional mutations. To de-
termine whether we could target K-ras G12D expression
and subsequent tumor formation to the lungs, mice were
infected with high doses of AdenoCre by intranasal in-
stillation: 5 × 108 PFU of virus that had been coprecipi-
tated with CaPO4 was injected into the nasal passages of
both LSL-K-ras G12D and wild-type mice. The forma-
tion of coprecipitates of adenovirus and CaPO4 has been
shown to increase the efficiency of infection of lung epi-
thelium (Fasbender et al. 1998). Evidence from the K-
rasLA mice indicated that numerous lesions could be ob-
served on the surface of the lung within a month of birth
(Johnson et al. 2001). Therefore, the infected LSL-K-ras
G12D mice (hereafter referred to as Lox-K-ras G12D)
were killed 4 wk postinfection. On examination, the
lungs of the Lox-K-ras G12D mice had a cobble-
stone appearance, with numerous lesions on their
surface. In contrast, the lungs from the wild-type
mice appeared grossly normal (Fig. 1).

To confirm that the lesions were associated
with excision of the transcriptional Stop element,
genomic DNA was prepared from portions of the
infected lungs, and PCR was performed to iden-
tify the presence of the activated K-ras allele.
Only DNA prepared from the lungs of the Lox-K-
ras G12D mice gave a product 40 bases larger
than the wild-type allele, generated from the K-
ras allele containing a single loxP site. The rear-
ranged allele was not detected in any of the other
tissues from the infected mice, indicating that
infection and K-ras activation were limited to the
lungs (data not shown). To verify that excision of
the Stop element resulted in expression of K-RAS
G12D protein, tissue extracts were analyzed by
immunoprecipitation followed by Western blot-
ting. Extracts were prepared from whole lungs 2
wk postinfection with 5 × 108 PFU of AdenoCre.
Expression of the mutant protein was detected
only in the lungs of Lox-K-ras G12D mice, and
not in infected wild-type lungs or LSL-K-ras
G12D lungs (data not shown; see Materials and
Methods).

Histological analysis of infected lungs reveals
the presence of three distinct types of lesions

Histological analysis of lungs taken at necropsy 6
wk postinfection revealed the presence of three
distinct types of lesions: atypical adenomatous
hyperplasia (AAH), epithelial hyperplasia (EH) of
the bronchioles, and adenomas. AAH is a prolif-
eration of atypical epithelial cells growing along
alveolar septae and does not disrupt the underly-
ing lung architecture. The AAH present in the
Lox-K-ras G12D mice closely resembles human
AAH, a dysplastic lesion proposed to be a precur-
sor of pulmonary adenocarcinoma (Kerr 2001).
EH are papillary proliferations of epithelial cells
lining the bronchioles; analogous lesions have
not been identified in humans (nor was EH of the
bronchiole seen in the K-rasLA mouse model;
Johnson et al. 2001). Adenomas are neoplasms
with papillary, solid, or mixed architecture that
distort or obliterate the alveolar septae. Adeno-
mas of the lung are reported infrequently in hu-
mans, but this may reflect the fact that lung can-

cer patients typically present with advanced disease. In-
terestingly, AAH lesions have been proposed to be
adenoma-type lesions in the progression to human pul-
monary adenocarcinoma (Kerr 2001). Therefore, the ad-
enomas in the Lox-K-ras G12D mice may represent an
intermediate stage between AAH and adenocarcinoma.

The adenomas in this model were predominantly of
the papillary subtype, with solid and mixed solid/
papillary adenomas being much less frequent. A large
proportion of the AAH and adenomas (∼80%) were
continuous with EH of an adjacent respiratory bronchi-
ole, raising the question of whether these are single le-
sions involving both the bronchiolar and alveolar epi-
thelium or whether they are two adjacent lesions (see
below.)

Figure 1. Viral dose dependence of tumor multiplicity. (A) Wild-type lungs
4 wk postinfection with 5 × 108 PFU of AdenoCre. The surface of the lungs
is smooth and uniform. (B) Lox-K-ras G12D lungs 4 wk postinfection with
5 × 108 PFU of AdenoCre. The surface of the lungs has a cobblestone ap-
pearance; arrows indicate some of the lesions. (C) Lox-K-ras G12D lungs 10
wk postinfection with 5 × 105 PFU of AdenoCre. The surface of the lungs is
smooth with the exception of a single lesion indicated by an arrow. (D)
Histological sections of Lox-K-ras GD12D lungs 6 wk postinfection with
5 × 105 PFU, showing a single lesion (arrow). (E) Histological sections of
Lox-K-ras GD12D lungs 6 wk postinfection with 5 × 106 PFU showing sev-
eral isolated lesions (arrows). (F) Histological sections of Lox-K-ras GD12D
lungs 6 wk postinfection with 5 × 107 PFU showing areas of diffuse hyper-
plasia. (G) Histological sections of Lox-K-ras GD12D lungs 6 wk postinfec-
tion with 5 × 108 PFU showing diffuse hyperplasia. Scale bar indicates
200 µm.
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Tumor multiplicity can be controlled by varying
the infectious dose

The large number of lesions seen on the surface of the
lungs of the Lox-K-ras G12D mice infected with 5 × 108

PFU of virus indicated that this dose of virus might in-
fect a large number of cells, resulting in an overwhelm-
ing lung tumor burden. Therefore, we performed a dose
response study to address whether tumor multiplicity
could be controlled by varying the amount of virus ad-
ministered. Thus, 4–6 week old mice were infected with
four doses of virus over a four-log range (5 × 105–5 × 108

PFU) by intranasal instillation. Mice that received the
two lower doses of virus contained well-isolated lesions
that were readily quantifiable (Fig. 1A,B). However, spe-
cific lesions were not as easily identified in the lungs of
mice infected with the two higher doses of virus owing
to diffuse hyperplasia (Fig. 1C,D). A quantitative analysis
was performed to analyze the tumor burden in lungs that
received the two lower viral doses. As shown in
Table 1, the number of lesions was directly pro-
portional to the amount of virus used for infec-
tion. Of note, at the lowest dose of virus a median
of 88 lesions was still observed. Therefore, lower
doses of virus may result in still fewer tumors.
The large standard deviation (SD) at this dose was
attributable to two mice with unusually high tu-
mor numbers. This may have been caused by dif-
ferences in the efficiency of viral delivery, im-
mune status, or other unknown factors. No le-
sions were observed in wild-type mice infected
with any of the viral doses. Therefore, tumor
multiplicity can be controlled by altering the
amount of virus administered in the LSL-K-ras
G12D model.

Immunohistochemical analysis reveals
hyperplasias are related to Clara cells
and alveolar type II cells

To investigate the histogenesis of the lung le-
sions, immunohistochemistry was performed us-
ing antibodies against Clara cell antigen (CCA or
CC10) and the surfactant apoprotein-C (SP-C),
commonly used markers that distinguish be-
tween Clara cells and alveolar type II cells, re-
spectively. The isolated AAH lesions and adeno-
mas were found to be positive for SP-C and nega-
tive for CCA, suggesting that these lesions arose
from alveolar type II cells or their precursors (Fig.
2B). EH lesions of the bronchioles stained posi-
tively for CCA but were negative for SP-C, indi-
cating the Clara cell lineage (Fig. 2A). Strikingly,
however, the EH lesions that were continuous
with AAH lesions or adenomas in serial sections
revealed that some of the papillary structures lo-
cated at the bronchiole/alveoli border stained
positively for both SP-C and CCA (Fig. 2C,D).

Double immunofluorescence was performed to
determine whether individual cells in these
structures were expressing both SP-C and CCA.
Cells expressing both SP-C and CCA were ob-
served at the junction of bronchiolar and alveolar
epithelium in the respiratory bronchioles (Fig.
2F), and in rare cases extended into the center of
the adenoma. These double-positive cells com-

prised a small percentage of the cells in the tumor; the
majority of the cells were only SP-C positive. Double-
positive cells were not found in EH of larger bronchioles
that do not contain alveoli in their walls, suggesting that
this unusual expression pattern is not solely a conse-
quence of Clara cell hyperplasia. Importantly, such

Figure 2. Immunophenotype of lesions in Lox-K-ras G12D mice. (A) CCA-
positive EH in a nonrespiratory bronchiole. (B) SP-C-positive adenoma (bot-
tom) and SP-C-negative bronchiole (top left). (C) CCA-positive papillary
structures in EH continuous with an adenoma. (D) SP-C-positive papillary
structures and adenoma in the same continuous lesion in the adjacent
serial section. Arrows indicate the same papillary structure in C and D that
is positive for both CCA and SP-C. (E) Histological section of EH continu-
ous with an adenoma. (F) Higher magnification of papillary structures in
which SP-C/CCA double-positive cells are noted by double immunofluo-
rescence on the adjacent serial section. The box indicates the area in which
the double-positive cells shown in G–I are located. (G) CCA immunofluo-
rescence alone. (H) SP-C immunofluorescence alone. (I) Overlay of CCA
and SP-C immunofluorescence showing the presence of cells expressing
both CCA and SP-C. Scale bar indicates 50 µm in A–F and 25 µm in G–I.

Table 1. Dose response study

Viral dose
Median tumor

number SD

5 × 105 PFU (n = 6) 87.5 253
5 × 106 PFU (n = 5) 539 168

Mice were sacrificed 6 wk postinfection. Lungs were step-sec-
tioned at 100-µm intervals and stained with H&E. Those lesions
readily identifiable under low-magnification were counted. The
median tumor number (n) of mice is shown.
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double-positive cells were not detected in lungs from
infected wild-type mice, nor were they observed in his-
tologically normal respiratory bronchioles of Lox-K-ras
G12D mice. These data provide evidence for the exis-
tence of a novel cell type, with characteristics of both
Clara cells and alveolar type II cells, that may contribute
to the formation of pulmonary adenomas. Furthermore,
the existence of such cells supports the notion of tumor
cell plasticity, in which pleuripotential tumor cells
adopt different pseudodifferentiated states depending on
their specific tissue microenvironment (see Discussion).

Progression in the histological grade of the tumors
is easily followed over time

The histological changes that occur in the progression of
lung adenocarcinomas from precursor lesions to malig-
nant tumors have not been well characterized to date.
Because the onset of K-ras G12D expression can be con-
trolled in the LSL-K-ras G12D mice, tumor progression
was examined in real time following the initiating event.
To do so, we infected the LSL- K-ras G12D mice with the
two lower doses of virus (5 × 105 and 5 × 106 PFUs) by
intranasal instillation. Groups of mice were then killed
at 2, 6, 12, and 16 wk postinfection. Histopathological
analysis of lung lesions was performed on H&E-stained
sections at each time point. At 2 wk postinfection
(n = 5), two types of lesions were detected: AAH and EH
of the bronchioles (Fig. 3A,H). The EH lesions were often

continuous with AAH lesions situated in the alveolar
space adjacent to the respiratory bronchioles. The ap-
pearance of these lesions was consistent with lepidic
spread from the bronchioles, supported by the immuno-
fluorescence data described above.

At 6 wk postinfection, the lungs (n = 14) contained a
spectrum of lesions ranging from AAH to small adeno-
mas (Fig. 3B,E). At this time point, some of the lesions of
AAH were larger and more cellular then those seen at 2
wk. These large AAH lesions began to resemble small
papillary adenomas, making precise classification diffi-
cult but suggesting that AAH lesions progress to adeno-
mas. The majority of adenomas seen at this time were of
papillary architecture. Some had well-circumscribed bor-
ders, whereas others extended out along the alveolar sep-
tae in a lepidic manner. EH of the bronchioles also per-
sisted at this time point (Fig. 3I), a subset of which again
appeared to be continuous with AAH and now adenomas
as well.

At 12 wk postinfection (n = 5), we observed the con-
tinued presence of AAH; however, these lesions were
outnumbered by adenomas. The adenomas were signifi-
cantly larger in size than those seen at the 6-wk time
point (Fig. 3C,F), and some showed certain cytologic fea-
tures of malignancy including nuclear hyperchromatism
and increased mitotic rate. EH of the bronchioles also
persisted at this time (Fig. 3J). The lesions were more
extensive and appeared to completely obstruct some

bronchioles. In the continuous le-
sions, the underlying architecture of
the bronchiole was often nearly com-
pletely destroyed, making it difficult
to distinguish from the adenoma it-
self.

At 16 wk postinfection (n = 3), we
observed the continued presence of
large adenomas and EH of the bron-
chioles. In addition, overt adenocarci-
nomas were now present (Fig. 3D,G).
The adenocarcinomas showed nu-
merous mitoses (Fig. 3G, arrows) and
nuclear pleomorphisms including en-
larged nuclei with prominent
nucleoli (Fig. 3G, asterisk). AAH le-
sions were rarely seen at this time
point, indicating that these lesions
are, indeed, precursor lesions that
progress over time to tumors of more
advanced stages.

Discussion

Here we report the creation of a new
murine lung cancer model that over-
comes many of the limitations of ex-
isting transgenic and carcinogen-in-
duced models, and has enabled us to
gain new insights into the initiation
and early stages of pulmonary adeno-
carcinoma. A major limitation of ex-
isting murine lung cancer models is

Figure 3. Time-course analysis of the stages of tumor progression in Lox-K-ras G12D
mice. Mice were killed at 2 (A,H), 6 (B,E,I), 12 (C,F,J), and 16 (D,G) wk postinfection;
histological sections of the lungs were examined for the presence of lesions. (A) Atypical
adenomatous hyperplasia in Lox-K-ras G12D lungs 2 wk postinfection. (B) Papillary
adenoma 6 wk postinfection. (E) Higher magnification of the adenoma in B. (C) Large
adenoma 12 wk postinfection. (F) Higher magnification of the lesion in C (arrows indi-
cate mitosis). (D) Adenocarcinoma 16 wk postinfection. (G) Higher magnification of the
lesion in D. The tumor shows increased mitotic rate (arrows), nuclear enlargement, and
prominent nucleoli (field of cells indicated by asterisk). (H) EH of a respiratory bronchi-
ole 2 wk postinfection, showing focal hyperproliferation (arrow). (I) EH of a respiratory
bronchiole 6 wk postinfection, with hyperproliferative cells in the alveolar compart-
ment. (J) EH of a respiratory (top) and terminal (bottom) bronchiole 12 wk postinfection.
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the inability to control tumor number. We have shown
the ability to regulate the number of tumors by control-
ling the viral dose administered. It stands to reason that
doses lower than 5 × 105 PFU will enable us to induce a
very small number of tumors in these mice. This may
more closely mimic human lung cancer, in which pa-
tients typically develop a single lung tumor that
progresses over time to metastatic disease. In addition,
the use of AdenoCre virus to induce expression of K-ras
G12D has enabled us to synchronize tumor initiation.
Because all of the lesions in a given mouse are induced
simultaneously, we can follow the histological changes
that occur during tumor progression. We cannot exclude
the possibility that adenoviral infection or Cre expres-
sion may contribute to the tumorigenic process. How-
ever, none of the lungs of the infected wild-type mice
showed any signs of hyperproliferation even at the high-
est viral doses, suggesting that there is little to no onco-
genic stimulus inherent to the infection process.

The use of AdenoCre to synchronize tumor initiation
has allowed a more careful examination of the events
involved in the initiation of tumorigenesis. The short
latency and high penetrance of AAH formation were par-
ticularly striking and suggested that expression of K-ras
G12D is sufficient for the induction of hyperplastic le-
sions. In humans, AAH is thought to correspond to one
of the early stages in the development of pulmonary ad-
enocarcinoma (Mori et al. 1993). However, it has proved
difficult to study the progression of AAH in humans, as
these microscopic lesions are usually identified as inci-
dental findings in lungs resected for primary adenocarci-
noma or at autopsy (Westra et al. 1996). The time-course
study performed here indicated that AAH lesions be-
came progressively larger and more cellular, until it be-
came impossible to make a distinction between ad-
vanced AAH and adenoma. By 16 wk postinfection, AAH
lesions were no longer seen, and overt adenocarcinomas
were present. These findings provide strong evidence for
a progression series from AAH to adenoma to adenocar-
cinoma.

The cell of origin of lung adenocarcinomas remains
unknown, and candidates include multipotent stem
cells, Clara cells, and alveolar type II cells (Dermer 1982).
Human pulmonary adenocarcinomas are classified into
six cytologic subtypes including both Clara cell type and
alveolar type II cell type (Kobayashi et al. 1990), suggest-
ing different cells of origin. However, ultrastructural and
immunohistochemical studies have provided conflicting
evidence. Alveolar type II cell markers are detected im-
munohistochemically in the majority of human adeno-
carcinomas, including those of the Clara cell subtype
(Kitamura et al. 1997). Ultrastructural analysis of tumors
has revealed the presence of single cells containing both
lamellar bodies, characteristic of type II cells, and elec-
tron-dense Clara cell granules (Kitamura et al. 1997).
However, the significance of these findings remains un-
clear, as it is difficult to distinguish Clara cell granules
from lysosomes (Shimasoto 1994), and lamellated inclu-
sions have been seen in normal mammalian Clara cells
during development of the smooth endoplasmic reticu-
lum (Plopper et al. 1983). Studies performed in animal
models to address the cell of origin have also provided
conflicting evidence. Transgenic mice expressing SV40
TAg from either the CC10 or SP-C promoter both de-
velop adenomas (Wikenheiser et al. 1992; Magdaleno et
al. 1997). Many carcinogen-induced mouse lung adeno-

mas express SP-C or SP-A, markers used to identify type
II cells (Mason et al. 2000), but some also show enzymat-
ic activities characteristics of Clara cells (Gunning et al.
1991; Thaete and Malkinson 1991).

The double immunofluorescence experiments shown
here clearly demonstrate the existence of SP-C/CCA
double-positive cells within adenomatous lesions that
are continuous with the bronchiolar epithelium. These
findings shed new light on the somewhat ambiguous
findings discussed above, and lead us to propose the ex-
istence of a pathway in the development of adenomas in
which tumors arise from a cell type with characteristics
of both Clara cells and type II cells. There are two pos-
sible models to describe this pathway. In the first model,
oncogene activation induces hyperproliferation of Clara
cells, which then undergo transdifferentiation as they
move into the alveolar compartment. An alternative
model is that these intermediate cells are the conse-
quence of K-ras activation in a stem cell that has the
potential to develop into either Clara cells or alveolar
type II cells. Hyperplasia of such a cell type could give
rise to both EH and adenomas. Coexpression of protein
markers for Clara cells and type II cells is known to
occur in epithelial progenitor cells during embryonic de-
velopment in the mouse and other mammals (Wuen-
schell et al. 1996). However, no such stem cell has been
identified in the adult lung.

The possibility of epithelial plasticity has been pro-
posed to occur such that transformed Clara cells can
transdifferentiate and take on characteristics of other
pulmonary epithelial cells as influenced by the cellular
environment (Wikenheiser and Whitsett 1997). Our data
are consistent with this model. Double-positive cells are
found exclusively at the bronchiolo–alveolar junction.
They are situated at the end of a row of Clara cells and
extend into the alveolar compartment. In addition, the
SP-C/CCA double-positive cells show lower levels of
CCA expression than their neighboring Clara cells. In
light of this finding, we reexamined the tumors in the
K-rasLA mice, previously thought to arise from the al-
veolar type II cell lineage. Double-positive cells were
found in adenomas and adenocarcinomas abutting bron-
chioles, located at the bronchiolo–alveolar border or in
bronchioles surrounded by and continuous with tumor
(data not shown). These findings suggest that the contri-
bution of these intermediate cells may be a general phe-
nomenon in K-ras-induced lung tumors.

Our findings are further supported by studies of bron-
chogenic carcinomas performed in both humans and
dogs, in which proliferating type II cells were found in
early lesions within the bronchial epithelium, which is
usually devoid of this cell type (Ten Have-Opbroek
et al. 1997). In dogs, carcinogen treatment of subcutane-
ous bronchial autografts (SBAs) resulted in adenocarci-
nomas comprised of alveolar type II cells (Ten Have-
Opbroek et al. 1993). Because type II cells are not pres-
ent in SBAs, the authors proposed the retrodifferentia-
tion of neoplastic bronchiolar epithelial cells to a stem-
cell-like epithelium, which then gave rise to the type II
cell adenocarcinomas. In light of these findings, the
CCA/SP-C double-positive cells revealed in our immu-
nofluorescence analysis may represent a retrodifferenti-
ated cell type involved in the development of pulmonary
tumors.

We have created a new murine model of lung cancer
with many advantages over existing models. The ability
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to direct AdenoCre infection to other target organs in
mice harboring the Lox-K-ras G12D and additional
floxed alleles may be useful for the development of new
organ-specific tumor models. In addition, the Lox-K-ras
G12D model is particularly well suited for use in therapy
and prevention studies, as the precise timing of tumor
initiation can be controlled and tumor multiplicity can
be adjusted.

Materials and methods
Infection of lungs
Mice were infected at 4–6 weeks of age. AdCre:CaPi coprecipitates were
prepared as described (Fasbender et al. 1998). Mice were anesthetized
with avertin. AdCre:CaPi coprecipitates were administered intranasally
in two 62.5-µL instillations. The second instillation was administered
when breathing rates had returned to normal.

Molecular and biochemical analysis
For verification of Cre-mediated recombination, DNA was prepared from
portions of lungs, tails, and kidneys. PCR was performed with primers
flanking the Lox–Stop–Lox cassette (sequence available upon request).
The K-ras and Lox-K-ras G12D alleles were detected, yielding a 265-bp
and a 305-bp product, respectively.

For protein analysis of lungs by IP-Western, tissue lysates and immu-
noprecipitation were performed as described in Johnson et al. (1997).
Western analysis was performed as described in Johnson et al. (2001).

Histological analysis and immunohistochemistry
Animals were killed at the times indicated and subjected to full necrop-
sy. Histological and immunohistochemical analyses were performed as
described in Johnson et al. (1997).

For immunofluorescence, sections were blocked at room temperature
for 2 h in PBS containing 0.2% Triton X-100 and normal horse serum.
They were then incubated at 4°C overnight with both rabbit polyclonal
anti-CCA at 1:1000 and goat polyclonal anti-pro-SP-C (cat #RDI-RTSUR-
FCCabG) at 1:100 diluted in blocking buffer. Following incubation, sec-
tions were washed 3 times for 5 min with 0.2% Triton X-100 in PBS.
Sections were then incubated at room temperature with rhodamine-con-
jugated anti-goat at a 1:200 dilution for 30 min followed by a 30-min
incubation with FITC-conjugated anti-rabbit used at a 1:1000 dilution.
Sections were then counterstained for 5 min with DAPI.
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