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Abstract

Many human solid tumours, particularly lung tumours, contain different
subpopulations, the presence of which can complicate diagnosis and treat-
ment, yet few models exist for in vitro studies. We have found that DLKP,
a human lung cell line established from a tumour histologically diagnosed
as a ‘poorly differentiated squamous carcinoma’, contains 3 morphologi-
cally distinct populations. Three clones corresponding to these popula-
tions were established from the parental DLKP cells. Confirmation that
the clones were derived from the parental population was obtained by
DNA fingerprinting. The clones were designated M (mesenchymallike), I
(intermediate) and SQ (squamous). On prolonged subculture, SQ and M
can each interconvert with I, but SQ and M do not interconvert. We inves-
tigated the growth patterns of these isolated populations in monolayer cul-
ture, soft agar, spinner flasks and serum-free medium. In all but the latter
assay, the parental DLKP cells grew faster than each of the clones, indicat-
ing some form of physiological co-operation between the clones. The
growth of the clones themselves varied under the different assay condi-
tions (DLKP-I showing greatest growth in monolayer, in serum-containing
and serum-free media but, surprisingly, being unable to grow in soft agar,
unlike the SQ and M clones). Addition of fibronectin permitted growth of
DLKP-M and DLKP-SQ in serum-free medium at equivalent rates to
those of DLKP and DLKP-I. In some cases, morphological adaptation to
specific growth conditions was observed. Variation between the clones was
also evident in their respective chromosome numbers (with the M clone
being predominantly hyperdiploid and the other clones predominantly
hypertetraploid) and in their ability to adhere to extracellular matrix pro-
teins, with DLKP-M showing most rapid attachment. Electrical resistance
studies revealed the absence of tight junctions from the parental line and

Key Words clonal subpopulations. Extensive immunohistological studies showed that
Lung neither DLKP nor the clones express cytokeratin or any other epithelial
Small-cell lung carcinoma marker examined, but neuroendocrine markers were present. Further
Clones analysis of these different clonal populations may help to reveal some of
Heterogeneity the mechanisms involved in lung tumour development and progression.
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Introduction

Knowledge of the behaviour of heteroge-
neous subpopulations in solid tumours and in
cell lines is crucial to our understanding of
tumour development and progression. Heter-
ogeneity is exhibited in many aspects of tu-
mour biology including cellular morphology
[1], karyotype [2, 3], growth rate [4], metastat-
ic potential [5] and antigen expression [6],
and lung cancers are particularly noted for
their heterogeneity [7]. The normal lung itself
is a complex organ of about 40 cell types,
capable of rapid cellular proliferation, differ-
entiation and tissue remodelling if required,
and the intricate micro-environment neces-
sary to control this undoubtedly contributes
to the variation seen within individual lung
tumours. The inherent multipotential nature
of lung stem cells [8] also indicates that a loss
of control of growth or differentiation could
result in heterogeneous populations of cells.

While an accurate diagnosis of tumour
type is important for choosing an appropriate
treatment regimen, the diverse multidifferen-
tiated state of many lung cancers makes this
prediction difficult. Therapeutically, lung
cancers are broadly classed as small cell lung
carcinoma (SCLC) or non-small cell lung car-
cinoma (NSCLC)[9]. SCLC (30% of lung can-
cers) exhibit neuroendocrine (NE) differentia-
tion, with the expression of markers including
L-dopa decarboxylase [10], creatine kinase-
BB isoenzyme [11], bombesin [12] and neu-
ron-specific enolase (NSE) [13] immunoreac-
tivity and dense core granules [14]. They also
grow rapidly, metastasise early and respond
relatively well, at least initially, to radiation
treatment and chemotherapy. NSCLC (70%
of lung cancers) include squamous, adenocar-
cinomas and large cell carcinomas. They are
generally radio- and chemoresistant and are
treated by surgical resection. However, these
broad categories are often inappropriate and
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misleading. Many variant SCLC (SCLC-V)
cell lines have now been described [15, 16].
These cells express some, but not all, of the
characteristics associated with SCLC NE dif-
ferentiation. Loss of these markers can be
accompanied by increased radiation and che-
motherapy resistance [15] similar to that seen
in NSCLC. Likewise, NE features once be-
lieved to be exclusive to SCLC have since
been demonstrated in many NSCLC tumours
and cell lines [17, 18], now described as
NSCLC-NE, where 2 or more NE markers are
observed. Evidence that NSCLC-NE has a
greater metastatic potential [19] and is more
sensitive to radiation treatment and chemo-
therapy than NSCLC [20, 21] could influence
the treatment of patients with such tumours.

The presence of overlapping features in
SCLC and NSCLC reinforces the ‘common
stem cell’ theory of lung cancer [22]. This
states that all lung cancers arise from a com-
mon precursor cell in the epithelium. Indeed,
in normal foetal lung development, all bron-
chial epithelial cells are derived from a single
cell type which lines the tracheobronchial
tree. Accepting this theory, along with the
supposition that most cancers are monoclonal
in origin, means that heterogeneity in tu-
mours arises as a consequence of the physio-
logical micro-environment already present in
the lung along with tumour-specific mecha-
nisms such as genetic instability, rather than
multiple cell types giving rise to diverse tu-
mour types. Therefore, examining the charac-
teristics and behaviour of tumour subpopula-
tions in isolation and in situ gives insight into
tumour development, progression, heteroge-
neity and metastasis, as well as normal cellu-
lar differentiation. In this study, we have
examined under various conditions the
growth of 3 clones isolated from a lung cell
line, with a view to understanding the signifi-
cance of heterogeneous tumour subpopula-
tions.
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Materials and Methods

Cell Culture

The cell line DLKP was established as described
previously [23] from a lymph node metastasis of a pri-
mary lung tumour which was histologically diagnosed
as a ‘poorly differentiated squamous cell carcinoma’.
The cells were cultured routinely in DMEM:Hams F12
(1:1) (Gibco BRL, Paisley, UK) supplemented with 5%
foetal calf serum (Sigma, Poole, UK) and 2 mM L-glu-
tamine (Gibco BRL) and were monitored regularly for
mycoplasma contamination (carried out in our lab).
While DLKP cells have been passaged over 90 times,
for the experiments described here, only cells at pas-
sage numbers 20-35 were used, unless otherwise
stated.

Establishment of DLKP Clones

Clones of the DLKP cell line were obtained by a
limiting dilution assay. An exponentially growing cul-
ture of DLKP cells (passage 5) was harvested by tryp-
sinisation, diluted in growth medium and plated at a
density of 1 cell per 3 wells of a 96-well cell culture
plate (Falcon, Oxford, UK). The plates were incubated
at 37°C in 5% CO, for 5 days, after which time wells
containing 1 colony of cells only were marked and cul-
tured further. The resulting clones were then re-cloned
in the same manner to ensure true clonal populations.
DLKP-I (intermediate clone) and DLKP-M (mesen-
chymal-like clone) were established in this manner.
DLKP-SQ (squamous clone) was cloned once only.

Determination of Chromosome Numbers

Preparation and harvesting of metaphase cells for
chromosome counting were carried out as described
previously [23]. Chromosome numbers were deter-
mined by microscopic analysis. At least 50 metaphase
spreads from each cell line were counted.

Growth Assays

Exponentially growing cells were used to set up all
growth assays. To examine growth in monolayer cul-
ture, cells were plated in 96-well culture plates at densi-
ties of 1 x 103 cells/100 pl/well in normal growth
medium supplemented with 5% serum. Following
overnight attachment at 37°C in 5% CO,, cells were
rinsed in pre-warmed PBS, and 100 ul of fresh me-
dium containing 0, 1 or 5% serum was plated. At
selected time points, the extent of growth was deter-
mined by a crystal violet dye elution assay [24].

In soft-agar assays, 1.5 x 10% cells suspended in
1.5 ml of 0.3% agar in growth medium were layered on
1.5 ml of 0.6% pre-set agar in growth medium in 35-
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mm tissue culture dishes (Falcon). Triplicate plates
were incubated at 37°C in 5% CO, for 10 days. Colo-
nies greater than 20 um in diameter were counted
microscopically, and average colony-forming efficien-
cy (CFE) was determined by expressing the number of
colonies formed as a percentage of the number of cells
plated.

Growth of the cells in suspension was examined
using glass spinner flasks (Techne, Cambridge, UK)
precoated with a siliconising agent, dimethyldichloro-
silane solution (BDH, Poole, UK) to prevent cell
attachment. Following sterilisation, flasks were inocu-
lated with 4 x 10* cells/ml in 50 ml growth medium
and incubated at 37°C on magnetic stirrers which
rotated a rod (35 rpm) inside the flasks, keeping the
cells in suspension. After 7 days, cells were harvested
and counted, and the flasks were re-seeded at initial
inoculating densities. After 6 weeks in culture, cells
were fed with 50 ml growth medium 3-4 days after re-
seeding, and this was found to increase growth.

In the serum-free assays, the medium used was an
adaptation of that described by Mendiaz et al. [25],
containing 10 pg/ml insulin and 5 pg/ml transferrin
(both from Sigma). Cells were cultured in 25-cm?
vented flasks (Costar, Cambridge, Mass., USA), and
proliferation was determined by cell counts.

Attachment Assays

50 ug/ml extracellular matrix (ECM) proteins col-
lagen type IV, laminin and fibronectin (all from Sigma)
in PBS-A were allowed to adsorb to 24-well plates (Fal-
con) overnight at 4 ° C. Wells were rinsed with PBS and
blocked with BSA (0.1%; Sigma)/PBS at 37°C for
15 min. Wells were rinsed again, and cells were plated
at 1 x 104 cells/well in DMEM:Hams F12 (1:1) with-
out serum. Cells were allowed to attach at 37°C, and at
each time point, medium and unattached cells were
removed, the wells were rinsed gently with PBS and
attached cells were stained with crystal violet dye
(BDH). Cell attachment was determined by a crystal
violet dye elution assay.

Electrical-Resistance Studies

Cell monolayers were seeded at confluent densities
into porous inserts (Falcon), suspended in 12-well tis-
sue culture plates (Falcon) and incubated at 37°C in
5% CO, for the duration of the assay. Electrical-resis-
tance measurements were carried out using an En-
dohm apparatus (World Precision Instruments, Fla.,
USA) which registered the resistance presented by the
monolayer to an electrical current. T84 colonic epithe-
lial cells (ATCC, Rockville, Md., USA) were used as a
positive control.

McBride/Meleady/Baird/Dinsdale/
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Immunological-Marker Detection

For immunocytochemical analysis, cells were ei-
ther grown on multiwell glass slides (CML, Nemours,
France) or cytocentrifuged onto glass slides and fixed
in ice-cold methanol (7 min) and acetone (2 min). A
limited number of formalin-fixed paraffin-embedded
sections of the original tumour were available for anal-
ysis. Staining was performed by the avidin-biotin-per-
oxidase technique using DAKO Labs ABC visualising
kits (DAKO, High Wycombe, UK) according to the
manufacturer’s instructions. Primary antibodies used
were as follows: anti-CAM 5.2 (Becton-Dickinson,
Erembodegem, Belgium), pan-cytokeratin (Sigma),
epithelial membrane antigen (DAKO), epithelial-spe-
cific antigen (Sigma), desmoplakin (gift from Dr. Da-
vid Garrod, University of Manchester, Manchester,
UK), desmosomal protein (Sigma), transglutaminase
(Biogenesis, Poole, UK), ap-integrin (gift from Dr.
Fiona Watt, Imperial Cancer Research Fund, London,
UK), neuron-specific enolase (NSE; DAKO), protein
gene product 9.5 (PGP 9.5; Ultraclone Cambridge,
UK) Leu 7 (Becton-Dickinson), neural-cell adhesion
molecule (DAKO), serotonin (DAKO), chromogranin
(DAKO), neurofilaments (Immunotech, Marseille,
France), glial fibrillary acidic protein (DAKO), vimen-
tin (DAKO), desmin (Sigma) and lymphocyte com-
mon antigen (DAKO).

Results

Establishment of Clones

Three morphologically distinct clones,
DLKP-SQ, DLKP-I and DLKP-M, were iso-
lated from the parental DLKP population
(fig. 1). DLKP-I and DLKP-M were cloned
and then re-cloned, while DLKP-SQ was
cloned once. The morphologies of clones
DLKP-SQ and DLKP-I are apparent in
DLKP, but the DLKP-M morphology ap-
pears slightly altered in isolation. Each clone
has been DNA fingerprinted (CellMark, Ox-
ford, UK; results not shown) and shown to be
derived from DLKP.

The DLKP-SQ morphology appears to
predominate in the parental DLKP popula-
tion (~ 70%). These cells are relatively large
squamous-like cells which form colonies with
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distinct cell boundaries in monolayer culture.
The DLKP-I morphology accounts for ~25%
of the DLKP population. These cells are
smaller than DLKP-SQ and grow in more
tightly packed colonies, with indistinct cell
boundaries. DLKP-M appears to account for
the remaining DLKP population (~ 5%). In
isolation, these cells are of intermediate size,
with irregular elongated shapes and possess
short neurite-like processes. They do not form
colonies in monolayer culture, but instead
grow in a scattered manner, with some cells
extending across neighbouring cells. In the
mixed parental population, these cells have a
more regular flattened appearance, but again,
they do not form colonies. Interconversion
occurs between the clones after about 20-25
passages in isolation. After this time, colonies
with DLKP-I morphology begin to appear in
cultures of DLKP-M and DLKP-SQ, and sim-
ilarly, colonies with DLKP-SQ morphology,
and to a lesser extent DLKP-M morphology,
can be seen in cultures of DLKP-I (fig. 1b, 2).
No interconversion has been observed be-
tween DLKP-M and DLKP-SQ.

Determination of Chromosome Numbers

Analysis of the respective chromosomal
numbers of DLKP and its 3 clones revealed a
range of chromosomal populations within
each line, but prominent populations were
evident in each case (fig.3). The largest
DLKP chromosomal population was hyperte-
traploid, with 40% of the cells containing
100-110 chromosomes. Thirty-six percent of
DLKP-I cells were roughly tetraploid (90-100
chromosomes), and DLKP-M exhibited the
closest-to-normal chromosome complement,
with 60% of cells being hyperdiploid (50-60
chromosomes). DLKP-SQ cells had the most
varied chromosome numbers. Thirty-six per-
cent of the cells had modal numbers between
90 and 100, while 27% had numbers between
100 and 110.

Tumor Biol 1998;19:88-103 91
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Fig. 1. Morphological appearance of DLKP (a), DLKP-I (b), DLKP-M (¢) and DLKP-
SQ (d) cultured in DMEM:Hams F12 (1:1) supplemented with 5% serum. Note that in b,
DLKP-SQ-like morphologies begin to appear in cultures of DLKP-1. I = DLKP-I like; M =
DLKP-M like; SQ = DLKP-SQ like. x 100.

Growth of DLKP and Clones

The growth curves of DLKP and its 3
clones in monolayer culture were determined
in the presence of 0, 1 and 5% serum (fig. 4).
At each serum concentration, the parental
DLKRP cells proliferated faster than any of the
clones. Of the clones themselves, DLKP-I

Fig. 2. Apparent interconversion of DLKP clones cells grew fastest in this assay, having growth

observed in culture. curves almost identical to those of DLKP.
92 Tumor Biol 1998;19:88-103 McBride/Meleady/Baird/Dinsdale/
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Fig. 3. Range of chromosomal populations determined in DLKP (a), DLKP-I (b), DLKP-
M (e) and DLKP-SQ (d). In a, the number of metaphase spreads assayed was 75, and in b-d,
it was 50.
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Fig. 4. Growth of DLKP and clones in monolayer culture in the presence of 0% serum (a),

1% serum (b) and 5% serum (e¢).
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Fig. 5. Growth of DLKP and its clones in spinner flasks. Flasks were initially inoculated
with 4 x 102 cells/ml. Proliferation was determined every 7 days by counting, after which
flasks were re-seeded at original inoculating densities.

Table 1. CFE of DLKP and its clones in soft agar

Cell Line

DLKP 37.58+7.72
DLKP-1 2.45+2.04
DLKP-M 13.08+0.27
DLKP-SQ 26.78+0.44

DLKP-SQ and DLKP-M grew relatively
poorly in the first few days of culture, ap-
pearing to be density dependent, but after this
slow start, their growth rates increased also.
The ability of each cell line to form colo-
nies in soft agar was examined. The DLKP
cells had the highest CFE (38%, table 1). Sur-
prisingly, DLKP-I effectively had no ability to

Clonal Variation in a Lung Cell Line

form colonies (2.5%). In contrast, DLKP-SQ
had the best CFE of the clones (27%), and
DLKP-Mwasintermediate, witha CFEof 13%.

The DLKP cells were also found to be the
most efficient of the 4 lines at growing in sus-
pension in spinner flasks (fig. 5). DLKP-SQ
were found to grow better than the other 2
clones in this assay, too. All lines grew in
aggregates of up to ~ 1 mm in diameter. In
order to determine whether the lack of sub-
strate adherence and enforced growth in sus-
pension affected the morphology of the cells
in any way, aliquots of each cell line were
placed in tissue culture flasks after passages 5
and 10 in spinner flasks. After a few days,
morphologies of the resulting attached colo-
nies were examined microscopically. The
morphologies of cells examined after 5 pas-
sages in spinner culture seemed unchanged.

Tumor Biol 1998;19:88-103 95
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Fig. 6. Appearance of DLKP (a), DLKP-I (b), DLKP-M (e¢) and DLKP-SQ (d) in mono-
layer culture in tissue culture flasks after 10 passages growing in suspension in spinner flasks.
% 100.

However, after 10 passages, it appeared that
the DLKP population had become homoge-
neous, with all cells having the squamous phe-
notype of DLKP-SQ (fig. 6). DLKP-SQ itself
appeared unchanged, while DLKP-I appeared
mixed, having colonies of both its own and
the squamous phenotype. DLKP-M also ap-
peared unchanged. It would thus seem that
growth of these cells in suspension causes an
interconversion towards the squamous phe-

96 Tumor Biol 1998;19:88-103

notype represented by DLKP-SQ. It is unlike-
ly that selection of a small subpopulation was
involved since high numbers of viable cells
were grown in all of the cultures.

When cultured in serum-free medium, the
numbers of DLKP-SQ and DLKP-M cells
failed to increase above seeding-density levels
at any stage, regardless of the frequency of
medium change or length of time in culture.
In contrast, despite an initial slow start,
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DLKP and DLKP-I grew well under these
serum-free conditions and were cultured for
up to 10 passages at a time (fig. 7). However,
the addition of 5 pg/ml fibronectin to the
serum-free medium had a dramatic effect on
the proliferation of DLKP-SQ and DLKP-M
cells. In the presence of fibronectin, both
clones were found to have growth rates simi-
lar to those of DLKP and DLKP-I under the
same conditions (fig. 7).

Attachment Properties of Clones

When the rate of attachment of the cells to
ECM proteins was examined, it was found
that of the 4 lines, DLKP-M adhered more
rapidly than the other cell types to fibronectin
after 15 min of incubation and also appeared
to have a greater affinity for collagen after
30 min (fig. 8). In addition, DLKP-M at-
tached more rapidly than the other lines to
plastic. The extent of attachment of DLKP-M
cells to fibronectin determined after 30 min
was less than that determined after 15 min. In
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all other cases, attachment was found to in-
crease with time,

Electrical-Resistance Measurements

The presence of tight junctions in con-
fluent monolayers of DLKP and its clones was
determined by measuring the resistance of the
monolayers to an electrical current. Increased
electrical resistance is indicative of tight junc-
tion formation as cells grow tighter together
and an epithelial barrier is formed. T84 cells,
human colonic cells classically used in these
experiments, were used as a positive control.
The resistance of these cells increased over 8§
days from 80 Q to over 600 Q (fig. 9). No
increase in resistance was observed in DLKP
or its clones, indicating that these cells do not
contain tight junctions and are therefore un-
polarised epithelial cells.

Determination of Marker Expression
An extensive immunocytochemical analy-
sis was carried out on DLKP and its 3 clonal

Tumor Biol 1998;19:88-103 97
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Fig. 8. Attachment of DLKP and its clones to ECM proteins after 15 min (a) and 30 min
(b). P1 = plastic; Coll. = collagen type IV; FN = fibronectin; LM = laminin.

derivatives in order to characterise the cells
and allow comparisons with both tumour and
normal lung cell types. The original tumour
sample and all 4 DLKP lines derived from it
were found to express effectively no cytokera-
tin intermediate filaments (table 2). Two dif-
ferent antibodies were used: Cam 5.2 which
reacts with keratins 8 and 18 and a pan-cyto-
keratin antibody which detects keratins 1, 4—
6, 8, 10, 13, 18 and 19. With the latter anti-
body, a very small number of cultured cells
(<1%) stained positively. Other epithelial
markers, epithelial membrane antigen, epi-
thelial-specific antigen, desmosomal protein
and desmoplakin, were also absent from the
tumour sample, cultured cells or both. Trans-
glutaminase, a marker of squamous differen-
tiation, was not detected, either. These results
were unexpected as the tumour had been his-
tologically diagnosed as a poorly differen-

98 Tumor Biol 1998;19:88-103

tiated squamous cell carcinoma. In contrast,
the tumour stained strongly positive for 2 NE
markers, NSE and PGP 9.5. DLKP and its
clones also reacted positively with NSE and
PGP 9.5 antibodies, as well as with an anti-
body specific for neurofilaments. However,
other NE antigens examined were not detect-
able. The tumour slides were negative for Leu
7 expression, and the cell lines were also nega-
tive for neural-cell adhesion molecule, sero-
tonin and chromogranin expression.

While all cultured DLKP cells expressed
vimentin, an intermediate filament protein
present in cells of mesenchymal origin, the
original tumour block contained no vimentin-
positive cells. This suggests that vimentin ex-
pression was induced as a result of culture
conditions rather than being constitutively ex-
pressed by DLKP cells. The induction of
vimentin expression in non-mesenchymal

McBride/Meleady/Baird/Dinsdale/
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Fig. 9. Electrical resistance ex-
hibited by confluent monolayers of
DLKP and each lone.

Table 2. Expression of
biological markers in the original
tumour biopsy, DLKP
(passages 6 and 29) and each of
the clones

Clonal Variation in a Lung Cell Line

IRRRS RS RRE AR RRR RRR AR IR IR RS
b SO BRI R SR R
Days: in:culture

Matker LKP DLKP DLKP-1

LKP-M DLKP-SQ
block  (P6)  (P29) :

Cam 5.2 Neg. Neg. Neg. Neg. Neg. Neg.

Cytoker. n.d. Neg. Neg. Neg. Neg. Neg.
EMA Neg. n.d. n.d. n.d. n.d. n.d.

ESA n.d. n.d. Neg. Neg. Neg. Neg.
Desmoplk. n.d. n.d. Neg. Neg. Neg. Neg.
Desmo.Pro. n.d. n.d. Neg. Neg. Neg. Neg.
Transgl. n.d. n.d. Neg. Neg. Neg. Neg.
ap-integ. n.d. n.d. Pos. Pos. Pos. Pos.
NSE Pos. n.d. Pos.  Pos. Pos. Pos.
PGP9.5 Pos. Pos.  Pos.  Pos. Pos. Pos.
Leu?7 Neg. n.d. n.d. n.d. n.d. n.d.

NCAM n.d. n.d. Neg. Neg. Neg. Neg.
Serotonin n.d. n.d. Neg. Neg. Neg. Neg.
Chromogr. n.d. n.d. Neg. Neg. Neg. Neg.
Neurofil. n.d. n.d. Pos.  Pos. Pos. Pos.
GFAP n.d. n.d. Neg.  Neg. Neg. Neg.
Vimentin Neg. n.d. Pos.  Pos. Pos. Pos.
Desmin n.d. n.d. Neg.  Neg. Neg. Neg.
LCA n.d. Neg. Neg. Neg. Neg. Neg.

Cytoker. = Cytokeratin; EMA = epithelial membrane antigen; ESA =
epithelia-specific antigen; Desmoplk. = desmoplakin; Desmo.Pro. = des-
mosomal protein; Transgl. = transglutaminase; op-integ. = op-integrin;
NCAM = neural-cell adhesion molecule; Chromogr. = chromogranin;
Neurofil. = neurofilaments; GFAP = glial fibrillary acidic protein; LCA =
lymphocyte common antigen; n.d. = not determined; Neg. = negative;
Pos. = positive.

Tumor Biol 1998:19:88-103 99
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cells under culture conditions is a frequent
occurrence. No cells were positive for glial
fibrillary acidic protein or desmin, which are
the intermediate filaments present in glial and
smooth muscle cells, respectively.

ap-Integrin is a membrane glycoprotein in-
volved in cellular binding to ECM proteins.
While expression of this protein was detect-
able in DLKP and each of the clones, DLKP-
M cells were found to contain higher levels of
this integrin than the other clones as deter-
mined by the intensity of the immunocyto-
chemical staining (results not shown).

To rule out the possibility that the tumour
was in fact lymphatic in origin and not a
metastasis from the lung, the presence of lym-
phocyte common antigen was examined.
DLKP and the 3 clones were negative for this
marker.

Discussion

The mechanisms which give rise to karyo-
typic, morphological and phenotypic tumour
heterogeneity are unclear. Genetic instability
[26], adaptive evolution [27] and the domi-
nance of a primary lesion by a single clone
[28] are believed to be involved in tumour cell
progression, but few clonal model systems ex-
ist for the study of these processes and for the
determination of the physiological conditions
which influence them. Khan et al. [1] have
reported the isolation of 2 sublines from a
classic SCLC cell line which exhibited signifi-
cant differences in morphology and doubling
times from those of the parental line, and Res-
nicoff et al. [29] report the isolation of sub-
populations, including a stemcell-like popula-
tion, from a breast tumour cell line, but nei-
ther cases involved true clonal populations.
Another model established by Yao and Rubin
[30] examined heterogeneous clonal progres-
sion in mouse fibroblasts as determined by
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morphological and proliferative parameters,
illustrating phenotypic conversion, reversal
and adaptability of clonal populations in re-
sponse to growth conditions. This adaptation
of tumour subpopulations to growth condi-
tions, similar to our findings with DLKP, is
considered part of the carcinogenic process
[31] and is likely to be significant in tumour
establishment, progression, metastasis and re-
sistance to treatment.

The morphological diversity of the DLKP
clones is reflected in their respective chromo-
some numbers and may indeed be related to
them. Burholt et al. [2, 3] observed that the
karyotypic evolution of several cultured un-
differentiated large cell lung carcinoma cell
lines follows an orderly and predictable pat-
tern. The sequence consists of a relatively rap-
id doubling of the chromosome number,
creating a tetraploid population, followed by a
gradual loss of chromosomes. It is possible
that the 3 DLKP clones, with their distinct
chromosomal profiles, represent different
stages of a similar process, where a continuous
cycle of chromosome doubling and subse-
quent chromosome loss is occurring. The
changes in the balance of gene expression
accompanying the fluctuating chromosome
populations could result in the diverse, yet
interconverting, morphologies observed in
the clones.

In addition to morphological and chromo-
somal differences, growth capacities of the
DLKP clones varied greatly under the various
growth conditions examined. Of the 3 clones,
DLKP-I proliferated the fastest in serum-sup-
plemented and in defined serum-free me-
dium, the latter assay suggesting that this
clone is producing autocrine factors which
DLKP-SQ and DLKP-M are lacking. Differ-
ences in medium requirements were again
seen when the addition of a single factor,
fibronectin, was found to be capable of stimu-
lating growth of DLKP-SQ and DLKP-M to
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levels similar to DLKP-I, while no such
growth increase was seen in DLKP-I itself. In
contrast, DLKP-SQ had the best CFE in soft
agar and also grew best when cultured in sus-
pension in spinner flasks, again illustrating
differences in the growth potentials of the 3
clonal populations.

In our studies, we observed that the clonal
subpopulations derived from DLKP are capa-
ble of morphological conversions depending
on growth conditions. It seems that the
DLKP-I cells may be an intermediate pheno-
type between those of DLKP-SQ and DLKP-
M or possibly a stemcell-like population
which can give rise to either of the other 2
phenotypes, depending on growth conditions.
Growth in suspension in spinner flasks which
allows the formation of 3-dimensional colo-
nies led to the mixed DLKP population be-
coming homogeneously squamous in appear-
ance (similar in morphology to DLKP-SQ,
which was the clone which grew best under
these conditions), and the DLKP-I phenotype
also changed towards a squamous morpholo-
gy. The original tumour biopsy was also histo-
logically diagnosed as a poorly differentiated
squamous carcinoma. It thus appears that the
squamous phenotype exhibited by these cells
may be suitable for their growth in the ab-
sence of a surface to colonise. The apparent
ability of DLKP-SQ to revert to the DLKP-I
morphology in culture reflects the plasticity of
tumour cells which allows them to survive
and to adapt to their environment.

The interconversion between DLKP-I and
DLKP-M may also reflect this plasticity.
DLKP-M has several features seen in mesen-
chymal-type cells. For example, the DLKP-M
cells do not tend to grow in a monolayer, but
as scattered cells with a fibroblast-like mor-
phology and with processes which often ap-
pear to extend over each other. Even in paren-
tal DLKP cultures, they do not appear to form
cell-cell contacts. Metastatic cells must attach

Clonal Variation in a Lung Cell Line

to the basement membrane, where they enzy-
matically work their way into the vascular sys-
tem and into circulation [32]. Of the 4 lines,
the DLKP-M cells were found to attach most
rapidly to the ECM proteins, collagen and
fibronectin. In the case of fibronectin, the
cells initially appeared to attach rapidly
(15 min), but then seemed to detach again.
The adhesion properties of metastasising cells
are complex [33], and their interactions with
ECM proteins must allow for substrate adhe-
sion, but also motility. The ECM attachment
and detachment kinetics of DLKP-M cells
may reflect these interactions. Additional
work must be carried out to determine the
metastatic potential of the DLKP-M cells and
whether they do represent a metastatic pheno-
type, and further study of the DLKP-I/
DLKP-M interconversion should prove bene-
ficial to our understanding of tumour progres-
sion.

Extensive characterisation work which in-
cluded physiological and biological studies
was carried out here in order to identify as
accurately as possible the cell types, both nor-
mal and tumour, which DLKP and its clones
may represent in vivo. When examined by
transmission electron microscopy (carried out
by Dr. David Dinsdale, MRC Toxicology
Unit, University of Leicester, UK), neither
the clones nor their parental cells, DLKP,
exhibited any distinguishing ultrastructural
characteristics such as dense core granules or
lamellar bodies, which are present in NE and
secretory cells, respectively, suggesting an
overall lack of differentiation (results not
shown). In addition, tight junctions, which are
present in normal epithelial cells, do not ap-
pear to be present in any DLKP cells. The
immunological studies concurred with these
observations, with the failure to detect any
epithelial markers examined. Therefore,
DLKP and its clones may represent a poorly
differentiated stemcell-like lung epithelial li-
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neage which has potential for both prolifera-
tion and differentiation. In the mature lung,
no distinct stem cell lineage has yet been iden-
tified, but at least 3 cell types, Clara, Type II
and basal cells, are capable of non-terminal
division and differentiation. Of these 3 cell
types, DLKP cells most closely resemble basal
cells with regard to their lack of differentia-
tion features.

The range of biological markers expressed
(and sometimes more significantly not ex-
pressed) in the DLKP cells and the tumour
from which they were derived is consistent
with that of variant SCLC cells or NSCLC-
NE. The absence of cytokeratin intermediate
filaments coupled with the presence of neuro-
filaments is typical of SCLC-V [34]. Similarly,
the continued expression of PGP 9.5 and in
particular NSE in the absence of several other
NE markers such as neural-cell adhesion mol-
ecule and elements of the APUD system such
as dense core granules, chromogranin A and
serotonin (5-HT) is another criterion for
SCLC-V classification [15]. In addition, con-
version to a NSCLC-like morphology is often

evident in SCLC-V cells [15], and again, con-
sistent with this, the DLKP cells grow mainly
attached, with a small proportion (<5%)
growing in suspension. NE cells are the first
mature cell type to appear in the developing
lung. NSE immunoreactivity is one of the ear-
liest NE markers observed in these cells, ap-
pearing before most neuropeptides can be de-
tected [35]. Therefore, the presence of NSE
positivity in cells which do not contain neuro-
peptides or APUD elements as is the case
with DLKP, may indicate that such cells are
at a very early stage of differentiation and can
theoretically progress towards several distinct
phenotypes. Maintaining this plasticity is of
obvious benefit to tumour cells as they remain
uncommitted to any single differentiation
pathway and so are free to adapt to a changing
environment. DLKP and its clonal variants
may prove to be a useful model for the study
of tumorigenic progression. In particular the
possible identification of DLKP-I as a stem-
cell-like population may give insight into both
normal and aberrant developmental processes
in the lung.
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