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Abstract

 

Transient pulmonary neuroendocrine cell hyperplasia and

non-neuroendocrine lung tumors develop in nitrosamine-

treated hamsters, which we hypothesized might modulate

epithelial cell phenotype by expressing gene(s) homologous

to human chromosome 3p gene(s) deleted in small cell car-

cinoma of the lung (SCLC). We differentially screened a

chromosome 3 library using nitrosamine-treated versus nor-

mal hamster lung cDNAs and identified hepatocyte growth

factor–like/macrophage-stimulating protein (HGFL/MSP)

in injured lung. HGFL/MSP mRNA is low to undetectable

in human SCLC and carcinoid tumors, but the HGFL/MSP

tyrosine kinase receptor, RON, is present and functional on

many of these neuroendocrine tumors. In H835, a pulmo-

nary carcinoid cell line, and H187, a SCLC cell line, HGFL/

MSP induced adhesion/flattening and apoptosis. Using via-

ble cell counts to assess proliferation after 14 d of treatment

with HGFL/MSP, there is growth inhibition of H835 but not

H187. Nitrosamine-treated hamsters also demonstrate pul-

monary neuroendocrine cell apoptosis in situ during the

same time period as expression of the endogenous HGFL/

MSP gene, immediately preceding the spontaneous regres-

sion of neuroendocrine cell hyperplasia. These observations

suggest that HGFL/MSP might regulate neuroendocrine

cell survival during preneoplastic lung injury, which could

influence the ultimate tumor cell phenotype. (

 

J. Clin. Invest.

 

1997. 99:2979–2991.) Key words: tyrosine phosphorylation
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Introduction

 

Molecular genetic studies of small cell carcinoma of the lung
(SCLC)

 

1

 

 have shown that the loss or inactivation of two dis-
tinct tumor suppressor genes—the retinoblastoma gene (Rb)

and p53 genes—plays critical roles in the development of this
malignancy (1–4). It is generally recognized that solid tumors
such as lung and colon cancers harbor multiple genetic abnor-
malities (3, 4). There is a minimum of three putative tumor
suppressor genes which map to the short arm of chromosome 3
and the consistent loss of heterozygosity of chromosome 3p se-
quences in SCLC suggests that one or more of these genes
might play a role in SCLC development (5–13). With the ex-
ception of the successful cloning of the 3p25 von Hippel-
Lindau disease gene (12), the definitive identification of the
other 3p suppressor genes has been elusive. A single mutation
affecting von-Hippel-Lindau disease has been described in
only 1 of 33 SCLC cell lines, but not in cell lines derived from
33 non–small cell lung carcinomas of the lung (NSCLCs) or 2
carcinoids (14). Abnormal FHIT transcripts occur in lung can-
cer (13), but their significance is not universally accepted, with
some concerns that these might simply represent alternative
splicing variants, or could reflect simply the plasticity of the
cancer cell genome (15).

Human SCLC is generally believed to be derived from
transformed pulmonary neuroendocrine (NE) cells (16), simi-
lar to pulmonary carcinoid tumors (17). Although there is no
animal model of SCLC to aid in the elucidation of its biology,
our laboratory has been investigating a hamster model of pul-
monary NE hyperplasia induced by nitrosamines and 65% hy-
peroxia (O

 

2

 

) (18–20). Our long-term objective was to define
the relationship between pulmonary NE cell hyperplasia and
neoplasia. Hamsters treated with diethylnitrosamine (DEN)
with or without O

 

2

 

 for 3 mo develop pulmonary NE cell hyper-
plasia. DEN/O

 

2

 

 induces NE cell hyperplasia about fivefold
more intense than that observed in hamsters treated with
DEN alone. In addition, immunostaining for proliferating cell
nuclear antigen labels only rare NE cells, suggesting that this
pulmonary NE cell hyperplasia predominantly represents cell
differentiation and/or increased cell survival rather than sim-
ply NE cell proliferation (19). Similarly treated hamsters de-
velop only non-NE lung tumors with a high rate of K-ras muta-
tions after 10 mo (20–22), which are similar to human NSCLCs.

 

Address correspondence to Dr. Mary E. Sunday, Brigham &

Women’s Hospital, Department of Pathology, 75 Francis Street, Bos-

ton, MA 02115. Phone: 617-355-8402; FAX: 617-721-5654; E-mail:

sunday@a1.tch.harvard.edu

 

Received for publication 4 October 1996 and accepted in revised

form 19 March 1997.

 

1. 

 

Abbreviations used in this paper:

 

 CGRP, calcitonin gene-related

peptide; DAPI, 4

 

9
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One possible explanation for the lack of SCLC in rodents is
that genes which downregulate numbers of differentiated NE
cells might be induced during preneoplastic lung injury by ni-
trosamines. We hypothesized that human chromosome 3p
might harbor such putative inducible regulatory genes because
SCLCs are generally NE in phenotype and consistently harbor
homozygous deletions or loss of heterozygosity of chromo-
some 3p sequences. To address this question, we differentially
screened a human chromosome 3–specific genomic library us-
ing lung cDNAs from hamsters treated with nitrosamines ver-
sus normal adult hamsters. This study identifies the gene en-
coding hepatocyte growth factor–like/macrophage-stimulating
protein (HGFL/MSP) at chromosome 3p21.3 as a candidate
inducible regulatory gene. For simplicity, we will refer to
HGFL/MSP as MSP for the remainder of the paper. The MSP
tyrosine kinase receptor, RON, has been shown recently to
map also to 3p21.3 (23), and is known to be expressed in ap-
parently normal human lung (23). MSP mRNA is low to unde-
tectable in human SCLC and pulmonary carcinoid tumors, but
RON is present and functional on many of these NE tumors.
In two different NE carcinoma cell lines, MSP induces adhe-
sion/flattening and apoptosis; at the same time, MSP treatment
induces growth inhibition of a carcinoid cell line but not an
SCLC cell line. These results indicate that MSP can regulate
survival of NE cells in vitro, and suggest that similar regulatory
mechanisms might occur in vivo. Finally, we demonstrate that
apoptosis occurs in NE cells in DEN-treated hamster lung with
a time course which parallels the endogenous expression of the
MSP gene. Thus, NE cell apoptosis could explain the sponta-
neous downregulation of NE cell hyperplasia observed in ni-
trosamine-treated hamsters, and could be a factor leading to
preferential development of non-NE lung tumors in rodents.

 

Methods

 

Care and treatment of hamsters.

 

Outbred female Syrian golden ham-

sters (virus and pathogen-free) were purchased from Charles River

Laboratories (Wilmington, MA) at 6 wk of age and were maintained

with or without 65% O

 

2

 

 in compliance with Interdisciplinary Princi-

ples and Guidelines for the Use of Animals in Research, Testing, and

Education, as described previously (18, 19). The animals were given

DEN (20 mg/kg in PBS) or PBS as detailed previously (18, 19). At

harvest, animals were rapidly asphyxiated with carbon dioxide.

 

Library construction and differential screening.

 

The cosmid li-

brary was prepared using genomic DNA from human chromosome

3–specific somatic cell hybrids with 5,500 individual colonies identi-

fied as containing human sequences (

 

,

 

 5% contamination with ham-

ster sequences), as detailed previously (24). Total RNA was prepared

from hamster lung tissues as detailed elsewhere (18). Lung tissues

treated with DEN for 12 wk were chosen for differential screening

because peak pulmonary NE cell hyperplasia occurred at this time

point, when a putative gene involved in regulating NE cell numbers

might be expressed. 

 

32

 

P-labeled cDNAs were prepared from 1 

 

m

 

g of

total RNA using 50 

 

m

 

Ci of [

 

32

 

P]dCTP, Moloney murine leukemia vi-

rus reverse transcriptase (2 U, Bethesda Research Laboratories,

Gaithersburg, MD), RNAsin (5 U, No. R4380; Sigma Chemical Co.,

St. Louis, MO) and random hexamers (1 U, 5

 

9

 

-pd(N)6; Pharmacia

LKB Biotechnology, Piscataway, NJ) in a total volume of 10 

 

m

 

l of

50 mM Tris-HCl (pH 8.3), 75 mM KCl, 10 mM DTT, and 3 mM

MgCl

 

2

 

 for 60 min at 42

 

8

 

C. These cDNAs were used to screen dupli-

cate nitrocellulose membrane filters bearing colony imprints from 96-

well plates for both primary and secondary screening. Tertiary

screening was carried out using a hamster-specific repeat to exclude

clones containing hamster sequences, which could be contaminants.

 

Chromosome mapping.

 

Human chromosome 3–specific cosmids

identified in our differential screen were mapped to specific subre-

gions on chromosome 3 by identifying unique sequence hybridization

probes from each cosmid and hybridizing these to a somatic cell hy-

brid deletion mapping panel as described previously (25).

 

PCR on reverse-transcribed RNA for MSP, RON, and actin tran-

scripts.

 

cDNA was prepared and reverse transcription (RT) PCR re-

actions were carried out as described previously (18, 19), using 35

cycles of PCR for MSP and RON or 22 cycles for actin, each cycle in-

cluding denaturation (0.5 min, 93

 

8

 

C), annealing (1.0 min, 50

 

8

 

C), and

extension (1–3 min, 72

 

8

 

C). Synthetic oligodeoxynucleotide pairs were

designed to span at least one intron, corresponding to conserved se-

quences for murine beta-actin (yielding a 243-bp product) and human

gamma-actin (yielding a 240-bp fragment), murine MSP (bp 782–1609,

yielding an 827-bp insert, for hamster RNA analyses) (26), human

MSP (bp 886–1555, yielding a 669-bp product, for human RNA analy-

ses) (27), and human RON (bp 1642–2862, yielding an 

 

z

 

 1200-bp

product) (23). Rodent RON sequence is not available, so the hamster

RON RT-PCR was carried out using human primers. Southern blots

of the PCR products were probed with the corresponding end-labeled

internal oligonucleotide specific for MSP, RON, or actin. The se-

quences of the primers used are given as follows: Actin (murine):

5

 

9

 

: GTGGGCCGCTCTAGGCACCA; 3

 

9

 

: TGGCCTTAGGGTTCA-

GGGGG; Probe: AACTGGGACGACATGGAGAAGATCTGG-

CAC; Actin (human): 5

 

9

 

: GTGGGGCGCCCCAGGCACCA; 3

 

9

 

:

TGGCCTTGGGGTTCAGGGGG; Probe: AACTGGGACGAC-

ATGGAGAAAATCTGGCAC; MSP (murine): 5

 

9

 

: GCGAGA-

ATTCTGTGACCTCCCC; 3

 

9

 

: TCAGTACCCACTGCTCCTTCA;

Probe: ATTCTGGACCCCCCAGAC; MSP (human): 5

 

9

 

: AATAC-

CACCACTGCGGGCGT; 3

 

9

 

: TCAGTATCCACTGCTCCTTCA;

Probe: TGTACAACGCCGGATCTGGTAGCA; RON (human):

5

 

9

 

: CATGGCATTTCATGGGCTGT; 3

 

9

 

: GGTGACCACTCTAC-

CCAGGATATGACA; and Probe: CTGGTCTGAGTTTTGAG-

GTG. For semiquantitative RT-PCR, conditions were determined

such that the number of cycles was approximately one-third maximal

and thus within the linear range of detection (see Fig. 1).

 

Human cell lines and tumor tissues.

 

HepG2 human hepatocellu-

lar carcinoma cell line was used as a positive control for MSP. Human

lung carcinoma cell lines were cultured as described previously (28):

SCLCs: H60, H82, H146, H187, H209, and H249; carcinoids: H720,

H835, and H679. Samples of primary SCLCs (verified by frozen sec-

tion histopathology to be 

 

.

 

 90% tumor cells) and adjacent non-neo-

plastic lung were obtained immediately after therapeutic surgical re-

section (lobectomy or pneumonectomy) and snap-frozen in liquid

nitrogen before RNA preparation for RT-PCR analyses. These pro-

tocols were conducted according to strict institutional and NIH

guidelines for use of human tissues which would otherwise be dis-

carded.

 

Detection of RON receptor phosphorylation.

 

Rabbit IgG antisyn-

thetic COOH-terminal peptide (20mer) of RON beta-chain was gen-

erated by immunizing rabbits with RON peptide conjugated to

keyhole limpet hemocyanin (29). Sources of monoclonal antiphos-

photyrosine IgG (clone 4G10), goat anti–rabbit IgG conjugated with

horseradish peroxidase, and enhanced chemiluminescence (ECL) de-

tection reagents have been described previously. Four cell lines (H82,

H187, H720, and H835) were used for phosphorylation assays. De-

tailed protocols have been described previously (29) (see Fig. 4 

 

B

 

).

RON-transfected MDCK cells (clone RE7, 4 

 

3

 

 10

 

6

 

 cells) were used

as a positive control. After stimulation with MSP, cells were lysed,

and proteins were precipitated with rabbit anti-RON peptide IgG

and run on 8.0% SDS-PAGE gels under reduced conditions. Proteins

were transferred to membranes which were incubated with antiphos-

photyrosine (4G10) overnight, followed by horseradish peroxidase–

conjugated goat anti-mouse IgG and ECL detection reagents.

 

Growth assays.

 

Cell lines were treated with MSP (1, 3, and 10

nM) for 5–14 d and viable cell counts determined in the presence of

0.5% trypan blue using a hemacytometer. For [

 

3

 

H]thymidine incorpo-

ration, cells were grown in 96-well plates at 10

 

4

 

 cells per well in a vol-
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ume of 200 

 

m

 

l with or without MSP (1, 3, and 10 nM) for 2–5 d. For

the last 4 h of culture, 1 

 

m

 

Ci of [

 

3

 

H]thymidine was added per well.

Cells were harvested on filter mats using a semiautomatic cell har-

vester (model 1004; Skatron, Inc., Sterling, VA). Four to eight repli-

cates were used per group in each experiment. Filters were counted

according to standard protocols.

 

Cell adhesion and scanning electron microscopy (EM).

 

Phase-con-

trast microscopy and Polaroid photography were carried out using

H835 carcinoid cells grown in 25 cm

 

2

 

 flasks. Nonadherent H835 cells

grown in 25 cm

 

2

 

 flasks were harvested by one gentle wash with media

to collect loose cells. 4 ml of PBS was added per flask before mechan-

ical disruption of the remainder of the cells. Viable cell counts were

carried out using trypan blue exclusion as described above.

For scanning EM, H835 cells were grown on 0.4 

 

m

 

m pore size cell

culture inserts (Falcon 3095; Becton Dickinson, Franklin Lakes, NJ)

in 24-well plates with media above and below. Scanning EM was car-

ried out according to routine procedures using cells fixed overnight in

2.5% glutaraldehyde, 1% paraformaldehyde in PBS. Cells were dehy-

drated with a graded series of ethanol solutions, critical-point dried

(in CO

 

2

 

), mounted, and coated with gold-palladium before examina-

tion by scanning EM.

 

Apoptosis assay.

 

Flow cytometric and in situ analysis for DNA frag-

mentation was carried out using H835, H187, and H720 cells grown in

the presence of MSP (3 nM) or in media alone. Fluorescein isothiocyan-

ate-digoxigenin nucleotide labeling of 3

 

9

 

-OH DNA ends was carried out

on cell suspensions according to the manufacturer’s specifications with

15 min of proteinase K treatment (ApopTag; Oncor, Inc., Gaithersburg,

MD), using 4

 

9

 

,6-diamidino-2-phenylindole (DAPI) and/or propidium io-

dide as nuclear counterstains. Specimens were analyzed by flow cytome-

try at 530 nm (for fluorescein) and 620 nm (for propidium iodide, red). A

portion of each specimen was spun onto a glass slide using a cytocentri-

fuge for viewing at 510–550 nm (green to yellow, fluorescein) and 360–

370 nm (blue, DAPI). Some samples were used for preparation of DNA

and agarose gel electrophoresis, as previously described (30).

In situ analysis for DNA fragmentation in tissue sections was car-

ried out using the same ApopTag fluorescence protocol (see above)

on hamster lung sections which had been immunostained previously

for calcitonin gene-related peptide (CGRP) (18, 19). Sections were

counterstained using DAPI to visualize nuclei in the sections. For this

preliminary survey, analysis was restricted to qualitative assessment

of ApopTag fluorescence and/or apoptotic bodies in CGRP-positive

NE cells to determine the time frame during which NE cell apoptosis

might occur in this lung injury model.

 

Statistical analyses.

 

Numerical data were analyzed using the un-

paired Student’s 

 

t

 

 test, with values expressed as mean

 

6

 

1 SEM or 1 SD.

 

Results

 

Differential screening and genomic Southern blots.

 

The differ-
ential screening of a human chromosome 3–specific cosmid li-
brary using hamster lung cDNAs from 12-wk DEN/O

 

2

 

-treated
animals versus normal adults yielded 186 primary colonies
on duplicate 96-well plate filters. These 186 colonies were re-
screened on a new set of duplicate filters, and 39 were con-
firmed as being differentially expressed. Screening of purified
cosmid DNA was then carried out on slot blots to exclude
hamster sequences. Seven uniquely human genes were identi-
fied, three of which mapped to 3p (data not shown). Southern
blotting of EcoRI digests of these seven cosmid DNAs was
carried out to identify small (

 

# 

 

1 kb) fragments of each cosmid
clone bearing cDNA sequence without repeats, for DNA se-
quencing, and for use as probes for mapping with a panel of
chromosome 3 somatic cell hybrids (25). A 114-bp fragment of
one of the clones (1697) was identified by DNA sequencing as
highly homologous to the published nucleic acid and amino
acid sequences of the human cDNA encoding HGFL from bp
984 to 1090 (31) (Table I).

HGFL is known to be identical to MSP (27, 32, 33). Map-
ping using a panel of chromosome 3 somatic cell hybrids con-
firmed that clone 1697 mapped to 3p21-24. This agrees with
previous studies which mapped the MSP gene to 3p21.3 (27,
31, 33). Genomic Southern blots from primary lung tumors
(including both SCLCs and NSCLCs) and kidney tumors and
the corresponding non-neoplastic lung or kidney were probed
with clone 1697. There were no gross deletions or abnormali-
ties of any band from tumor tissues as compared to non-neo-
plastic tissue adjacent to the tumor.

 

Semiquantitative RT-PCR.

 

RT-PCR conditions were es-
tablished which allowed linear detection of MSP, its receptor,
RON, and beta-actin. Increased RNA input from a positive
control cell line (NSCLC H596) led to linear increases in RT-
PCR signal for MSP (referred to as 1697 in the figures because
the amplified region is that segment of the MSP gene corre-
sponding to clone 1697), its receptor, RON, and beta-actin,
comparing different quantities (over a two log scale) of total
RNA in the RT reaction (Fig. 1). These observations indicate a
linear correlation between the relative amounts of given mRNAs

 

Table I. Sequence Comparisons Between Human HGFL/MSP and Clone 1697

 

(A) Nucleotide comparison between human HGFL/MSP and clone 1697 (85% identity)

HGFL. 984

 

G GAG AAC TTC TGC CGG AAC CCC GAC GGC TCA GAG GCG CCC TGG

 

1697. 11

 

G ... ... ... ... G.. C.G .T. AGA ... G.A CT. ... ... ...

 

HGFL. 1027

 

TGC TTC ACA CTG CGG CCC GGC ATG CGC GCG GCC TTT TGC TAC

 

1697. 54

 

... ... ... ... ... ... .N* **. A.G AG. ... ... ... ...

 

HGFL. 1069

 

CAG ATC CGG CGT TGT ACA GAC G

 

1697. 96

 

... ... ... ... ... ... C.. .

 

(B) Amino acid comparison between human HGFL/MSP and clone 1697 (75% identity, one of 8 amino acids conservatively substituted)

HGFL. Glu Asn Phe Cys Arg Asn Pro Asp Gly Ser Glu Ala Pro Trp

1697. . . . . Gly Glu His Arg . Ala Leu . . .

HGFL. Cys Phe Thr Leu Arg Pro Gly Met Arg Ala Ala Phe Cys Tyr

1697. . . . . . . * * . Arg . . . .

HGFL. Gln Ile Arg Arg Cys Thr Asp

1697. . . . . . . His

* indicates unknown sequence.
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present in the products of a given RT reaction. Thus, under the
defined conditions, the relative band intensities for MSP and
RON can be compared to actin as a control reference house-
keeping mRNA in the same RT reaction tube.

 

Differential expression of the MSP gene in a hamster model

of preneoplastic lung injury.

 

To confirm that MSP is differen-
tially expressed in lung tissues from hamsters treated with
DEN, semiquantitative RT-PCR analyses were carried out us-
ing total lung RNA from hamsters treated for 2–20 wk with
DEN with or without O

 

2

 

, versus age-matched controls given
vehicle alone. The results of these RT-PCR analyses are
shown in Fig. 2. The identity of the hamster MSP band (1697)
detected on RT-PCR Southern blots is confirmed by nucleic
acid sequencing, which reveals 91% amino acid identity com-
pared to murine MSP (data not shown). It is apparent that
MSP mRNA is strongly expressed as early as 2 wk after begin-
ning treatment with DEN (two of three animals were positive
after 2 wk, and all three animals were positive after 4 and 6
weeks). All animals were strongly positive after 9–12 wk of
treatment. MSP mRNA levels thereafter dropped off, becom-
ing undetectable in all animals by 20 wk after the initiation of
DEN treatment, by which time NE cell hyperplasia had spon-
taneously regressed in all of these animals. In contrast to ani-
mals treated with DEN alone, hamsters treated with DEN/O

 

2

 

developed profound pulmonary NE cell hyperplasia (18)
which spontaneously regressed in about half of the animals
(18, 19). In DEN/O

 

2

 

-treated hamsters, there were lower levels
of MSP gene expression in the lung, and MSP mRNAs were
not detectable until after 9–16 wk of DEN/O

 

2

 

 treatment (Fig.
2) (data not shown). In summary, the numbers of DEN/O

 

2

 

-
treated hamsters expressing MSP mRNA in the lung are: one
of three after 9 wk, three of four after 12 wk, neither of two af-

ter 13 wk, one of two after 14 wk; and two of three after 16 wk
of DEN/O

 

2

 

. MSP mRNA was undetectable in lung tissues
from age-matched normal hamsters (Fig. 2). RON mRNA was
also induced in hamsters treated with DEN (present in 17 of 17
animals after 2–16 wk of DEN, and 2 of 3 animals after 20 wk
of DEN) or DEN/O

 

2

 

 (present in 17 of 19 animals after 2–16 wk
of DEN/O

 

2

 

, and 1 of 3 animals after 20 wk of treatment) but
was undetectable in lung tissue from most normal adult ham-
sters (occurring at low levels in only 1 of 12 normal adult ham-
ster controls, at age 20 wk, corresponding to 12 wk of DEN
treatment) (data not shown).

The only available MSP antisera, developed for Western
analyses of human tissues (27), do not detect immunoreactive
MSP in control sections of either fixed or frozen human or
hamster liver, which is a strong positive control (34) (data not
shown). In several experiments, the levels of MSP mRNAs in
lung (positive by RT-PCR) were below the limit of detection
by in situ hybridization even when homologous cRNA probes
were used (data not shown). Hence, we turned to a panel of
lung cancer cell lines to determine whether MSP is expressed
in specific epithelial cell types, with our primary focus on NE
cells. Separate analyses of MSP in NSCLCs, representing vari-
ous non-NE cell types, are reported elsewhere (Willett, C.G.,
M.H. Wang, D.I. Smith, V. Shridhar, R. Emanuel, K. Patidar,
S.A. Graham, F. Zhang, D.J. Sugarbaker, and M.E. Sunday,
manuscript submitted for publication).

 

Expression of mRNA encoding MSP in human SCLCs and

carcinoid cell lines.

 

To evaluate whether MSP gene expression
occurs in NE subtypes of lung cancer, we screened a panel of
tumor cell lines using RT-PCR. The results are given in Fig. 3.
As a positive control, the HepG2 hepatocellular carcinoma
cell line (Fig. 3, lane 

 

1

 

) was used, with the single band detected

Figure 1. Semiquantitative RT-PCR 

analyses. RT-PCR was carried out 

from reverse-transcribed total 

RNA isolated from H596 lung car-

cinoma cells. PCR primers were de-

signed to amplify the segment of 

the MSP gene coding region identi-

fied in clone 1697, a segment of the 

MSP receptor, RON, and beta-

actin as a housekeeping gene con-

trol. The figure shows autoradio-

grams of RT-PCR Southern blots 

probed with internal probes as

detailed in Methods. 0.05–5 mg of 

total RNA was used per RT reac-

tion, 1 ml of which was used for 

PCR, illustrating the semiquantita-

tive nature of this assay for MSP 

(referred to as 1697 because this 

represents amplification of the 

same region as the original human 

clone 1697), RON, and actin. The 

results of three-dimensional densit-

ometric integration of the bands 

are plotted next to the autoradio-

grams as a function of micrograms 

of input RNA per RT reaction rep-

resenting the averages of two sepa-

rate determinations.
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in human specimens occurring at 

 

z

 

 670 bp. There was no de-
tectable expression in 18-wk gestation normal human fetal
lung (Fig. 3, lane 

 

2

 

). Three of six SCLC cell lines tested (H60,
H146, and H187) demonstrated low levels of MSP mRNA on
long exposures of autoradiograms, but the PCR product in
these SCLCs was slightly smaller in size than the liver homo-
logue. MSP was undetectable in two carcinoid cell lines. All
lanes demonstrated good actin control bands (the upper band
which specifically hybridizes to an internal actin primer; the
other, lower band appearing on ethidium gels is not reproduc-
ible and does not hybridize with an internal primer probe), ex-
cept the no RT negative control.

Analysis of four primary SCLCs and the corresponding ad-
jacent non-neoplastic lung demonstrated a total lack of MSP
mRNA in all samples, in spite of excellent detection of MSP
mRNA in positive controls and strong actin bands derived
from all samples (data not shown).

 

Expression of mRNA encoding RON, the receptor protein

tyrosine kinase for MSP in human NE tumor cell lines.

 

Al-
though MSP gene expression does not appear to be a promi-

nent feature of NE lung tumors (SCLCs and carcinoids), it
seemed reasonable that MSP could be acting as a paracrine
regulatory factor for NE cells. To determine whether the re-
ceptor for MSP is transcribed in NE subtypes of lung cancer,
we used RT-PCR to screen a panel of tumor cell lines similar
to the panel used for Fig. 3. The results are given in Fig. 4 

 

A

 

. A
single band was detected in these human specimens at 

 

z

 

 1200
bp, as expected. The strongest expression of the RON gene oc-
cured in cell lines derived from two of six SCLCs (H187 

 

.

 

H60) and two of four carcinoids (H835 and H679). Much lower
levels of RON mRNA were also present in the SCLC line
H249, most clearly evident on longer exposures of autoradio-
grams. All lanes showed good actin control bands, except the
no RT negative controls (data not shown). RON mRNA was
undetectable in all four primary SCLCs and adjacent nonneo-
plastic lung in spite of an excellent positive control in the same
RT-PCR experiment (data not shown).

 

Tyrosine phosphorylation of RON in lung cancer cell lines.

 

To determine whether RON gene expression is associated
with specific cellular responses, we first carried out RON phos-

Figure 2. Differential ex-

pression of MSP (1697) in 

lung of nitrosamine-

treated hamsters. Using 

semiquantitative RT-PCR, 

MSP mRNA was induced 

in hamster lung by 2–16 

wk of treatment with 

DEN (twice weekly

injections as detailed in 

Methods). A second set 

of hamsters treated with 

DEN together with 65% 

hyperoxia (DEN/O2) had 

marked inhibition of 

MSP mRNA levels. 

Each lane represents lung 

RNA from one hamster 

at the indicated time 

point (weeks). MSP 

mRNA was absent from 

normal age-matched 

adult hamster lung (0 wk 

of treatment corresponds 

to 8 wk of age).

Figure 3. Analyses of MSP gene expres-

sion in human SCLC and carcinoid cell 

lines. The presence of MSP mRNA in hu-

man NE tumor cell lines was evaluated by 

RT-PCR. Top panel, from left to right: 

HepG2 (positive control, human hepato-

cellular carcinoma), 18-wk gestation hu-

man fetal lung, six SCLC cell lines (H60, 

H82, H146, H187, H209, and H249), and 

two carcinoid cell lines (H720, and H835), 

and no RT (negative control).
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phorylation assays in response to human native MSP using se-
lected representative cell lines which express moderate to high
levels of RON mRNA versus cell lines lacking detectable RON
mRNA. The results are given in Fig. 4 

 

B

 

. The control cell line
MDCK-RE7 is included to demonstrate positive phosphoryla-
tion of the RON beta chain at 

 

z

 

 150 kD (29). The highest level
of RON phosphorylation in response to recombinant MSP is
observed in H835; somewhat lower levels are present in H187.
The same cell lines demonstrate an absence of phosphoryla-
tion when MSP treatment was omitted (data not shown).
There was no detectable RON phosphorylation in H82 and
H720, which lack detectable RON mRNA, indicating that the
intensity of RON phosphorylation correlates directly and con-
sistently with RON mRNA levels.

There is no significant effect on proliferation of RON-posi-
tive cell lines H835 or H187, or on RON-negative H82 or H720
as determined by viable cell counting and thymidine incorpo-
ration after 2–5 d of treatment with MSP (data not shown).
However, after 2 wk of treatment of H835 with 3 nM MSP, the

viable cell numbers are decreased by 37%, with only 63

 

6

 

12%
(4 wells total) H835 as compared to 100

 

6

 

7% (5 wells total) vi-
able cells in parallel untreated wells (

 

P

 

 

 

5

 

 0.022, pooled results
of two experiments in duplicate or triplicate), as determined
by trypan blue exclusion. H187 cell numbers are not altered by
2 wk of similar MSP treatment.

 

NE cell line adhesion, morphology, and apoptosis.

 

H835 is
a well-characterized cell line derived from a human pulmonary
carcinoid tumor (35). In cell counting assays, the number of vi-
able H835 cells adherent to the tissue culture plastic is found to
increase significantly in the presence of MSP. However, H835
cells are only partially adherent; most of the viable cells are
nonadherent, similar to classic SCLC cell lines (28). The num-
ber of total viable cells, including adherent plus nonadherent
cells, does not change significantly in the presence of MSP
for 5 d. However, there is a consistent, dose-dependent in-
crease in adhesion of H835 cells, which peaks at 

 

z

 

 3 nM MSP
(Fig. 5 

 

A

 

).
By phase-contrast microscopy, increased adhesion of H835

is associated with cell flattening, as illustrated by comparing
Fig. 5 

 

B

 

 (untreated cells, showing refractile, rounded clusters
of cells) to Fig. 5 

 

C

 

 (treated with MSP for 6 d, with planar
sheets of cells demonstrating decreased ability to refract). To
further clarify this morphological change, we carried out scan-
ning EM on H835 cells grown on transwell filters (Fig. 5, 

 

D

 

–

 

F

 

).
Untreated H835 grow as cobblestone-like clusters of distinct
globoid or golf ball–like cells (Fig. 5 

 

D

 

). After 24 h of treat-
ment with MSP, about half of the cell clusters begin to flatten
or spread (Fig. 5 E), and after 6 d all of the clusters are almost
completely flattened (Fig. 5 F). The well-differentiated
strongly RON-positive SCLC cell line H187 (which usually
only floats) also demonstrates increased cell adhesion to tissue
culture plastic in the presence of MSP, but the RON-negative
cell line H720 (also a floating cell line) does not adhere when
treated with this protein (data not shown).

Trypan blue staining also demonstrates an increase in the
proportion of H835 cells with pyknotic nuclei detected after
5–14 d of culture with MSP, which was comparable to control
cultures treated with high doses of the apoptosis-inducing
agent, camptothecin (data not shown). Similar morphological
evidence of apoptotic nuclei was present on propidium iodide
staining (data not shown). Quantitation of the proportion of
these small nuclear fragments was carried out using flow cyto-
metric analyses after propidium iodide staining: 3 nM MSP re-
sulted in an increase in the sub-G1 peak from 2% (in media
alone) to 4% (in MSP) after 5 d, and from 20 to 30% of the
cells after 14 d. These observations suggest that MSP might be
increasing the number of cells undergoing programmed cell
death. Analysis of genomic DNA on ethidium bromide–
stained gels revealed a consistent shift towards lower molecu-
lar weight species when tumor cells are treated with MSP for
1–5 d (data not shown). A more sensitive and specific assay for
apoptosis is fluorescein isothiocyanate-digoxigenin nucleotide
labeling of new 39-OH DNA ends (ApopTag; Oncor, Inc.),
which are generated by DNA fragmentation and typically lo-
calized in morphologically identifiable nuclei and apoptotic
bodies (30). Representative results are given in Fig. 6, in which
the ApopTag flow cytometric fluorescence profile of . 1,000
cells is given on the far left (y axis 5 relative number of
“events” or cells, with scale maximum at 100); DAPI nuclear
stain of representative cells is shown in the middle panel, with
the corresponding ApopTag fluorescence of the same cells

Figure 4. RON (MSP receptor) gene expression and tyrosine phos-

phorylation in human NE lung tumor cell lines. (A) RON gene ex-

pression. The presence of RON (MSP receptor) mRNA in human tu-

mor cell lines was evaluated by RT-PCR. Top panel, from left to 

right: HepG2, six SCLC cell lines (H60, H82, H146, H187, H209, and 

H249), and three carcinoid cell lines (H720, H835, and H679). (B) 

RON tyrosine phosphorylation. Cells at 1 3 107/ml were stimulated 

with 5 nM MSP in 1 ml serum-free RPMI medium for 10 min at 378C. 

Proteins in cell lysates were precipitated with rabbit IgG anti-RON 

peptide. Samples were separated on an 8.0% SDS-PAGE, trans-

ferred to Immobilon-P membrane, probed with 4G10, and detected 

with ECL. RE7 cells were used as a positive control.
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Figure 5. Effect of MSP on NE cell adhesion and morphology. (A) The H835 carcinoid cell line, which grows as partially adherent cell clusters, 

was cultured without or with MSP (1–10 nM) for 5 d. The numbers of viable adherent and non-adherent cells were counted in triplicate using try-

pan blue exclusion, and the percentage of total cells which were adherent was calculated. The results shown represent the mean of three separate 

experiments6SEM. *P , 0.001, **P , 0.01. (B and C) Phase-contrast microscopy of H835 cells adherent to tissue culture plastic (3205). (B) 

Untreated H835 grow in loosely adherent clusters which are refractile, three-dimensional, and cobblestone-like in appearance. (C) H835 treated 

for 5 d with 3 nM MSP grow as clusters which are more tightly adherent, flatter, and less refractile. (D–F). Scanning EM of H835 cells grown on 

semipermeable membranes (3512, bar represents 10 mm). (D) Untreated H835 cells grow in three-dimensional clusters which are cobblestone-like in 

appearance. (E) Clusters of H835 cultured for 1 d with 3 nM MSP begin to flatten or spread out. (F) Clusters of H835 cultured for 5 d with 3 nM MSP 

are almost entirely flattened or two-dimensional in appearance, with indistinct cell-cell boundaries and loss of the cobblestone-like appearance.
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demonstrated on the far right. After 5 d in culture, untreated
H835 cells had low mean fluorescence (Fig. 6, top), which pre-
dominantly occurs as homogeneous weak nuclear fluorescence
of a fraction of the nuclei. After 5 d in culture with 3 nM MSP,
there was a striking shift, with over half of the cells brightly flu-
orescing (Fig. 6, middle; note different scale of relative cell
numbers with a maximum at 50). The ApopTag fluorescence
intensity induced by MSP is variable, being frequently very in-
tense and concentrated in nuclear fragments, or forming pe-
ripheral rings of clumped DNA within visible nuclei (Fig. 6,
middle, right). As a positive control, H835 cells were treated
for 48 h with high dose camptothecin (0.01% final concentra-
tion 5 100 mg/ml 5 287 mM, a supersaturated solution of
camptothecin, a chemotherapeutic agent known to induce
apoptosis of tumor cells IC50 z 10–20 nM [36] and normal thy-
mocytes with K50 z 1–10 mM [37]). Camptothecin treatment of
H835 yielded a fluorescence profile very similar to that of MSP
(Fig. 6, bottom, left; note scale same as that shown for MSP),
with brightly fluorescent nuclear fragments including periph-
eral rings of clumped DNA within nuclei and well-formed apop-
totic bodies. These results were repeated in five separate ex-
periments with H835; both the adherent and nonadherent cell
populations manifested increased fluorescent labeling together
with morphological and flow cytometric evidence of sub-G1

peak/nuclear fragmentation indicating apoptosis. Similar re-
sults were also observed with H187, a RON-positive SCLC cell
line (three separate experiments; data not shown). The RON-
negative H720 carcinoid cell line did not demonstrate any sig-
nificant shift in fluorescence with MSP treatment (data not
shown).

In situ analyses of apoptosis in nitrosamine-treated hamster

lung. To determine whether normal NE cells undergo apopto-
sis in vivo during the preneoplastic period, preliminary Apop-
Tag analyses were carried out using tissue sections which had
been previously immunostained for CGRP to demonstrate
hamster pulmonary NE cells (18, 19). Photomicrographs of
representative sections are given in Fig. 7. Normal adult ham-
ster lung (Fig. 7, A–C) had easily detectable CGRP-positive
NE cell clusters containing an average of nine nuclei per clus-
ter (Fig. 7, A and B). Most of the NE cell clusters in lung sec-
tions from two normal hamsters were negative for ApopTag
fluorescence (Fig. 7 C). Only a few nuclei (, 5% of clusters),
specifically in the largest NE cell clusters (. 20 nuclei), had
diffusely positive ApopTag fluorescence, but no apoptotic
bodies were observed in these normal lungs (data not shown).
In contrast, lungs of six hamsters treated with DEN alone (rep-
resentative photographs given in Fig. 7, D–I) and lungs of nine
hamsters treated with DEN/O2 (representative photographs
given in Fig. 7, J–L) contained NE cells with nuclear apoptotic

bodies which were ApopTag-positive during distinct time peri-
ods, as detailed below.

Hamsters treated with DEN alone contained ApopTag-
positive pulmonary NE cells with occasional apoptotic bodies
as early as 2 wk after the start of DEN, before significant NE
cell hyperplasia was present (18, 19). After 4 wk of DEN, mild
pulmonary NE cell hyperplasia was evident, with about twice
as many NE cell clusters per centimeter of airway epithelium
(Fig. 7, D and E) (18, 19). There was prominent ApopTag flu-
orescence in about half of these NE cell clusters after 4 wk
(Fig. 7 F), including apoptotic bodies which were easily identi-
fiable in most ApopTag-positive clusters. After 6 wk of DEN
(Fig. 7, G–I) there were fewer CGRP-positive NE cell clusters,
and the relative CGRP staining intensity was diminished as
compared to the 4-wk time point. In lungs treated with DEN
for 6 wk, most clusters contained nuclei with morphological
evidence of apoptotic bodies on DAPI nuclear staining (Fig.
7 H) which were positive for ApopTag fluorescence (Fig. 7 I).
After 9 wk of DEN, only rare apoptotic nuclei were evident.
After 12 and 16 wk of treatment with DEN alone, apoptotic
bodies with ApopTag fluorescence were no longer detectable
in lung sections.

Lungs of hamsters treated with DEN/O2 (Fig. 7, J–L) were
known to develop profound NE cell hyperplasia after 9–12 wk
of treatment (Fig. 7 J) (26, 27), with up to z 10-fold as many
NE cell clusters as compared to untreated controls after 12 wk.
Only rarely detectable ApopTag-positive nuclear fluorescence
occurred in pulmonary NE cells from hamsters treated with
DEN/O2 for 4 wk, during the early phase of mild CGRP-posi-
tive NE cell hyperplasia. In contrast, all four hamsters treated
with DEN/O2 for 8–9 wk demonstrated NE cell clusters with
some morphological evidence of apoptotic bodies on DAPI
nuclear staining (Fig. 7 K), all of which were positive for Apop-
Tag fluorescence (Fig. 7 L); about one-third of these NE cell
clusters had prominent apoptotic bodies in over half of the NE
cells. After 12 wk of DEN/O2 treatment, NE cells in sections
from two additional hamsters also contained abundant apop-
totic bodies and ApopTag fluorescence. However, after 16 wk
of DEN/O2, ApopTag fluorescence was no longer detectable
in lung sections from either of two hamsters, regardless of the
size of the NE cell clusters.

Discussion

The goal of this study was to identify a human chromosome 3p
regulatory gene with a hamster homologue induced by nitrosa-
mines during preneoplastic lung. Multiple putative tumor sup-
pressor genes are believed to reside on the short arm of this

Figure 6. Effect of MSP on NE cell apoptosis. H835 cells were grown with or without 3 nM MSP for 5–14 d. Suspensions of viable cells and py-

knotic nuclei were counted using trypan blue exclusion before fixation and fluorescein isothiocyanate-digoxigenin nucleotide labeling of 39-OH 

DNA ends (ApopTag, Oncor, Inc.). On the left, fluorescence profile of cell populations (. 1,000 cells analyzed per group) is given (x axis, rela-

tive cellular fluorescence; y axis, number of cells). Adjacent on the right are photomicrographs (31,000) of representative nuclei stained with 

DAPI and viewed at 360–370 nm (blue nuclei, central photographs) as a nuclear stain to demonstrate the presence of nuclei; the exact same field 

viewed at 510–550 nm demonstrates ApopTag fluorescence in a subset of the same cells. Most untreated H835 cells (top) had little or no Apop-

Tag fluorescence, except a few nuclei that were relatively homogeneously fluorescent. In contrast, many MSP-treated H835 cells stain moder-

ately to brightly for ApopTag fluorescence. Most of this fluorescence corresponds to nuclear fragments consistent with multiple apoptotic bodies 

or single pyknotic nuclei; occasional ring forms are also present, with irregularly clumped chromatin around the nuclear membrane showing 

bright fluorescence. High dose camptothecin (287 mM, bottom) is a positive control for apoptosis (see Methods for details). Note apoptotic bod-

ies and nuclear ring forms in camptothecin-treated cells similar to those observed with MSP treatment.
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Figure 7. In situ apoptosis of NE cells in hamster lung with and without DEN treatment. ApopTag analyses were carried out using tissue sec-

tions which had been previously immunostained for CGRP to demonstrate hamster pulmonary NE cells (26, 27). Photomicrographs of represen-

tative sections are given as follows (31,000). Left-hand column (A, D, G, J): Bright field microscopy of tissue section with CGRP immunostain-

ing demonstrating NE cells. Middle column (B, E, H, K): DAPI fluorescence of the same field demonstrating nuclei. Right-hand column (C, F, I, 

L): ApopTag fluorescence. (A, B, and C) Normal adult hamster lung. Most of the NE cell clusters are negative for ApopTag fluorescence. (D, E, 
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chromosome, which demonstrates homozygous deletion or
loss of heterozygosity in 100% of SCLCs (38), usually NE in
phenotype (16). Because nitrosamine-treated hamsters had
spontaneous regression of pulmonary NE cell hyperplasia but
developed only non-NE lung tumors, we speculated that these
hamsters might activate gene(s) able to downregulate NE cell
numbers during preneoplasia and such a gene might have a hu-
man homologue on chromosome 3p.

The MSP and RON genes both map to human chromo-
some 3p21.3, which coincides with the shortest region of dele-
tion described in SCLC, according to both loss of heterozygos-
ity (5) and homozygous deletion analyses (39–41). Although
we did not observe differences between primary lung tumors
and adjacent non-neoplastic lung on genomic Southern blots
probed with MSP clone 1697, this type of analysis would not
detect point mutations or alterations in other regions of the
MSP gene. It is also possible that 3p abnormalities occur early
during preneoplasia, such that non-neoplastic epithelial cells
adjacent to the primary neoplasm might harbor similar genetic
alterations: loss of heterozygosity at the 3p21.3 marker locus
for MSP (DNF15S2) has been observed in bronchial epithelial
dysplasia as well as neoplasia (42), consistent with the field
theory for lung carcinogenesis (43). Alternatively, there could
be altered MSP or RON gene expression in the absence of se-
quence abnormalities in these genes, either as a part of global
inactivation of multiple 3p genes or secondary to aberrant
gene expression regulation.

This study suggests that MSP and RON might function to
induce apoptosis in pulmonary NE epithelial cells. There are
three major pieces of evidence supporting this contention:
First, phosphorylation of RON occurs in response to MSP in
two NE cell lines which express moderate to high levels of
RON mRNA, but not in two cell lines with very low or unde-
tectable RON mRNAs by RT-PCR.

Second, human native MSP induces apoptosis of two dif-
ferent RON-positive NE carcinoma cell lines. This is evi-
denced by typical morphological changes (nuclear fragmenta-
tion and pyknosis), an increased proportion of smaller nuclear
fragments verified by flow cytometric analyses, a shift towards
fragmented DNA on ethidium gels, and prominent fluores-
cence with the ApopTag reagent which is comparable to that
seen with high doses of camptothecin (44). It should be noted
that: (a) the ApopTag fluorescence detection method is con-
siderably more sensitive than detection of DNA ladders; and
(b) decreased cell numbers occur subsequent to more cumula-
tive cell death.

Third, MSP and RON are induced in hamster lung during
preneoplastic injury by DEN treatment, which coincides with
the period of NE cell hyperplasia. (a) Analyses of lung from
hamsters given DEN alone show NE cell apoptosis after 2–9
wks of treatment: peak apoptosis at 4–6 wk coincides with the
time of earliest detectable NE cell hyperplasia (at 4 wk) and
the period of endogenous MSP gene expression (between 2
and 16 wk). It is possible that decreased NE cell apoptosis af-
ter 9 wk of treatment might be due to receptor downregulation
in the face of sustained high MSP levels. (b) Analyses of lung
from DEN/O2-treated hamsters demonstrate NE cell apopto-
sis in parallel with intense NE cell hyperplasia and MSP gene
expression (between 9 and 12 wk), immediately preceding
spontaneous regression of NE cell hyperplasia (18). MSP
mRNA is expressed in only about half of the hamsters treated
with DEN/O2, which could explain why only half of these ani-
mals manifest spontaneous regression. However, lung tissue
harvest for analyses of MSP gene expression after 8–12 wk of
DEN/O2-treatment precludes continued follow-up of the same
hamsters for the evaluation of spontaneous regression of NE
cell hyperplasia after 16–20 wk of DEN/O2 treatment.

These effects of MSP on NE cells are not entirely unprece-
dented. The homologous protein hepatocyte growth factor/
scatter factor has many similar effects on different cell types,
including acting as a growth factor for hepatocytes, type II
pneumocytes, and other cells (45–47); morphogenesis (48); an-
giogenesis (49); and cell spreading (46, 50). The cellular pro-
cesses of cell adhesion and spreading are frequently associated
(51, 52). Although increased cell adhesion can precede apop-
tosis in carcinoma cell lines, blocking cell adhesion does not al-
ter the course of apoptosis (53), consistent with our observa-
tions of apoptosis in both adherent and nonadherent H835 cell
populations.

It is of particular interest that we did not detect either MSP
or RON mRNAs in any of four cases of primary SCLC, nei-
ther in the non-neoplastic lung nor in the primary tumors. We
speculate that MSP derived from non-NE cells might function
to regulate survival of preneoplastic NE cells in vivo, such that
NE cells expressing RON and exposed to MSP during preneo-
plasia would not survive to become SCLCs. The human lung
cancer cell lines producing highest levels of MSP mRNA are
derived from adeno- and/or squamous cell carcinomas (Wil-
lett, C.G., M.H. Wang, D.I. Smith, V. Shridhar, R. Emanuel,
K. Patidar, S.A. Graham, F. Zhang, D.J. Sugarbaker, and M.E.
Sunday, manuscript submitted for publication). Although
MSP and RON are not expressed significantly in normal ham-

and F) Lung from hamster treated with DEN for 4 wk. Mild pulmonary NE cell hyperplasia is evident, with approximately twice as many NE cell 

clusters per centimeter of airway epithelium. There is prominent ApopTag fluorescence in about half of the NE cell clusters, including apoptotic 

bodies which are easily identifiable in most ApopTag-positive clusters. (G, H, and I) Lung from hamster treated with DEN for 6 wk. After 6 wk 

of DEN, there are fewer CGRP-positive NE cell clusters, and the relative CGRP staining intensity is diminished as compared to 4 wk. After 

treatment with DEN for 6 wk, most clusters contain nuclei with morphological evidence of apoptotic bodies on DAPI nuclear staining (Fig. 7 H) 

which are positive for ApopTag fluorescence, but the fluorescence intensity is diminished compared to 4 wk. (J, K, and L) Lung from hamster 

treated with DEN/O2 for 8 wk. Lungs of hamsters treated with DEN/O2 are known to develop profound NE cell hyperplasia after 9–12 wk of 

treatment. This section demonstrates a large NE cell cluster with prominent morphological evidence of apoptotic bodies on DAPI nuclear stain-

ing and ApopTag fluorescence.

Note that background cytoplasmic fluorescence of non-NE cells did not obscure the NE cells in these thin (3 mm) sections. Also, a negative 

nuclear image is apparent in most of these non-NE cells. However, we did not evaluate apoptosis in non-NE cells because of the cytoplasmic 

background fluorescence. Background staining of nerve fibers, connective tissue, and erythrocytes also did not interfere with evaluation of the 

NE cells.

Figure 7 legend (Continued)
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ster lung, both genes are induced in early preneoplastic lung
injury in hamsters, and could be expressed during lung injury
induced by cigarette smoking.

Similarly, spontaneous regression of NE cell hyperplasia in
DEN/O2-treated hamsters could be partly due to MSP produc-
tion by non-NE epithelial cells acting on RON-positive NE
cells, functioning to limit the life span of these cells or their
precursors. The early induction of NE cell apoptosis in ham-
sters treated with DEN alone for 2–4 wk could limit the expan-
sion of NE cells and might explain in part the less intense NE
cell hyperplasia observed in animals treated with DEN alone
(18). The later onset of both NE cell apoptosis and MSP gene
expression in hamsters treated with DEN/O2 for 8–12 wk is as-
sociated with more intense NE cell hyperplasia, suggesting that
the absence of NE cell apoptosis might permit greater expan-
sion of the NE cell population. It should also be noted that
other factors besides MSP are likely to be implicated in the NE
apoptosis response in nitrosamine-treated hamsters: NE cell
apoptosis in hamsters treated with DEN alone is less striking
than that in animals given DEN/O2, although MSP mRNA lev-
els are higher and more sustained in hamsters given DEN
alone. Part of this apparent discrepancy could be related to re-
ceptor downregulation or functional inhibition of signal trans-
duction at high doses of ligand. Alternatively, MSP could in-
teract synergistically with other factors induced by DEN/O2,
which are lacking in animals given DEN alone.

The molecular mechanism of the induction of MSP and/or
RON gene expression in nitrosamine-treated hamsters re-
mains to be determined. The induction of DNA damage could
be one factor, similar to induction of p53 and Rb by DNA
damage (54). However, it is apparent that the addition of other
factors, such as hyperoxia, can reverse this trend, arguing for
complex mechanisms of gene expression regulation. The genes
encoding MSP and its receptor could be upregulated by cyto-
kines during lung injury. The in vivo significance of our in vitro
observations remains speculative, but opens new avenues for
investigation of tumor phenotypic shifting by selective apopto-
sis of preneoplastic cell types.
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