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Abstract
Lung cancer is the leading cause of cancer deaths accounting for more deaths than breast, colon and
prostate cancer combined. The Rb/p16 tumor suppressive pathway is deregulated in most cancers.
Loss of p16 occurs more frequently than Rb loss suggesting that p16 suppresses cancer by regulating
Rb as well as the related proteins, p107 and p130. However, direct evidence demonstrating that p130
or p107 cooperate with Rb to suppress epithelial cancers associated with p16 loss is currently lacking.
Moreover, the roles of p130 and p107 in lung cancer are not clear. In the present studies, Rb ablation
was targeted to the lung epithelium in wild type, p107 or p130 null mice to determine unique and
overlapping Rb family functions critical in tumor suppression. Rb ablation during development
resulted in marked epithelial abnormalities despite p107 up-regulation. In contrast, p130 and p107
were not required during development but had distinct functions in the Rb deficient epithelium: p107
was required to suppress proliferation, whereas a novel pro-apoptotic function was identified for
p130. Adult Rb ablated lungs lacked the epithelial phenotype seen at birth and showed compensatory
p107 up-regulation and p16 induction in epithelial cell lineages that share phenotypic characteristics
with human non-small cell lung cancers (NSCLC) that frequently show p16 loss. Importantly, Rb/
p107, but not Rb/p130, deficient lungs developed tumors resembling NSCLC. Taken together, these
studies identify distinct Rb family functions critical in controlling epithelial cell growth, and provide
direct evidence that p107 cooperates with Rb to protect against a common adult cancer.
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INTRODUCTION
Carcinomas arise from transformed epithelial cells and account for >80% of adult
malignancies. Lung cancer is the leading cause of cancer deaths with five year survival rates
of 10-15%. This poor prognosis is due to lack of effective screening modalities resulting in
patients presenting with advanced disease that is not responsive to current therapies.
Understanding the molecular basis of lung cancer is fundamental to developing novel detection
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and therapeutic strategies. Clinicopathologic data strongly support a prominent role for the Rb/
p16 pathway in the etiology of lung cancer (1). Patients with germline Rb mutations are at
increased risk for lung cancer and the Rb/p16 pathway is deregulated in most, if not all, lung
cancers providing convincing evidence that loss of Rb/p16 pathway function is essential in the
genesis of this malignancy (2,3).

The Rb/p16 pathway is classically viewed as a linear pathway wherein p16 positively regulates
Rb which in turn suppresses cell proliferation by inhibiting expression of E2F target genes
(4,5). Rb is inactivated by cyclin D/cyclin dependent kinase (cdk) 4/6 dependent
phosphorylation leading to cell cycle progression. The tumor suppressor p16 inhibits cyclin
D-cdk4/6 activity thereby enhancing Rb activity and suppressing cell growth. Consistent with
p16 and Rb functioning in a linear pathway, Rb mutations and p16 inactivation generally do
not occur in the same tumor and Rb null cells are insensitive to p16 induced growth arrest
(6-8). However, p16 also positively regulates the Rb related proteins, p107 and p130. In
addition, p107 and p130 deficient cells are insensitive to p16 induced growth arrest (6)
suggesting that p107 and p130 have growth suppressive functions that may be important in
protecting against cancer.

Rb, p130 and p107 share extensive overlapping functions in cells in culture. All three proteins
inhibit E2F responsive promoters, recruit chromatin remodeling enzymes, actively repress
transcription, and induce growth arrest when overexpressed (9,10). However, Rb, p130 and
p107 clearly have distinct functions in vivo. Rb−/− mice die during mid-gestation whereas
p107−/− and p130−/− mice develop normally in the same genetic backgrounds (11-16). While
Rb family proteins can functionally compensate for one another during embryogenesis and
cooperate in suppression of retinoblastoma and sarcomas (9,17), the roles of p107 and p130 in
suppressing common epithelial derived cancers is not clearly defined.

Lung cancers are divided into non-small cell (NSCLC) and small cell (SCLC) lung cancer
based upon distinct clinical and pathologic features. Loss of p16 is detected in 30-70% of
NSCLC whereas Rb mutations are detected in >90% of SCLC (1). Mouse models demonstrate
that Rb cooperates with p53 to suppress SCLC (18). The role of p107 in lung cancer is largely
unexplored and the contribution of p130 to lung tumorigenesis is under debate. Supporting a
tumor suppressive role for p130 are reports of p130 mutations in a SCLC cell line and primary
lung tumors, and studies demonstrating that p130 overexpression in a lung cancer cell line with
relatively low p130 levels suppresses cell growth (19,20). Challenging a significant role for
p130 in lung cancer, however, are other studies reporting functional p130 expression in most,
if not all, lung tumor cell lines and primary tumors leading to the conclusion that p130 mutation
is a rare event in lung cancer (21,22).

In order to identify unique and overlapping Rb family functions critical in lung epithelial
regulation and tumor suppression, we developed mouse models with conditional Rb ablation
targeted to the lung epithelium. The current studies demonstrate that p107, but not p130,
cooperates with Rb to suppress lung tumorigenesis. Rb was specifically required to negatively
regulate pulmonary neuroendocrine cells that share characteristics with SCLC but was not
essential in non-neuroendocrine cell lineages that phenotypically resemble NSCLC. Rb
ablation resulted in p107 up-regulation during development and postnatal induction of p16
providing mechanisms for cellular compensation after Rb loss. Interestingly, p107 and p130
had distinct roles in the Rb deficient epithelium p107 was critical for suppressing proliferation
whereas p130 induced apoptosis. Combined Rb/p107, but not Rb/p130, loss resulted in lung
tumors resembling NSCLC. Together these studies identify a novel pro-apototic function for
p130 and demonstrate that p107 cooperates with Rb to suppress a common cancer.
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MATERIALS AND METHODS
Mouse strains and genotyping

SPC-rtTA (23) and tetCre (24) transgenic mice were mated to RbLoxP/LoxP (24) or Rb+/−

(B6.129S2-Rb1tm1Tyj, Jackson Laboratory) mice. Double transgenic/RbLoxP/LoxP mice were
mated to p130−/− and p107−/− mice to generate mice with combined Rb family deficient lung
epithelium (15). Gestational age was assigned by vaginal plug date designated embryonic day
(E) 0.5. Dams were treated with doxycycline (Sigma) throughout gestation with treatment
discontinued at birth (24). Genotypes were determined by PCR analysis using established
primers (24).

Histology, immunohistochemistry, TUNEL analysis and ß-galactosidase staining
Lung tissue was fixed in 10% neutral buffered formalin and paraffin embedded. Sections were
stained with hematoxylin and eosin for histological analysis. Immunohistochemistry was
performed using Vectastain Elite ABC, M.O.M. Immunodetection, and DAB Substrate Kits
(Vector Laboratories). Methanol/hydrogen peroxide pretreatment, microwave/10 mM citrate
antigen retrieval and serum block were performed. Antibodies were incubated at room
temperature for 45 minutes (p16) or 4°C overnight at the following dilutions: Ki67 (1:50; BD
PharMingen), CGRP (1:10,000; Sigma), proSPC (09337, 1:2000; Jeffrey Whitsett, Cincinnati,
OH), CCSP (1:20,000; Steve Brody, St. Louis, MO), and p16 (M156, 1:100, Santa Cruz
Biotechnology). TUNEL analysis was performed using ApoTag Peroxidase Detection Kit
(Chemicon International). Slides were counterstained with hematoxylin or nuclear fast red.
Immunofluorescence was performed by co-staining sections with Ki67 (1:100) and proSPC
(GP993, 1:500; Jeffrey Whitsett) followed by incubation with Alexa 594 anti-guinea pig and
Alexa 488 anti-mouse IgG1 secondary antibodies (1:200; Invitrogen) for one hour at room
temperature and coverslipping with Vectashield with DAPI (Vector Laboratories). Staining
was visualized using a Zeiss Axioplan 2 Imaging fluorescent microscope and counts were
obtained using Metamorph Version 7.5.0.0. Proliferation was quantified by determining the
percentage of conducting airway or SPC positive epithelial cells with nuclear Ki67 staining.
Apoptosis was quantified by determining the percentage of conducting airway epithelial cells
that were TUNEL positive, showed morphologic features of apoptosis and remained attached
to the basement membrane. TUNEL positive cells within airway lumens were not counted to
avoid including necrotic cells. Counts reflect analysis of 200-450 epithelial cells and at least
two lung lobes per mouse. Statistical analysis was performed with SigmaStat Version 3.10
using parametric (Ki67, SPC/Ki67) or nonparametric Kruskal-Wallis (TUNEL) one way
ANOVA followed by multiple comparisons using the Student-Newman-Keuls method. Whole
mount and frozen section ß-galactosidase staining was performed as described (24).

Western blot analysis
Lungs were sonicated in lysis buffer supplemented with protease inhibitors (Pierce
Biotechnology) and 100 μg total lung protein were resolved by SDS-polyacrylamide
electrophoresis under reducing conditions. The 3T3-L1 cell lysate was used as a positive p16
control (Santa Cruz Biotechnology). Proteins were transferred to nitrocellulose membranes
and probed for p107 (C-18, 1:1000), p130 (C-20, 1:1000), and p16 (M156, 1:1000) (Santa
Cruz Biotechnology), and tubulin (DM 1A; 1:2500) and ß-actin (20-33, 1:1000) (Sigma).
Antibody binding was detected by incubation with horseradish peroxidase conjugated
secondary antibodies followed by chemiluminescence (ECL Plus, Amersham Biosciences).

Quantitative real-time RT-PCR
RNA was isolated using Qiagen RNeasy Mini Kit and treated with DNAse (Qiagen). Total
RNA was used to generate cDNA using SuperScript III RT (Invitrogen) and real time RT-PCR
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was performed using the TaqMan® Real-Time PCR Gene Expression System (Applied
Biosystems). All samples were performed in triplicate and data was analyzed using 7300
System Software and ß-actin as the internal control. Statistically significant differences were
determined by unpaired Student t-tests assuming equal variance.

Primary type II cell isolation
Primary type II cell cultures were generated from lungs of 5-6 week old mice as described
(25). Cell viability measured by trypan blue dye exclusion was consistently >90%. SPC staining
was performed by fixing cell cytospins in 4% paraformaldehyde for 15 minutes, blocking in
4% donkey serum and incubating with a proSPC antibody (GP993, 1:500). Staining was
detected and visualized as described for tissue sections. Type II cell purity was consistently
>85% as assessed morphologically after staining with hematoxylin or immunofluorescent
staining for SPC.

RESULTS
Generation of mice with Rb ablation targeted throughout the lung epithelium

A conditional Rb knockout mouse model was generated by breeding double transgenic mice
bearing 1) the reverse tetracycline responsive transactivator under control of the human
surfactant protein C (SPC) promoter (SPC-rtTA) and 2) Cre recombinase under control of the
tet operator (tetCre) into RbLoxP/LoxP or RbLoxP/− backgrounds (Fig. 1). A similar model using
the rat Clara cell 10 kD/Clara cell secretory protein (CC10/CCSP) promoter was previously
developed: however, the SPC promoter was used in the current studies because the SPC
promoter more uniformly targets alveolar type II cells in the distal pulmonary epithelium thus
providing the advantage of assessing Rb family function in the physiologically distinct
conducting and respiratory regions of the lung. Rb ablation was induced during gestation by
doxycycline administration to pregnant dams. Rb gene recombination was detected in double
transgenic lungs from pups at birth but was not detected in littermate controls lacking one or
both transgenes (Fig. 1). Cre mediated recombination was restricted to the lung epithelium and
present in the vast majority of ciliated, Clara, and type II cells as assessed by ß-galactosidase
staining on double transgenic lungs containing the ROSA26 reporter locus (26). These data
confirm that gene recombination is confined to the lung epithelium and occurs in the vast
majority of epithelial cells representing multiple cell lineages.

Rb loss results in neuroendocrine hyperplasia whereas non-neuroendocrine cells do not
require Rb function

Rb deficient E18.5 lungs were grossly normal and showed branching morphogenesis; however
morphologic analysis revealed profound epithelial abnormalities (Fig. 1). The epithelium
lacked the normal pseudostratified organization and was comprised of hyperplastic cells with
increased nuclear to cytoplasmic ratios and morphologic features of apoptosis. The phenotype
was similar in the RbLoxP/LoxP and RbLoxP/− backgrounds and to the epithelial abnormalities
previously reported after Rb ablation in a mouse model utilizing the CC10 promoter (24).
Expression of rtTA was recently reported to be toxic to lung epithelial cells (27) however,
single transgenic littermate controls and double transgenic mice with wild type Rb alleles
lacked the epithelial abnormalities characteristic of Rb ablated lungs demonstrating that the
phenotype was dependent upon Rb loss (data not shown). Thus, Rb has an essential role in
regulating epithelial proliferation and survival during lung development.

Despite the marked lung abnormalities at birth, mice with Rb ablated lungs survived to
adulthood and the adult lung epithelium lacked the overall epithelial hypercellularity and
apoptosis noted at birth (Fig. 1). Interestingly, neuroendocrine cell hyperplasia was detected
in 88% (14/16) of double transgenic adult mice examined between 5.5 to 14 months of age.
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Clusters of epithelial cells with high nuclear to cytoplasmic ratios and expressing the
neuropeptide calcitonin gene related peptide (CGRP) protruded into airway lumens
characteristic of neuroendocrine cell hyperplasia (28) (Fig. 1 and data not shown). Identical
lesions were previously reported after Rb ablation in the lung epithelium using the CC10
promoter (24). Functional Cre activity was detected in a subset of pulmonary neuroendocrine
cells in both the SPC and CC10 promoted models as assessed by colocalization of ß-
galactosidase and CGRP staining (Fig. 1 and (24)). While neuroendocrine hyperplasia may
represent a precursor for SCLC, progression to malignant tumors was not observed. Thus, the
current studies together with previous findings in an independently derived mouse model
identify a unique cell lineage specific function for Rb in pulmonary neuroendocrine cells.
Moreover, these results demonstrate that non-neuroendocrine cell lineages compensate for Rb
loss after birth resulting in resolution of the marked abnormalities incurred during
development.

p107 and p16 expression are induced in Rb ablated lungs
Previous studies showed that Rb loss can result in p107 and/or p130 induction, and that these
family proteins can compensate for Rb loss in restricted cell lineages and environmental
contexts (14,15,17,29-31). p130 levels were not altered in Rb ablated lungs. In contrast, p107
was increased in Rb ablated day 1 and adult lungs demonstrating that p107 up-regulation
occurred during development and was sustained into adulthood (Fig. 2). Given that Rb ablated
lungs showed marked epithelial abnormalities at birth despite p107 up-regulation,
investigations were aimed toward identifying effectors induced postnatally. p16 was explored
as a potential candidate since Rb was shown to negatively regulate p16 in fibroblasts in culture
(32). Indeed, p16 was induced in adult Rb ablated lungs but not in lungs from day 1 pups (Fig.
3). p16 was expressed in non-neuroendocrine progenitor cells lineages, namely Clara and type
II cells, that share phenotypic features with NSCLC. Moreover, p16 was induced 10 fold in
Rb ablated primary type II cell isolates as compared to Rb proficient controls (Fig. 3).
Expression of p107 was also increased in Rb ablated type II cells whereas p130 levels were
unchanged (Fig. 3). Taken together these data demonstrate that Rb loss results in p107 up-
regulation during development followed by postnatal p16 induction in epithelial cell lineages
that share phenotypic similarities with NSCLC.

Epithelial loss of Rb and p107, but not p130, causes neonatal lethality
Combined Rb family deficient lungs were obtained by generating double transgenic/
RbLoxP/LoxP mice in a p107−/− or p130−/− background. Mice screened at the time of weaning
showed a marked reduction in the percentage of Rb ablated/p107−/− mice as compared to that
expected by Mendelian genetics (Supplemental Fig. 1). Genotype analysis of E18.5 pups
showed the expected numbers of Rb ablated/p107−/− pups indicating that combined Rb/p107
loss in the lung epithelium resulted in neonatal lethality (Supplemental Fig. 2). In contrast to
p107, additional loss of p130 in Rb deficient lungs did not affect survival (Supplemental Fig.
3).

Surfactant protein B (SPB) and ABCA3 are expressed in the developing lung epithelium and
required for neonatal survival (33,34). SPB expression was decreased in Rb ablated/p107−/−

lungs; however, SPB levels were similar in Rb/p107 and Rb deficient lungs providing evidence
that neonatal death associated with combined Rb/p107 loss was not due solely to reduced SPB
expression (Supplemental Fig. 4). ABCA3 levels were significantly reduced in Rb ablated/
p107−/− lungs as compared to Rb ablation alone raising the possibility that decreased ABCA3
expression contributes to the neonatal death of pups with Rb/p107 deficient lungs. Of note,
expression of other type II and Clara cell differentiation markers (namely SPC and CCSP) was
also significantly reduced in Rb ablated/p107−/− lungs (Supplemental Fig. 4). Collectively
these results demonstrate that loss of pocket protein function impairs lung epithelial cell
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differentiation, and that p107, but not p130, plays an essential role in compensating for Rb loss
in the developing lung.

p107 and p130 have distinct roles in Rb deficient lung epithelium
Similar to Rb ablated lungs, Rb/p107 and Rb/p130 deficient lungs showed marked epithelial
hypercellularity and cell death (Fig. 4). In contrast, p107−/− and p130−/− lungs were
indistinguishable from Rb proficient controls demonstrating that Rb, but not p107 or p130, has
a unique and critical role in lung development. Epithelial proliferation and apoptosis were
significantly increased in Rb ablated lungs as compared to Rb proficient controls whereas p130
or p107 loss alone had no effect on epithelial proliferation or survival (Fig. 4). Interestingly,
Rb ablated/p107−/− lungs showed increased proliferation as compared to Rb ablated lungs, but
additional p107 loss had no effect on apoptosis (Fig. 4). Conversely, Rb ablated/p130−/− lungs
showed decreased apoptosis but additional p130 loss had no effect on proliferation. Thus,
pulmonary epithelial proliferation and survival are independently regulated, and p107 and p130
distinctly regulate these biologic processes.

Rb/p107 deficient lungs develop tumors with features of NSCLC
Adult mice with Rb, Rb/p130, and Rb/p107 deficient lungs along with Rb family proficient,
p107−/− and p130−/− littermates lacking one or both transgenes were monitored for lung tumors.
Due to neonatal lethality of Rb ablated/p107−/− pups, a cohort of adult double transgenic
p107−/− mice with mosaic Rb/p107 deficient lungs were generated by taking advantage of the
“leaky” Cre expression (and thus Rb ablation) that occurred in the absence of doxycycline
treatment. Lungs from double transgenic mice not treated with doxycycline showed variable
levels of Rb recombination (Fig. 5 and data not shown) allowing some mice with Rb ablated/
p107−/− chimeric lungs to survive to adulthood. Interestingly, 67% (6/9) of these mice
developed adenomas or adenocarcinomas by 5.5 to 15 months of age (Fig. 5 and Table 1). Rb
recombination was detected in the tumors confirming that the tumors arose from Rb/p107
deficient epithelial cells (Fig. 5). In contrast to p107, p130 loss did not cooperate with Rb
ablation in tumorigenesis. Adenocarcinomas were not detected in Rb/p130 deficient lungs or
lungs deficient for a single Rb family member, and lung adenomas were only rarely detected
in mice of other genotypes (Table 1).

Lung tumors in Rb ablated/p107−/− chimeric lungs shared morphologic and phenotypic
characteristics with human NSCLC. Tumors were comprised of epithelial cells with
pleomorphic, hyperchromatic nuclei growing in solid nests or lining fibrovascular cores (Fig.
5). Focal necrosis and rare mitotic figures were identified. Tumors were classified as papillary
adenocarcinoma, and papillary and solid adenomas (28). Tumors were positive for SPC but
negative for Clara (CCSP) and neuroendocrine (CGRP) cell markers demonstrating a non-
neuroendocrine type II cell phenotype (Fig. 5). Type II cell proliferation was increased in Rb
ablated E18.5 lungs but additional loss of p107 was not associated with a further increase in
Ki67 positive type II cells suggesting that tumorigenesis in Rb ablated/p107−/− lungs is not
simply a result of increased type II cell proliferation (Fig. 5). Collectively these studies provide
direct evidence that p107 cooperates with Rb in suppressing development of lung tumors that
share phenotypic characteristics with human NSCLC.

DISCUSSION
The Rb/p16 pathway has a well established tumor suppressive role in human cancers. In the
lung, p16 and Rb are preferentially lost in phenotypically distinct cancers providing a unique
opportunity to explore Rb/p16 pathway function in carcinogenesis. We have developed novel
mouse models that provide powerful systems to dissect how Rb interacts with other proteins
to regulate epithelial biology and in turn impact development and tumorigenesis. p107 and
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p130 cooperate with Rb to suppress retinoblastoma, and Rb/p107 deficient chimeric mice
develop sarcomas, cecal adenocarcinomas and rarely other tumors thus identifying p107 and
p130 as tumor suppressors in restricted cell lineages (14,16,17). The current studies extend
these observations by identifying distinct cell lineage specific pocket protein functions critical
for suppressing epithelial cell growth and directly demonstrating that Rb and p107 have
synergistic functions critical in suppressing a common adult cancer.

p130 has a novel pro-apoptotic function in Rb deficient epithelial cells in vivo
The present studies identify functional distinctions among the closely related Rb, p107 and
p130 proteins in epithelial regulation in vivo. Rb was uniquely required for proper lung
epithelial growth and survival during development. Interestingly, p107 was critical for
suppressing proliferation whereas p130 cooperated with Rb in regulating apoptosis. Molecular
mechanisms driving apoptosis in Rb family deficient tissues are highly cell context specific
(35). Previously identified apoptotic mediators include p53, caspase 3, Apaf1, PTEN, E2F1
and E2F3. These studies identify p130 as a novel mediator of apoptosis in Rb deficient cells.
This pro-apoptotic p130 function is in contrast to the role of p130 in suppressing neuronal cell
apoptosis in culture (36). p130 depletion resulted in apoptosis in postmitotic neuronal PC12
cells but not in cycling cells providing evidence that cellular response to p130 loss is influenced
by the proliferative state of the cell (36). Combined Rb and p130 loss was not sufficient for
tumorigenesis but p130 could limit aberrant lung epithelial cell growth by inducing apoptosis.
Consistent with this notion, p130 suppresses growth of oncogenic K-ras induced lung tumors
in mice, and reduced or absent p130 expression in human lung cancers is associated with a
poor prognosis (37,38).

Combined Rb and p130 loss does not lead to SCLC
Previous studies suggested that combined Rb and p130 loss was required for development of
neuroendocrine hyperplasia, a presumed precursor for SCLC (17,18). Given that combined Rb
and p53 loss results in SCLC, it was further suggested that p130 and p53 may act in a similar
tumor suppressive pathway and that p130 loss might substitute for loss of p53 in SCLC
progression. The current studies demonstrate that neuroendocrine hyperplasia develops after
Rb ablation alone and that additional loss of p130 does not lead to SCLC. Conditional Rb and
p53 ablation in the current model results in neuroendocrine lung tumors resembling SCLC.
Recombined Rb and p53 alleles are detected in the tumor cells providing evidence that cell
autonomous Rb and p53 functions are required to suppress SCLC (data not shown). Together
these data support a unique role for Rb in neuroendocrine cell regulation and directly
demonstrate that p130 loss does not substitute for loss of p53 in development of SCLC.

In summary, the current studies demonstrate that Rb family proteins have cell type specific
functions in the lung epithelium important for development and tumor suppression (see Fig. 5
for model). Rb plays a critical unique role in regulating epithelial proliferation and survival in
the developing lung despite p107 induction. In contrast, p107 and p130 are not essential in the
pulmonary epithelium but have distinct roles in Rb deficient cells: p107 induces cell cycle
arrest whereas p130 promotes apoptosis. In the adult lung, Rb is required for negatively
regulating the neuroendocrine cell lineage whereas p107 and p16 are induced in non-
neuroendocrine cell types that compensate for Rb loss. Importantly, combined Rb/p107 loss
results in tumors resembling NSCLC demonstrating that p107 and Rb have cooperative
functions critical for suppressing lung cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Epithelial hyperplasia and cell death seen in Rb ablated lungs at birth is not present in
adult lungs
A, SPC-rtTA+/−/tetCre+/− double transgenic mice were bred to RbLoxP/LoxP or RbLoxP/− mice.
Doxycycline (ovals) activates the rtTA (arches) expressed specifically in lung epithelium
leading to Cre expression and subsequent recombination at floxed Rb alleles. B, PCR analysis
on lung DNA from day 1 pups. Rb recombination (RbRec) of floxed Rb alleles (RbLoxP) is only
detected in lungs from mice containing both transgenes (SPC-rtTA, Cre). Mice were
homozygous for the floxed Rb allele or heterozygous for the floxed and germline knockout
(Rb−) alleles. C, Whole mount ß-galactosidase staining on lungs from day 1 mice pups
containing the ROSA26 reporter locus demonstrates uniform staining in double transgenic
lungs (SPC-rtTA+/Cre+) but not in controls lacking one or both transgenes (C). ß-galactosidase
staining is restricted to the epithelium and present in Clara (arrow), ciliated (dashed arrow) and
type II cells (arrowhead) in adult lungs. A subset of CGRP positive epithelial cells (brown,
boxed area and open arrowhead) stain for ß-galactosidase (arrow in inset designates double
positive cell). n ≥ 3 mice for each group. Original magnification: 200x (middle), 1000x
(bottom). D, Hematoxylin and eosin stained lung sections show epithelial hypercellularity and
apoptotic bodies (arrows) in Rb ablated E18.5 lungs (Pups) but not in Rb proficient lungs
(Control) or Rb ablated lungs from 8 month old mice (Adults). Hypercellular neuroendocrine
lesions are present in adult Rb ablated lungs (arrowhead). Original magnification: 400x (top
row), 1000x (bottom row).
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Figure 2. p107, but not p130, is induced in Rb ablated lungs during development
A, Western blot analyses show increased p107, but not p130, in Rb ablated (Rb -) day 1 and
adult lungs as compared to Rb proficient littermate controls (Rb C). Lung lysates were evenly
loaded as assessed by reprobing for β-actin. n=4-8 animals per group. B, Quantitative real-time
RT-PCR shows increased p107, but not p130, in Rb ablated adult lungs (*p=0.0004, n=3 per
group). Rb is significantly reduced in Rb deficient lungs (**p=0.023, n=3 per group). Graphs
depict mRNA fold change relative to controls ± SE.
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Figure 3. p16 is induced in Rb ablated lungs after birth and is expressed in Clara and type II cells
A, Western blot analyses show increased p16 in Rb ablated (Rb -), and 1 and 6-9 month adult
lungs as compared to Rb proficient controls (Rb C). p16 is not detected in Rb ablated or control
day 1 lungs. Lung lysates from p16−/− mice (p16−/−) and 3T3-L1 cell lysates (p16 C) represent
negative and positive controls, respectively. Lung lysates were evenly loaded as assessed by
reprobing for β-actin or tubulin. n=4-9 per group. Quantitative real-time RT-PCR shows
increased p16 in Rb ablated 1 month (*p=0.0017) and 6-9 month (**p=0.045) adult lungs. p16
was not detected in E18.5 lungs. n=3 per group. Graphs depict mRNA fold change relative to
controls ± SE. B, Immunohistochemical analyses show p16 expression in Clara cells within
conducting airways (left panel) and type II cells within the parenchyma (right panel) in both
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Rb ablated and Rb proficient (Control) 9 month adult lungs. No specific staining is present in
p16−/− lungs confirming assay specificity. Higher power views (insets) of boxed areas show
representative Clara, ciliated and type II cells. n=3 Rb ablated and control lungs. Original
magnification: 1000x. C, Primary type II cell isolate cytospins stained with hematoxylin or
stained for SPC and DAPI by immunofluorescence. PCR analysis shows Rb recombination
(RbRec) of floxed Rb alleles (RbLoxP) in cells isolated from Rb ablated (+) but not Rb proficient
control lungs (−). D, Quantitative real-time RT-PCR shows increased p107, but not p130, in
Rb ablated type II cells as compared to Rb proficient controls (*p=0.038). Rb is significantly
reduced in Rb ablated type II cells (**p=0.0001). p16 is increased in Rb ablated 1 month lungs
(Whole Lung) and type II cells (*p≤0.002). n=3-4 per group. Graphs depict mRNA fold change
relative to controls ± SE.
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Figure 4. Rb family proteins have distinct roles in regulating epithelial proliferation and survival
A, Hematoxylin and eosin stained E18.5 lung sections show epithelial hyperplasia, dysplasia
and apoptotic cell death in Rb ablated, Rb ablated/p130−/− and Rb ablated/p107−/− lungs. Lungs
from p130−/− and p107−/− are indistinguishable from Rb family proficient lungs (Control). B,
Immunohistochemical staining for the proliferation marker, Ki67 (arrow) shows an increase
in proliferating epithelial cells in Rb ablated, Rb ablated/p130−/− and Rb ablated/p107−/− lungs
as compared to Rb proficient controls (*p<0.001). Ki67 positive cells are also increased in Rb
ablated/p107−/− as compared to Rb ablated lungs (**p<0.001). Proliferation in p130−/− and
p107−/− lungs is similar to control Rb proficient lungs (p>0.67). C, TUNEL analysis shows an
increase in apoptotic epithelial cells (arrow) in Rb ablated, Rb ablated/p130−/− and Rb ablated/
p107−/−lungs as compared to Rb proficient controls (*p<0.05). Apoptotic cells are decreased
in Rb ablated/p130−/− as compared to Rb ablated lungs (**p<0.05). Apoptosis in p130−/− and
p107−/− lungs is similar to control Rb proficient lungs (p>0.05). Graphs depict percent Ki67
or TUNEL positive epithelial cells ± SE. n≥6 mice per group. Original magnification: 1000x.
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Figure 5. Rb/p107 loss results in lung tumors with a type II cell phenotype
A, Hematoxylin and eosin stained lung sections (left) and immunohistochemical analysis
(right) of lung tumors arising in double transgenic/p107−/− adult mice not treated with
doxycycline show a solid adenoma (t, top left) and a papillary adenocarcinoma invading the
airway (t, middle and bottom left and right panel) that are positive for SPC but not CCSP or
CGRP. Non-neoplastic cells in the surrounding conducting airway show CCSP and CGRP
positive cells (arrows) serving as internal controls. Original magnification: 100x (top and
middle left), 400x (bottom left and SPC) 1000x (CCSP and CGRP). B, PCR analysis on DNA
from non-neoplastic lung (lung) and lung tumors (tumor) obtained from double transgenic/
p107−/− chimeric mice (+) and p107−/− control littermates lacking one or both transgenes (−)
that are homozygous for the floxed Rb allele (RbLoxP) show enrichment for the Rb recombined
allele (RbRec) in tumors as compared to non-neoplastic lung. Rb recombination is not detected
in tail DNA or tissue from controls. C, Co-immunofluorescent staining for SPC (red) and Ki67
(green) shows increased type II cell proliferation in Rb ablated and Rb ablated/p107−/− E18.5
lungs as compared to Rb family proficient controls (*p<0.001). Type II cell proliferation was
not increased in Rb ablated/p107−/− lungs as compared to Rb ablated lungs (p=0.07). Higher
power views of boxed areas (insets) show representative Ki67 negative (Control), Ki67 positive
(Rb ablated) and adjacent Ki67 positive and negative (Rb ablated/p107−/−) SPC positive type
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II cells. Yellow represents autofluorescent red blood cells. Graph depicts percent SPC positive
type II cells with nuclear Ki67 staining ± SE. n=3-4 per group. br=bronchioles. Original
magnification: 400x. D, Model for Rb family function in the lung epithelium. Rb is required
to suppress epithelial proliferation and death during development despite p107 induction. p107
cooperates with Rb to induce cell cycle arrest whereas p130 promotes apoptosis in the
developing Rb deficient lung epithelium. In the adult lung, Rb is required to negatively regulate
neuroendocrine cells whereas non-neuroendocrine lineages compensate for Rb loss and show
induction of p16 and p107. Rb and p107 cooperate to suppress development of lung tumors
resembling NSCLC.
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Table 1

Rb/p107 loss results in lung tumors

Resultant Genotype Lung Tumors

Rb+/+ 0/16 (0%)
Rb+/− 0/14 (0%)
Rb−/− 1/22 (5%)
p107−/− 1/8 (13%)
p130−/− 2/30 (7%)
Rb−/−;p130−/− 0/28 (0%)
Rb−/−;p107−/− 6/9 (67%)
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