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ABSTRACT

The purpose of the studies described in this and the accompanying
paper (D. J. Fitzgerald et Â«/.,Cancer Res., 46:4642-4649,1986) was to

define the transformed colonies of the rat trachea! epithelial cell trans
formation system (see P. Nettesheim and J. C. Barrett, CRC Crit. Rev.
Toxicol., 12: 215-239, 1984) in terms of differentiation and growth
characteristics. Exposure of low-density primary rat trachÃ©alepithelial
cell cultures to /V-methyl-W-nitro-Af-nitrosoguanidine results in the de
velopment of growth-altered colonies of different sizes and morphologies,

which can be readily scored 5 wk after treatment. These colonies were
classified into four morphological types (I to IV) based on their light
microscopic and ultrastructural features.

Colonies designated as types I and II were small, had a low cell density,
and were composed principally of large, pale-staining (Giemsa) flattened

cells with a low nuclear/cytoplasmic ratio. Examination of the fine
structure of these colonies revealed a monolayer of extremely attenuated
cells containing well-developed Golgi complexes, endoplasmic reticulunt,

numerous secondary lysosomes, but few tonofilaments and desmosomes.
Colonies of types III and IV were large, basophilic (Giemsa), high-

density colonies, consisting primarily of closely packed, small, round
cells with high nuclear/cytoplasmic ratio. Analysis of the fine structure
of these colonies revealed two to four stratified layers of poorly differ
entiated cells and cells having features of keratinocyte differentiation, as
evidenced by abundant tonofilament bundles, well-developed desmo

somes, and occasional keratohyaline granules. Differential cell counts
were carried out at the ultrastructural level on pooled cells from each
colony type (except type I); ~90% of the cells from type II colonies were
large, electron-lucent cells, while this cell type comprised only 20 to 30%

of the cells of colonies of types III and IV. The predominant cell type
(~60%) in colonies of types III and IV showed clear signs of keratinocyte

differentiation. Type IV colonies contained a significantly larger propor
tion (>20%) of small, poorly differentiated cells than type III (6%) and
type II (1%) colonies. A combined autoradiographic and ultrastructural
study revealed that the small, poorly differentiated cells were most active
in synthesizing DNA and had a labeling index of 60%. Other cell types
were far less frequently labeled, particularly the large, electron-lucent

cells which had a labeling index of only 10%. Morphometric measure
ments on fixed and stained colonies disclosed that each colony type
differs markedly in cell population size. Type I colonies contain -2,0(1(1
cells compared to type IV colonies which contain -600.000 cells.

These qualitative and quantitative studies of the colonies appearing in
rat trachea! epithelial cell cultures 5 wk after exposure to carcinogen
clearly suggest that, in such cultures, distinctly different cell clones
emerge during the early phase of neoplastic transformation. The colonies
differ in terms of morphology, differentiation properties, cell composition,
and cell population size. Based in part on these criteria, we have consid
ered colony types I and II to be either nontransformed or only minimally
transformed and colony types III and IV to be transformed. Strong
support for this conclusion is presented in the accompanying paper (D.
J. Fitzgerald et a/., Cancer Res., 46: 4642-4649, 1986) in which the

growth characteristics and clonogenic cell composition of the different
colony types were analyzed in detail.
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INTRODUCTION

One long-standing interest of our laboratory is to explore
mechanisms involved in neoplastic transformation of airway
epithelial cells (1-5). For this purpose we have developed a cell
culture model which utilizes primary epithelial cells obtained
from tracheas of normal, adult rats to study the phenotypic
alterations evolving as a result of carcinogen exposure (6-10).
Normal trachea! cells, when grown at clonal density under
growth-permissive culture conditions (3T3 feeder layers), typi
cally form small, epithelial colonies which cease to grow and
senesce after 2 to 3 wk. However, when the normal cells are
treated with a carcinogen, followed by selective culture condi
tions (feeder removal), a small number of colonies continue to
grow for extended periods of time, forming large colonies of
proliferating epithelial cells. The cells of these EG2 variant

colonies can usually be subcultured and give rise to immortal
cell lines. After 5 to 15 passages, the cell lines frequently become
neoplastic and form squamous cell carcinomas upon inocula
tion into appropriate hosts (7, 9, 10).

We have recently reviewed the evidence for the multiple
stages involved in neoplastic transformation in this cell culture
model (10). The first stage of transformation is the appearance
of the EG variant colonies which can be detected in the carcin
ogen-exposed epithelial cell cultures as early as 3 to 5 wk after
exposure. In our studies so far, we have considered as trans
formed only those colonies which are composed primarily of
small basophilic cells and which have a high cell density (7, 9,
11). These are usually also the largest and most rapidly growing
colonies the cells of which have been shown to become ulti
mately neoplastic. However, smaller colonies with lower cell
densities are also present. To date these have largely been
ignored.

The purpose of the studies reported in this and the accom
panying paper (12) was to systematically characterize, both
morphologically and biologically, the colonies developing in
primary RTE cell cultures as a result of carcinogen exposure.
In this article we describe 4 morphologically distinct colony
types present in the cultures at 5 wk after carcinogen exposure.
Their features were studied at the level of the light and electron
microscope. Furthermore, these colonies were categorized in
terms of size and cell density using morphometric techniques.
The replicative activity of different cell types present in the
colonies was determined by [3H]thymidine autoradiography.

The accompanying paper (12) focuses on the growth character
istics of the various types of colonies primarily by quantitating
their relative stem cell pool sizes and growth fractions. Also
examined is the fate of individual colonies as a function of time
after carcinogen exposure in order to assess their role in the
transformation process.

2The abbreviations used are: EG, enhanced growth; MNNG, /V-methyl-/V"-
nitro-yV-nitrosoguanidine;N/C, nuclear/cytoplasmic ratio; PBS, Ca2*-and Mg2*-
free phosphate-buffered saline; RTE. rat trachea! epithelial; SEM, scanning
electron microscopy; TEM, transmission electron microscopy.
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MORPHOLOGY OF EARLY PRENEOPLASTIC RTE CELL COLONIES

MATERIALS AND METHODS

Cell Culture

Primary trachÃ©alepithelial cells were harvested from 8-wk-old male
Fischer 344 rats as previously described (8, 9). Cells were plated at a
density of IO4or 2 x 10" per 60-mm culture dish layered with 4 x IO5
feeder cells (irradiated 3T3 fibroblasts) in Ham's F-l 2 medium contain

ing 5% fetal bovine serum (GIBCO; Lot 31K), insulin (1 Mg/ml),
hydrocortisone (0.1 Mg/ml), and 1% penicillin/streptomycin solution
(GIBCO). After 24 h, the cultures were treated for 4 h with MNNG
(0.3 Mg/ml) dissolved in 4-(2-hydroxyethyl)-l-piperazineethanesulfonic
acid-buffered Ham's F-l2 medium (20 HIM4-(2-hydroxyethyl)-l-piper-

azineethanesulfonic acid, pH 6.8) or with buffered medium alone. Four
days later, the feeder cells were removed by brief incubation (20Â°C)and

flushing with PBS containing 0.002% EDTA. The cultures were then
incubated with complete medium containing 1% penicillin/streptomy-
cin/Fungizone solution (GIBCO), and medium was changed once per
wk. Five wk after MNNG treatment when transformed colonies can be
readily identified, the cultures were prepared for morphological and
morphometric studies. Details of the culture methods as well as the
RTE cell transformation system have been previously described (8, 9).

Morphological Observations

Light Microscopy. Culture dishes were rinsed with PBS, fixed in
absolute methanol, stained with 10% Giemsa solution, and examined
under low magnification using a dissecting microscope and under higher
magnification using a conventional light microscope. Colonies were
classified into 4 categories (types I to IV) based on colony size, cell
density, and cell morphology (see "Results" for detailed description).

Briefly, the characteristics of these colony types ranged from small
colony size with low cell density and predominantly large cells (types
I) to large colony size with high cell density and predominantly small
cells (type IV).

Classification of Colonies in Live Cultures. Live cultures were exam
ined with a phase microscope, and the colonies were classified into the
4 types using the same criteria applied for the evaluation of stained
dishes. To test the congruence of the classification of colonies in live
cultures with that in fixed and stained cultures, several pilot studies
were conducted. Colonies were marked and scored in live cultures, then
the cultures were fixed and stained, and the same colonies were scored
again without knowledge of the prior score. These studies showed a 90
to 95% congruence between scores of live and fixed colonies.

SEM. Cultures were examined under the phase microscope to locate
and classify the colonies. Using a marker, the colonies were circled and
numbered on the bottom of the dish. The cultures were rinsed with
PBS and fixed overnight at 4Â°Cin 1% glutaraldehyde-1 % formaldehyde

buffered with 0.1 M cacodylate (ph 7.2 to 7.4). After fixai inn, portions
of the dishes on which the colonies had been located were cut out,
washed with cacodylate washing solution, dehydrated through a graded
alcohol series, and dried in a critical point dryer (Samdri-790; Tousimis
Research Corp., Rockville, MD) using CO2. The specimens were
mounted on carbon stubs, coated with gold in an ion sputter coater
(E5100 Series II; Polaron Equipment, Ltd., Watford, England), and
observed in a scanning electron microscope (JEOL, JAX-35C).

'I KM. After the location and type of colonies were identified, the

culture dishes were fixed and washed in the same manner as for SEM
and then post fixed in 1% osmium tetroxide for 1 h. After washing in
Zetterqvist's veronal buffer, they were stained en bloc in 0.5% uranyl-

acetate solution overnight at 4V, dehydrated through a graded alcohol
series, and embedded in Spurr's resin (F. Fullam, Inc., New York, NY).

One to four blocks per colony were made to examine cells in the line
of the maximal diameter of the colonies, and thin sections were cut
vertically to the dish base, collected on 200 mesh copper grids, double-
stained with uranyl acetate and lead citrate, and observed in a trans
mission electron microscope (JEOL, JEM-100CX).

Cell Pellets. To quantitatively analyze the frequency of cells with
different morphologies in different colony types, cell pellets were pre
pared from various types of colonies for ultrastructural observation.
One colony per dish was classified and marked, and all other colonies

and cells were removed with a cotton swab. The cultures were rinsed
with PBS and reexamined under the phase microscope to ascertain that
no cells were remaining on the dish other than those of the colony
marked for the study. The colonies were then dissociated with trypsin-
EDTA solution (0.15% trypsin-0.06% EDTA; 37Â°C,5 to 10 min), and

cells from several colonies of the same grade were pooled and centri-
fuged at 1000 rpm for 10 min. The resulting pellets were fixed,
dehydrated, and embedded in Spurr's resin (see above). From each cell

pellet, 10 blocks were cut of which 3 were utilized. Thin sections were
prepared as described above and examined in a transmission electron
microscope. One hundred cells per block were examined and grouped
into one of 4 types according to morphological criteria described in
"Results" (electron microscopy).

Autoradiography and TEM of Serial Sections of Cell Pellet from Type
IV Colonies. Ten type IV colonies were isolated in 5-wk-old cultures
and then incubated for 24 h with medium containing [methyl-3ti]-

thymidine (0.5 //Ci/ml; specific activity, 82.7 Ci/mmol; New England
Nuclear, Boston, MA) and 1 MMthymidine. The medium was then
aspirated, the cultures were washed with PBS containing 1 MMthymi
dine, and the colonies were dissociated by trypsinization as outlined
above. The cells obtained from the 10 colonies were pooled, pelleted
by centrifugation (1000 rpm, 10 min), fixed, and then embedded in
Spurr's resin as described above. Several blocks were made of which

one was used for cutting sections. Ultrathin (500 A) and semithin (0.5
Mm) sections were cut serially on an ultramicrotome in the following
manner; 3 ultrathin sections were followed by 3 semithin sections, and
5 such serial sets were obtained. The ultrathin sections were placed on
a single hole grid covered with collodion, double-stained, and observed
in TEM. The semithin sections were placed on a glass slide and
processed for autoradiography. After coating with NTB2 nuclear track
emulsion (Eastman Kodak Co., Rochester, NY) diluted 1:1 with H2O,
the slides were exposed in the dark at 4"C for 14 days, developed
(Kodak D-19, 15Â°C,4 min), fixed (Kodak fixer, 15Â°C,5 min), and then

stained with mÃ©thylÃ¨neblue. All of the 5 sets of sections were examined
with a light and electron microscope, respectively, and one was selected
for the following study. Sequential and partially overlapping fields
along the entire length of one selected side of an autoradiographed
semithin section and ultrathin section were photographed using a light
microscope or transmission electron microscope at the magnification
of x200 and X2000, respectively. The light photomicrographs were
printed to yield a final magnification of X1400, and the electron
photomicrographs, a magnification of X6000. By examining both light
and electron photomicrographs and starting from one of the section
corners, cells in the electron photomicrographs corresponding to cells
in the light photomicrographs were identified. The identified cells were
classified as labeled (>5 grains over their nucleus) or unlabeled and
also classified into one of 4 ultrastructurally distinct cell types (see
"Results" for description).

Morphometric Studies

A panel of 4 investigators experienced in scoring RTE cell colonies,
selected 10 to 13 colonies of each type as being representative of the 4
different colony types recognized in 5-wk-old RTE cell cultures. The
cultures used for this purpose stemmed from 3 different transformation
experiments carried out over a period of 5 mo. These colonies were
then analyzed morphometrically to determine the area, the average cell
density, and the cell number in each colony. The maximal diameter
and the area occupied by each colony were measured using a comput
erized image analyzer (Hypad digitizer; Houston Instruments, (Hous
ton, TX) equipped with an Optomax (Optomax, Inc., NH) and inter
faced with an Apple He computer. The cell density data for each colony
were obtained by counting the number of cells per unit area (0.165
mm2) using a light microscope equipped with a television camera and

screen (final magnification, x287). The positions of the microscopic
fields to be counted were selected by moving the microscope stage in
accordance with a statistical random sampling method designed to
eliminate possible bias (13). The sample size (number of fields) for each
colony was predetermined by the following probability formula

P,
y- Y

2:0.15 =0.05
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MORPHOLOGY OF EARLY PRENEOPLASTIC RTE CELL COLONIES

where Y is the true mean to be estimated, and y is the preliminary mean
determined by previous arbitrary sampling. Risk probability (P,) was
set at 0.05 to yield the precision value no less than 0.15 (14). Sample
sizes thus determined ranged from 5 to 32 per colony. The pairwise t
test (14) was then used for the comparison between any two colony
types.

RESULTS

Classification of RTE Cell Colonies. In the present experi
ments, primary RTE cells were plated at clonal density on
irradiated 3T3 feeder cells and after attaching overnight were
treated with MNNG. In order to select for transformed clones,
the feeder cells were removed 4 days later. Five wk after
treatment, the vast majority of cells from control cultures had
sloughed from the dish, whereas many discrete colonies were
observed in the treated cultures (Fig. 1). These persistent colo
nies were heterogeneous in size and cell morphology. In the
past, we have scored as transformants only the larger, rapidly
proliferating colonies which were composed of small compact
cells (EG variant colonies). The other colonies were considered
to be untransformed (11). In the present study we wished to
further characterize all the persistent colonies in terms of their
morphological properties in order to further understand and
quantitate this early transformation step.

Since the number of transformed colonies (EG variants) in
RTE cell transformation experiments is usually scored at 5 wk
after carcinogen exposure, we chose this time point to classify
all persistent colonies on the basis of cell morphology, staining
characteristics (Giemsa stain), cell density, and colony size.
Four different colonies could be distinguished. Colonies desig
nated as types I and II were small, pale-staining colonies with
low cell densities, composed primarily of large flattened cells,
while colonies designated as types III and IV were large and
basophilic consisting principally of closely packed small cells
(Fig. 2). In the past (6, 9-11), we have included only the more
rapidly growing colonies of types III and IV in the calculation
of transformation frequencies (i.e., EG variants per surviving
cell), since we had evidence that many of these colonies pro
gressed, formed cell lines, and eventually underwent neoplastic
transformation. However, uncertainty existed about colonies of
types I and II. Table 1 shows the frequency distribution of these
4 types of RTE cell colonies in typical transformation experi
ments using MNNG as the transforming agent. In these exper
iments the frequency of colonies persisting for 5 wk is calculated
as the percentage of the number of colonies surviving the
carcinogen or control treatment. In the control cultures the
frequency of all persistent colonies (types I to IV) was 0.28%

Fig. 1. Multiple colonies in RTE cell cultures 5 wk after MNNG exposure.
The culture dish on the left contains 11, and the one on the right contains 10
epithelial colonies. Note differences in size and staining intensity of different
colonies. F, fibroblast colony.

as compared to 3.9% in MNNG-exposed cultures. Thus,
MNNG caused a > 10-fold increase in total persistent colonies.
The frequency of colonies of types I and II increased 5-fold and
11-fold, respectively. The frequency of colonies of types III and
IV increased 30-fold and 40-fold, respectively. Marked in
creases in the frequency of these persistent colonies have also
been observed using other carcinogens (Ref. 10; Footnote 3).
In the following sections, we will describe the morphological
features of each type of colony in more detail.

Morphometric Studies. The results of the morphometric stud
ies are summarized in Table 2. Colony types I and II had mean
areas of about 15 and 30 mm2, respectively, while types III and
IV had mean areas of about 85 and 200 mm2, respectively.

Estimates of average cell densities for each colony type ranged
from 152 cells/mm2 for type I colonies to 2,809 cells/mm2 for

type IV colonies. The total number of cells per colony was
calculated from the estimated average cell density and the
colony area and differed dramatically among the 4 colony types.
On average, type I colonies contained ~2,000 cells, type II
colonies -15,000 cells, type III colonies -100,000 cells, and
type IV colonies -600,000 cells.

Light Microscopy. Type I colonies were usually small (Â«5
mm in maximal diameter) and pale staining with Giemsa stain
(Fig. 2a). They were composed, almost entirely, of large polyg
onal cells with abundant pale-staining cytoplasm and low N/C
(Fig. 3a). Multinucleated cells were common in these colonies,
and mitotic cells were rarely seen. Occasionally a few small
basophilic cells were scattered in these colonies. Type II colo
nies were somewhat larger than type I colonies (average maxi
mal diameter, 6.9 mm) and contained a substantial number of
small basophilic cells in addition to the large pale-staining cells
(Fig. 2Â¿>).These small cells often formed focal aggregates within
the colony (Fig. 3Â¿>)and showed occasional mitotic figures. In
both type I and type II colonies the cells were arranged in a
monolayer. Type III colonies were usually larger than the
previous two types (average maximal diameter, 12.2 mm), and
they stained intensely (Fig. 2c) and were primarily composed
of basophilic small cells with high N/C. However, in some
areas, large pale-staining cells were clearly evident (Fig. 3c). In
the most densely populated portions of these colonies, stratifi
cation of cells was apparent. Mitotic figures were more common
in this type of colony, particularly in the densely populated
areas. Type IV colonies were the largest (average maximal
diameter, 18 mm) and most heavily staining colonies (Fig. 2d),
and they were almost exclusively composed of densely packed,
small basophilic cells. Stratification and "piling up" of cells

were also clearly evident in many parts of the colonies (Fig.
3d).

Electron Microscopy. The SEM and TEM studies confirmed
that the colonies of types I and II were monolayers of cells
composed predominantly of large flattened cells with low N/C
(Figs. 4a and 5a). The cell surfaces had few microvilli, and the
cytoplasm contained well-developed endoplasmic reticulum and
Golgi complexes. Many secondary lysosomes and lipid droplets
were also observed. Cytoplasmic intermediate filaments were
scanty, and desmosomes were rarely encountered; the cells were
attached to each other with tight junctions. In type II colonies,
however, smaller cells with higher N/C and thin tonofilament
bundles in the perinuclear area were occasionally observed; such
cells had desmosomes. When viewed by SEM and TEM, type
III and type IV colonies were clearly stratified to form 2 to 4
cell layers (Figs. 4b and 5, b and c). The cells of both colony

3 Unpublished observations.
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Fig. 2. Representative examples of the 4

different types of colonies present in RTE cell
cultures 5 wk after MNNG exposure: a, type I
colony; b, type II colony; c type III colony; and
d, type IV colony. Note the differences in
colony size, cell density, and basophilia follow
ing Giemsa staining, a to Â¡I.magnification x
4.4. Bar, 1.0 cm.

' ' *Â£ Â«

Â¿23
... m- â€¢.

Table I MNNG induction of persistent epithelial colonies in RTE cell cultures
Frequency of colony type (%)*' '

Treatment" No. of dishes III IV I-IV

Control
MNNG

36
35

0.09
0.47

0.13
1.43

0.04
1.19

0.02
0.80

0.28
3.89

"Cells were treated with MNNG (0.3 Â¿ig/ml)in 4-(2-hydroxyethyl)-l-pipera-
zineethanesulfonic acid-buffered F-l 2 medium or buffered medium alone for 4 h,
24 h after plating primary RTE cells.

b Classification performed on fixed and stained dishes 5 wk after treatment.
' Data combined from 3 separate experiments and expressed as the number of

colonies of given type per number of surviving colonies on Day 7. The frequency
determinations were performed using the following formula

Frequency
no. of colonies of particular type

CFE x no. of cells plated/dish x no. of dishes
x 100 (%).

Colony forming efficiency (CFE) in control cultures was 4.5%; CFE in MNNG
exposed cultures was 1.5%. Transformation frequency, i.e. number of colonies of
types III and IV determined at 5 wk per number of surviving colonies on Day 7,
was 0.06% in the control group and 1.99% in the MNNG-exposed group.

Table 2 Morphometric analysis of different types of colonies in RTE cell cultures
5 wk after exposure to MNNG

Colony
typeI

II
III
IVNo.

of
colonies
studied"1312

13
10Area

(mm2)*15.2

Â±5.6''

28.4 Â±15.6
84.2 Â±28.6

199.7 Â±67.3Av.

cell density
(cells/mm2)'152

Â±51
617 Â±236

1,244 Â±596
2,809 Â±922Estimated

total cell
no./colonyc2,281

Â±1,080
15,201 Â±5,722
99,205 Â±46,297

581,012 Â±317,640
" Representative fixed and stained colonies were selected from 3 different

experiments.
* Determined as outlined in "Materials and Methods."
' Average cell density multiplied by area.
rfMean Â±SD. All the parameter values between any 2 colony types are

significantly different (P < 0.01, 2-sided / test).

types showed abundant cell surface microvilli and were attached
to each other with many well-developed desmosomes. The
majority of the cells in the basal layer of colonies were oval or
cuboidal in shape and had high N/C and electron-dense cyto
plasm with free ribosomes, rough endoplasmic reticulum, mi
tochondria, and some tonofilament bundles (Fig. 5c). These
poorly differentiated cells were generally located in the basal
layer, but they were also occasionally observed in the upper
layers and even in the surface layer. Besides the stratification,
the most distinctive feature of these colonies was the presence

of cells with thick tonofilament bundles frequently observed in
the intermediate and upper cell layers; some of these cells
contained keratohyaline-like electron-dense granules (Fig. 5d).
By SEM both types of colonies had areas in which the cells
were arranged in multiple layers forming ridges of rounded
cells with ruffled cell surfaces (Fig. 5e, inset). TEM studies
revealed that portions of these ridges were formed of massive
accumulations of cell debris and degenerated cells which were
covered with one or more layers of intact cells (Fig. 5e).

It was clear from the light microscopy and TEM studies that
the different colonies contained a variety of cell types of differ
ent sizes and with varied differentiation characteristics. To
categorize these cell types and determine their frequency within
the different colonies, it was necessary to disperse the colonies,
prepare cell pellets, and make differential cell counts from
electron micrographs of interrupted serial thin sections. Fifty
type II colonies, 10 type III colonies, and 10 type IV colonies
were isolated and dissociated, and the cells from each colony
type were pooled and prepared for TEM. Type I colonies were
too small to collect sufficient cells; however, we considered
most of them to be very similar to type II colonies except that
they contained almost no small cells with high N/C.

By TEM, the cells of the various colony types were classified
into 4 categories according to cell size and amount of organdÃes
and tonofilaments. (a) A "small poorly differentiated" cell type

which was 9 to 13 /*m in diameter and possessed a high N/C.
The nucleus was rounded and had a large prominent nucleolus.
The cytoplasm was characterized by abundant free ribosomes,
some profiles of rough endoplasmic reticulum, scattered mito
chondria, and thin bundles of tonofilaments which were con
fined to the perinuclear area (Fig. 6a). (b) A "medium-sized
keratinocytic" cell type which was larger than the former (13

to 16 /Â¿niin diameter) and had a lower N/C. The nucleus was
rounded, oval, or occasinally concave in shape and located
eccentrically. The cytoplasm had increased numbers of mito
chondria, rough endoplasmic reticulum, secondary lysosomes,
and some vesicles and small vacuoles. Most characteristic of
this cell type was the increased amount of tonofilament bundles
which were not only arranged in the perinuclear region but also
extended into the surrounding cytoplasm (Fig. 6Â¿>).(c) A "large
keratinocytic" cell type which was characterized by a large cell

4634

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2427582/cr0460094631.pdf by guest on 19 M

ay 2023



MORPHOLOGY OF EARLY PRENEOPLASTIC RTE CELL COLONIES

â€¢â€¢. . .
â€¢

i

\*

"ai*â€¢'r-nrn^H'.
aÃ‰feOL,Â«rvi. tr ^itt&

Fig. 3. Typical areas from the 4 different types of colonies showing differences in cellular composition. Type I (a), type II (*), type III (c), and type IV (</)colonies.
Note the differences in size and morphology of cells and cell density, a to d. Giemsa stain, x 135. Bars, 100 /un.

Fig. 4. Scanning electron photomicrographs of type II and type IV colonies. Ina, type II colony shows a monolayer of attenuated large cells and attached squamous
cells (arrow). In h. type IV colony clearly exhibits stratified layers, including the large flattened cells, elongated cells, and small rounded cells. Note differences in cell
size between a and b. Bars, 100 *im.
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Fig. S. Transmission electron photomicrographs of typical regions of type I and type IV colonies. Sections were cut along an axis vertical to the culture surface.
In a, type I colony is a monolayer of extremely attenuated cells containing abundant endoplasmic reticulum (arrowheads) and well-developed Golgi complexes (G).
The nucleus is not shown. In h, type IV colony shows cell siratification and cells with prominent toni>filamentbundles ((/). Note degenerating cells (I>)on the surface.
In c is detail of a type IV colony to show 4 cell layers, tonofilaments (if), many desmosomes (arrowheads), and poorly differentiated features of the "basal" cell. In d
is a keratinocyte-like cell seen in a type IV colony and characterized by abundant woven bundles of tonofilaments (it ) and keratohyaline-like dense granules (*). The
cell retains a pyknotic nucleus (Nu) and some remnants of organelles. In e are "piling up" of necrotic cells (\( }. keratinizing cell (A'O. and apparently viable surface

cells. The inset shows an SEM picture of a similar region of piled up cells, a, x 13,200; A, x 6,930; c, x 15,500; d, x 20,000; e, x 5,610; e, inset, x 110. Bars, 1.0 ,1m
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size (>20 urn in diameter), low N/C, and numerous thick euchromatin (Fig. 6c). (d) A "large nonkeratinocytic" cell type
bundles of tonofilaments. The cytoplasm was also rich in mi- which was usually >30 ^m in diameter and had a low N/C.
tochondria, vesicles, vacuoles, and secondary lysosomes, while Contained within the electron-lucent cytoplasm were numerous
the nucleus was irregular in shape and had predominantly vesicles, vacuoles, Golgi complexes, dilated rough endoplasmic
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6d
Fig. 6. Transmission electron photomicrographs oÃ4 different cell types identified in cell pellets made from dissociated colonies of types II to IV. a, small poorly

differentiated cell type; b, medium-sized keratinocytic cell type; c, large keratinocytic cell type; tl. large nonkeratinocytic cell type. Arrowheads, tonofilaments; M.
mitochondria; ER. endoplasmic reticulum; /. lysosomes; I . vacuoles. See text for ultrastructural descriptions, a to d, X 7750. Bars, 1.0 >nn.
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Table 3 Frequency of cells with different ultrastructural features in colonies of
MNNG-treated RTE cell cultures

At 5 wk after MNNG exposure, the colonies in live cultures were graded (type
II, III, or IV) and dissociated, and cells from 10 to SOcolonies of one type were
pooled, pelleted, and prepared for TEM (see "Materials and Methods"). Three
resin-embedded blocks were selected at random for each colony type for thin
sectioning, and 100 cells were examined per block. These data are based on the
observation made on 300 cells per colony type.

Cell type(%)'Colony

typeIIIII

IVSmall

poorly
differentiated1.0

Â±0.8*

6.0 Â±2.4
21.7Â±3.3C-"Medium-

sized kera-
tinocytic4.3

Â±1.2
40.0 Â±4.3C
40.0 Â±1.6CLarge

kera-
tinocytic5.7

Â±0.5
24.3 Â±1.2e
17.7 Â±2.4e-'Large

nonkera-
tinocytic89.0

Â±2.2
29.7 Â±7.8C
20.1 Â±4.2'

* See text for ultrastructural descriptions.
* Mean Â±SD.
' Significantly different from corresponding type II value (P< 0.01).
''Significantly different from corresponding type III value (P< 0.01).
' Significantly different from corresponding type III value (P < 0.05).

reticulum, secondary lysosomes, and only small numbers of
tonofilaments. Intracytoplasmic lumen formation was occa
sionally observed in this cell type. The nucleus was large,
irregularly shaped or lobulated, and contained predominantly
euchromatin (Fig. 6d). The latter two cell types frequently
showed various degrees of degenerative features. Although all
4 cell types could be found in the different types of colonies,
the frequency with which they occurred differed greatly from
one colony type to another (Table 3). The vast majority of cells
in type II colonies exhibited the features of the "large nonker
atinocytic" type, while other cell types were rare. On the other
hand, in colonies of types III and IV, the "small poorly differ
entiated" and "medium-sized keratinocytic" cell types com

prised nearly 50% or more of all cells, while the remainder were
identified as either "large keratinocytic" or as "large nonkera
tinocytic" cells. Type IV colonies had a significantly larger
percentage of "small poorly differentiated" cells than type III
colonies. The percentage of "medium-sized keratinocytic" cells
was the same in both types of colonies, while that of the "large
keratinocytic" and the "large nonkeratinocytic" cells tended to

be smaller in type IV than in type III colonies.
Ultrastructural Identification of Cells Labeled with |'I I| 1hy-

midine. Autoradiograms were prepared from 0.5-^m sections of
cell pellets of dissociated, [3H]thymidine-labeled type IV colo

nies. The overall labeling index established in these sections,
based on over 1000 cells counted, was 33%. Most of the labeled
cells were small and dark staining and had high N/C. By
matching the serial ultrathin and semithin (autoradiographed)
sections, we were able to identify the ultrastructural character
istics of the labeled cells. A total of 112 cells was examined on
the autoradiograms and classified from the electron photomi
crographs using the criteria established in the preceding para
graph (Table 4). The labeling index of these 112 cells chosen
for this study was 32%, virtually equal to the overall labeling
index (see above). Furthermore, the frequency of the 4 different
cell types was very similar to that previously established for
type IV colonies (see Table 3). Thus, we concluded that the
sampling techniques used were valid.

As summarized in Table 4, more than 50% of the labeled
cells of these type IV colonies were ultrastructurally identified
as "small poorly differentiated" cells, and 25% were identified
as "medium-sized keratinocytic" cells. The remaining 25% of
the labeled cells were either "large keratinocytic" or "large
nonkeratinocytic" cells. When examining the labeling indices
for each cell type it was found that 60% of the "small poorly
differentiated" cells, 20% of the "medium-sized keratinocytic"

Table 4 fHJThymidine labeling index of cells with distinct ultrastructural
morphology in type I y colonies

Ten type IV colonies were incubated with (3H]thymidine (0.5 Â¿iCi/ml)for 24

h, then dissociated, pooled, pelleted, and embedded in resin. Ultrathin and thick
(0.5 ftm) sections were serially cut and prepared for TEM and light microscopic
autoradiography. respectively. Corresponding areas in both preparations were
photographed, and those cells which could be identified in both preparations were
scored as labeled or unlabeled and classified into one of the 4 cell types.

Celltype"No.

of cells
studiedTotal112(100)*Small

poorly dif
ferentiated34

(30)Medium-

sized kera-
tinocytic42

(38)Large

kera-
tinocytic18(16)Large

nonkera-
tinocytic18(16)

No. of cells la- 36(100) 20(56) 9(25) 5(14) 2 (5)
beledc

Labeling index 32 59 21 28

" See text for ultrastructural descriptions.
* Numbers in parentheses, frequency (percentage) of cells of the specified type

per total cells studied or labeled.
c Cells with Â»5grains over their nucleus.

cells, 30% of the "large keratinocytic" cells, and 10% of the
"large nonkeratinocytic" cells were labeled. Thus, the "small
poorly differentiated" cell type clearly has the highest labeling

index and presumably is the major proliferative cell type in type
IV colonies.

DISCUSSION

The studies described in this and the accompanying paper
(12) are a continuation of our efforts to analyze the evolution
of abnormal growth and differentiation in trachea! epithelial
cells undergoing neoplastic transformation (7, 9, 11). As pre
viously described, during early phases of transformation of RTE
cells, colonies with different morphologies develop between 3
and 5 wk after carcinogen exposure, and these colonies have
been classified as transformed or untransformed (11). This
classification was based largely on observations made at low
magnification under the dissecting microscope. However, no
attempts had been made until now to analyze the structure and
cellular arrangement of these colonies, to determine the pre
vailing features of differentiation and the ultrastructural char
acteristics of the cells in different colonies. Also, except for
some early attempts to score cell clusters with high cell density
in live cultures under the phase microscope (7), we have not
attempted to quantify the size of the cell population comprising
the different types of colonies emerging in primary RTE cell
cultures undergoing neoplastic transformation. In the past, we
considered only the large, dark-staining, high cell density col
onies, designated EG variant colonies, as transformed, since
their growth capacity appeared to differ most dramatically from
that of normal RTE cells. However, recent studies suggested
the possibility that some of the less conspicuous, small, low cell
density colonies might progress as a function of time and
acquire the characteristics of transformed colonies (11). We
therefore decided in the present experiments to score all per
sistent colonies, to classify them according to size and cell
density, and to examine them in detail morphologically as well
as in terms of their proliferative capacity (see Ref. 12).

We learned to grade all the colonies in 5-wk-old RTE cell
cultures into 4 different types with good observer-to-observer
reproducibility. Previously, colony types I and II were lumped
as untransformed persistent colonies (11), while colony types
III and IV were scored as "transformed EG variant" colonies
(9, 11) corresponding to the "atypical foci" of earlier studies
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(2, 3, 7). In the absence of carcinogen exposure, all 4 colony
types appearing at low frequency. Upon exposure of the RTE
cell cultures to MNNG, colony types I and II increased 5- and
11-fold, respectively, and colony types III and IV increased 30-
and 40-fold, respectively.

The morphometric measurements made on fixed and stained
colonies support well the subjective judgments made in scoring
the cultures under the dissecting microscope. It is clear that the
different types of colonies differ from each other, not only in
area, but more importantly in total cell number.

We also studied the differentiation characteristics of each
colony type. Cell suspensions isolated from normal, adult rat
tracheas contain three major cell types, namely ciliated cells,
mucous cells, and basal cells. However, upon plating in culture,
RTE cells rapidly lose their normal ultrastructural characteris
tics, and within 72 h >95% of the attached cells have the
uniform appearance of poorly differentiated epithelial cells
resembling basal cells (15). As the cell density increases in the
cultures, many cells develop desmosomes and prominent ton-
ofilaments suggestive of keratinocyte differentiation. These fea
tures are quite common for conducting airway epithelial cells
in culture (16-18), unless special media and attachment sub
strates are used which permit differentiation of mucous and
ciliated cells (19). Thus, it is not surprising that some of the
persistent colonies in MNNG-treated cultures show keratino
cyte differentiation. What is interesting, however, is that this
feature of differentiation is most prominent in the more trans
formed (types III and IV) colonies. The ultrastructural studies
revealed that colonies of types I and II are monolayers, while
colonies of types III and IV are stratified and reminiscent in
many respects of epidermal cell cultures (20). This was strongly
supported by immunocytochemical studies in which the differ
ent colony types were treated with rabbit antiserum to whole
human skin cytokeratins and stained by the peroxidase-antiper-
oxidase method; the results showed that cells of type III and
type IV colonies, especially large stratified and desquamating
cells, stained more intensely than cells of type I and type II
colonies (data not shown).

Four cell types were recognized in cell suspensions obtained
from the various colonies. Type IV colonies contained the
highest proportion of "small poorly differentiated" cells, which

according to the autoradiographic studies have the highest
proliferative potential, while type II and probably type I colonies
as well were composed almost exclusively of "large nonkeratin-
ocytic" cells which have the lowest proliferative activity. On the

assumption that the identified cell types have similar replicative
capacity irrespective of colony type, these data indicate that
colonies with a high proportion of small, morphologically
poorly differentiated cells possess the greatest replicative poten
tial and explain the size and cell number differences in the
colonies. Further analyses of the replicative capacity of cells
from the different types of colonies, including their clonogen-

icity, are described in the accompanying paper.
Other investigators have reported that, in cell fractions de

rived from human epidermis (21) and human urothelium (22),
the "small cells" possess the greatest clonogenic potential in
cell culture. It is conceivable that the "small poorly differen
tiated" cells in colonies developing in transformed RTE cell

cultures are the clonogenic units. This, however, has not been
tested as yet. Assuming that these "small" cells are important

as clonogenic units for the maintenance and growth of colonies
of types II to IV (type I colonies contain almost no "small"
cells), an intriguing question is whether the "small poorly
differentiated" cells in these different colony types have similar

stem cell characteristics. If this is the case, it would indicate
that colony types II to IV are closely related cell populations
possibly at different stages of transformation. This seems to be
a plausible notion since, as described in the accompanying
paper, many of the colonies of types II and III become type IV
colonies with time in culture.

In summary, we have described detailed morphological char
acteristics of different types of carcinogen (MNNG)-induced
RTE cell colonies. The EG variant colonies (types III and IV)
possessed considerably larger cell population sizes and a higher
proportion of actively proliferating poorly differentiated cells
than the less conspicuous, smaller colonies (types I and II).
Furthermore, the cells in colonies of types III and IV showed a
clear propensity for keratinocytic differentiation. These studies
provide an important basis for further characterization of the
biological properties of these carcinogen-altered cells, including
their propensity for progression in the process of neoplastic
transformation. In addition, this detailed characterization is
important for establishing scoring criteria for quantitative stud
ies of carcinogen-induced early, preneoplastic changes in an
epithelial cell transformation assay.
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