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Abstract Lung carcinogenesis is a multi-step process involving activation of oncogenes and inactivation of tumor
suppress genes. Many molecular and cytogenetic alterations occur in the early stages of carcinogenesis. We have
developed an effective culture system for human bronchial epithelial cells and lung cancer cells. Four immortalized
human bronchial epithelial cell lines were established by transfecting the epithelial cells with plasmid DNA containing
the early region of SV40. Some molecular and cytogenetic alterations, such as 3p-, 2q-, 9p-, c-myc translocation t(8;14)
(q23; q32), were found in one immortalized bronchial epithelial cell line M when approaching malignant transforma-
tion. An increase in cell proliferation and decrease of apoptosis were noted in the late passages of the immortalized cell
line M. Some molecular cytogenetic alterations were also observed in human primary non-small cell lung cancers.
Molecular cytogenetic alterations during the early stage of carcinogenesis of human bronchial epithelial cells may be
useful as biomarkers for both diagnosis and intermediate endpoint of chemoprevention of lung cancer. J. Cell. Biochem.
Suppls. 28/29:74–80. r 1998 Wiley-Liss, Inc.
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Lung cancer can be classified into four major
types: small cell carcinoma (representing 25%),
squamous cell carcinoma (30%), adenocarci-
noma (25%,) and large cell carcinoma (15%),
with uncommon or mixed types making up the
remaining 5% [1].

Lung cancer is now the number one cause of
cancer death for both men and women. An
estimated 170,000 new cancer cases were re-
ported in the United States in 1993; 80% of
these were non-small cell lung cancer (NSCLC)
[2]. The mortality rate for NSCLC has re-
mained constant since 1985, despite advances
in cytotoxic drug development, radiotherapy,
and patient management. Surgical resection
remains the preferred cure, but patients who
undergo surgical resection have a long-term
survival rate of only 50% [3]. Characterizing
the molecular events that transform bronchial
epithelial cells into invasive lung cancer cells

may provide effective tools for early detection
and diagnosis of lung cancer.

As initially suggested by the results of model
systems [4], and more recently by studies of the
molecular pathogenesis of colon cancer [5], a
multi-step model of epithelial carcinogenesis
has evolved. Multiple genetic changes, includ-
ing mutations, deletions, gene amplification, or
translocations, occur during the transforma-
tion of a normal cell into a malignant one.

Presently, there is minimal informative data
about the sequence of events leading to lung
cancers. Current theories suggest that as many
as 10 to 20 events, including alterations of
oncogenes and tumor suppressor genes, must
occur by the time lung cancer becomes clini-
cally evident [6].

To decrease the incidence rate and improve
the cure rate of lung cancer, comprehensive
studies of the genetic mechanisms of lung can-
cer development must be carried out to obtain
some specific biomarkers which can be used to
diagnose lung cancer as early as possible. An-
other approach is to use chemoprevention mea-
sures in high-risk populations, which requires
intermediate biomarkers to evaluate the effect
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of chemoprevention and/or treatment. Recently
research groups are focusing on looking for
biomarkers that accompany the development
and carcinogenesis of lung cancer.

BRONCHIAL EPITHELIAL CELL LINE M

The majority of human NSCLC originates
from carcinogenesis of the bronchial epithelium
[1]. Many model systems have been designed to
study the carcinogenesis of human bronchial
epithelium [7–10]. One common and practical
system is to generate immortalized cell lines
with simian virus 40 (SV40) early region genes.
Using a plasmid containing the early region of
SV40, we transfected human bronchial epithe-
lial cells and established four immortalized
SV40T-transformed cell lines; one was termed
cell line M. Our discussion in this paper is
mainly limited to cell line M. Derived from one
noncancerous individual, bronchial epithelial
cells were cultured from an explant of biopsy
specimen as described previously [10]. The cells
were cultured in a modified serum-free medium
in collagen-coated dishes. After being trans-
fected with SV40T and selected by G418, the
surviving cells grow vigorously and can be
passed continuously. Interestingly, an obvious
crisis was not observed in the cell line M, which
was rarely reported before. The cells’ epithelial
origin has been confirmed by the presence of
keratin (KARO 7650 CAM5.2 CLONE). The
cells show a constant expression of SV40T. When
cells of the early passage of cell line M were
compared with those of the later passage, many
alterations in both phenotype and genotype
were observed. Following are the primary re-
sults of our study.

Alterations of Growth Factor Requirement

We tested the colony forming efficiency (CFE)
of cells of M at passage 16, M(p16) and 71,
M(p71). Two thousand cells were planted in
60-mm dishes and cultured in MCDB-151 Se-
rum Free Medium (MSFM) with the addition of

different growth factors. After 6 days of incuba-
tion, colonies were scored under phase-contrast
microscopy, and only colonies of more than 10
cells were counted. Cells per colony were enu-
merated in 25 randomly-chosen colonies from
each group. CFE was calculated as CFE 5
colonies/cells planted 3 100%. Cell doubling
time (PD/D) was calculated using the following
formula:

PD/D 5
log cells/colony

log 2Xt
t 5 days cell cultured.

The results were summarized in Table I,
which shows that cells of the later passage
M(p71) grew faster than those of the early
passage M(p16) (P , 0.01). Meanwhile, later
passage cells become more independent of EGF.

Resistance to Serum Differentiation

Cells of the later passage M(p71) were more
resistant to serum-induced differentiation than
those of the early passage M(p16) (see Table II).

Anchorage Independent Growth Ability
in Soft Agar

Small colonies were observed in dishes
planted with M(p71) cells. After 1 week of cul-
ture, colonies larger than 100 µm were scored;
CFE% of M(p71) was 6.45 6 0.223. No colony
was found for M(p16). Also, cells of early pas-
sage grow as a monolayer, but cells picked from
a colony growing in soft agar can grow in multi-
layer.

Cytogenetic Analysis

Cytogenetic analysis was carried out in cells
of passage 14, 30, 71, and 97 by standard meth-
ods [11]. Cells in passage 14 were diploid with a
chromosome mode of 43; chromosome modes of
M(p30), M(p71), and M(p97) were 85, 77, and
67, respectively. All of these cells possessed
complex karyotypes with many structural and

TABLE I. Growth Factor Requirement of M(p16) and M(p71)*

Medium

CFE% PD/D

M(p16) M(p71) M(p16) M(p71)

MSFM 10.40 6 0.707 17.125 6 0.742 0.79 6 0.08 0.98 6 0.08
MSFM-EGF 1.875 6 0.177 16.900 6 0.283 0.69 6 0.08 0.85 6 0.08

*CFE: colony forming efficiency; PD/D: per doubling/day; EGF: epidermal growth factor; MSFM-EGF: deprivation of EGF
from MSFM. CFE% and PD/D between M(p16) and M(p71) P , 0.01; CFE% and PD/D of M(p16) between MSFM and
MSFM-EGF, P , 0.01.
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numerical chromosome aberrations. Cell line M
shows the alterations of chromosome mode, from
diploid to tetraploid, then aneuploid. This chro-
mosome mode change sequence reflects a com-
mon pathway from a normal diploid cell to a
malignant aneuploid cell. This procession is
probably related to the alteration of cell cycles
that control cell growth and death. When nor-
mal diploid cells in cell line M were damaged by
some external factors such as SV40T, most cells
died, but the survivors gained a growth advan-
tage and divided continuously. However, the
genome of the cells became unstable, resulting
in random chromosome loss and aberration
along with cell proliferation, and complexed
karyotypes appeared.

Tumorigenicity Assay

Cells from passage 22 and 67 were injected
s.c. into 3–4-week-old athymic nude mice. No
tumor was found after inoculation for 6 months.

Immortalized cell line M grew more and more
malignant. The cells of later passages were
growth-independent of EGF, had increased re-
sistance to serum differentiation, grew anchor-
age-independently in soft agar, lost contact inhi-
bition, and possessed abnormal karyotypes.
However, malignant transformation was not
complete since no tumors formed in nude mice.
Cell line M was still at the premalignant stage.
Based on the above phenotype alterations, we
screened the genotype alterations of this cell
line, and found various molecular and cytoge-
netic changes. We hope to identify specific bio-
markers accompanying the carcinogenesis pro-
cess in human bronchial epithelial cells.
Previous results [12–14] are discussed below.

C-myc Gene Translocation

The proto-oncogene c-myc, whose products
bind DNA and regulate gene transcription, is
frequently activated by amplification in many
cancers [15]. Although the L-myc gene has been

associated with complex intrachromosomal re-
arrangements and the creation of a fusion gene
[16], no interchromosomal recombinations in-
volving myc genes have been observed in lung
cancers. In our M cell line (p13), FISH analysis
demonstrated that the c-myc gene is translo-
cated to 14q32 [14]. This translocation is also
found in Burkitt’s lymphoma, in which c-myc is
translocated to one of the immunoglobin loci
and results in an aberrant expression of this
gene [17,18]. The mRNA level of the c-myc in
M(p15) and M(p72) was also tested by FISH.
Both passages showed a strong positive result.
Immunohistochemical assay indicated a high
level expression of c-myc protein. Although the
normal physiologic roles of the myc genes have
yet to be defined, c-myc is an early response
gene which is critical with respect to stimulat-
ing quiescent cells into and through the Go
phase of the cell cycle. Activation of c-myc ap-
pears to be sufficient to initiate DNA synthesis
[19]. The activation of c-myc by translocation,
which occurs in the early stage in cell line M,
may cause vigorous growth of the cells without
an obvious crisis.

Chromosome Deletion Involved in 3p and 2q

Using a chromosome 2- and chromosome
3-specific DNA probe (from American Type Cul-
ture Collection, Rockville, MD) combined with
DAPI(4*6-diamidino-2-phenylindole) banding,
we found 3p-deletion occurred at passage 14
M(p14), and another chromosome abnormality,
2q-, occurred at passage 30 [13]. Cytogenetic
analysis has confirmed that lung cancers are
associated with multiple genetic alterations.
The commonly detected abnormality involves
1p, 3p, 5q, 7q, 9p, 11p, 13q, and 17p [20–22].
Among these abnormalities, 3p was the first
reported nonrandom chromosomal abnormality
in lung cancers [23], as well as a variety of other
neoplasms, in particular renal cell cancers [24].
The region of deletion in NSCLC appeared to be

TABLE II. Resistance to Serum Differentiation Between M(p16) and M(p71) Cells*

Medium

CFE% PD/D

M(p16) M(p71) M(p16) M(p71)

MSFM 10.40 6 0.707 17.125 6 0.742 0.79 6 0.08 0.98 6 0.08
MSFM 1 2%NBS 7.325 6 0.177 41.575 6 2.298 0.77 6 0.12 0.97 6 0.08
MSFM 1 10%NBS 1.175 6 0.106 32.775 6 2.580 0.77 6 0.13 0.94 6 0.10

*NBS: newborn bovine serum. CFE% and PD/D between M(p16) and M(p71) P , 0.01; CFE% between MSFM and MSFM 1

NBS P , 0.01; PD/D between MSFM and MSFM 1 NBS P . 0.05.
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3p23. This suggests that tumor suppressor
gene(s) exist in the region. The candidate tu-
mor suppressor genes include c-erb-A-b(thyroid
hormone receptor), RARb(retinoic acid recep-
tor), as well as the phosphotyrosine phospha-
tase-g gene (PTP-g)[25]. 2q- has rarely been
reported in human lung cancer before. How-
ever, we found that 2q- exists in cell line M and
two other immortalized human bronchial epi-
thelial cell lines we established [13].

It shows that 2q- is also a frequent genetic
alteration in the human bronchial epithelial
cell lines. Tsuchiya et al., 1992 [26] found that
losses of chromosome 2q occurred in 31% of
NSCLC by RFLP. And Shiseki et al., 1994 [22]
obtained the same result in the study of pri-
mary NSCLC. Also, 2q aberration is found in
human small cell lung cancer, as well as alveo-
lar rhabdomyosarcoma [27], hairy cell leuke-
mia [28], colorectal carcinoma and neuroblas-
toma [29]. These results indicate the presence
of one or more putative tumor suppressor
gene(s) on the long arm of chromosome 2. Loss
of the gene(s) may contribute to the carcinogen-
esis of human bronchial epithelial cells. In cell
line M, we found both 3p- and 2q- as nonran-
dom genetic alterations. What is more, 3p-
seems to occur earlier than 2q-. The connection
and meaning of these sequential alterations
needs further investigations.

9p Deletion

Cytogenetic deletions involving chromosome
bands 9p13–9p22 have been reported in at least
50% of NSCLC [30–31]; a critical 9p deletion
region has been defined in NSCLC through loss
of allelic heterogeneity studies using cancer cell
lines. A consensus deletion region was located
at chromosome bands 9p21–9p22 [32,33]. These
data indicate that tumor suppressor genes at
9p21–9p22 contribute to neoplastic transforma-
tion in many NSCLCs. The candidate genes,
cyclin-dependent kinase inhibitors p15 and p16,
both map to 9p21, and are frequently deleted/
mutated in many kinds of tumors, including
lung cancer [34,35]. Using biotinylated P1 clone
1063 DNA, which contains both p15 and p16
genes, and a digoxigenin-labeled chromosome
9-specific DNA probe, we applied dual color
FISH to cells of M(p18), M(p36) and M(p97). No
deletion of p15/p16 was found in M(p18), but in
M(p36) and M(p97) the p15/p16 showed a par-
tial deletion. In cells of M(p36), there were four
chromosome 9, but 80% of the cells showed only

three P15/p16 hybridization signals. In the cells
of M(p97), three chromosome 9 with only two
p15/p16 signals were observed [36]. Immunohis-
tochemical analysis utilizing monoclonal anti-
bodies reactive with p16 has revealed concordant
results with the FISH test in cell line M. The cells
of M(p20)showed a strong positive stain of P16
monoclonal antibodies, while only a negative or
very weak positive stain was found in later
passages. Although p15/p16 were not com-
pletely deleted, once one is deleted, all other
loci are commonly inactivated by mutation or
methylation. Loss of p15/p16 may contribute
partly to the neoplastic transformation of cell
line M. Both p15 and p16 are negative control
factors of the cell cycle, whose product is in-
volved in inhibiting the transition of the cell
cycle; especially, p16 inhibits the ability of CDK4
and CDK6 to phosphorylate the Rb protein [37].
Loss of function of these two genes may force
the cell cycle out of control, causing further
malignancy.

Integration of SV40 at 12q 23

SV40 is commonly used to transform and
immortalize cells. Maintaining the transformed
state requires the integration of virus DNA into
the genome of the cells and constant expression
of SV40T [38,39]. Much work has been done to
study SV40T integration site of SV40T trans-
formed human cells [38,40]. Previous studies
show that this integration site is random in
different cell lines, but it is specific in a particu-
lar cell line [38,40,41]. We have studied the
integration sites of SV40 in SV40T transformed
epithelial cells by FISH, in cell Mp13, p30, and
p71. The SV40T has a high and stable expres-
sion in every passage of the cells. In M(p13)
SV40 integrated mainly at 12q 23, but in some
cells SV40 was also found on other chromosome
regions, such as 2p and 5q. In M(p30) and M(p71),
the hybridization signal was almost exclusively
in 12q [13]. The specific integration site may
correlate with the transformation of cell line M,
conferring some kind of growth advantage to
these cells. This specific integration may acti-
vate oncogenes or growth factors. Interestingly,
the insulin-like growth factor I(IGF-I), a gene
related to the SV40 transformation of mamma-
lian cells, is located at 12q 23 [42]. In SV40T-
transfected cells, SV40 can activate the IGF-I
promoter and markedly increase secretion of
IGF-I, resulting in high-level IGF-I expression,
which could stimulate growth of the cells [43].
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This high expression of IGF-I may explain why
later passage cells become independent of EGF.
However, the subtle relationship between SV40
integration, IGF-I activation, and transforma-
tion of cell line M needs further investigation.

SENSITIVITY TO PDD (CIS-PLATIN)
INDUCED APOPTOSIS

Using in situ terminal deoxynucleotidyl label-
ing assay, we tested PDD-induced apoptosis of
cells of M(p16) and M(p73). When the PDD
concentration was 25 µM, induced apoptosis of
M(p16) and M(p73) was 27.4 and 5.8%, respec-
tively (P , 0.01); when the concentration of
PDD was 50 µM, the induced apoptosis of
M(p16) and M(p73) was 49.4 and 8.8%, respec-
tively (P , 0.01). Apoptosis was easier to induce
in earlier passage cells than in later passage
cells.

Cell numbers are regulated by a balance be-
tween proliferation and cell death in vivo [44].
Recently, studies on oncogenesis have focused
on regulating cell proliferation. The product of
bcl-2 gene is known to play a role in protecting
cell survival and inhibiting apoptosis; a high
level of bcl-2 expression was observed to block
apoptosis. Immunohistochemical tests of cell
line M show a higher level of bcl-2 expression in
later passage cells than in early passage cells.
Discussed above are our preliminary studies on
the cell line M; further studies are in process.
Among the phenotype and genotype alterations
accompanying cell line M passage, some may
occur only in vitro, while others may indeed
reflect the development and carcinogenesis of
human bronchial epithelium. Since cell line M
is in the early stage of carcinogenesis, these
alterations can be considered early events in
human bronchial epithelium carcinogenesis.
However, early cytogenetic and molecular alter-
ations found in vitro should be further investi-
gated in human lung cancer. If we find the same
alterations in lung cancer samples, these early
events will be useful as biomarkers for early
human lung cancer detection.

HUMAN PRIMARY NSCLC

Twelve human primary NSCLC specimens
(each case included tumor tissue and the adja-
cent bronchial epithelial cells) were collected
from the Cancer Hospital, Chinese Academy of
Medical Sciences. All tumors were classified
according to the standard criteria of the World
Health Organization (WHO). Nine men and

three women, median age 57 years (29–69) with
six squamous cell carcinomas and six adenocar-
cinomas received no chemotherapy and radio-
therapy before surgical resection. Specimens
were delivered to the laboratory immediately
after surgical resection. Tumor tissues were
washed in L15 medium with antibiotics, cut
into small pieces and digested in collagenase,
then cultured in modified MCDB151 medium
for 3–7 days before harvesting. Bronchial mu-
cosa was digested with pronase E and the bron-
chial epithelial cells cultured for 1 to 2 weeks.
Metaphase chromosome slides were made by
standard cytogenetic methods. We investigated
the molecular and cytogenetic alterations in
these primary NSCLCs. In each case, the bron-
chial epithelial cells had a normal chromosome
mode of 46, while 83.3% (10/12) companion
neoplastic cells were aneuploid, showing ge-
nome instability and imbalance during lung
carcinogenesis. FISH tests showed that 2q- and
3p- were frequently occurring events; 2q- was
found in three out of seven primary NSCLC
specimens (theotherfivespecimenswerenotdone).

2q- was also found in one case of bronchial
epithelial cells adjacent to the tumor. 3p- was
found in 45.67%(5/12) of the specimens. Also,
loss of chromosome 3 was found in two speci-
mens. In the 12 case specimens, two specimens
had c-myc translocation; one case was t(8;14),
the other was t(8;22). Immunohistochemical
analysis showed that in addition to these two
cases, two more showed high-level c-myc pro-
tein expression, indicating that c-myc amplifica-
tion is common in lung cancer, in which c-myc
translocation was a major cause. In another
study, 9p- was found in four out of nine clinical
NSCLC specimens.

3p- and 9p- were frequently found in human
lung cancer samples. 2q- was another nonran-
dom chromosome abnormality, not only in hu-
man bronchial epithelial cell lines but also in
primary NSCLCs, indicating that these alter-
ations were nonrandom events during human
lung cancer carcinogenesis development. It fur-
ther confirmed that cell line M was a good in
vitro model system for lung cancer research.

Growth factor and receptor abnormalities
play an important role in lung cancer develop-
ment. TGF-a and EGF-R are frequently tar-
geted in human lung cancer cases. An immuno-
histochemical analysis of 26 NSCLCs (18
squamous cell carcinomas and 8 adenocarcino-

78 Dong et al.



mas) found that TGF-a and EGF-R had a much
higher level of expression in tumor cells than in
cells adjacent to the tumor tissue. High expres-
sion may have a positive correlation with hu-
man lung cancer development [45]. Our results,
together with previously reported data, suggest
that lung cancer is a multiple genetic disease.
Although great progress has been made in un-
derstanding the molecular genetics of lung can-
cer, our knowledge of early activation events
remains preliminary. It is paramount to iden-
tify which, if any, of the genetic lesions associ-
ated with lung cancer are critical early steps.
By applying the techniques of modern molecu-
lar biology, we could conceivably devise ap-
proaches to identify early-stage lung cancer in
high-risk patients. This may allow us to have
an effective impact on this deadly disease at an
early and more treatable time point.
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