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Summary

pRb, p107 and p130 are important regulators of cell cycle
and have extensive overlapping functions; however, only
Rb has been shown to be a bone fide tumor suppressor.
Defining the overlapping versus distinct pocket protein
functions is therefore an important step to understanding
the unique role of Rb. Using lung as a model, the present
studies demonstrate that pocket proteins are important not
only in regulating cell cycle and survival but also in cell
lineage specification. An inducible lung-specific Rb

cell types. Ablation of total Rb family function resulted

in opposing effects in specification along distinct cell
lineages, providing evidence that pocket proteins inhibit
neuroendocrine cell fate while being required for

differentiation in other cell types. These findings identify a
novel role for pocket proteins in cell fate determination,

and establish a unique cell lineage-specific function for Rb
that explains, at least in part, why Rb and pl6 are
inactivated in phenotypically distinct carcinomas.

knockout strategy was used to demonstrate that Rb is
specifically required for restricting neuroendocrine cell fate
despite functional compensation for Rb deficiency in other
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Introduction overexpressed (Classon and Dyson, 2001; Harbour and Dean,

The retinoblastoma protein (Rb) is a prototype tumo,2000)_. These strgctural and biochemical similarities_ proba_bly
suppressor and is required for embryonic development. T plain the functional oyerlap ‘among pocket proteins during
current model of Rb function suggests a crucial role in ce evelopment, and provide rat|o_nale for the observation that
cycle regulation, operative in all cell types. A universal role fo?107 and p130 can at least partially compensate for loss of Rb
Rb in tumor suppression has also been implicated by tHgnction in vivo (Lipinski and Jacks, 1999). An important
frequent inactivation of the cell cycle regulatory pathwayd|st|nct|on among the pocket proteins, however, is that Rb, but
centered on Rb in most human cancers (Nevins, 2001; Shef@t p107 and p130, has been shown to be a tumor suppressor
1996; Weinberg, 1995). Challenging the ubiquitous role for RB? humans (Classon and Dyson, 2001). Defining the
in development, however, is the fact that embryos nullizygou§verlapping versus distinct functions of Rb family proteins is
for Rb alone, or in combination with other family members,therefore an important step to understanding the unique role of
show cell lineage-specific defects (Classon and Dyson, 200D ) ) ) .
Lin et al., 1996; Lipinski and Jacks, 1999). Additionally, ~The lung provides a manipulatable model system in which
although proteins in the Rb pathway are commonly altered itp explore Rb family function in vivo, both in cell cycle control
human tumors, Rb gene mutations are frequently observed #d in cellular differentiation. The respiratory epithelium
only a very small subset of human malignancies, includingomprises markedly diverse and specialized cell types that are
retinoblastoma and small cell lung cancer (SCLC) (Sherderived from a common progenitor population. Cellular
1996; Weinberg, 1995). These data suggest that Rb has cdiroliferation and differentiation are coordinately regulated to
specific functions important in development as well as in tumogreate this diversity, which is required for normal lung function
suppression. (Kauffman, 1980). Rb, p130 and p107 are all expressed in the
Cellular sensitivity to Rb deficiency may reflect differing developing and adult lung. p107 expression is fairly uniform
degrees of functional redundancy among family members i the developing lung, with levels peaking during mid-
distinct cell types. Rb is a member of a protein family that alsgestation (embryonic day 12.5-13.5) and then declining
includes p107 and p130. These three family members shalteereafter (Jiang et al., 1997; Kim et al., 1995). By contrast,
extensive structural homology, especially in a bipartite pockgd130 and Rb expression increase during late embryonic
domain that functions as the binding site for viral oncoproteingevelopment and are maintained at relatively high levels in the
and acts as a transcriptional repressor motif (Classon ardlult lung (Bernards et al., 1989; Chen et al., 1996a; Garriga
Dyson, 2001). All three pocket proteins inhibit E2F responsivet al., 1998; Jiang et al., 1997; Levine et al., 1998; Pertile
promoters, recruit chromatin remodeling enzymes, activelgt al., 1995). Furthermore, accumulation of the active,
repress transcription, and growth arrest cells whemypophosphorylated form of Rb is coincident with epithelial
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cell differentiation and growth arrest (Levine et al., 1998)treated with 125ug doxycycline (Sigma) in 0.5 ml PBS by
Taken together, these data suggest that pocket protein functiotraperitoneal injection on E0.5-E1.5 and administered doxycycline
is important for lung development. in the dr!nking water at a final concen_tration of 1.0 mg/ml. 50
Rb has also been implicated as a crucial tumor suppressggxycycline stock solution (50 mg/ml in 50% ethanol) was freshly
in the lung epithelium. Lung carcinomas are divided into smaI!Preppé‘ée]fjoP{A?éggoiag‘oi‘sggzzgﬂg{‘ef&v‘;;”?eglr;‘igg‘#]ergénﬁxztsegg:
cell (SC.LC.) and ’.10.”'5”“"‘” cell lung cancers (NSCLC), base\&Jeek because of the light sensitivity of doxycycline.
upon distinct clinical and pathologic features. Rb gene
mutations are found in nearly all SCLC, an aggressiv@istology, immunohistochemistry and TUNEL analysis
neoplasm that shares a neural phenotype with retinoblastomang tissue was fixed in 10% neutral buffered formalin and paraffin
(Kaye, 2001; Minna et al., 2002). The nearly universal anémbedded. Sections were prepared and stained with Hematoxylin and
selective occurrence of Rb gene mutations in SCLC provideBosin for histological analysis. Immunohistochemistry was performed
evidence that Rb loss is essential in the genesis of thising Vectastain Elite ABC, M.O.M. Immunodetection, and DAB
malignancy, and suggests that specific cell types within theubstrate Kits (Vector Laboratories). Methanol/hydrogen peroxide

lung epithelium are particularly sensitive to loss of RbPre-treatment and microwave/10 mM citrate antigen retrieval were
function performed. Antibodies were diluted in 0.1% bovine serum albumin in
: BS, applied to sections and incubated overnight at 4°C. Antibodies

The current studies were designed to determine putatl\gand dilutions used were as follows: SV40 T Ag Ab-2, 1:80

ceII—type—speqlflc functlons. of Rb 'ghat are not functlonqlly(OnCOgene); PCNA PC10, 1:200 (PharMingen); Ki67, 1:50 (BD
redundant with other family proteins. The results provideonarmingen): CGRP, 1:10,000: (Sigma); and CCSP and Foxjl,
convincing evidence that pocket protein function is essential:20,000 and 1:500, respectively (kindly provided by Steve Brody,
for lung epithelial development. Unexpectedly, pocket proteingvashington University, St Louis, MO, USA). TUNEL analysis was
also have opposing roles in specification along distinct ceflerformed on sections using ApoTag Peroxidase Detection Kit
lineages; they inhibit neuroendocrine cell fate but are require@ntergen). Slides were counterstained with Hematoxylin.
for differentiation in other cell types. Remarkably, Rb isQuantitation of apoptosis and proliferation was carried out by
specifically required for restricting neuroendocrine cell fatecounting the number of TUNEL- or Ki67-positive cells, respectively.
despite functional compensation for Rb deficiency in other ceﬁer)‘ziﬁ?;?%en% Vc\:lli?srtZI %%tr?gl:‘(':?iﬁg gi);w?ﬂu:;lggatdfagsﬁl\:\fo rﬁﬁ]rgesl'gggrs‘g
ggﬁsc -(l;g?rglzl teecst“\ll\?e(l)lc\fvlijtrhretﬂgecoeflIﬁﬁ]gggg-?pueti#ﬁ: nfsul:cgg:]n (Fef; mouse. Quantitation of neuroendocrine cell foci was performed
. y counting CGRP-positive foci per mm of airway. Counts represent
for Rb seen in the currently generated mouse model. Thugyayysis of 8.5-10 mm of airway and at least two lung lobes per
these studies demonstrate that Rb acts as a cell-specifiguse. Littermates were used as controls for all studies when
regulator in epithelial development and provide a mouse modgbssible. Statistical significance was determined by Studetets.
that mimics human disease associated with Rb deficiency. The o )
results also identify and define a novel role for pocket proteinsdser capture microdissection (LCM)
in cell lineage specification. Five micron sections of formalin-fixed, paraffin-embedded tissue were
placed on uncharged, non-coated glass slides, dried and put into a
dessicator. Slides were deparaffinized, rinsed in distilled water and

M rial nd meth stained in Hematoxylin for 30 seconds and Eosin for 11 seconds.
ate .as a .d ethods LCM was performed with the Pixcell |l Laser Capture
Generation of mice Microdissection and Image Archiving Workstation systems (Arcturus

The human 3.7 kb SP-C gene promoter (Glasser et al., 1991) and tBegineering). Epithelial cells were captured on thermoplastic caps
rat 2.4 kb CC10 gene promoter (Stripp et al., 1992) were clonednd digested in proteinase K digestion buffer at 55°C overnight.
upstream of T121 or TK1 coding sequences derived from pLST1133amples were heated at 95°C for 15 minutes to inactivate the protease
or pLST1137K1 (Symonds et al., 1994), respectively. T121 encodeand used directly for PCR analysis. The Rb alleles were analyzed
the first 121 amino acids of the SV40 large T antigen, and is capablsing two separate primer sets: (1) primers Rb-18 and Rb-19 that yield
of binding Rb family proteins but not p53. TK1 encodes the sam@roducts of 678 bp for the wild-type and Rb knockout alleles, 746 bp
truncated T antigen with a single amino acid change (E107 to L) théor the floxed Rb allele and 321 bp for the recombined Rb allele
disrupts binding of T antigen to Rb family proteins. Transgenic micé€Vooijs et al., 2002); and (2) primers Rb-212, Rb-18 and Rb-19E that
were generated and maintained on a C57BI6 background. Mice weyéld products of 235 bp for the wild-type and Rb knockout alleles,
screened using a PCR-based assay on tail DNA (Symonds et #83 bp for the floxed Rb allele and 260 bp for the recombined Rb
1994). Transgene expression was confirmed by western blot analysiiele (Meuwissen, 2003).

on lung extracts using anti-SV40 large T/small t PAb 108 antibody ) o

(PharMingen). T121 lines could not be established due to neonatdtGalactosidase staining

lethality. TK1 control lines were generated; however, these lines wei/hole-mount and frozen section staining flegalactosidase activity

not maintained after completion of the studies and are thus no longesas performed as described (Nagy, 2003). Briefly, whole lung was
available. CC10-rtTA (Perl et al., 2002a; Tichelaar et al., 2000) anfixed in 0.4% paraformaldehyde, rinsed in detergent buffer and
tetCre transgenic mice (Perl et al., 2002b) were mated 4&xFexP incubated at 37°C overnight in stain solution. For section staining,
(Vooijs and Berns, 1999; Vooijs et al., 2002) and’/R(B6.129S2-  tissue was fixed in 0.2% paraformaldehyde, cryoprotected in 30%
Rb1miTi Jackson Laboratory) mice. Mice were genotyped using taibucrose and embedded in OCT compound. Three or five micron
or lung DNA in PCR based assays using primetsfGCC-  sections were postfixed in 0.2% paraformaldehyde, rinsed in saline
ACGACCAAGTGACAGCAATG-3 and 3-AGAGACGGAAATC- and detergent buffers and incubated at 37°C overnight in stain
CATCGCTCG-3for tetCre, and previously established primers givensolution. Slides were subsequently counterstained with Nuclear Fast

in references above. Red or used in a modified immunoassay for CGRP, wherein
) o ) methanol/hydrogen peroxide pre-treatment and antigen retrieval were
Doxycycline administration eliminated, and antibody was incubated at room temperature for 1

Gestation was dated by detection of vaginal plug (E0.5). Dams wel®ur.
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Results throughout the conducting airways. The epithelium was
Mouse model showing inducible lung epithelial- hypercellular and composed of dysplastic cells with increased
specific Rb ablation nuclear to cytoplasmic ratios and cells containing pyknotic

nuclei (Fig. 2A). These epithelial changes were not present in

To delineate the role of Rb in the lung epithelium, aconditionallhe absence of doxycycline treatment (Fig. 2B), or in control

lung-specific Rb-knockout model was developed. Doublepiomates lacking one or both transgenes required for Rb gene

transgenic mice bearing (1) the reverse tetracycline responsive -«ion (Fig. 2C). The phenotvoe was similar in double
transactivator (rtTA) under control of the rat Clara cell 10 kD ransgenif: rgﬁice \)/\./ith RBEP/Loxp )gpr RE-9XP- alleles. and

protein (CC10) promoter (CCI10-rtTA) (Tichelaar et al., 2000)'cherefore results shown for all analyses are representative of
and (2) Cre recombinase under control of the tet operatq),, genotypes.
(tetCre) (Perl et al., 2002b) were bred intd RB->® (Vooijs To determine whether increased epithelial cell

et al., 2002) or RE*PI-backgrounds. The rat CC10 promoter

. : T ~ proliferation contributed to the observed hypercellularity,
directs transgene expression to lung epithelial pmge”'tcﬁnmunohistochemical analysis was performed for the

cells early in development (embryonic day 12.5) beforg, siteration marker Ki67 (Scholzen and Gerdes, 2000). Rb
differentiation into specialized cell types (Hackett and Gitlin gpjation resulted in a marked increase in Ki67 expression in
1994) and to the adult lung epithelium. Thus, MTA iScci10-rtTA lungs compared with untreated and control mice
specifically expressed in lung epithelial cells throughoujycking one or both transgenes (Fig. 2G-1). In addition, the
development and in the adult. Rb gene ablation i$norphologic impression of apoptosis was confirmed by a
accomplished when r{TA in combination with doxycycline marked increase in TUNEL-positive cells in CC10-1tTA lungs

activates expression of tetCre leading to recombination gfnen compared with controls (Fig. 2D-F). Quantitation

floxed Rb alleles (Fig. 1A). To assess Cre function doubleshowed highly statistically significant increases in both

transgenic mice were also mated to the ROSA26 reporter straioptosis and proliferation throughout the conducting airways
in which lacZ expression is only present in Cre-expressingrig. 2M). A more marked increase in proliferation was seen
cells and their descendants (Soriano, 1999). Doxycycline wag distal when compared with proximal conducting airways.

continuously administered to pregnant dams throughoyhierestingly, apoptotic rates were similar throughout the
development. Pups were initially analyzed on the day of birthongucting airway and therefore did not directly correlate with
to assess the role of Rb in prenatal lung development. PC&topic proliferation. Thus, Rb ablation promotes epithelial

analysis on lung and tail DNA demonstrated thatce|| proliferation resulting in epithelial hypercellularity despite
recombination at the Rb allele was lung specific and strictly,creased apoptotic cell death.

dependent upon the presence of both transgenes and
doxycycline treatment (Fig. 1B). Rb ablation leads to increased proliferating cell

The respiratory epithelium comprises specialized celhuclear antigen (PCNA) expression
types, including ciliated, non-ciliated columnar (Clara) andro confirm that Rb function is indeed lost in the lung
neuroendocrine cells in the conducting airway, and Type | anghithelium of double-transgenic mice treated with doxycycline,
Type Il cells in the distal respiratory airway. In situ enzymatiGmmunohistochemical analysis was performed for the E2F-
staining forB-galactosidaseBtgal) revealed epithelial-specific regulated gene product PCNA. Rb/E2F complexes repress gene
staining throughout the conducting airway (Fig. 1C-F).transcription (Harbour and Dean, 2000). Therefore, loss of Rb
Although scattered epithelial cells within the conducting airway$ynction would be expected to lead to derepression of E2F-
were not stained, the vast majority of ciliated and non—ciliateqdegu|ated genes and thus increased PCNA expression.
cells were positive folacZ expression. By contrast, the distal Immunohistochemical analysis demonstrated uniform PCNA
respiratory epithelium showed only scatter@ajal-positive  expression throughout the conducting airways in CC10-rtTA
cells, morphologically consistent with Type Il cells. Functionaljungs (Fig. 2J). Derepression of PCNA was dependent upon
Cre was also expressed in a subset of pulmonary neuroendocrRi ablation, as increased PCNA expression was not detected
cells, as demonstrated by co-expressionlamZ and the in controls lacking one or both transgenes, or in the absence of
neuroendocrine cell marker calcitonin gene-related peptidgoxycycline (Fig. 2K,L). These data provide evidence that Rb
(CGRP) (Fig. 1E)B-Gal staining was strictly dependent uponfunction is lost in the vast majority of epithelial cells upon
the presence of both transgenes, and identical results were seletycycline treatment.
in lungs from day 1 and adult mice treated with doxycycline in
utero (Fig. 1C-F). These data confirm that Cre-mediate®Rb loss selectively effects neuroendocrine cell fate
recombination occurs in the vast majority of epithelial cellsduring development
throughout the conducting airway. Moreover, the data show th&b gene mutations are preferentially found in neuroendocrine
Rb gene recombination, and thus loss of Rb function, is confinagkrsus non-neuroendocrine lung carcinomas (Kaye, 2001;
to the lung epithelium and strictly dependent upon doxycyclindlinna et al., 2002), implying that Rb has cell lineage-specific

induction during lung development. functions. To explore this possibility, epithelial differentiation
o _ ) ) was assessed in CC10-rtTA lungs by morphology, along with

Rb regulates epithelial cell proliferation and survival immunohistochemical analysis for markers of Clara cell [Clara

during development cell specific protein (CCSP)] and neuroendocrine cell (CGRP)

Lungs from double-transgenic mice treated with doxycyclinalifferentiation. Clara and ciliated cell differentiation was

(hereafter referred to as CC10-rtTA) were grossly normasimilar in Rb-deficient and control lungs (Fig. 3A-C, and data
and showed normal branching morphogenesis. Microscopicot shown). Interestingly, however, Rb-deficient lungs showed
analysis, however, showed marked epithelial cell abnormalitiezn increase in neuroendocrine cells within the airway (Fig. 3D-
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A CCI0-nTA“tetCreRbiortor B

Fig. 1.Inducible lung epithelial-specific :

ablation of Rb. (A) Male mice heterozygous for '__

both CC10-rtTA and tetCre transgenes, and ﬁ O Rbto
homozygous for the floxed Rb gene allele

A
(RB-2P) were bred to female mice bearing a - _ —

Dox Treated No Dox

Lung DNA Lung DNA

nbLo)iP

floxed Rb allele and a mutated null Rb allele
(Rb). Dams were treated with doxycycline
(ovals), which activates the rtTA (arches)

o X | CcC1g-nTA
expressed specifically in lung epithelium under <_ - < tetCre
control of the CC10 promoter. Activated rtTA ]
induces Cre expression leading to excision and 2l DNA
functional loss of Rb. (B) PCR analysis on lung FlbL“”' Rbt>®
or tail DNA obtained from day 1 pups taken _‘_-_‘_
from doxycycline-treated dams, or control dams Rbfe

CC10-riTA
tetCre

not treated with doxycycline. Representative
results are shown. Recombination at the floxed
Rb allele (RB9 is dependent upon the
presence of both CC10-rtTA and tetCre
transgenes, and is detected in lung but not tail
DNA. No recombination is detected in lung
DNA obtained from control pups not treated
with doxycycline. (C-F) Enzymatic staining for
B-gal (blue) in lungs from ROSA26 reporter
mice harboring the CC10-rtTA and tetCre
transgenes, and treated with doxycycline in
utero. (C) Whole-mount staining of lungs from
double transgenic day 1 pups (+) and control
littermates (C) lacking one or both transgenes.
(D,F) Staining of adult lung sections. Note that §
majority of ciliated and non-ciliated epithelial
cells show staining. Inset in D highlights the
scattered punctuate staining observed in the
alveolar region, consistent with the localization _
of Type Il cells. (E) Enzymatic staining 3¢
gal (blue) followed by immunohistochemistry
for CGRP (brown/black) in day 1 lung. Arrow
marks a cell positive for bofBrgal activity and
CGRP. br, bronchi/bronchioles; bv, blood
vessel; a, alveoli.

F). Immunohistochemical analysis for CGRP showed scattereztlls. To determine the physiological consequences of these
single cells and small cell aggregates predominantly at airweglterations postnatally, Rb-deficient pups were allowed to
branchpoints in control lungs, consistent with the location oflevelop and lungs were analyzed from mice at 9-15 weeks of
pulmonary neuroendocrine cells. By contrast, Rb-deficienage. Unexpectedly, CC10-rtTA adult lungs lacked the epithelial
lungs showed an increase in CGRP immunoreactive epithelialypercellularity and apoptosis noted in day 1 lungs. In fact, the
aggregates. Quantification of CGRP immunoreactive foci pemajority of epithelial cells in adult lungs were morphologically
mm of airway showed a statistically significant increase imormal (Fig. 4A-D). This finding could not be explained by the
CC10-rtTA mice, when compared with controls lacking one opossibility that severely affected mice died prior to analysis
both transgenes required for Rb ablation, and lungs from mideecause genotyping revealed the expected percentage of
not treated with doxycycline [2.3+0.7 versus 1.4+®5Q.02) double transgenic mice (Table 1). These results confirm that
for control and 1.6+0.3R<0.05) for No Dox lungs]. By Rb deficiency does not result in postnatal lethality despite the
contrast, there was no statistically significant differencenarked epithelial alterations seen at birth.

between untreated mice and controls lacking one or both A plausible explanation for the lack of overall epithelial
transgenes. Thus, Rb is not essential for non-neuroendocrihgpercellularity and apoptosis in adult lungs is that Rb is not
cell differentiation. Instead, Rb specifically restricts theuniformly ablated throughout the epithelium in CC10-rtTA

neuroendocrine cell lineage. lungs. In this case, cells lacking Rb function could be

selectively eliminated and the epithelium subsequently
Compensation for Rb loss during development restored by cells with functional Rb. To test this possibility
occurs postnatally directly, epithelium was microdissected from adult CC10-rtTA

Rb deficiency during lung epithelial development leads tdung sections using laser capture and tested for recombination
ectopic proliferation, apoptosis and increased neuroendocrira¢ the Rb locus (Fig. 4E-H). PCR analysis demonstrated loss
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10 = I Ezzngi Fig. 2.Rb ablation results in epithelial abnormalities.
(A-L) Morphological examination, TUNEL analysis and
o ® g ® immunohistochemisty for Ki67 and PCNA in lungs from
g g day 1 pups after Rb ablation (CC10-rtTA), from
86 5 genetically identical pups without doxycycline treatment
8 s (No Dox), and from pups lacking one or both transgenes
4 10 (Control). Arrows mark apoptotic cells (A), TUNEL-
positive cells (D,E) and scattered PCNA-positive cells
2 5 (K,L). Abbreviations are as in Fig. 1. (M) Quantification of
o . N 0 — ] epithelial apoptosis and proliferation as assessed by the

percentage of TUNEL-positive and Ki67-positive cells,
respectively. Rb ablation results in statistically significant increases in epithelial apoptosis and prolifd?afdd0(2). Data represents the
analysis of seven CC10-rtTA, eight control and four No Dox mice.

of the floxed Rb allele along with emergence of the recombineemarkably restored in comparison with lungs from day 1
Rb allele in epithelial DNA. A faint band indicative of the pups, neuroendocrine cell abnormalities were present. Lungs
floxed allele was present in some samples, which is likely ttrom adult mice showed multifocal hypercellular epithelial
represent the few scattered epithelial cells lacking Cre functiolesions located predominantly at airway branchpoints and
and/or minimal contamination by surrounding mesenchymabronchiolo-alveolar duct junctions (Fig. 4A-C). These
cells. Nevertheless, these data provide direct evidence that tlesions were composed of epithelial cells showing high
vast majority of epithelial cells in the adult lungs arenuclear to cytoplasmic ratios that protruded into the airway
nullizygous for Rb and thus capable of compensating for lodsimens. Sloughed cellular aggregates were also noted within

of Rb function. airway lumens. The cells exhibited a neuroendocrine

o ) phenotype, as evidenced morphologically and confirmed by
Rb_def|C|ency leads to hypercellular neuroendocrine CGRP expression (Fig. 4C). Thus, Rb has a cell lineage-
lesions specific role that is essential for regulation of neuroendocrine

Although the epithelium in adult CC10-rtTA mice was cell fate.
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! . . Fig. 3.Rb ablation leads to cell lineage-specific effects in
e TR Al P T T _
o ‘.l ‘?".\'\-{1’ 3 ". D v S

- Y differentiation. (A-F) Immunohistochemical analysis for

% TG L2 F e 2 s CCSP and CGRP in lungs from day 1 pups after Rb ablation
Al '-6 3 3 % (CC10-rtTA), from genetically identical pups without

-3 pede s E5Spem S, 0 doxycycline treatment (No dox), and from pups lacking one
; 3 or both transgenes (Control). Arrows mark neuroendocrine
e o ) ’ 5 . ; cells. Abbreviations are as in Fig. 1. Data represent analysis
b g 7 e oy e ' of seven CC10-rtTA, eight Control and four No Dox lungs.
s : M Py . S, e
TR 3

Tk

(Zhou et al., 1996), both promoters direct transgene
expression to progenitor cells in the lung epithelium
early in development (embryonic day 10-12.5), before
differentiation into specialized cell types (Hackett and
Gitlin, 1994; Wert et al., 1993). The CC10 promoter
directs expression throughout the developing
epithelium, whereas transgene expression directed by
the SPC promoter is confined to progenitor cells that
give rise to the distal respiratory airway. To ensure the
phenotype is dependent upon loss of pocket protein
function, transgenic mice were also generated with the
same promoters driving expression of the truncated
SV40 large T antigen containing a single base pair
mutation (TK1) that is known to disrupt Rb family
binding (Symonds et al., 1994).

Potential transgenic founder animals screened at
the time of weaning showed a significantly lower
percentage of positive animals with T121 versus
the control TK1 transgene (Table 2). Additionally,

» N surviving CC10-T121 and SPC-T121 founders did not
R o m SRR T e s il express the transgene (data not shown). These results
Control 5% e ) 3% ERE e i suggest that Rb family ablation resulted in lethality
' prior to weaning. To address this possibility, potential
CC10-T121 founder animals were delivered by
) o ] o Caesarean section one day prior to expected delivery as
Rb family function is essential for lung epithelial lung function is first required at birth. Seventy-five percent
development and neonatal survival (9/12) of transgene-positive pups died within the first 15
Compensation for loss of Rb function in non-neuroendocrineninutes after Caesarean delivery because of respiratory failure
cells could be due to functional redundancy with other Rizharacterized by irregular gasping and failure to establish a
family proteins, namely p107 and p130. To test this possibilitysegular breathing pattern and pink color. Surviving transgenic
transgenic mice were created wherein total Rb family functiofiounders maintained using foster mothers did not express the
was ablated in a lung epithelial specific manner. A truncatettansgene. These results indicate that Rb family function in the
SV40 large T antigen oncoprotein (T121) that binds andung epithelium is essential for neonatal survival.
specifically perturbs pocket protein function (Symonds et al., _ ) o
1994) was targeted to the developing lung epithelium usinfb family proteins regulate epithelial cell
promoters from the rat CC10 (Stripp et al., 1992) and theroliferation, differentiation and survival
human surfactant protein C (SPC) (Glasser et al., 1991) gen&3C10-T121 transgenic lungs were grossly indistinguishable
Although endogenous SPC is expressed in distal Type Il celfsom wild-type controls and showed normal growth and
and CC10 is confined to Clara cells in the adult mouse lungranching morphogenesis (Fig. 5A,B). Microscopic analysis,
however, showed marked abnormalities throughout the
epithelium. Conducting and distal respiratory airways were

Table 1. Genotype frequencies of mouse progeny from a
CC10-rtTA *-tetCre+-RpLoxP/LoxP x

CC10-rtTA —tetCre—-RbLoXP- cross Table 2. Transgene founder frequencies
CC10-rtTA I - o - Founders/total*
tetCre - e W - Transgene (percentage)
CC10-T121 4/111 (4)
Number of progeny 13 22 19 24 CC10-TK1 6/39 (15)
Percentage 17% 28% 24% 31% SPC-T121 3/85 (4)
*Expected percentage 25% 25% 25% 25% SPC-TK1 8/22 (36)

*Expected percentage assumes Mendelian inheritance. *Transgene-positive founders/total mice weaned.
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Fig. 4.Rb ablation leads to hypercellular neuroendocrine lesions. Mice were mated as detailed in Fig. 1A, and pregnant danesiwétie treat
doxycycline throughout gestation. Doxycyline was discontinued on the day of birth. (A-D) Morphological examination and
immunohistochemical analysis for CGRP in adult lungs after Rb ablation (CC10-rtTA), and in control littermates lackingtne or b
transgenes (Control). B represents a higher magnification of the boxed area in A. Arrows mark neuroendocrine cells. Nateldreofehe
airway epithelium is essentially normal. Data is representative of three CC10-rtTA mice. (E,F) Adult lung sections befdraftés) (&)
microdissection of the epithelium. (G) Microdissected epithelium on thermoplastic cap used for PCR analysis. Abbreviasiom&-igrel.

(H) PCR analysis of microdissected epithelium from double transgenic adult mice (+) Witfi/Ritop) or RIBOXPILOXP (hottom) alleles, and
control littermates lacking one or both transgenes (C). Representative results are shown. Note loss%P tilleRRtand the emergence of the
recombined allele (Ri59. L, ladder.

lined by a hyperplastic epithelium with focal epithelial cell Epithelial cell alterations were restricted to epithelial cells
aggregates protruding into airway lumens (Fig. 5C)expressing the T121 transgene, providing further evidence
Epithelial cell proliferation was markedly increased asthat the lung phenotype resulted from inactivation of Rb
demonstrated by Ki67 expression throughout the epitheliurfamily function. Transgene expression directed by the human
(Fig. 5E-F). The epithelial cells were also uniformly SPC promoter is confined to epithelial cells lining the distal
dysplastic, showing increased nuclear to cytoplasmic ratioespiratory airway (Wert et al., 1993). This expression
and abnormal chromatin aggregation. Cells with pyknotigattern differs from the uniform expression throughout the
nuclei characteristic of apoptosis were also present (Fig. 5Cung epithelium seen with the CC10 promoter (Hackett and
Accordingly, there was a marked increase in TUNEL-positiveGitlin, 1994). SPC-T121 pups were generated by mating a
cells in transgenic lungs when compared with wild-typemosaic SPC-T121 founder female with a wild-type male.
controls (Fig. 5G,H). In addition to hyperplasia andTransgene-positive offspring died at birth (6/6), and showed
dysplasia, the epithelium lacked morphologic characteristicepithelial cell hyperplasia, dysplasia and increased apoptosis
of specialized cell types including cilia and apicalin the distal respiratory epithelium despite normal epithelial
cytoplasmic protrusions indicative of Clara cells (Fig. 5C,D).cell development in conducting airways (Fig. 6F-H).
Thus, the data suggest that Rb family proteins are not onlgonsistent with the characteristics of the SPC promoter,
important in regulating cell cycle and survival but are alsdransgene expression was confined to the distal epithelium
essential for differentiation of epithelial cells into specialized(Fig. 6D), correlating with the location of epithelial cell
cell types. defects. Control SPC-TK1 mice survived and showed normal
Western blot analysis of whole lung lysates confirmedung morphology, despite transgene expression (Fig. 6E).
expression of the transgene and, as expected, showed Tious, taken together the data provide strong evidence that
expression of full-length SV40 large T antigen or small tRb family proteins are important in regulating lung epithelial
antigen (an alternate splice product encoded within the wildeell proliferation, survival and differentiation into
type T antigen sequence; Fig. 6A). Transgene expression wagecialized cell types.
confined to the epithelium (Fig. 6B), consistent with the _ ) )
previously described epithelial cell-specific activity of theloss of Rb family function leads to increased
CC10 promoter (Stripp et al., 1992). Control CC10-TK1expression of PCNA
mice expressing the transgene with a mutation known t®o confirm that pocket protein function is lost in the epithelium
disrupt Rb family binding survived and lacked epithelialof CC10-T121 lungs, immunohistochemical analysis was
abnormalities (Fig. 6C). Although these studies do noperformed for the E2F-regulated gene product PCNA. Indeed,
definitively rule out the possibility that higher T121 versusPCNA was detected throughout the epithelium in CC10-T121
control TK1 transgene expression during development malungs, which is in marked contrast to the scattered
play a role in the phenotypic differences, the data stronglimmunopositive cells observed in wild-type lungs (Fig. 51,J).
suggest that the lung abnormalities result from the loss of Rbhese data provide evidence that Rb family function is lost in
family function. CC10-T121 lungs.
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Fig. 5.Rb family deficiency results in lung epithelial abnormalities.
(A-D) Morphological examination of transgenic (CC10-T121; A,C)
and control wild-type (WT; B,D) lungs. A pyknotic nucleus in
transgenic lungs is marked with an arrow (C). Note lack of
morphologic indicators of differentiation in transgenic lungs,
including flattening of Type | cells (D, closed arrow), ciliated cells
. 30 _ : ™ . (D, open arrow) and apical cytoplasmic protrusions indicative of
REGI e a, o e o '-..‘33,, et~ 4t 2 S Clara cells (D, white arrowhead). Images are representative of seven
CC10-T121 ?gé}&”? T A TEER | R CC10-T121 founder mice. (E-H) Immunohistochemistry for Ki67

7 EUR SRt _ (E,F) and TUNEL (G,H) analysis. Rare focal epithelial cells positive
for Ki67 are marked with an arrow in wild-type lungs (F). Note the
majority of Ki67 immunoreactivity is localized to mesenchymal cells
in wild-type lungs (F, white arrowhead). Arrow indicates TUNEL-
positive epithelial cells in transgenic lungs (G). No specific TUNEL
staining is present in wild-type lungs (H).
(1,J) Immunohistochemistry for PCNA. Scattered focal PCNA
immunoreactive epithelial (arrows) and mesenchymal (white
arrowhead) cells are indicated in wild-type lungs (J). Ki67, TUNEL
and PCNA data is representative of four CC10-T121 founder mice.
Abbreviations are as in Fig. 1.

As with the abnormalities in epithelial proliferation and
survival, lack of cellular differentiation correlated directly with
transgene expression. Although the majority of CC10-T121
transgenic mice showed epithelial cell abnormalities and
transgene expression uniformly throughout the conducting and
respiratory airways, several founders showed a less severe
phenotype. The lung epithelium in these founders showed focal
areas of normal-appearing epithelium interspersed among
hyperplastic and dysplastic cells. Interestingly, focal CCSP and
Foxjl expression was detected in these lungs (Fig. 7G and data
not shown). As expected, these cells showed morphologic
characteristics of Clara or ciliated cells, respectively, and did
not express the transgene. By contrast, adjacent transgene-
expressing cells were dysplastic and lacked indicators of
differentiation. In addition, distal respiratory airways do not
contain Clara and ciliated cells and therefore ablation of Rb
family function in the distal epithelium using the SPC promoter
would not be expected to alter differentiation along these cell
lineages. Consistent with this prediction, SPC-T121 lungs
showed normal Clara and ciliated cell differentiation (Fig. 7C
and data not shown). Taken together, these results demonstrate
that pocket protein function is required for Clara and ciliated
cell differentiation.

Ablation of Rb family function leads to an increase
in neuroendocrine cells

Ablation of Rb family function blocks cellular Neuroendocrine cell differentiation was assessed by
differentiation along both Clara and ciliated cell immunohistochemical analysis for CGRP expression. CC10-
lineages T121 transgenic lungs showed an increase in the number of

Morphological characteristics typical of Clara and ciliatedneuroendocrine cell aggregates when compared with wild-type
cell lineages were lacking in CC10-T121 transgenic lungsontrols (Fig. 7D,E,H). Additionally, larger neuroendocrine
indicating impaired cellular differentiation. To further cell aggregates were found in transgenic lungs when compared
investigate cell lineage specification, immunohistochemistryvith wild-type control lungs (18% of aggregates were
was performed for markers of Clara cell (CCSP) (Zhou et alcomposed of >10 cells in CC10-T121 lungs versus 4%
1996) and ciliated cell [hepatocyte nuclear factor-3/forkheaih wild-type lungs; P=0.026). Thus, the data support cell
homolog 4 (HFH-4/Foxj1)] (Blatt et al., 1999; Tichelaar et al.,lineage-specific functions for Rb family proteins in the airway
1999) differentiation. CCSP and Foxjl are expressed in thepithelium; acting as essential promoters of non-
respective cell types prior to the appearance of morphologiteuroendocrine cell differentiation while suppressing
indicators of differentiation. CCSP and Foxj1 expression weraeuroendocrine cell fate. Interestingly, lungs with only Rb
lacking or markedly reduced in CC10-T121 transgenic lungseficiency show neuroendocrine-specific abnormalities. Taken
(Fig. 7A and data not shown). together, these results provide strong evidence that Rb has a
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Fig. 6. Transgene expression
correlates with epithelial
abnormalities. (A) Western blot
analysis of whole lung lysates,
showing specific expression of
truncated large T antigen (T121) in
CC10-T121 transgenic (+) but not
wild-type (-) lungs. Full-length
large T antigen (Lg T) or small t
antigen (Sm T) is not detected in
transgenic lungs but is seen in
control cell lines (C).

NS, nonspecific bands.

(B-E) Immunohistochemical
analysis for T121 (B,D) or TK1
(C,E) expression in transgenic
lungs. Arrows indicate transgene
expression in alveolar Type Il cells.
(F-H) Morphological examination,

TUNEL
Ki67 expression and TUNEL '5 Th -
analysis in transgenic SPC-T121 s’(&?g'g 3
lungs. Data is representative of E! ‘j-}‘%-*\, |

seven founder CC10-T121 mice ’E“%‘

% s

. hd o

and two SPC-T121 mice. ﬁ}.’a w‘.;f QL'F%
- ,'“' ST ‘

Transgene expression was detectecP!" AN ; ¥ $L w B & '-n‘_,.?k‘,‘}"’

in two of six CC10-TK1, and seven ' g]
of eight SPC-TK1 transgenic lines; f‘ " f' "”E‘_ @,
adult lungs are shown. 5 ""

Abbreviations are as in Fig. 1. _! g&,

cell lineage-specific role that is essential for the regulation afvhile suppressing proliferation and neuroendocrine cell fate. It
neuroendocrine cell fate despite family member compensatiaemains possible that the T121 transgene used in the present
for Rb deficiency in non-neuroendocrine cell lineages. studies may alter cellular functions in addition to Rb family
function. Nevertheless, the lack of phenotypic abnormalities in
. . control mice expressing the same transgene with a single base
Discussion pair mutation known to eliminate Rb family binding provides
The current studies show that Rb is an essential regulator efidence that pocket protein function is essential during
lung epithelial development. Furthermore, the data providepithelial development.

strong evidence that Rb family proteins show functional The current studies provide direct evidence that Rb has
redundancy in regulation of epithelial cell proliferation, survivala unique and essential role in negatively regulating
and differentiation along non-neuroendocrine cell lineagesmeuroendocrine cell fate in vivo. The epithelial-specific Rb
Interestingly, selective loss of Rb function leads toknockout model generated in the current work demonstrates
neuroendocrine hypercellularity, supporting a unique celthat Rb itself is capable of suppressing proliferation and
lineage-specific role for Rb. The dependency of neuroendocrirenhancing cell survival during epithelial development.
cells on Rb function, coupled with the requirement for Rb los$nterestingly, compensation for loss of Rb function occurred
in the genesis of human neuroendocrine SCLC, points towasdith regard to these functions, enabling restoration of the
common regulatory mechanisms operative in the mousairway epithelium. By contrast, Rb function was absolutely
epithelium and in neoplastic processes associated with Rbquired for regulating the neuroendocrine cell lineage. This
deficiency in humans. Accordingly, the model generated founique cell lineage-specific function of Rb is not only essential
these studies provides a valuable system with which to exploie development but also in tumor suppression, as Rb ablation
how temporal variations in Rb expression (either alone or ited to hypercellular neuroendocrine lesions in the current
combination with other oncogenes and tumor suppressors) altgudy, and somatic inactivation of both Rb and p53 in the

development and promote carcinogenesis. mouse lung induces small cell lung cancers (Meuwissen et al.,
2003). Furthermore, the observation that Rb is specifically, and

Rb provides a unique cell lineage-specific function nearly universally, mutated in human SCLC suggests that this

in epithelial development unique cell lineage-specific Rb function is also important in the

The phenotypes of Rb and total pocket protein -deficient lungsuppression of human malignancies.

show that pocket proteins are essential in lung epithelial

development for the regulation of epithelial cell proliferation,Rb family proteins have opposing roles in

survival and differentiation. Specifically, pocket protelnsd'fferem'f:\tlon along distinct cell lineages

augment cell survival and non-neuroendocrine differentiationThe present work provides evidence that pocket protein
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normal lung development, and apoptosis was not detected in
wild-type lungs in the present studies. Furthermore, loss of
pocket protein function has been shown to induce rather than
inhibit apoptosis (Dannenberg et al., 2000; Lipinski and
Jacks, 1999; Sage et al., 2000). Enhanced neuroendocrine
cell proliferation is the most obvious mechanism. Although
increased proliferation would explain an overall increase in
neuroendocrine cell number, this mechanism does not
account for the increase in neuroendocrine foci seen in
pocket protein-deficient lungs. Moreover, the majority of
neuroendocrine cells in CC10-T121 transgenic lungs are not
immunoreactive for the proliferation marker Ki67 in co-
localization studies (data not shown). The prominence of
neuroendocrine cells in pocket protein-deficient lungs is
therefore not likely to occur simply as a result of increased
cellular proliferation. Thus, the data suggest that loss of
Rb family function leads to increased neuroendocrine
differentiation.

Although pocket proteins have previously been shown to
augment differentiation (Chen et al., 1996b; Gu et al., 1993;
Novitch et al., 1996; Thomas et al., 2001), Rb has not
previously been implicated in suppressing a differentiation
pathway. Interestingly, SCLC and retinoblastomas share a
neural phenotype and are the only human malignancies that
exhibit Rb gene mutations in nearly all cases (Sherr, 1996).
Rb*~mice and chimeric animals made from-RIES cells
also develop neuroendocrine malignancies (Hu et al., 1994;
Jacks et al., 1992; Maandag et al., 1994), albeit not the same
tumors associated with Rb loss in humans. In addition,
ES cells lacking pocket protein function show exclusive
neural differentiation, whereas normal totipotent ES cells

5 . mccioTiz1  differentiate along endodermal, ectodermal and mesodermal
- @wr cell lineages (Dannenberg et al., 2000). Taken together, these
g s [1sPC-Ti21 data suggest a novel role for Rb in suppression of
® 3 differentiation. Moreover, the mechanisms underlying Rb
E ) function in cellular differentiation and tumor suppression are
] likely to be linked, given the strong association between Rb
€1 loss and neuroendocrine differentiation in tumors.

o I

Functional redundancy among pocket proteins
Fig. 7.Rb family deficiency results in cell lineage-specific effects in ~ Provides an explanation for why Rb and p16 are
differentiation. (A-F) Immunohistochemical analysis for CCSP and  differentially targeted in phenotypically distinct

CGRP in transgenic and wild-type (WT) control lungs. Arrows mark carcinomas
neuroendocrine cells. Data is representative of three to six CClO-T121._ung carcinomas are divided into SCLC and NSCLC. based
founder mice and two SPC-T121 pups. (G) Immunohistochemistry forupon distinct clinical and pathologic features. Rb gene

the transgene (T121) and CCSP in a CC10-T121 founder with a less . . .
severe phenotype. Note that transgene expression (green) and CCSPmthatlons occur in nearly all SCLC, whereas pl6 is the

expression (red) do not overlap. Abbreviations are as in Fig. 1.
(H) Quantification of CGRP-immunoreactive foci. CC10-T121 mice
show increased CGRP-reactive foci when compared with wild-type

preferential target for inactivation in NSCLC (Kaye, 2001;
Minna et al., 2002). The p16 protein inhibits cyclin D/cdk4,6
kinase activity thus maintaining Rb in its active,

(WT) (*P=0.0002) and SPC-T121R*0.0008) mice. Data represent six hypophosphorylated state. Inactivation of pl6 occurs in

CC10-T121 founder mice, four wild-type mice and two SPC-T121
mice.

many human cancers and results in constitutive
hyperphosphorylation and thus inactivation of Rb (Sherr and

McCormick, 2002). The remarkably tight inverse correlation

between mutational inactivation of Rb and loss of pl6
function is crucial for restricting neuroendocrine cell fate whileexpression suggest that these proteins function in a common
promoting differentiation in other cell types. There are threeegulatory pathway (Otterson et al., 1994; Shapiro et al., 1995).
mechanisms by which pocket protein inactivation could lead tovhy then are different components of the Rb pathway
an increase in neuroendocrine cells: (1) decreased apoptosis|ectively mutated in distinct carcinomas? One hypothesis is
(2) increased proliferation, or (3) increased differentiationthat Rb gene mutations are seen in SCLC because
Decreased apoptosis is unlikely as there is no evidence thaturoendocrine cells are exquisitely sensitive to Rb loss
neuroendocrine cell number is regulated by apoptosis ihecause of a lack of functional compensation by p107 and/or
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p130 in this cell lineage. By contrast, Rb mutations are ndhat arise in these patients are predominantly SCLC and
detected in NSCLC because these tumors arise from nodevelop at a younger age than in the general population
neuroendocrine cell lineages (Minna et al., 2002) that sho@Leonard et al., 1988; Sanders et al., 1989; Strong et al., 1984).
functional compensation for Rb deficiency. In support of thisSThe mouse model generated for these studies therefore
hypothesis, Rb function was demonstrated to be specificallyrovides evidence that genetically engineered mice can be used
required for regulation of neuroendocrine but not otheto model human lung disease resulting from Rb deficiency.
epithelial cell lineages in the current studies. Total pocket

protein inactivation resulted in marked epithelial abnormalities | am grateful to Helen Piwnica-Worms, J. William Harbour,
throughout the epithelium, implying that p107 and/or p13d30uglas C. Dean and Judith A. K. Haromony for advice and review

provide a redundant or compensatory function in other cefff theé manuscript. | thank Jeffrey Whitsett for CC10 and SPC
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that occurs with Rb loss alone (Classon and Dyson, 2001; Sheffeyard, Mike White and Ron McCarthy for technical expertise; and
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