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Mechanisms of Asbestos-Induced 
>quamous Metaplasia in Tracheobronchial 
Epithelial Cells
y Gregory Cameron,* Craig D. Woodworth,* 
>usan Edmondson,* and Brooke T. Mossman*

Within 1 to 4 weeks after exposure to asbestos, differentiated rodent and human tracheobronchial epithelial 
cells in organ culture undergo squamous metaplasia, a putative preneoplastic lesion characterized by con­
version of mucociliary cell types to keratinizing cells The exogenous addition of retinal acetate (RA) to cul­
ture medium of hamster tracheal organ cultures reverses preestablished, asbestos-induced squamous metapla­
sia. although data suggest that the effectiveness of RA decreases as the length of time between exposure to 
asbestos and initial application of RA increases.

o-Difluoromethylomithine (DFMO), an irreversible inhibitor of omithlne decarboxylase (ODO, inhibits 
squamous metaplasia caused by asbestos or vitamin A deficiency, whereas addition of methylgiyoxal bistguanyl- 
hydrazone) (MGBG), a structural analog of spermidine and inhibitor of S-adenosylmethionine decarboxy­
lase, causes an enhancement of metaplasia under both circumstances Basal cell hyperplasia and increased 
incorporation of ’H-thymidine by tracheal epithelial cells also are seen after addition of the polyamines, putres- 
cine or spermidine, to tracheal organ cultures, an observation supporting the importance of polyamines in 
the development of this lesion. The use of retinoids and inhibitors of ODC could be promising as preventive 
and/or therapeutic approaches for individuals at high risk for development of asbestos-associated diseases.

Introduction
“Asbestos” refers to a family of hydrated silicates of fi­

brous (> 3:1 length:diameter ratio) dimensions. Occupa­
tional exposure to these minerals has been linked to the 
development of pulmonary fibrosis (asbestosis), 
mesothelioma, and lung cancer (i.e., bronchogenic carci­
noma) (;). The latter disease is of critical importance as 
it has an extremely poor prognosis and is the cancer type 
associated with the highest mortality rate in man.

Both epidemiologic and experimental data suggest that 
asbestos is a cocarcinogen and/or tumor promoter in the 
development of bronchogenic carcinoma (2). For example, 
in comparison to smokers in the general population (8- to 
10-fold increased risk of bronchogenic carcinoma), non­
smoking asbestos workers have a 1.5- to 4-fold increased 
risk of lung cancer. In contrast, asbestos workers who
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smoke have a more striking risk (80- to 92-fold) of disease 
(5). With the exception of the rat, most animals do not de­
velop bronchogenic carcinoma after inhalation or in­
tratracheal instillation of asbestos unless polycyclic aro­
matic hydrocarbons (PAH), chemical carcinogens in 
cigarette smoke, are adsorbed to the surfaces of the fibers 
U). Thus, asbestos appears to act as a cocarcinogen by 
delivering PAH to tracheobronchial epithelial cells (5), the 
progenitor cells of bronchogenic carcinoma.

Tumor promotion by asbestos has been demonstrated 
in rat tracheal grafts exposed previously to noncarcino- 
genic amounts of the PAH, dimethylbenzanthracene (6). 
Subsequent insertion of asbestos into these grafts causes 
the development of tumors, whereas neoplasms are not 
observed after application of identical concentrations of 
DMBA or asbestos alone, lb elucidate possible mechan­
isms of asbestos-induced tumor promotion in the respira­
tory tract, work in this laboratory has focused on the bio­
logic effects of asbestos on hamster tracheal epithelial 
cells in monolayer and organ culture. Many of the changes 
reported in cultured cells exposed to phorbol esters, clas­
sical tumor promoters studied extensively in mouse skin, 
are observed in tracheal epithelium after addition of as-
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bestos These include stimulation of plasma membrane 
marker enzymes (7), increased cell division (8,9), increased 
activity of ODC (9), and development of hyperplastic and 
metaplastic changes (8,10-12).

Understanding the pathogenesis of squamous metapla­
sia is of particular relevance to the development of bron­
chogenic carcinoma, as the lesion is considered an inter­
mediate step in the progression of morphologic events 
leading to neoplasia. Although squamous metaplasia as­
sociated with trauma or vitamin A deficiency is revers­
ible, it is unclear whether metaplastic changes caused by 
chemical or physical carcinogens, such as asbestos, resolve 
with time or develop into malignancies For example, 
squamous metaplasia is observed commonly in the 
respiratory tract of smokers, a group at high risk of de- 

i .■ veloping bronchogenic carcinoma (13).
: The results of studies from this laboratory suggest that

asbestos-induced squamous metaplasia occurs when 
' fibers impinge on the tracheal epithelium (8,10-12).
„ Fibers then cause sloughing of superficial cells and com­

pensatory regeneration of epithelial cells that are squa- 
l - mous in nature. Whereas smaller fibers are phagocytized 
f successfully by macrophages and epithelial cells, longer
O , fibers appear to act as matrices for proliferation of cells 

over their surfaces Thus asbestos-induced metaplastic le­
sions occur at localized sites of accumulation of fibers on 
the epithelial surface, unlike the broad expanses of 
metaplasia observed in vitamin A deficiency (lk).

Work here was initiated to determine if retinoids, i.e., 
synthetic derivatives of vitamin A, could reverse pre- 
established squamous metaplasia in hamster tracheal or­
gan cultures exposed to crocidolite asbestos or the PAH, 
benzo(a)pyrene (BaP). Because retinoids appear to in­
fluence polyamine and DNA synthesis (15), we also inves­
tigated the ability of various inhibitors of polyamine bi­
osynthesis to modify squamous metaplasia caused by 
vitamin A deficiency or exposure to asbestos Last, the 
polyamines putrescine, spermine, and spermidine were 
added to tracheal organ cultures to determine if they 
caused increased DNA synthesis as measured by incor­
poration of JH-thymidine, in tracheal epithelium.

Materials and Methods
Preparation of Tracheal Organ Cultures

The technique for preparation and culture hamster 
tracheal explants has been described in detail previously 
(16). In brief, female golden Syrian hamsters (6-8 weeks 
of age) were sacrificed by IP injection of sodium pentobar­
bital, and the tracheas dissected and cleaned of surround­
ing tissue. After the tracheas were opened longitudinally, 
they were cut again in half and sectioned into double ring 
explants. Tissues were divided into groups and cultured 
in 35-mm plastic culture dishes containing 4 to 5 explants 
per dish. The explants were maintained in 0.5 mL serum- 
free Minimum Essential Medium (MEM) (GIBCO) sup­
plemented with 100 pg/mL gentamycin and 25 units/mL 
nystatin (16). Cultures were incubated at 37°C in an at­
mosphere of 95% air and 5% CO2 and the culture medium 
changed three times per week.

Reversion of Squamous Metaplasia
Tracheal organ cultures were divided equally into two 

groups with three treatment regimens (A, B, and C) as 
indicated in Figure l. Each group contained untreated 
tracheas (A); explants exposed to benzo(a]pyrene (BaP)
(0.5 pg/mL medium, dissolved in acetone at a final concen­
tration of 0.1% in medium) three times per week for 3 
weeks (B); and tissues exposed to crocidolite asbestos 
(UICC reference sample)(4 pg/mL medium) for 1 hr at the 
time of initiation of cultures (C) (6,8,9,11). Each of the 
treatment groups was further subdivided with the sub­
divisions receiving no retinal acetate (RA), or RA (Sigma 
Chemical Company) (dissolved in dimethyl sulfoxide at a 
final concentration of 0.1% in medium) at 10*7 M or 
10"’ M three times per week for 1 week.

Groups I and 2 received the RA at different times. 
Whereas group 1 received the RA for 1 week at week 3 
of culturing (To), group 2 received the RA for 1 week at - • 
5 weeks (Ti). All explants were harvested at the end of - 
the RA treatments. 1

Prevention of Squamous Metaplasia
Hamster tracheal organ cultures were prepared as 

described and divided into groups (n = 9-15 ex­
plants/group). Tb determine whether inhibitors of poly­
amine biosynthesis affected squamous metaplasia caused 
by asbestos (protocol #1), untreated controls and explants 
exposed initially for 1 hr to crocidolite asbestos (4 mg/mL 
medium) were maintained in MEM with and without ad­
dition of DFMO (5 mM, Merrell National Labs) or MGBG 
(5 pM, Merrell National Labs). Medium with and without 
drugs was replenished three times weekly. An additional 
group received DFMO (5 mM) followed at 24 hr by MGBG 
(5 pM) three times weekly.

In other experiments, nonasbestos-exposed cultures 
were maintained in Waymouth’s MAB 87/3 medium 
(GIBCO) with the addition of insulin (1 pg/mL medium), 
hydrocortisone (0.1 pg/mL medium), and antibiotics This 
formulation results in a complex vitamin A-deficient 
medium causing squamous metaplasia (16). DFMO (1 or 
5 mM), MGBG (5 pm), or DFMO (1 pm) followed by MGBG 
(5 pm) at 24 hr was added to designated cultures three 
times weekly (protocol #2).

Autoradiographic Studies
We reported previously (17) an increase in the extent 

of squamous metaplasia in hamster tracheal organ cul­
tures exposed to putrescine (1 mM) in culture medium, lb 
determine if addition of polyamines would increase basal 
cell hyperplasia as measured by incorporation of JH- 
thymidine in tracheal epithelium, tracheal organ cultures 
were prepared as described above and maintained in Way- 
mouth’s MAB/873 with additives The medium in selected 
groups then was supplemented with putrescine, spermi­
dine, or spermine (all at 1 and 10 mM; Sigma Chemical 
Company) three times weekly for 3 weeks At this time, 
organ cultures (n = 14-19/group) were pulsed for 5 hr 
with JH-thymidine (10 pCi/mL medium) (New England
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fe 1. Protocols for evaluation of whether retina) acetate reverses squamous metaplasia in control (A), BaP exposed (B), and asbestos- 
posed (C) hamster tracheal organ cultures.

dear i before preparation for histology as described be- 
. Ur.itair.ed 5 sections were prepared for autoradi- 

, aph> as described previously (8) and assessed by light 
.roscopy for numbers of epithelial cells incorporating 

i-thymidine.

istology and Grading of Squamous 
ietaplasia
All organ cultures were fixed in 10% buffered formalin, 
nbedded in paraffin, sectioned at 5 pm, and stained with 
cmatoxylin and eosin. The grading system for scoring 
le extent of metaplasia has been reported previously (8). 

briefly, the prepared sections were examined by light 
microscopy and given a score depending on the extent of 
metaplasia observed. Cultures showing normal differen­
tiation and no metaplasia were given a score of 1. Ex­
plants with focal metaplastic lesions that covered less 
than 15% of the epithelial surface were considered as a 
2. If the metaplasia covered more than 15% but less than 
50% of the epithelium, the explant was scored as a 3. Ex­
plants with metaplasia covering more than 50% of the 
epithelium were scored as 4s.

Slides were coded and scored independently by two in­
vestigators, and the scores were averaged. In studies us­
ing RA to inhibit squamous metaplasia, data were ana­
lyzed by a multiway analysis of variance with the 
metaplastic score treated as the dependent variable and 
the other factors (dosage, time, and treatment) adjusted 
for in the analysis (/S). The Kruskal-Wallis analysis was 
used to evaluate metaplastic changes in organ cultures ex­
posed to polyamines and inhibitors of polyamine biosyn­
thesis (18).

Results and Discussion
Effects of RA on Squamous Metaplasia

A number of studies have demonstrated the importance 
of vitamin A in maintaining the normal differentiation of

tracheobronchial epithelium (li, 19-22). In the absence of 
vitamin A, the mucociliary' epithelium converts to squa­
mous metaplasia, a lesion also observed after trauma 
(23,24) or exposure to toxic agents (1 2,25). After addition 
of chemical carcinogens, squamous metaplasia occurs in 
organ cultures of many types of epithelial cells (26-28). 
Both prevention and reversal of these lesions have been 
achieved after addition of retinoids to culture medium 
(lit,29-32). Retinoids also appear effective in preventing 
the development and growth of chemically induced 
tumors in laboratory animals (33-36) although their mech­
anising) of action is unclear.

Asbestos is a physical carcinogen causing squamous 
metaplasia in the tracheobronchial epithelium (8,10-12) 
and is associated with an increased risk of bronchogenic 
carcinoma in man (/). Although chronic administration of 
the retinoid retinyl methyl ether prevents the appearance 
of asbestos-induced metaplasia in hamster tracheal organ 
cultures (<S), the question of whether squamous metapla­
sia can be reversed after establishment of the lesion has 
received little attention. Accordingly, we addressed the 
questions: a) Can retinoids reverse preestablished, 
asbestos-associated squamous metaplasia? b) Does the 
time interval between the addition of asbestos and appli­
cation of a retinoid affect the potential of the retinoid to 
reverse squamous metaplasia? and c) Can retinoids re­
verse squamous metaplasia induced by a chemical carcino­
gen such as BaP in the tracheal bioassay?

Tb determine the effects of retinoids on various treat­
ment groups over extended time periods, it is of critical 
importance that time in culture has no effect on the de­
velopment of metaplasia. Figure 2A, which is compiled 
from the pooled data of the 3 treatment groups (control, 
BaP, and asbestos), shows that length of time in culture 
from 4 to 6 weeks does not influence the extent of 
metaplasia. In contrast to the situation observed with as­
bestos, BaP does not cause a significant increase in squa­
mous metaplasia in hamster tracheal organ cultures (Fig-
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ure ZB). This observation supports our previous work (37) 
in which an increase in squamous metaplasia was found 
in cultures exposed to various concentrations of BaP over 
a 4-week period. Although metaplastic lesions were ob­
served sporadically in the presence of BaP, these changes 
were not reproducible

When data from all test groups is pooled, administra­
tion of RA results in a dosage-dependent decrease in the 
amount of squamous metaplasia at all time periods (Fig­
ure 3A). Additionally, all groups respond similarly to the 
retinoid, although the absolute amount of squamous 
metaplasia is more stiking, regardless of the concentra­
tion of retinoid, in the asbestos group as compared to con­
trol and BaP exposed explants (Figure 3B).
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FtCl'RE 2. Effect of time in culture LAl and exposure to 8aP or asbestos 
(fl) on the development of squamous metaplasia in trachea] organ cul­
tures. Time in culture (A) had no effect on the amount of metaplasia 
observed in the 3 test groups Treatment of explants with asbestos 
(8) significantly increased the amount of metaplasia observed (p < 
0.001). whereas exposure to BaP djd not cause an increase in metapla­
sia in comparison to control explanta The dose of RA and treatment 
group 04) and dose of RA and time (8) were adjusted for in the statisti­
cal analyses.

o__,,,
o 10'* I0'f

RA (cor*c)

Figure 3. Effectiveness of RA m reversing squamous metaplasia in 
tracheaJ organ cultures. Under all circumstances, RA reversed squa­
mous metaplasia in a dose-dependent manner (p < 0.001) {A), al­
though the relative amount of squamous metaplasia was more strik­
ing m asbestos-exposed explants (0). Statistical analyses were 
adjusted for time and treatment in (A), whereas time alone was ad­
justed for in (B).

Figure 4 suggests that the effectiveness of RA 
decreases as the length of time between exposure to as­
bestos and initial application of RA increases. This obser­
vation is supported by the results of in vivo studies of 
others showing that delayed administration of retinoids 
leads to their diminished effectiveness in preventing 
mammary tumor growth (38,38). Unlike chemical carcino­
gens that are metabolized by tracheal epithelial cells, as­
bestos fibers are insoluble and remain entrapped in 
metaplastic lesions for 6 weeks and longer in culture. 
Thus, asbestos-induced squamous metaplasia appears to 
be more persistent and is reversed less effectively by reti­
noids than lesions associated with exposure to soluble tox­
icants.

Effects of Inhibitors of Polyamine 
Synthesis on Squamous Metaplasia

0DC is the first and rate limiting enzyme in the biosyn­
thesis of polyamines (Figure 5), essential growth regula-
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,1'RE 4. Effect of time on the efficacy of RA in reversing squamous 
metaplasia. Data suggest that RA is less effective in reversing 
asbestos-induced metaplasia when administered at S weeks in com­
parison to 3 weeks (p < 0.09).

■ry molecules. The ability of phorbol compounds to in- 
jce ODC is related directly to their potency as tumor 
lomoters, thus the induction of the enzyme is thought 
i be essential to the process of tumor promotion (40). In 
jpport of this hypothesis, DFMO, a specific, noncompeti- 
,ve inhibitor of ODC, inhibits promotion in a number of 
Kpenmental models including mouse skin (41), colon (42), 
ancreas (43), and mammary gland (43). Whereas DFMO 
nduces differentiation of various tumor cell lines (4 7,48), 
t inhibits differentiation of preadipocytes (49) and myo- 
)lasts (50). RA also inhibits tumor promotion in mouse 
,kin (45), ODC induction, levels of polyamines, and 
proliferation in mouse skin (15) and cultured cells (46).

Tb determine whether inhibitors of polyamine synthe­
sis could inhibit squamous metaplasia in vitamin A- 
deficient trachea! organ cultures or explants exposed to 
croeidolite asbestos, we added DFMO, MGBG, a struc­

tural analog of spermidine and an inhibitor of 5- 
adenosylmethionine decarboxylase (51) (Fig. 5), or DFMO 
followed by MGBG to culture media three times weekly. 
Under the latter circumstances, DFMO increases the up­
take of MGBG by cells (52).

As shown in Figure 6, exposure to croeidolite asbestos 
or MGBG alone results in increased amounts of squamous 
metaplasia (p < 0.05) in comparison to controls. A higher 
percentage of explants exhibiting extensive squamous 
metaplasia is observed in the group exposed to crocido- 
lite asbestos and MGBG, an observation supporting a pos­
sible additive effect of agents. In contrast, an increase in 
metaplasia was not observed in groups exposed to 
croeidolite with addition of DFMO, DFMO alone, or 
DFMO in combination with MGBG. Thus, DFMO appears 
to inhibit both asbestos- and MGBG-induced squamous 
metaplasia. Data provided in Figure 7 show no effects of 
DFMO on the development of metaplasia in vitamin A- 
deficient tracheal organ cultures, whereas MGBG alone 
or MGBG in combination with DFMO augment squamous 
metaplasia significantly (p < 0.05).

Thble 1 illustrates the effects of various polyamines on 
DNA synthesis when added to the medium of tracheal or­
gan cultures over a 3-week period. The addition of putres- 
cine (1 and 10 mM) and spermidine (1 mM) cause signifi­
cant (p < 0.05) increases in numbers of epithelial cells 
incorporating ’H-thymidine, whereas spermine (1 mM) 
does not enhance the normal labeling index. Both sper­
mine and spermidine were cytotoxic, as determined by 
histopathology, to tracheal epithelium at 10 mM (data not 
shown).

The data suggest that the polyamines, putrescine and 
spermidine, enhance epithelisd cell replication and the de­
velopment of squamous metaplasia in hamster tracheal 
organ cultures Although increased proliferation of many 
eukaryotic cells has been observed after addition of 
putrescine and spermidine to monolayer cultures (53,54),

COOHI
ORNITHINE

H,N(CH,)jCHNH,

L-METHIONINE 4- ATP

4-

DFMO
Ornithine decarboxylase

MGBG.
S-AOE NOS YL METHIONINE

-CO,

PUTRESCINE
H,N(CH,).NH,

Spermidine
synihase

SPERMIDINE 
H,N(CH,),NH(CH,1 ,NH,

Seer mme 
synthase

S- Adenos ylmerhion*nc 
dccarboxy'ase CO,

S-METHYtAOENOSYl-
homocysteamine

SPERMINE
H,NtCH,),HN(CH,).NH(CH,),NH,

ME thylthio ADENOSINE

Ficure 5. Diagram illustrating biosynthesis of polyamines.
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Figure 6. Effects of DFMO and MGBG on squamous metaplasia in­
duced by asbestos Addition of crocidohte (4 mg/mL) or MGBG (5 pM) 
caused an increase in squamous metaplasia in comparison to controls 
whereas no increase was observed with addition of crocidolite in com­
bination with DFMO (5 mM). Asterisk (*) denotes p < 0.05.

Table 1. Incorporation of ’H-thymidine in Hamster tracheal 
epithelium after addition of polyamine*.

Groups n
% Labeled 

epithelial cells*
Control 19 2.42 <- 0.64
Putrescine, 10 mM 14 7.28 ± 1.80“
Putrescine. 1 mM 19 6.96 ± 1.31“
Spermine. I mM 16 2.36 - 0.69
Spermidine. 1 mM 15 6.95 - 0.68“
'Mean ± SE. 100 epithelial cells from each of five serial sections were 

counted for each explant.
•increased in comparison to untreated controls (p < 0.05).

the finding that these polyamines augment basal cell 
hyperpiasia and metaplastic differentiation of trachea) 
epithelial explants is novel. The inhibition of asbestos- 
induced 3quamous metaplasia by DFMO, a drug deplet­
ing de novo synthesis of all polyamines (55), further 
strengthens the hypothesis that polyamines are critically 
involved in the induction of squamous metaplasia by as­
bestos. For reasons that are unclear, DFMO did not ap­
pear to inhibit the squamous metaplasia observed with 
vitamin A deficiency or vitamin A deficiency in combina­
tion with MGBG (Fig. 7). In comparison to putrescine and 
spermidine, spermine appears to be relatively less impor­
tant in cellular proliferation as growth inhibition only oc­
curs when intracellular pools decline to < 60% of normal 
(55). However, this polyamine appears to play an impor­
tant physiological role in intracellular calcium homeosta­
sis (55). Although MGBG can block synthesis of both sper­
mine and spermidine, it also increases cellular transport 
of extracellular polyamines, even in the presence of 
DFMO (51). Thus, increased accumulation of putrescine 
and/or spermidine under these circumstances might ex-

FIGURE 7. Effects of DFMO and MGBG on squamous metaplasi^jjij 
tracheal organ cultures maintained in a complex medium encourag­
ing squamous metaplasia. The addition of MGBG (5 txM) or DFMO 
,. mM) in combination with MGBG caused a significant increase in 
squamous metaplasia in comparison to control cultures; asterisk (*) 
denotes p < 005

plain the enhanced amount of squamous metaplasia ob- 
served in MGBG-treated explants.

In conclusion, depletion of polyamines by DFMO or 
treatment with retinoids appear to be an effective means 
of preventing and/or reversing asbestos-associated squa­
mous metaplasia in vitro. The use of these agents may be 
rewarding as prophylactic or therapeutic approaches to 
lung disease in man.

tI

\
\
1I

Wbrk from this laboratory is supported by grant ROl CA33501 from 
NCI. Many individuals have contributed to these studies including 
Michael Bergeron. Judith Kessler. Lucie Jean, and Joanne Marsh. Vir­
ginia Kelleher provided valuable assistance in the typing of the manu­
script.

REFERENCES

1. Craighead, J. E., and Mossman, B. T. Pathogenesis of asbestos- 
associated diseases. N. Eng!. J. Med. 306: 1446-1455 (1982).

2. Mossman. B. T., Cameron. G. S., and Yotti, L. Cocarcmogenic and 
tumor promoting properties of asbestos and other minerals in 
tracheobronchial epithelium. In: Cancer A Comprehensive Sur­
vey: Cancer of the Respiratory TVact. Predisposing Factors, Vol. 
8 (M. H. Mass, D. G. Kaufman, J. M. Siegfried. V. E. Steele, & Nes- 
now, Eds.), Raven Press, New York, 1985. pp. 217-238.

3. Saracci, R. Asbestos and lung cancer An analysis of the epidemi­
ological evidence on the asbestos-smoking interaction. Int. J. Can­
cer 20: 323-331 (1977).

4. Asbestjform Fibers; Nonoccupational Health Risks. National 
.Academy Press, Washington, DC, 1984.

5. Eastman. A., Mossman, B. T., and Bresnick, E. Rates of formation 
and removal of ben2o(a)pyrene adducts in DNA of hamster tracheal 
epithelial cells. Cancer Res 41: 2605-2610 (1981).

6. Tapping, D. C., and Nettesheirn. P. Two-stage carcinogenesis 
studies with asbestos in Fischer 344 rats. J. Nall. Cancer Inst. 65: 
627-630(1980).

i



ASBESTOS INDUCED SQUAMOUS METAPLASIA WT

Mossman, R T., Halleron, P. A., and Craighead, J. E. Stimulation 
of Na' K' ATPase activity in tracheal epithelial cells after ex­
posure to crocidolite asbestos J. Cell Biol. 83: 288a (1979).

. Mossman, R T., Craighead, J. E., and MacPherson, B V. Asbestos- 
induced epithelial changes in organ cultures of hamster trachea: 
Inhibition by the vitamin A analog, retinyl methyl ether. Science 
207:311-313(1980).
Landesman. J. M , and Mossman, B T. Induction of ornithine decar­
boxylase in hamster tracheal epithelial cells exposed to asbestos 
and 12-0-tetradecanoylphorbol-13-acetate. Cancer Res. 42: 
3669-3675(1982).
Woodworth. C. D„ Mossman, 8. T., and Craighead, J. E. Squamous 
metaplasia of the respiratory tract—possible pathogenic role in 
asbestos-associated bronchogenic carcinoma. Lab. Invest. 48: 
578-584 (1983).
Woodworth. C. D„ Mossman, B T.. and Craighead. J. E. Induction 
uf squamous metaplasia in organ cultures of hamster trachea by 
naturally occurring and synthetic fibers. Cancer Res 43:4906-4911 
(1983).

.’. Mossman, B T., Kessler, J. B., Ley, W., and Craighead, J. E. In­
teraction of crocidolite asbestos with hamster respiratory mucosa 
in organ culture Lab, Invest. 36: 131-139 (1977).

1. Auerbach. 0., Stout, A. P., Hammond, E. C., and Garfinkel, L. 
Changes m bronchial epithelium in relation to cigarette smoking 
and in relation to lung cancer. N. Engl. J. Med. 265: 253-267 (1961).

I Spom. M. R. Clamon. G H . Dunlip, N. M., Newton, D. L . Smith. 
J. M , and Saffiolti, C. Active ' of vitamin A analogues in cell cul­
tures of mouse epidermis and organ cultures of hamster trachea. 
Nature 253: 47-50(1975).

5. Boulwell, R. K.. and Verma A. K. The influence of retinoids on 
polyarrur.e and DNA synthesis in mouse epidermis Ann. N.Y. .Acad. 
See 359: 275-280 (1981).

16. Mossman, B T., and Craighead, J. E. Long-term maintenance of 
differentiated respiratory epithelium in organ culture I. Medium 
composition. Proc. Soc. Exp Biol. Med. 149: 227-233(1975).

17. Marsh, J P., Jean. L., and Mossman, B. T. Asbestos and fibrous 
glass induce biosynthesis of polyamines, regulatory molecules nec­
essary for cell proliferation, in tracheobronchial epithelial cells m 
etlno. In. In Vitro Effects of Mineral Dusts, Vol. 3(E. G. Beck and 
J Bignon, Eds), Springer-Verlag, Berlin, 1985, pp 305-312.

18. Duncan. D. B Multiple range and F tests Biometrics 11: 1-23 
(1955).

19. Jetten, A. M., Brody, A. R-. Deas M. A., Hook, G. E. R., Rearick, 
J. I.. and Thacher, S. M. Retinoic acid and substratum regulate and 
differentiation of rabbit tracheal epithelial cells into squamous and 
secretory phenotype. Lab, Invest. 56: 654-664 (1987).

20. Chopra, D. P Squamous metaplasia in organ culture of vitamin A- 
deficient hamster trachea. Cytokinetic and ultrastructural alter 
ations J. Nall. Cancer Inst. 69: 895-905 (1982).

21. Clark, J. N., and Marchok, A. C. The effect of vitamin A on cellu 
lar differentiation and mucous glycoprotein synthesis in long-term 
rat tracheal organ cultures Differentiation 14: 175-183 (1983).

22. Wong, Y-C., and Buck. R. C. An electron microscopic study of 
metaplasia of the rat tracheal epithelium in vitamin A deficiency. 
Lab Invest. 24: 55-66(1971).

23. Keenan, K. P, Wilson, T. S., and McDowell, E. M. Regeneration 
of hamster tracheal epithelium after mechanical injury. IV. 
Histochemical, tmmunocytolochemical and ultrastructural studies 
Virchows Arch. 43: 213-240 (1983).

24. Lane. B P. and Gordon, R. E. Regeneration of vitamin A deficient 
rat tracheal epithelium after mild mechanical injury. Differentia­
tion 14: 87-93(1979).

25. Harris, C. C., Spom, M. B, Kaufman, D. G., Smith, J. M., Jackson, 
F. E., and SafTiotti. U. Histogenesis of squamous metaplasia in the 
hamster tracheal epithelium caused by vitamin A deficiency or 
beruo(a)pyrene-femc oxide. J. Natl. Cancer Inst. 48: 743-761 (1972).

26. Crocker. T. T., and Sanders, L. L. Influence of vitamin A and 
3,7 dimethyl-2.6-uctadienal (citral)on the effect of benzo(a)pyrene 
on hamster trachea in organ culture. Cancer Res 30: 1312-1318 
(1979).

27. Lasrutzki. 1.. and Goodman. D. S Inhibition of the effects of methyl- 
cholanthrene on mouse prostate in organ culture bv vitamin A and 
its analogs Cancer Res 34 1564-1571 (1974).

28. Lane, B P., and Miller. S. L Dose dependence of carcinogen induced 
changes in tracheal epithelium in organ culture: In: Experimen­
tal Lung Cancer: Carcinogenesis and Bioassays (E. Karbe and J. F. 
Park, Eds.), Springer-Verlag, Berlin. 1985, pp 507-513.

29. Lasnitzki, I. Reversal of methylcholanthrene-induced changes in 
mouse prostate in vitro by retinoic acid and its analogues Br. J. 
Cancer 34: 239-248 (1976).

30. Chorpa, D. P., and Wilkoff, L. J. Inhibition and reversal of 
carcinogen-induced lesions in mouse prostate in vitro by all-lrans- 
retinoic acid. Am. Assoc. Cancer Res Abst. 16: 35(1975).

31. Bollag, W. Retinoids and cancer. Cancer Chemother. Pharmacol. 
3: 207-215 (1979).

32. Chopra. D. P. Retinoid reversal of squamous metaplasia in organ 
cultures of tracheas derived from hamsters fed a vitamin A- 
deficient diet. Eur. J. Cancer Clin. Oncol. 19: 847-857 (1983).

33. Trown, P. W., Buck, M. J , and Hansen, R. Inhibition of growth and 
regression of a transplantable rat chondrosarcoma by three reti­
noids. Cancer Treat. Rep 60: 1647-1653 (1976).

34. Bollag, W. Prophylaxis of chemically induced benign and malignant 
epithelial tumors by vitamin A acid (retinoic acid). Eur. J. Cancer 
8: 689-693 0972)

35. Grubbs, C. J., Moon, R. C.. Squire, R. A., Farrow, G. M., Stinson, 
J. F.. Goodman. D. G., Brown, C. C, and Sporn, M. B 13-eis-Retinoic 
acid: Inhibition of bladder carcinogenesis induced in rats by _\ 
butyl-N-(4 hydroxybutyl| nicrosamine. Science 198: 743-744 (1977)

36. Spom, M. B, Squire. R. A., Brown, C. C„ and Smith, J. M. 13-eis- 
Retinoic acid: Inhibition uf bladder carcinogenesis in the rat. 
Science 195: 487-489 (1977).

37. Mossman. B. T., Eastman, A., and Bresnick. E. Asbestos and 
benzofajpyrene act synergistically to induce squamous metaplasia 
and incorporation off’Hlthymidine in hamster trachea] epithelium. 
Carcinogenesis 5: 1401-1404 (1984).

38. McCormick, D. L., Bums, F. J., and Albert, R. E. Inhibition of rat 
mammary carcinogenesis by short dietary exposure to retinvl ace­
tate Cancer Res. 40: 1140-1143 (1980).

39. Moon, R. C„ and McCormick, D. L. Inhibition of chemical carcino­
genesis by retinoids. J. Am. Acad. Dermatol. 6: 809-814 (1982).

40. O'Brien, T. G. The induction of ornithine decarboxylase as an early, 
possibly obligatory event in mouse skin carcinogenesis. Cancer Res. 
36: 2644-2653 (1976).

41. Weeks, C. E., Herrman, A. L.. Nelson, F. R.. and Slaga. T. J. 
Difluoromethylomithine, an irreversible inhibitor of ornithine 
decarboxylase, inhibits tumor promoter-induced polyamine accumu­
lation and carcinogenesis in mouse skin. Proc. Natl. Acad. Sci. (U.S.) 
79: 6028-6032 (1982).

42. Kingsnorth, A. N.. King, W. W. K., Diekema. K. A., McCann. P. O. 
Ross, J. S, and Malt, R. A. Inhibition of ornithine decarboxylase 
with difluoromethylomithine: Reduced incidence of dimethyl- 
hydrazine-induced colon tumors in mice Cancer Res 43:2545-2549 
(1983).

43. Marx, M., Tbwnsend. C. M., Jr., Barranco. S. C., Glass, E. J . and 
Thompson, J. C. Treatment of hamster pancreatic cancer with 
difluoromethylomithine, an inhibitor of polyamine biosynthesis
JNCI 79: 543-548(1987)

44. Thompson, H. J., Herbst, E. J., Meeker, L. D., Minicha. R.. Ronan. 
A. M., and Fite, R. Effect of D.L-difluoromethylomithine on mu­
rine mammary carcinogenesis. Carcinogenesis 5: 1649-1651 (1984).

45. Verma, A. K., Shapas, R G., Rice, H. M., and Boutwell. R. K. 
Correlation of the inhibition by retinoids of tumor promoter-induced 
mouse epidermal ornithine decarboxylase activity and of skin tu­
mor promotion. Cancer Res. 39: 419-425 (1979)

46. Jetten, A. M, and Shirley, J. E. Inhibition of ornithine decarboxy­
lase by retinoic acid and difluoromethylomithine in relation to their 
effects on differentiation. Exp. Cell Res. 156: 221-230(1985)

47. Kapyako, K., and Janne, J. Stimulation of melanotic expression in 
murine melanoma cells exposed to polyaminc antimetabolites Bio- 
chem. Biophys Res Comm. 113: 18-23(1983).

48. Chen, K., Nau, D., and Liu, A. Effects of inhibitors of ornithine 
decarboxylase on the differentiation of mouse neuroblastoma cells 
Cancer Res 43: 2812-2818(1983).

49. Bethell, D.. and Pegg. A. Pblyamines are needed for the differen­
tiation of 3T3-L1 fibroblasts into adipose cells Biochem. Biophys 
Res Comm. 102: 272-278(1981).

ST0272768



CAMERON ETAl.toy

50. Erwin, R. Ewton. D., Florinj, J., and ftgg, A. ftrlyamme deple­
tion inhibits the differentiation of L6 myoblast cells. Bioehem. Bio 
phya Res Comm. 114: 944-949(1963).

51. Alhonen-Hongtsto, L.. Seppanen, P, and Janrte, J. Methylglyoxa) 
biaCguanythydrazone) stimulates the cellular transport system of 
the polyamines FEBS Lett 145: 182-186(1982).

52. Seppanen, P, Alhonen-Hongisto, L, and Janne, J. Death of tumor 
cells in response to the use of a system of stimulated polyamine up­
take for the transport of methylglyoxal bisfguanylhydraaone). Eur. 
J. Bioehem. 118: 571-576(1981).

53. Porter. C W . and Bergeron, R. J. Spermidine requirement for cell 
proliferation in eukaryotic cella: Structural specificity and quan­

titation. Science 219-. 1083-1085 (1983).
54. Stoner, C. D., Harris, C. C, Myers, G. A., TVump, R F, and Con­

ner, R. D. Putrescine stimulates growth of human bronchial 
epithelial cella in primary culture. In Vitro 16: 399-406 (1980).

65. Casern, R. A., Jr., Bergeron, R. J„ and Rrrter. C W. Treatment with 
dUluoromethylomithine plus a spermidine analog leads to spermine 
depletion and growth inhibition in cultured L1210 leukemia cella 
J. Cell Physiol. 121: 476-482 (1984).

56. Nicchitta, C. V., and Williamson. J. R. Spermine, a regulator of 
mitochondrial calcium cycling. J. Biol. Chem. 259: 12978-12983 
(1984).

ST0272769


