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ABSTRACT

Of lin- SV40-transformed clonal human bronchial epithelial cell lines

previously shown to be nontumorigenic at early passages (R. R. Reddel el
al.. Cancer Res., 48: 1904-1909, 1988), two lines (BES-1A1 and BEAS-2B)

from different donors have become weakly tumorigenic with further pas
saging. BES-1A1 passage 26 cells formed tumors in 3 of 9 athymic nude
mice given s.c. injections, whereas BEAS-2B cells of >32 passages formed

highly cystic tumors at 8 of 58 injection sites after long latency periods
[17 Â±7 (SD) weeks]. These tumors took a total of 36 Â±8 weeks to reach
a diameter of 1.0 cm. Iunior cell lines were established from four BE-
AS-2B tumors, and these are resistant to the growth-inhibitory effects of
serum, an inducer of squamous differentiation in BEAS-2B and normal

bronchial epithelial cells. This finding supports the hypothesis that devel
opment of resistance to inducers of terminal squamous differentiation may
be a step in the process of bronchial carcinogenesis. One of these tumor
cell lines, B39-TL, is significantly more tumorigenic than the others and

has a deletion from the short arm of chromosome 3 as has been described
previously for some naturally occurring human bronchial carcinomas.
Thus, from the clonally derived BEAS-2B cell line, cell populations with

various degrees of tumorigenicily have developed. Analysis of the changes
in these cells may yield insights into the multiple events involved in ac
quisition of the tumorigenic phenotype.

INTRODUCTION

The interaction of SV40 with human cells is widely regarded as
being essentially nontumorigenic. and SV40-altered human cells have

frequently been used as nontumorigenic substrates in carcinogenesis
experiments (1). In order to study cellular and molecular aspects of
lung carcinogenesis, methods for culturing NHBE'1 cells have been

developed (2). We have previously described the transformation of
NHBE cells by SV40 genes, and the nontumorigenicity of these cells
as assayed by s.c. injection in athymic nude mice (3). Five of these
cultures have subsequently become established as cell lines.

Here we report tumorigenicity testing of the five cell lines after
immortalization and further passaging and show that two of the five
lines, i.e., BES-1 Al and BEAS-2B, have become weakly tumorigenic.
Of these two lines. BEAS-2B was the less tumorigenic, and we

Received 6/8/92; accepted 12/22/92.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1This study was supported in part by a project grant from the University of Sydney

Cancer Research Fund.
2 To whom requests for reprints should be addressed, at Children's Medical Research

Institute. Locked Bag 23. Wcntwonhville, New South Wales 2145. Australia.
' Present address: University of Rochester. Rochester. NY 14642.
4 Presen! address: Beijing Institute for Cancer Research. Western District, Beijing,

People's Republic of China.

5 Present address: Inhalation Toxicology Research Institute, Lovelace Biomedicai and

Environmental Research Institute. Inc., Albuquerque. NM 87185.
'' The abbreviations used are: NHBE cells, normal human bronchial epithelial cells;

kbp, kilobasc pairs; LHC-9. Laboratory of Human Carcinogenesis Basal medium with
calcium 0.11 mu. i.-glutamine 1 imi. trace elements, gentamicin 50 ug/ml. insulin 5 ug/ml.
transferrin 10 ug/ml, hydrocortisone 200 n\i, epidermal growth factor 5 ng/ml. phospho-
ethanolamine 0.5 UM.ethanolamine 0.5 UM.epinephrine 0.5 ug/ml. retinole acid 0.33 DM.
triiodothyronine 10 n.M,and bovine pituitary extract: p. passage; RFLP, restriction frag
ment length polymorphism; SSLP, simple sequence length polymorphism; SSC. standard
saline-citrate (20X SSC: 175.3 g sodium chloride and 88.2 g sodium citrate in 1 liter
water. pH 7.0). RHO, rhodopsin; SST. somatostatin.

reasoned that it would therefore have the greater potential to undergo
further increases in degree of tumorigenicity. BEAS-2B was therefore

subjected to more extensive analysis. Nude mice were given injections
of BEAS-2B cells at multiple passage levels to determine at what

passage tumorigenicity was first detectable. Tumor cell lines were
established from several BEAS-2B tumors to facilitate comparisons of
the properties of the tumor cells and the parental BEAS-2B cells. The

tumor cell lines varied in their degrees of tumorigenicity from weak
(B61-T4 and B39-TR) to moderate (B39-TL). Thus there is a series of

cell types, all derived ultimately from the single colony that gave rise
to the BEAS-2B cell line, with varying degrees of tumorigenicity,
ranging from undetectable (early passage BEAS-2B) to moderate
(B39-TL).

Also reported here are our initial analyses of some other properties
of this series of cells. The tumor cell lines were shown to be resistant
to the growth-inhibitory effects of serum, an inducer of squamous
differentiation in BEAS-2B (4) and normal bronchial epithelial cells

(5, 6). This observation is consistent with the hypothesis that devel
opment of resistance to inducers of terminal squamous differentia
tion is a step in the process of bronchial carcinogenesis (7). Chromo
somal and RFLP analyses showed that the most tumorigenic of the
BEAS-2B tumor-derived cell lines, B39-TL, had undergone deletion

of a segment of the short arm of chromosome 3. This is of particular
interest in view of the previous demonstrations that naturally occur
ring lung carcinomas frequently have deletions in this region (8-13).

MATERIALS AND METHODS

Cell Lines and Cell Culture. The cell lines were derived from NHBE cells
either Iransfecled with an SV40 early region-containing plasmid (BET-1A and
BET-2A) or infected with SV40 virus (BES-IAI and BES-1A 1.6) or an ade-

novirus I2/SV40 hybrid virus preparation (BEAS-2B) (3). BEAS-2B cells
contain SV40 DNA and express T-antigens (3) hul do not contain adenovirus
DNA.7 The cells were cultured in a serum-free medium. LHC-9 (2). For clonal

growth assays the medium used was LHC-8. which contains the same ingre
dients as LHC-9 with the exception of epinephrine and relinoic acid. The cells

were harvested by trypsinization and seeded in 12.5 ml growth medium in
75-ctrr culture flasks (Lux; Miles Scientific. Naperville, IL) the growth sur

faces of which had been coated with a solution of bovine serum albumin,
fibronectin, and collagen (2). Tumors arising in nude mice were cultured as
outgrowths from tumor expiants in fibronectin/collagen-coated cell culture
dishes in serum-free LHC-9 medium. All cell lines were monitored for

Mycoplasma contamination (14); none was detected. Isoen/yme analyses were
carried out by Dr. Ward D. Petersen. Jr.. Children's Hospital of Michigan.

Detroit. MI.
For clonogenic assays 1000 cells were plated in coated 60-mm dishes in

LHC-8 medium with a range of concentrations of fetal bovine serum. After 7

days of incubation colonies were scored following fixation with 10% formalin
and staining with crystal violet.

Tumor and Cell Line Morphology. Tumors were fixed in formalin and
processed for hematoxylin and eosin staining. Tumors were also fixed and
examined by transmission electron microscopy as described previously (15).
Cell lines were examined by phase contrast microscopy.

Tumorigenicity Assay. Cells (5 X IO6) were injected s.c. into athymic

nude mice irradiated with 350 rads 24 h previously. From 7 to 10 animals were

7 R. R. Reddel el al., unpublished data.
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given unilateral injections (breach BEAS-2B passage (p) level assayed, except

in the case of p39 cells which were injected bilaterally into 3 animals. Tumor
cell lines were injected unilaterally in 3-13 animals/cell line. For comparison,
v-Ha-ru.v-transformed BEAS-2B tumor cells, BZR-T33 (16), were also in

jected into 5 animals. To assay transferability of tumors, fragments of tumors
from one mouse were implanted s.c. in another mouse.

Cytogenetics. Cells were harvested by trypsinization after 45 min exposure
to 0.04 jig/ml Colcemid, and cells were exposed for 20 to 30 min at room
temperature to hypotonie solution (0.042 M KCI prepared in water with 18
Mohni minimum resistivity). The cells were fixed with freshly prepared Car-
noy's fixative (acetic acid:methanol, 1:3), and conventional air-dry prepara

tions were made. For all karyolypic analyses, G-banding by the trypsin method
(1-15 s treatment with 0.059Ã•trypsin solution followed by 10-20 min staining
with 2r/c Giemsa solution), and Q-banding with quinacrine mustard as de

scribed previously (17). were routinely used. Conventional Giemsa staining
was used for quick surveys of ploidy and chromosome number distribution.
For chromosome counts, 50 well-spread metaphases per culture were usually

examined.
RFLP Analysis. Probes used for RFLP analysis were prB2 (18), which

detects the c-nif-Ã¬protooncogene locus at 3p25. and pHF12-32 (19). which
detects an anonymous 3p 14-21 locus referred to as DÃŒS2(previously

DOSLCVl Genomic DNA ( 10 ug) was digested with restriction endonuclease
Tat]\ or M,v/;l for hybridization with probes prB2 or pHF12-32. respectively,

electrophoresed in 1% agarose gels, and transferred (20) to nylon membranes
(Nytran, Schleicher and Schuell; or Hybond-N, Amersham). Probes were 12P-

labeled by the random primer method (21 ) and hybridized to the membranes at
65Â°Covernight. Membranes were rinsed once in 2x SSC and twice in 2x

SSC/0. l<7rsodium dodecyl sulfate at room temperature, and finally washed at
65Â°Cin 0.5X SSC/1% sodium dodecyl sulfate. The membranes were then
exposed to Kodak XAR film with an intensifying screen at -80Â°C for 16 h-7

days.
SSLP Analysis. SSLP analysis (22) was carried out for three chromosome

3q loci: RHO (3q21-qter); SST (3q28); and D3SI96 (3q27-28). Oligonucle-
otide primers were synthesized on a 380B DNA synthesizer (Applied Biosys-

tems. Melbourne, Australia) and purified using NENsorb PREP nucleic acid
purification columns (NEN Research Products). Primers used were 5'CAT-
TAGGATGCATTCTTCTG3' and 5'GTCAGGATTGAACTGGGAAC3' for
RHO, 5'GCT-CAAATGTTTCTGCAACC3' and 5'CTTTGTAGCTCGTGAT-

GTGA3' for SST, and 5'ACTCTTTGTTGAATTCCCAT3' and 5'TTTCCA-
CTGGGGAACATGGT3' for D3S196. Genomic DNA template (250 ng-1 ug)

was initially denatured for 5 min at 95Â°Cand amplified (23) using 100 ng of
each primer, nucleotides spiked with [a'2-P]dCTP. and 2.5 units AmpliTaq

polymerase (Perkin-Elmer Cetus) with 29 cycles of the following tempera
tures: 94Â°C1 min; 55Â°C2 min; and 72Â°C2 min. Amplified DNA was resolved

by electrophoresis on a denaturing 89f polyacrylamide gel together with a
dideoxy sequencing reaction using template DNA of known sequence to pro
vide DNA size markers.

RESULTS

Tumorigenicity of Bronchial Epithelial Cell Lines. Bronchial
epithelial cell lines were injected s.c. into preirradiated athymic nude
mice (Table 1). BEAS-2B cells and the tumor cell lines frequently

formed nodules within one or two days after injection. It was apparent
on inspection of the mice that these nodules were cystic. In most cases
these were resorbed, but in some cases tumors arose on a background
of such regressing lesions. The latency period was defined as the time
to appearance of an expanding lesion.

At the passage levels tested, BET-1A, BET-2A. and BES-1A 1.6
cells did not form tumors. In contrast, BES-1 Al p26 cells formed

tumors in 3 of 9 mice after a period of 4 weeks. These tumors reached
a diameter of 10 mm by 26 Â±5 (SD) weeks and did not regress. Two
tumors were transferred in vivo by s.c. implantation of small tumor
fragments; one formed a tumor that attained a diameter of 6 mm
before completely regressing, and the other formed a rapidly enlarging
tumor that reached 10 mm diameter within 2 weeks and 26 x 15 x 13
mm by week 6. The same two tumors were established in vitro as
tumor cell lines, BES-T3 and BES-T4. Since BES-1A1 cells were
more tumorigenic than BEAS-2B, it was considered that BEAS-2B

cells offered a better opportunity for observing further spontaneous
increases in tumorigenic potential, and hence the BES-IA1 tumors

and tumor cell lines were studied in much less detail.
No tumors were formed by BEAS-2B cells of passage 7, 18, or 25.

Cells of passages 32 through 102 formed 8 tumors >10 mm in diam-

Table 1 TumorÃ¬genicÃ¬t\of SV40-immorÃalizeiI bnmchitil epithelial cell lines

Cellline"SV40-immortalized

celllinesBES-IA1BES-

1A1.6BET-1ABET-2ABEAS-2BBEAS-2B-derived

tumor celllinesB39-TRB39-TB61-T4B39-TL-T1B39-TL-T3Passage2617234219337182532394051606110252263Tumors

h3/90/50/6

*0/80/100/100/100/5

h0/101/92/6*0/102/101/9

'2/7fV72/1310/131/54/53/3Latency

'

(wk)4Â±Â»'3218Â±211Â±12014Â±610

Â±65Â±2135Â±l3Â±2Wk

to 1.0-cm
diameter'726Â±5/4629

Â±139

Â±72937

Â±321

Â±1214
Â±33013

Â±612Â±2Regressing

tumors''0/30/10/21/20/10/21/21/100/11/40/3

" Cells (5 x 10 ) were injected s.c. into athymic nude mice that had been irradiated with 350 rads 24 h before injection.
'' Tumors > 10 mm in diameter/animals injected. In view of the long latency of BEAS-2B tumors, mice dying tumor free within 6 months of injection were excluded from analysis.

Only 8 mice of 172 injected had survivals shorter than this.
' Time to appearance of an expanding tumor.
'' Weeks from time of injection to a tumor diameter <10 mm.
'' Number of tumors which regressed to less than one-half their maximum volume/total tumors.

'Mean Â±SD.
* BET-1A p23 and BEAS-2B p39 cells were injected bilaterally into 3 animals each. In all other experiments, cells were injected at one site/animal.
* pi8 data are from Ref. 3.
' p60 and p61 data are from Ref. 32.
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Ã©terof a total of 58 s.c. injection sites (Table 1). These tumors were
slow growing (Fig. 1). appearing with a latency of 17 Â±7 weeks and
taking a total time of 36 Â±8 weeks to reach a diameter of 1.0 cm
(Table I ). The tumors were translucent and obviously highly cystic. In
some cases the cyst fluid spontaneously discharged resulting in sud
den decrease in tumor size. One of the tumors (p51 cells) totally
regressed after reaching a size of 12 x 10 x 10 mm. In addition to the
eight large tumors. BEAS-2B cells formed a total of six small tumors

that attained a maximum diameter of 2 Â±1 mm before subsequently
regressing, three of them completely (data not shown).

Transfer of tumor tissue was attempted for four of the eight
BEAS-2B tumors (passages 32, 51, 60, and 61); only one (from p60)

caused tumor formation with a latency of 9 weeks, forming a highly
cystic tumor with a diameter of 10 mm within 17 weeks from transfer
of the tissue fragments. The remaining three tumors did not trans
fer successfully, no tumors being evident 14 weeks after s.c. implan
tation.

BEAS-2B p39 cells caused bilateral tumors >10 mm in one mouse.

Cell lines were established from each of these tumors and were
designated B39-TL (SEAS-2B pJ9-7umor Â¿eft) and B39-TR
(BEAS-2B p_?9-7umor flight). Tumor cell lines were also derived
from two BEAS-2B p61 tumors and were designated B61-T4 and
B6I-T7. Of these four tumor cell lines, three (B39-TL. B39-TR and
B61-T4) have been tested for tumorigenicity in nude mice. B39-TR
and B61-T4 did not produce significantly more tumors >l() mm than
the parental BEAS-2B cells (Table 1). B39-TL, however, was signif

icantly more tumorigenic (10 tumors in 13 animals injected), with
tumors appearing after 5 Â±2 weeks and reaching 10 mm within 14 Â±
3 weeks (Fig. 1). One of these tumors attained maximum dimensions
of 15 x 15 x 10 mm at week 15 before regressing to a 1-mm nodule
by week 31. Tumor cell lines B39-TL-T1 and B39-TL-T3 were de
rived from two B39-TL tumors. These lines retained the enhanced
tumorigenicity of the.B39-TL cells (Table 1). The derivation of the
BEAS-2B tumor cell lines is shown schematically in Fig. 2.

To determine whether there was a preexisting tumorigenic subpop-
ulation within the BEAS-2B cell line, ten subclones were obtained

using cloning cylinders to isolate individual colonies from dishes
seeded with BEAS-2B cells (approximately passage 50) at clonal
density and were tested for tumorigenicity by s.c. injection of 5 X IO6

cells into 8-10 athymic nude mice/clone. Nine of the clones formed

Passage 39 Passage 61
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10 20 30
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Fig. 1. Growth of BEAS-2B cells and derived cell lines in athymic nude mice. Cells
(5 X IO6) were injected s.c. into prcirrudiated athymic nude mice as described in "Ma
terials and Methods." Points, mean tumor volume for animals that developed tumors after

injection with BEAS-2B. B39-TL, or BZR-T33 cells; bars. SD. BEAS-2B cells of >32
passages formed tumors in 8 of 58 unimuls injected. B3S)-TL in 10 of 13, and BZR-T33
in 5 of 5.

I 1
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Tumors
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B39-TR B39-TL B61-T4 B61-T7

Tumor
ICell LinesJ

l l l I
Nude mouse Nude mouse Nude mouse Not

Tumors Tumors Tumors Tested

/\
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Fig. 2. Derivation of tumor cell lines from BEAS-2B tumors.

no tumors, and one clone formed a small tumor <10 mm in diameter
in one mouse. Each of the ten clones was therefore less tumorigenic
than the BEAS-2B cell line from which they were obtained.

Isoenzyme profiles were obtained for B39-TL, B39-TR, B39-TL-
T3, and B6I-T4 tumor cell lines, and in each case only human isoen-

zymes were detected and the isoenzyme phenotypc was identical to
that of the BEAS-2B parent cell line. DNA fingerprinting was com
pared in BEAS-2B. B39-TR, B39-TL, and B39-TL-T3 cells using a

highly polymorphic single locus probe. MSI (Silenus Laboratories,
Melbourne. Australia) and was found to be identical (data not shown).
All of these tumor cell lines were observed to have only human
karyotypes. with marker chromosomes in common with the BEAS-2B

cell line (see below).
Morphology of Tumors. Hematoxylin and eosin staining of a

tumor formed by BEAS-2B p39 cells (Fig. 3) shows glandular and

squamous elements. Apparent invasion of muscle tissue was observed
in one small area (not shown). Of the p39 tumors, the squamous
component was most prominent in the tumor that gave rise to the
B39-TL cell line. The histopathology of tumors formed by BEAS-2B

cells at other passage levels also showed variable combinations of
glandular and squamous elements. Electron microscopy demonstrated
keratin fibers and abundant desmosomes (Fig. 4). Abundant keratin
fibers were also seen in the cell lines derived from these tumors on
indirect immunofluorescence using an antibody against cytokeratins
(data not shown).

The histopathology of the tumors formed by the tumor cell lines
reflected the histopathology of the tumors from which they were
derived: B39-TR and B6I-T4 formed poorly differentiated adenocar-
cinomas whereas B39-TL had extensive squamous components; tu
mors formed by B39-TL-TI and -T3 were very similar to the B39-TL
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Fig. 3. Hematoxylin- and eosin-stained sections of nude mouse tumors induced by
BEAS-2B passage 39 cells showing glandular and squamous elements. Top, X 40; bottom,
X 100.

tumors. Ultrastructural studies of tumors formed by the tumor cell
lines demonstrated fewer desmosomes (data not shown).

Morphology of Tumor Cell Lines. Phase contrast microscopy
showed that the tumor cell lines derived originally from BEAS-2B

cells were very similar in appearance to the parent cell line (Fig. 5).
Response to Serum. Colony-forming efficiency was tested using

cells at the following passages: BEAS-2B, p34; B39-TR, pÃ²;B39-TL,
p6; B39-TL-T1, p4; B39-TL-T3, p5. As previously documented (4),
the colony-forming efficiency of BEAS-2B cells was reduced by

approximately 80% in the presence of 8% fetal bovine serum. In
contrast the tumor cell lines were resistant to this inhibitory effect of
serum (Fig. 6).

Karyotypes. BEAS-2B cells were near- or pseudodiploid with

some characteristic marker chromosomes. There were four common
markers and several others that occurred infrequently (data not
shown). The tumor cell lines had markers in common with BEAS-2B.
In addition, B39-TL cells had evidence of a deletion of the short arm

of chromosome 3, as also did the karyotypes of the tumor cell lines
derived from B39-TL (B39-TL-T1 and B39-TL-T3) (data not shown).

Detailed karyotypic analyses will be reported elsewhere.
Restriction Fragment-linked Polymorphism Analysis. Since the

karyotype analysis indicated some loss of chromosome 3p material in
B39-TL cells, RFLP analysis was carried out with chromosome 3p
probes. BEAS-2B was heterozygous at two 3p loci, containing both
the 7.0- and 7.6-kbp Taql alÃelesat the c-ra/-l locus, and both the 2.9-
and 1.3- + 1.6-kbp alÃelesat the D3S2 locus (Fig. 7). B39-TR retained
both alÃelesat each locus, whereas B39-TL had lost the 7.6-kbp
c-ra/-l alÃele(Fig. 1A) and the 1.3- + 1.6-kbp D3S2 alÃele(Fig. IB).
The tumor cell lines derived from B39-TL had also lost the 1.3- +
1.6-kbp D3S2 alÃele(data not shown) and the 7.6-kbp c-ra/-l alÃele

(Fig. 1A).
Simple Sequence-linked Polymorphism Analysis. The poly

(CA)n repeats amplified in this analysis exhibited a ladder pattern
(often referred to as "satellite bands") on polyacrylamide gel electro-

Fig. 4. Ultrastructure of nude mouse tumors induced by BEAS-2B passage 39 cells. Transmission electron microscopy, X 26,000.
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A
114 and 118 base pairs, and 169 and 171 base pairs, respectively. Each
BEAS-2B-derived tumor cell line tested retained both alÃelesat each

of the three loci (Fig. 8). These results were confirmed by a minimum
of two independent SSLP analyses for each locus.
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DISCUSSION

Human cells rarely undergo malignant transformation in response
to SV40 (24-28), although they may form small nongrowing nodules

which persist for several weeks or months and then regress (29). This
report adds two bronchial epithelial cell lines to the small list of
SV40-transformed human cell lines that have become tumorigenic,
albeit very weakly tumorigenic in the case of BEAS-2B. Prior exam
ples include two SV40-transformed human fibroblast cell lines that
formed tumors when 1 X IO7 cells were injected s.c. into athymic

nude mice (30). There have also been previous reports of the occur
rence of tumorigenicity in SV40-immortalized human epithelial cells.

For example, fetal keratinocytes transformed by transfection of an
origin-minus SV40 genome formed small benign cysts in nude mice

at early passages but after continued passaging (about 200 population
doublings) formed invasive squamous cell carcinomas (31).

In the case of BEAS-2B, the level of tumorigenicity is so low that

introduction of cloned oncogenes caused statistically significant in
creases in tumorigenicity even when relatively small numbers of mice
were tested; the oncogenes also induced obvious changes in morphol
ogy and metastatic potential (16, 32-34). Documentation of the low-

, Â»* ,. .Â»â€¢'..â€¢.â€¢-" ; ' ,*.v'.
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Fig. 5. Phase contrast micrographs of BEAS-2B p32 (A) and B39-TL pi cells (B)

in vitro. X 60.

z
o
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A Â¿iâ€”Ã BEAS2B

O 0.5 1

% FBS

Fig. 6. Response lo serum of BEAS-2B and derivative tumor cell lines. One thousand
cells were plated in coated 60-mm dishes in LHC-8 medium with a range of concentra
tions of fetal bovine serum (A7Ã•.S),and colonies after 7 days of incubation were scored
following fixation with 10*^ formalin and staining with crystal violet. The I(X)% values
for colony-forming efficiency/1000 cells(mean Â±SD. n = 3 dishes) were: BEAS-2B, 344
Â±31: B39-TL, 353 Â±70; B39-TR. 142.5 Â±69; B39-TL-TI. 346 Â±15; and B39-TL-T3.
189 Â±12. For clarity, error bars are not shown; SD was <20<Â£mean.

phoresis; this is usually attributed to slippage of Taq polymerase. For
each of the three chromosome 3q loci tested, however, there is no
ambiguity as to which bands are dominant and it is clear that BE-
AS-2B is heterozygous at each locus, containing the 88- and 94-base
pair D3S196 alÃeles,the 118- and 124-base pair RHO alÃeles,and the
169- and 173-base pair 5S7 alÃeles(Fig. 8). Placenta! DNA from an

unrelated individual had alÃelesat these loci of 90 and 92 base pairs.

Fig. 7. Restriction fragment-linked polymorphism analysis of two chromosome 3p loci.
A, c-raf-l; B, D3S2. Genomic DNA ( 10 u.g) from each cell type was digested with Ttitj\
(A} or A/.Ã•/J!(B) restriction endonuclease, electrophoresed on a \Â°kagarose gel. and
transferred to a Hybond-N (A} or Nytran (B) membrane. The probes were prB2 (At or
pHF12-32 (B) and were radiolabeled by the random primer method (21). kh. kbp.
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Fig. 8. SSLP analysis of three chromosome 3q loci. A. D3SIV6; B. RHO: C, SST.
Gcnomic DNA was amplified by the polymerase chain reaction, using oligonucleotide
primers complementary to the regions flanking poly(CA),, repeats in the three loci. DNA
was labeled by incorporation of |12P)dCTP during amplification, and analyzed by dena

turing polyacrylamide gel electrophoresis. Ltine I, unrelated human placental DNA; Â¡Mue
2. BEAS-2B; Lane 3. B39-TR: Urne 4. B39-TL; Lane 5. B39-TL-T3. bp. base pairs.

level tumorigenicity of BEAS-2B cells required injection of relatively

large numbers of nude mice and testing of this cell line at multiple
passage levels. Since BET-1A, BET-2A. and BES-1A 1.6 were not

tested to the same extent, it is not possible to exclude some degree of
tumorigenicity in these cells. The tumor regression occasionally ex
hibited by the bronchial epithelial cell lines and the derived tumor cell
lines is intriguing (Table 1). It is possible that this may be at least
partly explained by immunological mechanisms. Nude mice are not
completely immunodeficient and can reject some tumors (35, 36).

The acquisition of tumorigenicity was clearly not unique to the cells
of one donor, since the BEAS-2B and BES-1A1 cell lines that became
tumorigenic were from different donors. A second cell line, BET-1A,
established separately from the cells of the same donor as BEAS-2B,
remained nontumorigenic. Further. BES-1A 1.6 cells were subcloned
from BES-1 Al cells before these cells had become immortalized (3).

Although only limited tumorigenicity testing has been carried out on
BES-1A 1.6. it appears that these cells remain nontumorigenic and
hence the changes leading to tumorigenicity of BES-1 Al must have
occurred subsequent to the point at which the BES-1A 1.6 cells were

subcloned.
The BEAS-2B cell line may be particularly useful for defining

changes leading to tumorigenicity because of the multiple stages that
can be identified. Arising initially from a single clone. BEAS-2B cells

of early passages had no detectable tumorigenicity, whereas cells of
>32 passages were weakly tumorigenic, and the derived tumor cell

lines ranged from weakly to moderately tumorigenic. The moderately
tumorigenic line, B39-TL, was still considerably less tumorigenic than
BEAS-2B cells into which a cloned oncogene had been transferred

(Fig. 1).
It thus appears that cells derived from BEAS-2B have undergone

two separate "spontaneous" increments in tumorigenicity. The first

step was the change from no detectable tumorigenicity in early pas
sage cells to the weak tumorigenicity seen in BEAS-2B cells of >32

passages: this most likely occurred in vitro. Two of the tumor cell
lines, B39-TR and B61-T4, were no more tumorigenic than the pa

rental BEAS-2B cells and therefore do not appear to have undergone

any additional significant changes in tumorigenic potential either in
vivo or in vitro. The moderate tumorigenicity of the B39-TL cells and

tumor cell lines derived from them represents a second increment of
tumorigenicity which presumably occurred at some point after BE-
AS-2B p39 cells had been injected into nude mice. In support of this
conclusion, none of the ten BEAS-2B subclones had tumorigenicity
equivalent to that of B39-TL cells, although a larger number of clones

would clearly need to be tested to exclude the prÃ©existenceof a minor
subpopulation of moderately tumorigenic cells. However, if even a
very small subpopulation of cells with the tumorigenic potential of
B39-TL were already present in the BEAS-2B population it would be

expected that they would also predominate in the tumor from which
the B39-TR cell line was derived, in which case B39-TR would be
more tumorigenic than BEAS-2B. Since the tumors giving rise to
B39-TL and B39-TR did not differ significantly in their latency or

growth rate (data not shown), it is likely that the additional change
occurred late in the growth ofthetumorgivingri.se to the B39-TLIine,

or during the early stages of the in vitro growth of this line. Although
only small numbers of B39-TL-T1 and -T3 cells have been tested for

tumorigenicity, there does not appear to have been any further malig
nant progression (Table 1).

The moderately tumorigenic B39-TL tumor cell line and tumor cell

lines derived from it had karyotypic evidence of partial loss of chro
mosome 3p. and this was confirmed by RFLP analysis of two infor
mative 3p loci, C-TO/-1and D3S2. SSLP analyses of three chromosome

3q loci showed retention of heterozygosity in these cell lines. It is
possible that the abnormality of chromosome 3p may be of importance
in the transition from weak tumorigenicity to the moderately tumor
igenic phenotype of B39-TL cells and of the B39-TL-T1 and B39-
TL-T3 lines derived from them. It is of particular interest that a
deletion from this region was seen also in tumorigenic SV40-trans-

formed keratinocytes (31. 37) and uroepithelial cells (38). An abnor
mality of 3p appears to be characteristic of small cell carcinoma of the
lung (8-10), and there is some evidence that a similar abnormality
may be involved in non-small cell lung cancer (11-13). Other tumors

in which an abnormality of chromosome 3p may be important include
renal cell carcinoma (39, 40) and breast carcinoma (41). Introduction
of a chromosome that contained normal 3p into a human renal carci
noma cell line via microcell fusion resulted in suppression of tumor
igenicity (42). These data suggest that chromosome 3p is the location
of one or more tumor suppressor genes, and at least two candidates for
this role are currently being investigated (43, 44).

The tumorigenic phenotype in BEAS-2B cells was associated with

loss of inhibition of colony formation by serum (Fig. 6). It is important
to note that the BEAS-2B-derived tumor cell lines have been estab
lished and cultured only in serum-free media. Inhibition by serum and

transforming growth factor ÃŸ,has been shown to correlate with ter
minal squamous differentiation of NHBE cells (5. 6, 45). Clones of
SV4()-transformed BE cells retain this capacity to varying extents (4).

It has been shown previously that human lung carcinoma cell lines are
almost completely resistant to inducers of terminal squamous differ
entiation (7) and that the ra.v-induced tumorigenicity of BEAS-2B

cells is associated with the acquisition of a mitogenic, rather than an
inhibitory, response to serum (32). Although the spontaneous progres
sion in the BEAS-2B cell line leading to tumorigenicity is also asso
ciated with a loss of serum-induced growth inhibition at clonal den
sity, a subclone of BEAS-2B isolated on the basis of its ability to grow
in serum, BEAS-2B.R1 (4), has not formed any tumors in 20 athymic

nude mice 1 year after injection (data not shown). Therefore the loss
of normal differentiative response is not sufficient for tumorigenicity.
Molecular genetic analysis of the changes responsible for the loss of
response to inducers of squamous differentiation in the tumorigenic
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bronchial epithelial cells may be expected to elucidate the important
nexus between carcinogenesis and abnormalities of differentiative
response.
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