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Meeting Report

Mouse Pulmonary Carcinogenesis: A Symposium to Honor the Memory of
Dr. Michael B. Shimkin1

trastructurally, carcinomas were cellularly heterogeneous with
Two recent events commemorated the 1-year anniversary of

Dr. Michael B. Shimkin's death. The origin and scientific

impact of his 1975 review on lung tumors in mice (1) were
described (2). Secondly, a conference was organized by D.
Dixon (NIEHS,2 Research Triangle Park, NC) and G. D.

Stoner (Medical College of Ohio, Toledo, OH), with A. M.
Malkinson (University of Colorado, Boulder, CO), R. R. Ma-
ronpot (NIEHS), and P. Nettesheim (NIEHS) as scientific
advisers. The meeting emphasized useful aspects of this tumor
model: mechanisms of multistage carcinogenesis; genetic bases
of tumor susceptibility; in vitro models for comparing signal
transduction in normal versus neoplastic lung cells, as a bioassay
for putative carcinogens of certain chemical classes, and for
studying the mechanism of action of tumor modulatory agents.

Histogenesis and Cell(s) of Origin of Lung Tumors in
Mice

Primary lung adenomas in mice can grow in solid and in
papillary or finger-like patterns; papillary tumors generally have
a longer latency and are associated with progression to malig
nancy. Pulmonary carcinomas, regardless of histolÃ³gica!growth
patterns, are usually characterized by local invasion and/or
nuclear atypia. Cells in solid tumors have characteristics of
alveolar type II cells, those cells which synthesize surfactant
and can act as alveolar stem cells by undergoing hyperplasia
and subsequent differentiation when the more delicate type I
cells are damaged. Papillary adenomas may represent an inter
mediate stage in the progression of a solid adenoma to a
carcinoma or may arise from a different cell type, such as the
bronchiolar nonciliated Clara cell. Clara cells serve a stem cell
function in the bronchiole for ciliated cells. Type II and Clara
cells are major sites of xenobiotic metabolism (C. G. Plopper,
University of California, Davis, CA), procarcinogen activation,
and carcinogen detoxification in the lung. Understanding
mouse lung tumor progression is necessary for this to serve as
a relevant model for the histologically related human bronchio-
lar-alveolar carcinoma, a subset of adenocarcinomas.

Ultrastructural analysis of a papillary adenoma showed cellu
lar heterogeneity (D. Dixon). Portions of the tumor contained
cells similar to those found in solid adenomas based on the
presence of lamellar bodies (characteristic of type II cells); other
regions of the same tumor had cell types with apically located,
homogeneous, dense bodies (more characteristic of a Clara cell).
The latter cell types were attached to compressed, bronchiolar
ciliated cells by tight junctions. Some adenomas and carcinomas
had both solid and papillary histological growth patterns. Ul-
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2The abbreviations used are: NIEHS. National Institute of Environmental
Health Sciences: END. ethylnitrosourea; NCI, National Cancer Institute: NNK,
4-(methylnitrosoamino)-1 -(i-pyridyl)-l-butanone: EOF. epidermal growth factor:
PKA. cyclic AMP-dependent protein kinase: PKC. protein kinase C; BHT,
butylated hydroxytoluenc: PCB, polychlorinated hydrocarbon.

tumor cells resembling those of several epithelial cell popula
tions. The relationship between adenomas and carcinomas was
further examined using tumors induced by various carcinogens
at different times after treatment (J. Foley, NIEHS). This
yielded data consistent with initial production of hyperplastic
foci which gave rise to adenomas, followed by progression to
carcinomas. This progression was substantiated by the appear
ance of carcinomas arising within adenomatous structures.

Papillary tumors resulting from transplacental ENU treat
ment of C3H mice are less differentiated than cells in solid
tumors (J. M. Ward, NCI, Frederick, MD). Surfactant markers,
generally ascribed to type II cells, were observed in both solid
and papillary tumors; lysozyme, characteristically expressed in
type II cells and macrophages, was localized in solid but not
papillary tumors; and a Clara cell antigen was found in neither
tumor type. This disparity in marker composition is consistent
with the origination of papillary tumor cells from immature
type II cells or from a cell type different from mature type II
cells. Derivation of the tumors from more than a single cell
type was also supported by finding that the tobacco carcinogen
NNK formed C^-methylguanine adducts in both Clara cells and
macrophages, with little adduct elsewhere in the lung (S. A.
Belinsky, NIEHS). A Clara cell origin of papillary tumors was
suggested by the following: (a) as a function of time after
urethan treatment the total numbers of tumors increased in
parallel with the number of papillary tumors, while the number
of solid tumors remained constant (L. G. Thaete, University of
Colorado, Boulder, CO); (b) succinate dehydrogenase activity
was high in Clara cells and papillary tumors but low in type II
cells and solid tumors (L. G. Thaete; (c) papillary tumors can
be very small, which is inconsistent with their arising from
larger solid tumors (D. Branstetter, Upjohn, Kalamazoo, MI);
(d) glyceraldehyde-3-phosphate dehydrogenase activity was
high in type II cells and solid tumors but low in Clara cells and
papillary tumors (W. Gunning, Medical College of Ohio, To
ledo, OH); (e) a bronchiolar cell-specific cytokeratin was found
in papillary tumors but not in solid tumors (W. Gunning). On
the other hand, the apparent location of both solid and papillary
NNK-induced adenomas (S. A. Belinsky) and ENU trans-
placentally induced adenomas (J. M. Ward) was in the alveoli.

Both type II and Clara cells bind antibody to surfactant
apoproteins, but with a different intracellular localization (A.
A. W. Ten Have-Opbroeck, University of Leiden, The Nether
lands). Type II cells exhibit diffuse cytoplasmic staining while
Clara cells stain only at the apex of the cell. Immature type II
cells, containing multilamellar bodies in which glycogen parti
cles are encased within an endoplasmic reticular envelope, are
found in the adult bronchiole. The distinction between bron
chiolar and alveolar epithelial cell populations is muddied be
cause the alveolar-bronchiolar junction undergoes the greatest
hyperplastic response following xenobiotic damage to the lung
(A. Brody, NIEHS). The earlier in gestation that A/J mice were
treated with ENU, the greater is the proportion of resulting
papillary adenomas (D. Branstetter); adenomas formed when
adults were treated with ENU were mainly solid. Since there is
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no recognizable type II or Clara cell at gestational days 10-13,
papillary tumors arising after treatment of 10-13-day fetuses
with carcinogen presumably arose from multipotential stem
cells which serve as precursors to either cell type.

These epithelial cells have morphological and biochemical
plasticity. Clara cells in the terminal bronchioles adjacent to
alveoli exhibit a differentiated morphology distinct from Clara
cells located higher in the airways, presumably in response to
differing signals from their respective basement membranes or
from adjacent cells in the various airway regions (P. Nettesh-
eim, C. G. Plopper). Subpopulations of Clara cells from the
trachea and bronchioles can be distinguished by their respective
abilities to metabolize naphthalene (C. G. Plopper). The bio
chemical state of a cell depends on its history, i.e., previous
hormonal and nutritional stimuli, as shown using bronchiolar
expiants (C. G. Plopper). Thus, the cell population in the
bronchioles and alveoli is not static. Neoplastic conversion
necessitates cellular changes; this makes reliance on any single
morphological, antigenic, or enzymatic characteristic as a
marker of a specific cell type unreliable (P. Nettesheim, L. G.
Thaete). Those markers which characterize Clara and type II
cells in one species may differ from those in other species (G.
Singh, University of Pittsburgh, Pittsburgh, PA), and thus the
generally accepted fact that related tumors in other species arise
from Clara cells may not be pertinent to the mouse. Marker
antigens not only appear in the cell in which they are synthe
sized but can also result from phagocytosis of serum proteins
or surrounding dead cells and by infiltration of the tumor with
stromal components (J. M. Ward). The apparent composition
of cells can change during tissue processing, e.g., loss of lamellar
bodies during formalin fixation (G. Singh). The relative pro
portion of solid and papillary tumors varies with the carcinogen
used (W. Gunning, S. Rehm, NCI, Frederick, MD), age (D.
Branstetter) and strain (L. G. Thaete) of the mouse, and the
length of time following carcinogen treatment (L. G. Thaete;
J. M. Ward; S. A. Belinsky). The final consensus seemed to be
that even tumors with characteristics of a particular epithelial
cell type did not necessarily arise from that cell type.

Genetic Regulation of Lung Tumor Development

The first inbred strain of mouse was derived by Leonell
Strong in 1920 and called strain A. This strain spontaneously
developed lung tumors, while many other strains, even when
treated with carcinogens, did not. This model became the
prototype for studying genes which influence tumor develop
ment. Among the susceptibility genes is the K-ras protoonco
gene (3). K-ras is also the transforming gene in these tumors
(M. You, Medical College of Ohio, Toledo, OH), the mutation
of which accompanies and perhaps causes tumor development.
Suppressor genes have been observed (K. Moriwaki, National
Institute of Genetics, Mishima, Japan) whose deletion may
augment lung neoplasia. Finally, ras family transgenes stimu
late congenital lung tumor formation (R. R. Maronpot).

At least one of the susceptibility genes is located in the H-2
locus (P. Demant, Netherlands Cancer Institute, Amsterdam,
The Netherlands, and K. Moriwaki). Different H-2 haplotypes
differentially respond to changes in glucocorticoid status with
regard to the number of chemically induced papillary tumors
(P. Demant); glucocorticoids regulate type II cell differentia
tion. In order to analyze multiple susceptibility genes more
readily, recombinant congenie strains are being developed in

which most of the genome is contributed by only the resistant
progenitor strain (P. Demant).

Genes that can influence lung tumor development include
those determining carcinogen metabolism, DNA repair, regu
lation of gene expression, and immune responsiveness (K. Mor
iwaki). Antibody to the Ek class, immune-response gene product

inhibited the growth of a transplantable lung tumor. The tumor
incidence among the CXB recombinant inbred strains derived
from BALB/cBy and C57BL/6J progenitors suggested that the
gene responsible for the differing susceptibilities of these pro
genitor strains is localized to chromosome 4. This is of great
interest since losses of heterozygosity in lung tumors were also
associated with chromosome 4 (4). Crosses between Japanese
wild mice and sensitive A/J mice yielded hybrids completely
resistant to lung tumorigenesis. Since A/J crossed to resistant
inbred strains give rise to hybrid mice with intermediate suscep
tibilities, this suggests a role of tumor suppressor genes in
evolution.

Production of transgenic mice using an activated H-ras gene
attached to an albumin promoter region resulted in 3 founder
lines of mice born with lung tumors (5). These tumors increase
in size, coalesce, and progress to malignancy, and the mice die
of compromised respiratory function a few months after birth
(R. R. Maronpot). This accelerated pace of progression offers
an excellent model for chemotherapeutic contravention of ad-
enocarcinomas. Most carcinomas contain both solid and pap
illary areas, although tumor structure among different founder
lines varies. This range of structures may correlate with varia
tions in the number of H-ras copies inserted into the genome
and the degree of H-ras mRNA expression.

Oncogenes, Growth Factors, and Cell Signalling

A major advance has been establishment of relevant cell lines
for comparing properties of normal and neoplastic mouse lung
epithelial cells (G. J. Smith, University of New South Wales,
Australia). CIO is nontumorigenic, undergoes density-depend
ent inhibition of growth, is anchorage dependent, and had
properties of type II cells at early passage. E9, a spontaneous
transformant of a line related to CIO, is tumorigenic, grows
beyond confluency, and can grow in soft agar. Perturbations in
various cell-signalling pathways in these neoplastic cells may
underlie their resistance to negative growth factors. These neo
plastic cell lines show decreased expression of EGF receptors
(G. J. Smith), cellular adhesion proteins (G. J. Smith), PKA
(C. A. Lange-Carter, University of Colorado, Boulder, CO),
and protein kinase C (K. Droms, University of Colorado, Boul
der, CO) and a resistance to growth inhibition by glucocorti
coids (K. Droms). The central role of K-ras in tumor develop
ment was noted in discussions of the type of K-ras mutation
caused by different carcinogens and their correlation with spe
cific base substitution patterns (M. You).

Removal of the salivary glands decreased serum EGF levels
and enhanced the rate of tumor progression, suggesting that
EGF may normally inhibit lung tumor development (G. J.
Smith). Most of the neoplastic cell lines tested had fewer EGF
receptors and a diminished ability of the remaining receptors
to undergo autophosphorylation. Long-term treatment of nor
mal cells with 12-O-tetradecanoylphorbol-13-acetate (TPA)
down-regulated the EGF receptors, suggesting that the number
of receptors in neoplastic cells may be regulated by PKC. A
similar pattern of events was described for glucocorticoids (K.
Droms). Adrenalectomy increased, while corticosterone treat-
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ment decreased the number of urethan-induced tumors. Adre-
nalectomy also increased proliferation of lung epithelial cells
in situ. Glucocorticoids inhibited the growth of normal CIO
cells but had no effect on neoplastic E9 cells. Glucocorticoids
also stimulated PKC activity in CIO cells, which already have
a higher PKC level than E9 cells. It was hypothesized that
glucocorticoids normally protect against lung tumorigenesis by
stimulating PKC activity. PKC-catalyzed phosphorylation re
actions may reduce proliferative activity of the cellular target
pool for subsequently introduced carcinogens.

A decreased activity in E9 cells of PKA, another serine/
threonine protein kinase, was caused by a decrease in one of
the two PKA isozymes, PKA I (C. A. Lange-Carter). E9 and
other neoplastic cell lines had lower concentrations of both the
regulatory (RI) and catalytic (C) subunits of PKA I in E9 cells
than CIO cells, as well as less mRNA encoding RI and C. The
physiological consequences of this decreased PKA I in E9 cells
were a decreased ability of cyclic AMP to stimulate phosphoryl
ation of PKA-specific substrates in broken-cell extracts, and a
decreased phosphorylation of a A/r 26,000-27,000 protein
doublet in intact cells induced by the cyclic AMP-elevating
agent, forskolin.

The concentration of glucocorticoid receptor mRNA did not
vary between normal versus neoplastic cells or between solid
versus papillary adenomas (D. G. Beer, University of Kansas
Medical Center, Kansas City, KS). In contrast, K-ras genes
were expressed to a greater degree in neoplastic cells and tumors
than in their normal counterparts. Activated K-ras in neoplastic
cells had an A-T â€”Â»G-C transition at the second position of
codon 61. This substitutes arginine for a glutamine residue at
that position, which is also observed in some tumors. In all but
one neoplastic cell line both mutant and wild-type K-ras alÃeles
were expressed. A relationship between glucocorticoids and K-
ras is that both glucocorticoid receptor and K-ras mRNAs
fluctuate synchronously during the cell cycle and glucocorti
coids down-regulate the expression of both genes. The type of
DNA adduci found after carcinogen treatment correlated with
the base change that occurred in the K-ras gene (M. You).
Different carcinogens caused different K-ras mutations. For
example, benzofa^pyrene mainly caused mutations at the first
G in K-ras codon 12, while NNK methylated the second G in
codon 12.

Value of Mouse Pulmonary Tumorigenesis as a Bioassay

Discussion by several speakers (G. D. Stoner; R. R. Maron-
pot; R. Griesmer, NIEHS; K. Crump, Clement Associates,
Ruston, LA; J. H. Weisburger, American Health Foundation,
Valhalla, NY) centered around the significance of organ speci
ficity for a carcinogen. Should carcinogenic potency in one
organ necessarily be reflected by a similar effect on another
organ (Maronpot)? Even the most potent carcinogens, such as
cigarettes, show organ specificity (J. H. Weisburger). Histori
cally, hepatocarcinogens are poor pulmonary carcinogens, and
vice versa (G. D. Stoner). There is a biochemical rationale why
some powerful hepatocarcinogens are inactive as lung carcino
gens, e.g., the cytochrome P-450 isozyme responsible for met
abolic activation of aromatic amines is absent from the lung.
Some 332 chemicals have been tested for their ability to induce
lung tumors. Certain compounds are very potent at this, includ
ing polycyclic aromatic hydrocarbons, nitrosamines, carba-
mates, uracil mustard, and benzotrichloride. Some of these are

also active in bioassays of mouse skin, liver, and mammary
gland (K. Crump).

Comparison of the strain A/J lung tumor bioassay with a 2-
year lifetime National Toxicology Program study which ex
amined all organs revealed a poor correspondence between the
short-term and long-term assays (R. R. Maronpot). Forty-two
of 59 unknown chemicals were active in the National Toxicol
ogy Program study; only 11 of these 42 also induced lung
tumors. Most of these 42 compounds were aromatic amines,
but even when these were omitted, agreement between the short
and long term tests did not approach statistical significance.
While good dose dependence is achieved with potent lung
carcinogens (G. D. Stoner), this does not occur with agents
which induce only a few tumors even at high doses (R. R.
Maronpot). The short-term lung tumor bioassay can probably
be used as part of a battery of tests of putative carcinogens (G.
D. Stoner, K. Crump). Because of its rapidity and convenience
it is useful for evaluating intermediates in pathways where a
procarcinogen is converted to an active carcinogen, using those
chemical classes of carcinogens Known to be strong lung tumor
inducers (6).

Promoters, Carcinogens, and Inhibitors

Tumor-modulatory agents are themselves not carcinogenic
but can augment or inhibit the action of a carcinogen. The
mechanism of action of these agents can be explored using the
lung tumor bioassay, because of its low cost, short duration,
quantifiability, and use of few animals (J. Theiss, Warner-
Lambert, Ann Arbor, MI). Various agents modulate chemically
induced lung tumorigenesis, including viruses, cytokines, hor
mones, and immunomodulators (G. D. Stoner, A. M. Malkin-
son). The reported studies can be divided into two categories:
agents presented just prior to or concurrently with the carcin
ogen; and those administered chronically following the carcin
ogen (A. M. Malkinson). The first category of modulatory
agents probably affects the proliferative state of the target pool
of cells that the carcinogen interacts with (e.g., the prophylactic
effect of increasing the level of circulating glucocorticoids on
subsequent urethan carcinogenesis; K. Droms, P. Demant) and
by perturbing carcinogen metabolism (inhibition by isothio-
cyanates of subsequent NNK carcinogenesis; S. S. Hecht, Amer
ican Health Foundation, Valhalla, NY). The second category,
consisting of promoters such as BHT which enhances tumor
multiplicity following urethan treatment (J. A. Thompson,
University of Colorado, Boulder, CO), probably modifies the
interaction of initiated cells with adjacent normal cells.

Ellagic acid, butylated hydroxyanisole, and isothiocyanates
administered shortly before NNK inhibit lung tumor develop
ment (S. S. Hecht; A. Castonguay, Laval University, Quebec
City, Quebec, Canada). Many species are sensitive to the lung-
specific carcinogenic effects of NNK (S. S. Hecht). Only a few
mg are required for tumor induction in mice; a lifetime smoker
inhales hundreds of mg of NNK. The tumor multiplicity in
duced by NNK depends on the commercial diet that is used,
suggesting the presence of tumor modulators in these diets.
Different isothiocyanates vary in their ability to inhibit NNK
carcinogenesis; the most potent appears to be phenylhexl iso-
thiocyanate. NNK undergoes a complex series of metabolic
conversions to form intermediates capable of methylating DNA
(S. A. Belinsky, S. S. Hecht), and it was hypothesized that
isothiocyanates inhibited the cytochrome P-450 species in
volved in the metabolic activation of NNK (S. S. Hecht).
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Induction of cytochrome P-450 was hypothesized as the way
that PCBs promote dimethylnitrosamine-transplacentally in
duced lung tumors (L. M. Anderson, NCI, Frederick, MD).
PCBs promote tumor development at PCB concentrations sim
ilar to those found in human tissues. mRNA for the pulmonary
1Al isozyme of P-450 is elevated for several months by PCBs,
but it is important to consider cell type in evaluating the
importance of this, since half of the lung P-450 content is

endothelial in origin.
Selective cytotoxicity was proposed as a mechanism by which

BHT (J. A. Thompson) and hyperoxia (H. Witschi, University
of California, Davis, CA) promote urethan-induced lung tu
mors. BHT is perhaps unique in being a tumor promoter which
must be metabolically activated (J. A. Thompson). Over 20
different BHT metabolites along three different pathways are
produced during BHT biotransformation. These metabolites
vary in their ability to act as pneumotoxins in mice, to kill
isolated Clara cells, and to increase the multiplicity of lung
tumors. A species hydroxylated at a fert-butyl position is highly
active at all of these functions, and a quinone methide derived
from this metabolite is more readily generated than is the
quinone methide formed directly from BHT; quinone methides
are the likely ultimate cytotoxic metabolites of BHT. Hyperoxia
may kill newly initiated cells, perhaps as a consequence of its
prolongation of the G2 phase of the cell cycle (H. Witschi).
Hyperoxia promotes lung tumors in both mice and hamsters.
In hamsters, carcinogen treatment followed by chronic hyper
oxia or ozone, agents which stimulate neuroendocrine cell
hyperplasia, generate tumors resembling human small cell lung
carcinoma. In fact, alveolar cells are found which contain both
lamellar bodies and bombesin, a neuroendocrine marker, sug
gesting yet another transdifferentiation ability of peripheral
lung epithelial cells.

Tribute to Dr. Shimkin and State of the Art

Several speakers praised Dr. M. B. Shimkin's contributions

to cancer research in general and the lung tumor bioassay in

particular (G. D. Stoner; J. H. Weisburger; P. N. Magee, Fels
Research Institute, Philadelphia, PA; M. Foti, American As
sociation for Cancer Research, Philadelphia, PA). Dr. Shimkin
was a unique cancer scholar. His work included studying the
role of hormones in carcinogenesis, investigating cancer epide
miology, organizing the National Cancer Institute, engaging in
early interactions with Russian cancer researchers, serving as
President of the American Association for Cancer Research
( 1973) and Editor of its journal. Cancer Research (1965-1969),
and writing extensively on cancer for scientists and laymen (7).
There is no better accolade for experimental pioneers than to
have their fields expand into new research areas, in this case,
molecular carcinogenesis, cellular signalling, and chemical tox-
icity. A general view was that periodic meetings be held on
these increasingly mechanistic approaches, perhaps under a
FASEB summer conference venue.

Alvin M. Malkinson
Molecular Toxicology Program and Colorado

Cancer Center
School of Pharmacy
University of Colorado
Boulder, Colorado 80309-0297

References

1. Shimkin. M. B.. and Stoner. G. D. Lung tumors in mice: application to
carcinogenesis bioassay. Adv. Cancer Res., 21: 1-58, 1975.

2. Stoner. G. D. Mouse lung tumorigenesis: a tribute to Michael Shimkin. Curr.
Contents Life Sci., 12: 21, 1990.

3. Ryan, J., Barker. P. E., Nesbitt, M. N., and Ruddle. F. H. KRAS2 as a genetic
marker for lung tumor susceptibility in inbred mice. J. Nati. Cancer Inst.,
79: 1351-1357, 1987.

4. Wiseman, R. W., and Barrett, J. C. Loss of heterozygosity on chromosome
4 in butadiene-induced lung tumors of B6C3F1 mice. Proc. Am. Assoc.
Cancer Res., il: 317. 1990.

5. Sandgren, E. P.. Quaife, C. J., Pinkert, C. A., Palmiter, R. D., and Brinster,
R. L. Oncogene-induced liver neoplasia in transgenic mice. Oncogene, 4:
715-724, 1989.

6. Wislocki, P. G., Bagan, E. S.. Lu, A. Y. H., Dooley. K. L., Fu, P. P., Han-
Hsu, H., Beland. F. A., and Kadlubar, F. F. Tumorigenicity of nitrated
derivatives of pyrene. benzfeMmhracene. chrysene and benzo(a,)pyrene in the
newborn mouse assay. Carcinogenesis 11onci.I. 7: 1317-1322. 1986.

7. Weinhouse, S. Michael B. Shimkin, 1913-1989. Cancer Res., 49: 3143,
1989.

453

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/450/2443094/cr0510010450.pdf by guest on 19 M

ay 2023




