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Abstract

Elevations in cyclin D1 content increase the phosphorylation status of retinoblastoma (Rb) protein to encourage cell cycle
transit. We sought to determine if cyclin D1 content could be used as an index of cell proliferation in mouse lung epithelia
following growth manipulations in vitro and in vivo. Rb protein concentration was high in 82-132 and LM2, two fast-growing
neoplastic mouse lung epithelial cell lines. The hyperphosphorylated form of Rb predominated in these two cell lines, while Rb
in slower-growing cell lines was predominantly hypophosphorylated. Consistent with this, more cyclin D1 protein was
expressed in the fast-growing cell lines than in slower-growing cells. We therefore tested whether cyclin D1 content varied
with growth status. The amount of cyclin D1 decreased upon serum removal coincident with growth inhibition and then
increased upon serum re-addition which stimulated resumption of proliferation. This correlation between cyclin D1 content
and growth status also occurred in vivo. Cyclin D1 content increased when lungs underwent compensatory hyperplasia
following damage caused by butylated hydroxytoluene administration to mice and in lung tumor extracts as compared with
extracts prepared from uninvolved tissue or control lungs. We conclude that elevated cyclin D1 levels account, at least in part,
for the hyperphosphorylation of Rb in neoplastic lung cells, and are associated with enhanced lung growth in vitro and in vivo.
© 2001 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction noblastoma (Rb) protein [1]. Hypophosphorylated Rb
can sequester the transcription factor E2-F1, prevent-

A major site that regulates entrance into the S phase ing E2-F1 from activating genes that encode products
of the cell cycle is the phosphorylation status of reti- required for DNA replication [2]; phosphorylation of

RbD releases E2-F1. Rb is phosphorylated to become
pRb by either of two cyclin D-dependent protein
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315-6281. E [3]. The activity of these kinases is stimulated by
E-mail address: al.malkinson@uchsc.edu (A.M. Malkinson).

0304-3835/01/$ - see front matter © 2001 Elsevier Science Ireland Ltd. All rights reserved.
PII: S0304-3835(01)00480-3



166 C.L. Mamay et al. / Cancer Letters 168 (2001) 165172

cyclin D1 and inhibited by the INK 4 and CIP/KIP
families of cyclin kinase inhibitors [4,5].

Neoplastic growth is typified by aberrations in these
G1 controls that decrease the cellular content of hypo-
phosphorylated Rb. Small cell lung carcinoma
(SCLC) and non-small cell lung carcinoma
(NSCLC) differ from each other in how they inacti-
vate the Rb brake. Homozygous deletion of the RB
gene is frequent in SCLC [6], while in human NSCLC
neither deletion nor mutation of this gene occurs with
high frequency [7]. In mouse lung tumors (a model for
human adenocarcinoma) [8], Rb mRNA was lower
than in normal lung [9,10], while tumor Rb protein
content increased in one report [10] but not in another
[11]. These differences in immunoblotting assess-
ments may reflect the heterogeneous distribution of
Rb protein in these tumors [10]. pl6 is frequently
altered, however, both in NSCLC and in the mouse
model [12,13]. Cdkn2a, the gene encoding pl6,
undergoes homozygous deletion and is considered a
tumor suppressor gene for this cancer [12]. While
expression of the p18 and pl19 members of the INK
4 family was the same among 18 different mouse lung
epithelial cell lines, pl5, pl6a, and pl6p were
expressed only in slow-growing cells [13]. p16 alleles
that remain extant in the tumors may be transcription-
ally silenced, probably by methylation at the 5’
upstream promoter [14,15].

Cyclin D1 also plays a role in the growth status of
lung epithelial cells. Cyclin D1 is overexpressed in
most NSCLC cell lines, whereas elevated cyclin D1
expression in SCLC cell lines is rare [16]. The impor-
tance of cyclin D1 in regulating the growth of mouse
lungs is indicated by the fact that stable transfection
with an antisense oligonucleotide to cyclin D1 reduced
the growth rate in vitro and upon SC implantation into
mice [17]. Herein we extend the analysis of Rb and
cyclin D1 in the mouse lung, and find that Rb hyper-
phosphorylation is positively correlated with growth
rate. Further, the cellular content of cyclin D1 plays a
major role in this regulation as shown by its association
with growth status following experimental manipula-
tions. This tumor model thus resembles NSCLC where
similar changes in Rb and cyclin D1 occur that do not
take place in SCLC [14]. As in NSCLC, alterations in
both pl6 and cyclin D1 characterize mouse lung
neoplasia. If Cdkn2a is a tumor suppressor gene, it
follows that cyclin D1 overexpression may be onco-

genic. Cyclin D1 is a useful marker of enhanced prolif-
eration in non-tumorigenic pulmonary lung epithelial
cells and in certain types of lung neoplasia.

2. Materials and methods
2.1. Mouse lung epithelial cell lines

The cell lines used herein were described exten-
sively in a review [18]; their growth characteristics
are briefly summarized in Table 1. C10 and E10 cells
are non-tumorigenic but immortalized cell lines that
displayed at early passage features of alveolar type 2
cells [19], one of the cell types of origin of lung adeno-
carcinoma. E9 is a spontaneous transformant of E10
that is characterized by neoplastic properties such as
anchorage-independence, tumorigenicity, and a lack of
density-dependent inhibition of growth [20]. 82-132
and LMI1 cells are derived from solid lung tumors
induced by ethyl nitrosourea and urethane, respec-
tively [21]. The LM2 line was derived from a
urethane-induced papillary tumor [22] and PCC4
from a spontaneously occurring papillary tumor [21].

2.2. Preparation of lung samples from butylated
hydroxytoluene-treated mice

Six-week-old BALB/cByJ male mice were
obtained from Jackson Laboratories (Bar Harbor,
MI). They were fed Wayne Lab Blox and given
water ad libitum, and maintained on hardwood
bedding with a 12 h light/dark cycle. Two weeks
after arrival they were injected intraperitoneal (i.p.)
with butylated hydroxytoluene (BHT) (200 mg/kg
body weight) (Sigma, St. Louis, MO) dissolved in

Table 1
Growth properties of mouse lung epithelial cell lines®

Cell line Tumorigenicity Growth rate Anchorage dependence

C10 - Slow +
El10 - Slow +
LMI1 + Slow -
E9 + Moderate -
LM2 + Fast -
82-132 + Fast -
PCC4 + Fast -

* Cell line properties are described in detail in Ref. [18].
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Mazola® corn oil or with only the corn oil vehicle as a
control, as described previously [23]. The mice were
sacrificed by lethal pentobarbital anesthesia and their
lungs perfused with 0.9% saline. Homogenates were
prepared by Dounce homogenization in 5 X wt./vol.
of 20 mM HEPES (pH 7.5), 2 mM EDTA, 2 mM
EGTA, 1 mM dithiothreitol, 10% glycerol, 5 pg/ml
aprotinin, 10 uM leupeptin, and 1 mM phenylmethyl-
sulfonyl fluoride (PMSF). Homogenized samples
were separated into soluble and particulate fractions
by a 16 000 X g centrifugation for 30 min. Prior to
SDS-PAGE analysis, samples were added to a protein
solubilizing mixture (500 mM Tris (pH 6.8), 10%
SDS, 2 mM B-mercaptoethanol, 20% glycerol, and
0.25% pyronine Y).

2.3. Preparation of lung tumor extracts

Tumors were induced in A/J mice with a 1 mg/g
dose of urethane, as described previously [24]. Ten
months after injection, tumors and portions of
normal-appearing lung were dissected and samples
were prepared as described above.

2.4. Western blotting

Cells were harvested at 70% confluency and
washed in phosphate-buffered saline. The cell pellets
were solubilized in a buffer containing 50 mM Tris—
HCI (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1%
deoxycholate, and 5 pg/ml final concentration of the
protease inhibitors leupeptin, aprotinin, and PMSF.
Aliquots were removed and sheared through a syringe
needle for protein concentration determination [25].
The remaining cells were resuspended in a protein
solubilizing mixture (500 mM Tris (pH 6.8), 10%
SDS, 2 mM B-mercaptoethanol, 20% glycerol, and
0.05% Bromophenol Blue) at 14 X 107 cells per ml,
immediately boiled for 5 min, sheared through a
syringe needle to reduce viscosity, aliquotted, and
stored at —80°C. Anti-pRb, a kind gift from Dr
Wen-Hua Lee (University of Texas Health Science
Center, San Antonio, TX), was used to estimate Rb
amounts. The secondary antibody was a horseradish
peroxidase-conjugated anti-rabbit IgG (Biorad,
Hercules, CA). To estimate cyclin D1 concentrations,
a polyclonal antibody prepared against an 11 amino
acid C-terminal epitope on human cyclin D1 was
purchased from Upstate Biotechnology, Inc. (Lake

Placid, NY) and used at a dilution of 1:1000. The
secondary antibody was a horseradish peroxidase-
conjugated goat anti-mouse IgG from Santa Cruz
Inc. (Santa Cruz, CA). Proteins were transferred to
Immobilon-P  transfer =~ membranes (Millipore,
Bedford, MA) and detected using enhanced chemilu-
minescence (Amersham, Piscataway, NJ). Ponceau
(Sigma, St. Louis, MO) staining of proteins on the
membranes was used to ensure equal loading.

2.5. Proliferative measurements in vitro

DNA content was determined by fluorescence-acti-
vated cell sorter analysis by the University of Color-
ado Cancer Center Flow Cytometry Core to assess cell
cycle distribution.

3. Results

3.1. Rb and cyclin D1 protein contents in several
mouse lung cell lines

Differences among the cell lines were noted for
both proteins. The highest amount of Rb protein was
in two of the fast-growing tumor-derived cell lines,
namely 82-132 and LM2 (Fig. 1A). The two bands
migrating at 116 and 110 kDa are thought to represent
the phospho (pRb) and dephospho (Rb) forms of Rb,
respectively, and their relative amounts varied among
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Fig. 1. Immunoblot analysis of cyclin D1 and Rb expression levels
in mouse lung cell lines. Extracts were prepared from the indicated
cell lines and subjected to SDS-PAGE. Proteins were then trans-
ferred to membranes and probed with anti-Rb (A) or anti-cyclin D1
(B) antibodies. Ponceau staining of the membranes was used to
verify equal protein loading. Mouse lung cell lines: E9 (lane 1);
E10 (lane 2); C10 (lane 3); LM2 (lane 4); LM1 (lane 5); and 82-
132 (lane 6). Results shown are a representation typical of each of
three independent experiments.
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the cell lines. 82-132 cells had more of the pRb
protein than Rb protein, E9 and LM2 had roughly
equal amounts of pRb and Rb, LM1 had a trace
amount of pRb, while the two non-tumorigenic
lines, C10 and E10, contained only Rb. The pRb/Rb
thus correlates with the growth rates of these cells,
with the faster-growing cells (82-132 and LM?2)
having the highest pRb/Rb ratio and the slowest-
growing cells (LM1, E10, and C10) having the lowest
pRb/RD ratio. E9 cells have a proliferative rate that is
intermediate to these groups [26] and also have an
intermediate pRb/Rb ratio.

Upon immunoblotting for cyclin D1 in the cell lines,
one to three bands were seen at 34.6, 37.1, and 39.8
kDa, with the middle band being predominant and the
lower band observed only occasionally (Fig. 1B). The
cyclin D1 antibody cross-reacts with cyclin D2 which
has a highly homologous epitope [27]; Western blots of
cyclin D1 using other antibody sources also reveal at
least a doublet [28]. The faster-growing cells (82-132
and LM2) contained the most cyclin D1.

A clear trend can thus be seen between the quanti-
ties of cyclin D1 and the pRb/Rb ratio. Cells with a
relatively high amount of hyperphosphorylated Rb,
such as 82-132 and LM2, also have a high cyclin
D1 content. Cells that mainly contain dephospho
Rb, such as LM1, E10, and C10, have the lowest
amounts of cyclin DI.

3.2. Manipulation of lung cell growth status to
examine the correlation between cyclin D1 content
and proliferation

One in vitro and two in vivo studies were done. The
first experiment was to deprive normal E10 cells of
serum, a manipulation which is cytostatic for this line,
as shown in Table 2. After 24 h without serum, E10
cells were incubated in the presence of serum for an
additional 24 h to stimulate growth again. Samples
were taken from control (never serum-deprived),
serum-deprived, and serum-replenished cells, and
cyclin D1 content was examined by immunoblotting.
The amount of cyclin D1 dramatically diminished
when cells ceased to grow and then increased nearly
back to control levels 24 h after the re-addition of
serum (Fig. 2).

Two independent experiments were performed to
assess pulmonary cyclin D1 content during compen-

Table 2
Cell cycle distributions of the E10 cells used in Fig. 2

% GO/G1 % S % G2/M
Control® 80.9 14.1 1.8
Serum-deprived 94.0 3.7 1.9
Serum-replenished 81.6 13.0 1.9

* See Section 2 for a description of serum manipulations of E10
cells.

satory hyperplasia in vivo. Upon i.p. injection of BHT
into mice, the type 1 pneumocytes that line most of the
alveolar septae are damaged [29]. This is a reversible
injury and its repair is characterized by massive
hyperplasia of type 2 pneumocytes, endothelial
cells, and interstitial cells [30]. This can be used as
a non-neoplastic model of biochemical changes asso-
ciated with proliferation [31]. The peak time of cellu-
lar accretion is 6 days after BHT administration [32].
Cyclin D1 was undetectable in control quiescent lungs
or 4 h after BHT treatment, but gradually increased 1,
3, and 6 days after treatment (Fig. 3A).

Ten months following injection of a 1 mg/g body
weight dose of urethane into adult A/J mice, malignant
and benign tumors are typically observed [8]. Tumor
and normal-appearing tissue (uninvolved tissue) were
dissected from five individual mice, along with age-
matched A/J control mice that had been injected with
only the saline vehicle. The cyclin D1 content of these
samples was estimated by immunoblotting. In
common with the lung injury study of Fig. 3A, cyclin
D1 was undetectable in control lungs. In two indepen-
dent studies, benign tumors contained slightly more

Cyc D
1 2 3

Fig. 2. Immunoblot analysis of cyclin DI expression in serum-
deprived and serum-replenished E10 mouse lung cells. Cellular
extracts were prepared following growth manipulations and
subjected to SDS-PAGE. Proteins were then transferred to
membranes and probed with an anti-cyclin D1 antibody. Ponceau
staining of the membranes was used to verify equal protein loading.
Control (lane 1); serum-deprived (lane 2); and serum-replenished
(lane 3). Results shown are representations of each of two indepen-
dent experiments.
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Fig. 3. Immunoblot analysis of cyclin D1 expression in lungs from
BHT-treated BALB/cByJ mice and urethane-treated A/J mice.
Tumors and portions of normal-appearing lung were dissected,
and extracts prepared and subjected to SDS-PAGE. Proteins were
then transferred to membranes and probed with an anti-cyclin anti-
body. Ponceau staining of the membranes was used to verify equal
protein loading. (A) Times after BHT administration to mice: 0 h
(lane 1); 4 h (lane 2); 1 day (lane 3); 3 days (lane 4); and 6 days (lane
5). (B) Samples collected 10 months after urethane administration
to mice: control (lane 1); normal-appearing, uninvolved lung (lane
2); benign tumors (lane 3); and malignant tumors (lane 4). Results
shown are a typical representation found in each of two independent
experiments.

cyclin D1 than malignant tumors (Fig. 3B), while in
three other studies, malignant tumors had slightly more
cyclin D1 than benign tumors (data not shown). In all
five independent experiments, however, both classes of
tumors had much more cyclin D1 than uninvolved
tissue and normal lung controls.

Because cyclin DI content rose with increased
growth rate in all of these experiments, we infer that
the amount of cyclin D1 is a valid indicator reflecting
the growth status of mouse lung epithelium.

4. Discussion

Adult mouse lung is proliferatively quiescent
unless responding to chemically-induced injury [30],
partial ablation [33], or during neoplasia [34]. The
signals regulating this transition from stasis to active
growth are unknown. Enhanced expression of cyclin
DI, a required element in the transit from G1 to S

phase, occurred during compensatory hyperplasia
following BHT-induced Iung damage and in
urethane-induced tumors (Fig. 3). Fast-growing 82-
132 and LM2 cells expressed elevated amounts of
cyclin D1 and Rb proteins. Most neoplastic lung cell
lines contained more cyclin D1 than non-tumorigenic
E10 and C10 cells (Fig. 1) except for LM1 cells whose
growth rate is as slow or slower than that of non-
tumorigenic E10 and C10 cells [18]. This apparent
growth dependence of cyclin D1 expression was
confirmed when lung cell proliferative status was
experimentally perturbed. Cyclin D1 levels decreased
when E10 cells were made cytostatic by serum depri-
vation and then rose upon serum replenishment (Fig.
2). Variations in cyclin D1 content were reflected in
the phosphorylation status of Rb. Rb was predomi-
nantly phosphorylated when cyclin D1 content was
high, while dephospho Rb was the main form present
when cyclin D1 levels were low (Fig. 1).

Several markers have been used to monitor mouse
pulmonary proliferation. These include lung DNA
content [32], incorporation of [3H]thymidine or
bromodeoxyuridine into DNA [34], the amount of
the proliferating cell nuclear antigen subunit of
DNA polymerase 8 [35], and the activity of thymidine
kinase [32]. According to the results presented herein,
cyclin D1 is also an effective and convenient marker
of lung growth. Cyclin D1 was barely detectable in
quiescent non-neoplastic lung extracts, but became
abundant during regenerative repair and upon
neoplastic conversion. Determining the amount of
cyclin D1 could be of value in studies of fetal lung
development, early stages of injury/repair, and the
development of hyperplastic foci. Interestingly, E9
cells transfected with excess Gjal, the gene encoding
the Cx43 connexin protein found in gap junctions,
displayed both slower growth and a lower cyclin D1
content than their parental E9 cells [36].

Does cyclin D1 itself stimulate proliferation or
merely mediate exposure to positive growth factors
as a cell cycle component? One experimental
approach to questions of causality is genetic manip-
ulation. Transfection with antisense oligonucleotides
to cyclin D1 diminished cellular cyclin D1 content
and depressed the growth of LM2 cells in vitro and
in vivo [17]. This suggests the utility of such antisense
strategies for treating lung cancer. Cyclin D1 content
is inversely related to that of the INK 4 inhibitors. The
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pl5, pl6a, and p163 genes were deleted in the most
rapidly proliferating cells, namely LM2, 82-132, and
PCC4, while the slow-growing neoplastic LM1 line
and the non-tumorigenic E10 and C10 cell lines not
only retained these genes but expressed them [13].
Reducing cyclin D1 while elevating Cdkn2a expres-
sion might be a particularly effective therapeutic
maneuver. It should be noted that Cdkn2a has been
suggested as a candidate for a lung tumor suppressor
gene in mice [37].

K-ras mutation occurs in one-third to one-half of
human lung adenocarcinoma patients [38] and is the
initiating mutation in both NNK [39] and urethane
[40] induced mouse lung cancer. The rapidly dividing
82-132 cells contain predominantly pRb and a high
cyclin D1 content but lack mutations in K-ras [22].
The oncogene that maintains 82-132 cells in a
neoplastic state in unknown, and illustrates the point
that neoplastic conversion of lung epithelium into an
adenocarcinoma can occur through various pathways.
It would be interesting to examine the mutational
status of the promoter region of the cyclin D1 gene
in 82-132 cells.

Dozens of alterations in gene structure or content
have been found in mouse and human lung cancer
along with many more changes in gene expression
[41]. These include genes encoding growth factor
receptors [42,43], signal transducing G proteins
[36,38], and protein kinase effector molecules
[44,45]. Gene therapy studies demonstrate that rever-
sing the consequences of a single neoplastic change
has profound effects on lung cell growth. Roth and
colleagues [46] have applied antisense K-ras oligonu-
cleotides to a human lung adenocarcinoma cell line
that had a K-ras mutation and reduced its growth rate
and tumorigenicity. Wild-type p53 genes adminis-
tered via adenovirus vectors to lung cancer patients
also reduced tumor mass [47]. K-ras mutation and p53
deletion are early and late events, respectively, in
mouse lung tumor progression [40]. The expression
and phosphorylation status of Rb and cyclin D1
described herein in the mouse system are quite similar
to those described by Schauer et al. [16] in NSCLC.
Reversible changes in gene expression occur during
the interval between the onset of the K-ras and p53
genetic lesions. An antisense strategy aimed at a gene
whose expression is increased in lung neoplasia,
namely cyclin DI, retards the growth of neoplastic

cells [17]. We suggest the utility of a combined
gene therapy approach involving genes that have
undergone a structural change, such as K-ras, p53,
or Cdkn2a, and those whose expression has been
modified during lung neoplasia, such as cyclin D1.
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