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ABSTRACT

The cytogenetic changes in enhanced growth (EG) variants of rat
trachea! epithelial cells in culture were examined. These variants which
are detectable at 35 days after carcinogen exposure are the first pheno-
typic alteration in the multistep neoplastic process studied in this model
system. Karyotypic analysis of A'-methylWV'-nitro-A'-nitrosoguanidine-

induced EG variants at Day 35 was made possible by the development of
an in situ method of cytogenetic analysis on intact colonies containing
too few cells for conventional chromosome preparation methods. Of the
transformed EG variant colonies in both control and A'-metliyl-jV'-nitro-

/V-nitrosoguanidine-treated groups, 62-78% had abnormal karyotypes
which included numerical and structural changes. There were no specific
chromosome changes, although aberrations of chromosomes 3 and 4 were
recurrently observed. However, some colonies of even the most morpho
logically transformed EG variants were composed of only diploid cells.
To confirm this finding 10 EG variant colonies were bisected and half of
the clone was prepared for chromosome analysis and the other half was
subcultured to measure the clonogenicity and karyotypes of the cells.
Cells from 3 colonies plated very poorly on 3T3 feeders and therefore no
karyotypic analysis of the colony-forming cells was possible; the cells of
the 3 parental colonies were diploid. Three other parental colonies were
predominantly diploid (80-90%) but upon replating the resultant daugh
ter colonies had progressively smaller fractions of diploid cells indicating
a selection for cells with abnormal karyotypes. When more selective
conditions were used (i.e., growth after removal of the feeder cells), the
percentage of abnormal cells increased even further. In one case the
parental cells had a karyotypic alteration in the long arm of chromosome
4 and this karyotypic alteration was accentuated in the daughter colonies.
Thus, selection of cells with increased growth ability upon subculturing
or growth in the absence of feeder cells (properties associated with the
acquisition of immortality) resulted in concomitant selection for cells with
abnormal karyotypes. Since some of the carcinogen-induced rat trachea!
epithelial cells expressing the EG variant phenotype were diploid, it is
possible that the first step in this transformation process is an epigenetic
change. However, most of the diploid cells became terminal. The aneu-
ploid subpopulations present in these colonies have a selective growth
advantage and comprise the cell compartment that expresses continued
growth, immortality, and ultimately tumorigenicity.

INTRODUCTION

Chromosome changes are observed in most tumor cells and
the findings of nonrandom karyotypic changes in certain neo
plastic cells suggest that specific chromosome changes are
causally involved in the development of these malignancies (1-
4). Some tumors, particularly solid tumors, are highly aneuploid
but do not display consistent or nonrandom karyotypic changes;
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hence, it is difficult to discern which, if any, of the chromosomal
alterations in these tumors are causative rather than consequen
tial in neoplastic development (1-4).

One approach to understanding the role of chromosome
changes in neoplasia is to examine cells at early stages in the
multistep process of carcinogenesis to determine if a pattern of
chromosome changes can be observed. We have developed a
cell culture model in which different stages of neoplastic devel
opment of RTE5 cells can be analyzed (5). Normal RTE cells

can be grown in culture when the cells are maintained on feeder
layers of lethally irradiated 3T3 cells (5-7). If the feeder cells
are removed selectively from the culture dishes, the normal
RTE cells cease proliferating, enlarge, and slough from the
dishes (6). A few colonies, however, continue to proliferate
under these selective conditions. These colonies, termed EG
variants, are rare in untreated cultures but occur at a high
frequency as a result of carcinogen exposure (5, 6). EG variants
can be subcultured and give rise to cell lines which grow
indefinitely (termed immortal), many of which at later passages
become tumorigenic in nude mice or syngeneic rats (forming
squamous cell carcinomas) (5, 6, 8, 9).

Recently, we have analyzed in detail the morphological and
growth characteristics of EG variants at 35 days after carcino
gen treatment (8, 10). Four types of colonies (designated I-IV)
have been identified on the basis of morphology and growth
properties. Type III and IV colonies are the largest colonies in
the dishes. They are distinguished from each other on the basis
of a difference in size but otherwise exhibit similar character
istics. Both are comprised of a large proportion of small cells
with a high nuclearcytoplasmic ratio. Both types of colonies
exhibit progressive enlargement of the colony size, can be
subcultured indefinitely, and ultimately are tumorigenic (6, 8,
9). These colonies are therefore considered transformed EG
variants, and in our assay the transformation frequency is
calculated on the basis of the total number of type HI and IV
EG variants per number surviving total colonies observed at
Day 7 after carcinogen treatment.

Type I colonies are small and composed of large, pale cells
with a low nuclearcytoplasmic ratio. These cells have a low or
undetectable mitotic rate and few, if any, express clonogenic
potential when the cells are dissociated and plated on feeders
(CFEf ), which is a growth-permissive condition for normal and
transformed cells (9). Furthermore, if type I colonies are al
lowed to grow further on the original dishes, the colonies fail
to enlarge and often slough from the dish. Based on these
observations, we consider the type I colonies nontransformed
since they do not display the progressive growth properties of
the EG variants. It is not possible to discern whether type I
colonies are normal cells which grow and/or persist for a longer
period of time than the majority of normal cells or alternatively,
whether these are minimally growth-altered cells and this trait
is lost with time. It is therefore of interest to examine whether

*The abbreviations used are: RTE, rat trachea! epithelial: EG, enhanced
growth; EGV, enhanced growth variant; MNNG, /V-methyl-/V-nitro-A''-nitroso-
guanidine; CFEf, colony-forming efficiency on feeders; CFU, colony-forming
unit; EGV-CFE, EGV colony-forming efficiency; PBS, phosphate-buffered saline.
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CYTOGENETIC STUDIES OF PRENEOPLASTIC RTE CELLS

cells of type I colonies had any chromosomal alterations resem
bling the transformed EG variant colonies (types III and IV).

Type II colonies are slightly larger than type I colonies and
contain a mixed population of the large cells observed in type
I colonies and a significant number of small cells with a higher
nuclearcytoplasmic ratio. The type II colonies are also hetero
geneous in their propensity to express progressive growth.
About half of the type II colonies fail to grow progressively
whereas the other half grow and often progress to type III or
IV colonies. Because not all type II colonies exhibit progressive
growth, we have not included these colonies as transformed in
the quantitation of the transformation frequency in our assay.
It is important to understand the origin of the type II colonies
which ultimately exhibit characteristics of enhanced growth
variants. Two possibilities exist: (a) some of the colonies are
directly altered by the carcinogen treatment at Day 1, but the
alteration is a minimal change; or (b) type II colonies consist
of normal cells which happen to form relatively larger normal
colonies and due to the greater number of cell divisions, a
spontaneous transformation to type III or IV EG variants
occurs in ~50% of these colonies. Karyotypic analysis of type
II versus type III and IV colonies may help to identify differences
or similarities in these colonies, and the study of karyotypic
progression of cells within colonies may be instructive.

One important feature of the transformed EG variant colo
nies needs to be noted. When one measures the percentage of
cells synthesizing DNA or determines the number of clonogenic
cells within a colony by dissociation of the colony and replating
of the cells on 3T3 feeder cells, it is evident that the clonogenic
cells are a minor population even in the most transformed (type
IV) colony (8, 9). Furthermore, it can be shown that some
clonogenic or stem cells lose their self-replicating ability and
become nondividing or terminal (9). In tumor cell populations
the characteristic of a stem cell (replicating) compartment and
a nonstem cell compartment is well recognized (11). It is hoped
that this cell culture model can be used to probe the cellular
and molecular mechanisms of the factors controlling stem cell
renewal.

The overall purpose of our studies in the present communi
cation was to study whether chromosomal changes are impor
tant in the early preneoplastic stage of RTE cell transformation.
Specifically, we examined (a) whether EG variants were diploid
or aneuploid and when any observed chromosome changes
occurred, (b) whether the chromosome changes were nonran-
dom, (c) whether nontransformed colonies (types I and II) are
karyotypically similar or dissimilar to transformed EG variants
(type III and IV colonies), and (d) whether spontaneous EG
variants differ from carcinogen-induced EG variants in terms
of their chromosome alterations. In addition, we have used
chromosome changes within clones of EG variants as markers
for subpopulations of cells in order to compare different stem
cell populations within EG variant colonies and to study
whether the appearance of different subpopulations is a pro
gressive process.

MATERIALS AND METHODS

RTE Cell Culture

RTE cells were isolated from the tracheas of specific pathogen-free
8-wk-old male Fisher 344 rats by the methods described (6-8, 10-12).
Briefly, after surgical removal, the tracheas were filled with a 1%
Pronase solution (type XIV; Sigma Chemical Co., St. Louis, MO) in
Ham's F-12 medium (Grand Island Biological Co., Grand Island, NY)
and incubated for 16-20 h at 4Â°C.RTE cells were harvested and then

cultured on feeder layers of lethally irradiated 3T3 cells using Ham's
F-12 medium supplemented with 5% fetal bovine serum (Grand Island

Biological Co., NY), insulin (1 Â¿"g/m'),hydrocortisone (0.1 Â¿ig/ml),and
antibiotics. All incubations were conducted at 37"C in a humidified

atmosphere of 5% CO2.

MNNG Treatment of RTE Cells in Culture and Selection of EG Variants

For selection of EG variants, RTE cells (5 x IO1 cells per 60-mm

dish) were seeded into dishes with 3T3 feeder layers and 24 h later were
exposed to 0.3 jig/ml MNNG in 4-(2-hydroxyethyl)-l-piperazineethane
sulfonic acid-buffered Ham's F-12 medium (20 HIM4-(2-hydroxyethyl)-

1-piperazineethane sulfonic acid, pH 6.8); control cultures received
buffered medium alone. After a 4-h exposure, the medium on all dishes
was replaced with complete medium. Four days later, the 3T3 feeder
cells were removed by brief incubation (20Â°C)and rinsing with a

solution of 0.002% EDTA in PBS; dishes were then incubated with
complete medium for various times (once weekly refeeding).

Morphological Classification of EG-variant Colonies

Among RTE cell colonies persisting at 35 days after MNNG expo
sure, we recognize four morphological phenotypes (10). Type I colonies
are small (<5-mm average diameter) and composed almost exclusively
of large, pale, attenuated cells with a low nucleus:cytoplasmic ratio.
Type II colonies are usually larger than type 1colonies (7-mm average
diameter) and contain, in addition to the large cells, a significant
number of small cells with a high nucleus:cytoplasm ratio. Cells of type
I and type II colonies are arranged in a monolayer. Type III and IV
colonies are progressively larger than type II colonies (average diame
ters of 12 and 18mm, respectively) and comprise increasing proportions
of the small, basophilic cells which are densely packed and commonly
stratified. These latter two colony types are considered as transformed
EGV colonies which can give rise to neoplastic cells after passaging in
vitro (8, 10). Conversely, colony types I and II are considered to be
nontransformed or minimally transformed (8, 10).

Clonogenic and Cytogenetic Analysis of Transformed Colonies

Freshly harvested RTE cells were plated onto 3T3 feeder cells in 60-
mm dishes containing removable plastic inserts (Falcon 3006 Optical)
and were exposed to MNNG as described previously. The 3T3 feeder
cells were removed 4 days later, and 6 wk after MNNG exposure type
IV EGV colonies were identified with a phase microscope and outlined
on the dish base with a permanent marker. Extraneous cells, including
residual 3T3 feeder cells, rat fibroblasts, and cells of other epithelial
colonies, were removed using sterile cotton swabs and rinsing with
PBS. Fresh medium was added and the cultures were incubated for
another 24 h, after which the medium was aspirated. Each insert (with
attached EGV colony) was then transferred to a sterile, inverted lid of
a 100-min culture dish and rapidly bisected with a scalpel along the

medial line of the colony. The two halves thus produced were placed
into separate and empty culture dishes. One colony half was incubated
for 3 h in medium containing colcemid (0.05 Â¿ig/ml)after which the
cells were prepared for chromosome banding (see below). The other
colony half was rinsed with PBS and incubated in trypsin/EDTA, and
the dissociated cells were replated to determine colony-forming effi
ciencies. Two assays were conducted.

CFEf. Cells (500 or 1000) from type IV EG variant colonies were
plated into 60-mm dishes containing irradiated 3T3 feeders; after
incubation for 7 days the cultures were fixed in methanol and stained
with 10% aqueous Giemsa, and the total number of colonies which
formed was determined. CFEf was calculated as the number of CPUs
as a percentage of the number of cells plated. This growth-permissive
assay maximizes detection of cells which have clonogenic potential (8,
9). Cytogenetic analyses (see below) were performed on these CFEf
colonies.

EGV-CFE. Cells from type IV EG variant colonies (300/dish) were
plated onto irradiated 3T3 feeders and incubated for 5 days after which
the feeders were removed by brief treatment with 0.002% EDTA in
PBS. Following a further 14-day incubation, the cultures were fixed
and stained and the surviving colonies enumerated. Since normal RTE
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cells are unable to grow without feeder cell support, the persisting
epithelial colonies were derived from transformed clonogenic cells
which can proliferate in growth-restrictive conditions; this assay there
fore selects for a subpopulation of clonogenic cells which exhibits
transformed growth characteristics. EGV-CFE was calculated as the
number of EGV-CFU as a percentage of the number of cells plated.
Cytogenetic analysis (see below) was also conducted on these colonies
formed from the replated transformed EG variants.

Cytogenetic Methods

For measuring the acute clastogenic effects of MNNG treatment,
RTE cells (5 x 10s cells per 60-mm dish) were plated overnight onto

lethally irradiated 3T3 cells and exposed to MNNG or solvent only for
4 h, the media was changed, and the cells were prepared for chromo
some analyses at various times thereafter. Cultures were treated for 3
h with colcemid (0.05 Mg/ml final concentration) before the cells were
dissociated with PBS containing 0.05% trypsin and 0.02% EDTA. The
cells were then centrifuged (1200 x g, 5 min) and resuspended in 0.075
M KC1 (20"C; 15 min). The cells were fixed by resuspending in metha-

nohglacial acetic acid (3:1, v/v). Centrifugation and resuspension in
fresh fixative were repeated at least 2 times. The cells then were placed
onto clear microscope slides, air-dried, and stained with Giemsa (15%
in 0.05 M phosphate buffer, pH 6.8; 15 min). One hundred metaphases
from each group were analyzed for chromosome aberrations.

For Cytogenetic analyses of cells in intact colonies, any contaminating
rat trachea! fibroblasts in the cultures were carefully removed 24 h
before chromosome preparation by a brief treatment (<2 min; 37Â°C)

with PBS containing 0.05% trypsin and 0.02% EDTA; the RTE cells
were then incubated for 24 h with fresh medium. Sets of 6 cultures
from each MNNG and control group were prepared for conventional
chromosome analysis on Days 7, 21, and 35 after MNNG exposure
and for in situ chromosome analysis on Days 7 and 35 after MNNG.
For chromosome analysis the Q-banding method was used ( 13). Chro
mosome analyses were made according to the standardized nomencla
ture of rat chromosomes (14).

In Situ Chromosome Preparation. In order to examine Cytogenetic
changes in different types of colonies at very early times after treatment
when the number of cells per colony is too low to allow conventional
chromosome preparations, we developed a new method which permits
the karyotyping of cells within an intact colony and simultaneous
classification of the colony according to its morphological features.
Dishes containing 7-day or 35-day colonies were treated with colcemid
(0.05 Mg/ml; 3 h), after which the medium was gently aspirated from
the edge of each dish. Five ml of 0.05 M KC1 hypotonie solution was
carefully added down the inside edge of each dish and 30 min later an
equal volume of freshly prepared 3:1 methanohacetic acid (v/v) fixative
was added and the mixture allowed to stand for 2 min. After removal
of half of the fluid from the edge of the dishes, the fixative was again
added; this process was repeated several times. At least 20 min later,
the fixative was aspirated completely and the dishes were dried quickly
in humid air over a 50Â°Cwater bath. The dishes were then rinsed with

70% ethanol and were stained with Giemsa solution 1 day after fixation.
For the chromosome analyses of 7-day colonies, 25 colonies were

randomly selected from MNNG-treated dishes or control dishes; at
least 5 metaphases were analyzed in each colony. For the Day 35
cultures, EG variant colonies were classified according to the criteria
outlined above before chromosome profiles were determined, and only
those colonies in which 5 or more metaphases could be analyzed
karyotypically were included in this study.

RESULTS

Early Cytogenetic Effects of MNNG. Normal RTE cells grow
ing on lethally irradiated 3T3 feeder cells were exposed to 0.3
Â¿ig/mlof MNNG or solvent only for 4 h and analyzed for
chromosome changes at various times after treatment. About
85-90% of the control (solvent-treated) RTE cells remained
diploid after 1-7 days in culture, and the frequency of chromatid
aberrations in the control cultures was only 1-2% (Table 1).

Exposure of primary RTE cells to MNNG induced high levels
of chromosome aberrations which were detectable 24 h after
carcinogen exposure and were prevalent up to 72 h post-MNNG
treatment. Most aberrations were of the chromatid type, i.e.,
gaps, breaks, acentric fragments, and exchanges. A considerable
number of cells showed multiple aberrations (13% at 24 h, 12%
at 48 h). In addition to chromatid aberrations, numerical and
chromosome-type aberrations were observed in this early

period, namely hypodiploidy, tetraploidy, dicentric, and marker
chromosomes (72 h). At 24-72 h after MNNG treatment, only
20-25% of the cells were diploid with no detectable karyotypic
changes. By Day 7 after MNNG exposure, the relative incidence
of cells with a normal, diploid karyotype had increased to 53%
(Table 1) suggesting that many cells with abnormalities were
unable to survive.

In order to examine Cytogenetic changes in individual colo
nies of surviving cells when the number of cells was too small
for conventional Cytogenetic methods, we developed a method
to perform analyses of metaphase chromosome spreads of
colonies in situ. The in situ chromosome study revealed that
some karyotypically abnormal clones persisted for 7 days after
MNNG treatment. Of 25 colonies analyzed at this time point
in the control group, the modal karyotype was normal, diploid
in 92% (23 of 25) of the colonies and tetraploid in 8% (2 of 25)
of the colonies. Of the 26 colonies analyzed in the MNNG
group, the modal karyotype was normal, diploid in 74% (20 of
26), hypodiploid in 2 of 36, pseudodiploid (with markers) in 1
of 26, and tetraploid in 3 of 26 colonies.

Cytogenetic Changes in Early Transformed RTE Cells. Since
transformation frequencies in the RTE cell transformation
system are usually determined 35 days after carcinogen treat
ment (5, 6), we chose this time point to examine, by an in situ
preparation method, different colonies (types I-IV) for kary
otypic changes. Colonies from multiple experiments were ex
amined in order to achieve sufficient numbers of control EG
variant colonies. In these experiments the spontaneous trans
formation was 0.1-0.2% compared to 1-3% for the MNNG-
treated cultures. A total of 105 EG variant colonies were
studied: 39 from control groups and 66 from MNNG groups.
Of these 105 colonies, 17 control colonies and 28 MNNG
colonies were successfully karyotyped, and the incidence and
type of karyotypic alteration are summarized in Table 2.

Most type I colonies had no metaphases, but 3 colonies were
successfully analyzed and all were diploid with no apparent
structural abnormalities. Of the type II-IV colonies in both
control and MNNG groups, 62-78% had abnormal karyotypes
which included numerical and structural changes. In general,
all cells analyzed within a given colony had the same karyotype.
However, four interesting cases were found: (a) Within an
apparently single type IV colony, two morphologically different
areas were present; one was composed of small cells, the other
of slightly larger cells. Cells in the former area were karyotyp
ically normal, diploid while cells in the latter area had an
abnormal karyotype of 82 chromosomes with a marker chro
mosome, (b) The second case was a colony (type IV) which had
a similar morphological heterogeneity, but cells in both areas
were karyotypically diploid. (c) The third case was a colony
(types II-III) with morphologically different areas, and all cells
were karyotypically abnormal, i.e., 42 chromosomes with a
submetacentric marker, (d) The fourth colony was morpholog
ically homogeneous, but the cells were karyotypically hetero
geneous; 4 of 7 metaphases analyzed were normal, diploid 2
had 43 chromosomes, and the remaining one had 40 chromo
somes. Therefore, of the 45 colonies examined all but two
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Table 1 Frequencies of RTE cells with various chromosome aberrations as function of time after MNNG treatment
Primary RTE cells were treated with 0.3 Â»Â¿g/mlMNNG or solvent only for 4 h. At the indicated times after exposure, cells were treated with colcemid, trypsinized,

and prepared for conventional cytogenetic analysis (see "Materials and Methods"). Data are percentages of metaphase cells with a given chromosome aberration or

number; 100 metaphases were analyzed in each group.

Fixation
time after MNNG
treatmenttreatment24

h

48 h

72h

7dNormal0

diploid
cell(%)91

24
88
25
88
21
85
53%

of abnormal cells
with indicated

chromosomenumber-411

192

1042A*

(abnormal)432

70
1

622

47
3

17 4570

846

510

1 12
9

1 17
10

1 14>84

ctg1

40
131

12
16
2

1 6ctb1

1821

1
10

11%

of cells with the
indicated type of

aberration'ace

exch4

58

8
1

10122multiple

die maraberrations1

131

1212

8 5

6 4
" Cells having a normal, diploid (2N=42) karyotype without any chromosome aberrations.
* Cells having diploid chromosome number (2N=42) with chromosome aberrations, i.e., pseudodiploid or diploid with structural aberrations.
c Aberrations scored; ctg, chromatid gap; ctb, chromatid break; ace, acentric fragments; exch, exchanges: die, dicentric chromosomes; mar, marker chromosome.

Table 2 In situ cytogenetic analysis of EG variant colonies at 35 days after
MNNG treatment

Primary RTE cells were treated with or without 0.3 ng/ml MNNG for 4 h as
described in "Materials and Methods." At 35 days after exposure, colonies were
prepared in situ for cytogenetic analysis (see "Materials and Methods"). Data are

actual numbers of colonies containing metaphase cells with a given modal
chromosome number. Colonies from multiple experiments were grouped together
to provide sufficient numbers of control colonies for analysis.

Number of different colonies
with the indicated modal

chromosomenumberColony

type"IIIIIIIVMNNG

42treat-
(nor-

ment <41 42A*mal)1+

2-
22+

131
1+
31+

2 32:43

>50>701

2!
121
12

1]284

>841

12211Diploid

colonies
(%oftotal

colonies)100100223025383338

" Day 35 colonies were categorized morphologically as outlined in "Materials
and Methods."

* Cells with a chromosome number of 42 but which are not normal diploid,
/.<â€¢..pseudodiploid or diploid with structural aberration.

appeared clonal by karyotypic analysis. Colonies with clear
morphologically distinct areas may still be clonal (2 cases) or
may result from merging clones (2 cases).

Chromosome Banding and Clonogenicity Studies of Type IV
Colonies. The experiments described above indicated that al
though most of the type II-IV colonies were aneuploid, some
were karyotypically normal, diploid (25-38%). No differences
in the percentage of colonies with diploid cells in type II, III,
or IV colonies were detectable. In order to confirm this further
and to determine the possible biological significance of a colo
ny's karyotypic profile, we studied a number of type IV EGV

colonies in the following manner. Six wk after exposure of RTE
cells to MNNG, type IV colonies were located on dishes and
were bisected; one half of each parental colony was prepared
for karyotyping and the other half was subcultured to determine
the proportion of clonogenic cells within the colonies and the
karyotypes of the progeny of the parental colony as a function
of passaging.

The chromosome banding analyses of 20 parental type IV
EGV colonies are presented in Table 3. Six colonies contained
no abnormal metaphases, while 8 colonies contained 100%
abnormal metaphases; the remaining 6 colonies showed 10-
60% cells with karyotypic abnormalities. There was no consist
ent chromosome change found in all of the colonies although

Table 3 Modal karyotypes and proportion of karyotypically abnormal cells
H'ithin type IV EGV colonies

Type IV EGV colonies were generated by exposure of RTE cells to MNNG.
At 6 weeks after exposure, 20 isolated EGV colonies were bisected and cells from
one colony half were harvested and analyzed by chromosome banding techniques.
The other half of the colony was subcultured for further analysis (see Table 4).

EGVno.1-67891011121314151617181920Modalkaryotype42.XY42.XY42.XY42,XY42.XY44,XY+3,+642,XY,i(4q)42,XY,t(2q+;3q-)82,XXYY,-5,-542,XY,4q+41,XY,-1941,XY,3p+,13p+,-2072-7343.XY.+442,XY,3p-%of
diploid

observed10090808060404000000000Observed
deviations

from modalkaryotype1

Cell: 41chromosomes1
Cell:43,XYY,+12,-151

Cell:41,XY,-102

Cells: 41chromosomes40%
of metaphaseswere4N
with a 5p+marker40%

of themetaphaseswere
diploid40%

of themetaphaseswere
diploidDetailed

analysis not pos
sible

aberrations of chromosomes 3 or 4 were recurrently observed
in 7 of the 20 colonies.

The proportion of colony-forming cells within each EG var
iant colony was determined from the half of the colony not
used for karyotyping. The cells were dissociated and plated on
feeder layers and after 7 days, resultant daughter colonies were
enumerated (CFEf ) and prepared for chromosome banding. In
another set of dishes, 3T3 feeder cells were removed after 5
days to select for colonies which continued to proliferate (EG V-
CFE). These were enumerated after 2 additional wk of incuba
tion and also prepared for chromosome banding analysis. The
chromosome banding data of 10 parental type IV colonies and
their progeny are shown in Table 4. Cells from 3 of the type IV
colonies (EGV 1, 2, and 3) replated very poorly onto feeders;
therefore, no karyotypic analyses of the CPUs on feeders were
possible; at Day 35 these 3 parental colonies were all karyotyp
ically normal. Daughter colonies derived from three karyotyp
ically homogeneous parental colonies with an abnormality
(EGV 4, 13, and 14) were themselves karyotypically homoge
neous and carried the aberration observed in the parent colony.
Three type IV colonies (EGV 7, 8, and 9) were primarily, but
not exclusively, diploid (80-90% normal cells). Upon replating,
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Table 4 Karyotype profiles and colony-forming efficiencies of cells isolated from type IV EG variants and their clonogenic cell compartments

Type IV EGV colonies were generated by exposure of primary RTE cells to 0.3 Mg/ml MNNG. At 6 wk after exposure, individual colonies were bisected. One half
of the parent colony was utilized immediately for karyotypic analysis while the cells from the other half were dissociated and plated to determine clonogenic cell
fractions, i.e., colonies on feeders (CFEf) at Day 7 and colonies which persist after feeders are removed (EGV-CFE) and cells grown for additional 2 wk. The
karyotypes of these daughter colonies were also determined from parallel dishes.

Results of subcultures of parentalcoloniesKaryotype

of parental
EGV no.colony1

42.XY2
42,XY3
42,XY4
42.XY7
42,XY(90%)41(10%)8

42,XY(80%)41,XY,-10(10%)43,XYY,+

12,-15(10%)9
42,XY(80%)41(20%)13

42,XY,t(2q+;3q-)14
82,XXYY,-5,-515

42,XY,4q+CFEf0.1

Â±0.10.8
Â±0.2sO.l3.5

Â±0.52.3
Â±0.66.1

Â±0.91.7

Â±0.35.3

Â±0.515.6
Â±0.819.2

Â±1.2Karyotype

of daughter
coloniesNDÂ°NDND42,XY42,XY(50%)43,XY,+

1(50%)42,XY(31%)43,XYY,+

12,-15(69%)42,XY(50%)43,XY,+mar(50%)43,XY,+X41.XY.-642,XY,t(2+;3-)82,XXYY,-5,-542,XY,4q+(40%)42,XY,4q++(60%)EGV-CFE<0.02<0.02<0.020.772.444.741.001.480.157.73Karyotype

of daughter
EGVcoloniesNDNDND42.XY43,XY,+

1(20%)86,XXYY,+
1,+1(80%)Unstable

karyotype-1,
+4,+ 12,t(3;10)43,XY,+X(30%)43,XY,+mar(70%)42,XY,t(2;3)82,XXYY,-5,-542,XY,4q++

1ND, karyotypes of these colonies could not be determined due to low plating efficiency of cells.

the emergent daughter colonies in the CFEf and EGV-CFE
assays had progressively smaller fractions of diploid cells indi
cating a selection for cells having abnormal karyotypes. As
shown in Fig. 1, EGV 15 had an alteration in the long arm of
chromosome 4 (4q+). Upon replating, 60% of the cells forming
colonies on feeder cells had an accentuation of this lesion
(termed 4q++ to distinguish it from the original 4q+). The
colonies that persisted after feeder cell removal all showed the
4q++ alteration, suggesting that this karyotypic progression
gave a selective advantage to these cells.

We examined whether a relationship existed between kary
otype (normal versus abnormal) of the type IV colonies and
their CFEf upon replating (Fig. 2). The parental colonies with
only diploid cells had an average CFEf of 0.8% while the
colonies containing cells with abnormal karyotypes had an
average CFEf of 7.9%. Thus, colonies with increased numbers
of karyotypically abnormal cells have higher numbers of clon
ogenic cells.

DISCUSSION

We have shown that MNNG treatment of RTE cells, which
induces a transformation frequency of ~1%, also results in a
high incidence of chromosome aberrations in up to 75% of the
cells at 24-72 h after treatment. Most of these cells, however,
are nonviable because 75% of the surviving colonies at Day 7
are karyotypically normal. The transformed EG variant colo
nies scored at 5 wk may arise from the surviving karyotypically
altered cells. A newly developed in situ method allowed kary
otypic analysis of the four types of EG variant colonies on a
clonal basis at a very early time after treatment (35 days). Only
a limited number of type I colonies could be analyzed due to
the lack of mitotic cells in most of these colonies, but the cells
from all of the type I colonies examined were diploid. These
observations are consistent with our interpretation that type I
colonies are nontransformed, possibly normal colonies. The
majority (62-78%) of the type II-IV EG variant colonies were
aneuploid. The same percentage of colonies was aneuploid for
all three types of colonies; thus, we were unable to distinguish
type II colonies on a karyotypic basis. Previous studies have
shown that 50% of type II colonies progress with time to type

III or IV colonies (8). This suggests that type II-IV colonies
are closely related and should all be considered transformed.

Analyses of cells from the subcultured colonies by chromo
some banding techniques confirmed in general the /// situ analy
sis. Of the most transformed (type IV) EG variant colonies 50%
were diploid at the first passage. Among the aneuploid colonies,
no nonrandom chromosome change was observed although
recurrent changes in chromosomes 3 and 4 were noted in 7 of
20 type IV EG variant colonies. This is of interest since alter
ations in these chromosomes have been noted in other rat
tumors. Chromosome 4 abnormalities have been associated
with ethylnitrosourea-induced neural tumors in the rat (15, 16).
In tumors induced in rats by 3 methylcholanthrene or 3,4-
benzpyrene, chromosomes 3, 4, 7, and 11 were most frequently
involved in formation of marker chromosomes (17, 18). In rat
embryo cell lines transformed by Herpes simplex viral DNA,
chromosomes 2, 3, 7, and 12 were most frequently involved in
the formation of marker chromosomes (19). The abl protoon
cogene has been localized to chromosomes 3ql2 and K.-ras
protooncogene to chromosome 4 (20, 21).

Our results show that microscopically visible chromosomal
abnormalities are not an absolute prerequisite for expression of
the transformed phenotype of RTE cells but the EG variant
phenotype is frequently associated with karyotypic alterations.
Of the MNNG-induced transformed EG variants, 38-50% were
diploid by banded karyotypic analysis at 5 wk. Therefore, this
initial phenotypic change in the neoplastic progression of RTE
cells, i.e., the enhanced growth capacity, can occur without
detectable karyotypic alterations. However, cells with chromo
somal changes appear to have a selective growth advantage
since most of the type IV EG variants composed only of diploid
cells had very low colony-forming efficiency upon subculturing
and in general the presence of cells with abnormal karyotypes
was associated with a higher colony-forming efficiency (Fig. 2).
When EG variant colonies composed predominantly of diploid
cells with a minor subpopulation (<20%) of abnormal cells
were subcultured, selection for cells with abnormal karyotypes
occurred. Furthermore, when more selective growth conditions
were used (i.e., growth on feeders versus removal of feeders
from the secondary cultures), the percentage of karyotypically
abnormal cells increased. In one case (EGV 15) the karyotypic
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Fig. 1. Q-banded karyotypes of normal
RTE cells (top) and EGV IS cells (bottom)
which have an alteration of the long arm of
chromosome 4 (4q+).

alteration (i.e. 4q+ an extension of the long arm of chromosome
4) was accentuated (4q++). Thus, selection for cells with in
creased growth ability upon subculturing or growth in the
absence of feeder cells (properties associated with the acquisi
tion of immortality) results concomitantly in selection for cells
with abnormal karyotypes. This may suggest that these two
events are causally related. Alternatively, it is possible that
chromosome changes are the consequence of the enhanced
growth ability of EG variants. If this were the case, however, it
is hard to explain why selection for the abnormal cells was so
prevalent.

We did not observe any apparent differences in the karyotypic
changes in MNNG-induced versus spontaneous EG variants,
i.e., 75% of the spontaneous EG variants (types II, III, and IV)
were karyotypically abnormal, which is the same percentage as
that observed for MNNG-induced EG variants. Since sponta

neous chromosome aberrations occur at a low frequency in
RTE cells not exposed to carcinogen, these could give rise to
EG variants by a chromosomal mechanism. This would predict
that MNNG-induced and spontaneous EG variants would be
biologically similar but the latter would occur at lower frequen
cies. This is consistent with our observations in this and other
studies (6-10).

One of the major objectives of our studies was to understand
the mechanism(s) involved in the development of the EG variant
phenotype. Based on the studies in this report and others from
this laboratory, we can consider 3 possible mechanisms for this
early step in the RTE cell transformation model: (a) gene
mutation, (b) chromosomal mutation, or (c) an epigenetic
change in the regulation of growth control. None of these
mechanisms can be excluded at present (and they are not
mutually exclusive). However, the high induced frequency
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Fig. 2. Relationship between karyotype (normal/abnormal) of cells within
EGV colonies and the CFEf of replated EGV colony cells. Six-wk-old type IV
EGV colonies were bisected and the cells of one colony half were prepared for
karyotyping, while the cells of the other half were dissociated and replated onto
3T3 feeders to determine CFEf (see "Materials and Methods"). â€¢,CFEf of

individual EGV colonies (mean of 5 replicate dishes). Associated percentages,
proportion of karyotypically abnormal metaphases. Bars, mean Â±SE (P < 0.005).

(>1%) of the EG variant phenotype (6) is one line of evidence
against a point mutation being involved, although this argument
can be challenged (6, 22). The finding of diploid, type IV EG
variant colonies indicates that this altered growth phenotype
does not require a detectable chromosomal alteration. These
observations raise the interesting possibility that EG variants
might arise by epigenetic mechanisms. In addition to the lack
of support for a mutational mechanism, two observations sup
port an epigenetic mechanism, (a) EG variants are inducible at
a high frequency by 5-azacytidine (23) which alters DNA meth-
ylation and potentially gene expression by an epigenetic mech
anism. (However, 5-azacytidine is also weakly clastogenic) (23).
(b) The EG variant phenotype is reversible, i.e., EG variant
colonies can become terminal and lose their growth alteration.
This reversion occurs spontaneously at a low frequency (8, 9)
or following treatment with retinoic acid, which irreversibly
inhibits the growth of early EG variants (24, 25). This may be
analogous to the processes of cellular differentiation involving
epigenetic control mechanisms. Further experiments are re
quired to resolve this question.

Therefore, it is possible that MNNG induces both genetic
and epigenetic changes in the RTE cells resulting in cells with
an altered growth phenotype (EG variants). These cells are not
immortal but acquire immortality through further changes in
growth control, which may be either caused or facilitated by
chromosomal changes. This model is consistent with our pre
vious findings that immortal variants arise by a multistep
mechanism (9) and that EG variants lose progressively their
responsiveness to retinoic acid, a known regulator of differen
tiation of respiratory epithelium (24, 25). A role for chromo
some changes in the acquisition of immortality is supported by
other studies of fibroblasts in culture including Syrian hamster
embryo cells (26) and Chinese hamster cells (27, 28).

In summary, RTE cells initially expressing the EG variant
phenotypes can be diploid or aneuploid. It is possible that this
early growth alteration is an epigenetic event. However, most
of the diploid cells become terminal and the subpopulations of
stem cells that express continued growth and immortality are

aneuploid. These aneuploid cells clearly have a selective advan
tage in this system but the reasons for this are unclear.
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