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ABSTRACT

Cyclin Dl plays an important role in regulating the progression of cells
through the Gi phase of the cell cycle. This gene is frequently overex
pressed in human colon cancer. To address the role of cyclin Dl in growth
control and tumorigenesis in this disease, we have overexpressed an
antisense cyclin Dl cDNA construct in the human colon cancer cell line
SW48OES,which expresseshigh levelsof cycin Dl. The integration and
expression of the antisense construct was verified by Southern and North
ens blot analyses, respectively, and resulted In decreased expression of the
cyclin Dl protein. This was associated with decreased levels of the Rb and
p27â€•@â€•proteins. In addition, the hypophosphorylated form of Rb was

increased in these cells. The SW4SOES antisense cydlin Dl cells displayed
an increased doubling time, a decrease in saturation density, decreased
plating efficiency and anchorage-independent growth, and a loss of tu
morigenicity in nude mice. These findings provide direct evidence that

increased expression of cydin Dl in colon tumor cells contributes to their
abnormal growth and tumorigenicity. The ability to revert the trans
formed phenotype of these cells with antisense cydlin Dl suggests that
cydlin Dl or its associated cydin-dependent kinase 4 may be useful targets

in the therapy of colon cancer.

INTRODUCTION

In mammalian cells, critical transitions in the cell cycle are regu
lated by the sequential activation of a series of cyclins and CDKs.3
These cyclins and CDKS now include cyclins A, B!, B2, Dlâ€”3,and
E andCDKs1â€”7(forreview,seeRefs.1â€”7).CyclinDl hasbeen
implicated in controlling the G1 phase of the cell cycle. The expres
sion of cyclin Dl mRNA and protein peaks during mid-G1 when
growth factor-deprived cells are restimulated to enter the cell cycle (3,
8, 9). Inhibition of cyclin Dl function mediated by microinjection of
antibodies or antisense plasmids into normal fibroblasts or tumor cells
in mid-G1 can prevent entry ofthese cells into the S phase (3, 10â€”12).
On the other hand, overexpression of cyclin Dl in rodent fibroblasts
leads to a shortened duration of the G1 phase, decreased cell size, and
reduced serum dependence (13â€”15).

Because the major regulatory events leading to mammalian cell
proliferation and differentiation occur in the G1 phase of the cell cycle
(16), deregulated expression of the G1 cyclins and CDKs might cause
loss of cell cycle control and thus enhance oncogenesis. Indeed,
rearrangement, amplification, and/or increased expression of the cy
c!in Dl gene, which is located on the human chromosome I 1q13
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region, have been found in several types of human cancer, including
human parathyroid adenomas, B cell lymphomas, breast, colon, lung,
bladder and liver cancers, and squamous carcinomas of the esophagus,
head and neck (for review, see Refs. 3â€”7,17, and 18). Overexpression
of cyclin Dl in rat fibroblasts enhances their growth and tumorige
nicity (14), and cyclin Dl collaborates with an activated ras oncogene
(19) or a defective adenovirus EJA oncogene (20) to increase the
transformation of primary rodent fibroblasts. Furthermore, overex
pression of cyclin Dl in mammary cells in transgenic mice results in
abnormal cell proliferation and the development of mammary tumors
(21). Cyclin Dl also cooperates with the myc oncogene in lym
phomagenesis in transgenic mice (22â€”24).Taken together, these re
sults indicate that cyclin D 1 can function as an oncogene.

Cyclin Dl is not amplified in human colon cancer. However, the
cyclin D 1 protein is overexpressed in about 30% of adenocarcinomas
of the colon (25, 26). This overexpression appears to be a relatively
early event in colon carcinogenesis, because it is also seen in about
30% of adenomatous polyps of the colon (26). Previous studies
indicate that primary human tumors and tumor derived cell lines often
display a correlation between the levels of expression of cyclin Dl
and the Rb tumor suppressor proteins (3, 27â€”29).A correlation
between the expression of these two proteins and the CDK inhibitor
protein @27kiPlhas also been seen in esophageal and breast cancer cell
lines (29â€”31). Furthermore, epithelial cell lines engineered to over
express cyclin Dl display increased expression of the @27k*@@Iprotein
(29, 3 1). These findings seem paradoxical, given that cyclin Dl
enhances the G1-to-S progression of the cell cycle, whereas Rb and

@27k@ have the opposite effect.

The present study was undertaken to obtain more direct evidence
that cyclin Dl can play a critical role in establishing and maintaining
the transformed phenotype of colon cancer cells and to explore further
the above-described relationship between the expression of cyclin D 1,
Rb, and @27ki@1@ To this end, we constitutively expressed an antisense
cyclin Dl cDNA in SW480E8 cells, a well-characterized human colon
cancer cell line that expresses high levels of cyclin Dl . This article
demonstrates that stable expression of antisense cyclin Dl cDNA led
to a decreased level of the endogenous cyclin D I protein, reduction of
in vitro CDK4 kinase activity, a relative decrease in the phosphoryl
ated form of Rb, a decrease in the level of the p27k1Pt protein,
inhibition of cell proliferation, and loss of tumorigenicity in nude
mice. These findings provide direct evidence that the cyc!in DI gene

can play a critical role in maintaining the malignant phenotype of
colon cancer cells. It may, therefore, be a valuable biomarker and also
a potential target for cancer prevention and therapy.

MATERIALS AND METHODS

Cell Culture and Transfection Procedure. The human colon carcinoma
cell line 5W480E8 (32) and its derivatives were grown in DMEM (Life

Technologies, Inc., Grand Island, NY) containing 10% FCS. The medium for
cell lines containing the neomycin resistance gene was supplemented with 500
p@g/mlor 1 mg/mI of G4l8 (Life Technologies, Inc.).
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The SW480E8 cells are a well-characterized epithelial clone originally
isolated in this laboratory from a mixed population of SW480 cells (32). In
monolayer culture, these cells have an epithelial and cuboidal morphology and
are very adhesive. They also display anchorage-independent growth in soft
agar and are tumorigenic in nude mice (32). They have a modal chromosome
number of 58, have amplification of the c-myc gene, and have mutations in the
c-K-ras and p53 genes (32).

The plasmid pMV7D1AS, containing a complete human cyclin Dl cDNA
sequence in its antisense orientation, was constructed as described below. This
pla.smidor the vector control pMV7 plasmid was transfected into GPAM12
cells by the calcium-phosphate method to generate defective recombinant
retrovirus particles (33). The viral supernatants of pMV7D1AS- or pMV7-
transfected cells were harvested and then used to infect the SW480E8 cells.

After infection, transduced cells were selected in complete DMEM containing

I mg/ml 0418 for 2â€”3weeks (33). Following 0418 selection, 18drug-resistant
(neo+) clones were picked randomly from four different plates (designated
AS1â€”ASI8).As controls, 10 neo+ clones (designated VCIâ€”VCIO)were
picked from SW480E8 cultures infected with the pMV7 vector lacking the
antisense cyclin Dl cDNA sequence and studied following clonal expansion.

Construction of the Antisense Cyclin Dl Expression Plasmid. The

1.1-kbhuman cyclin Dl cDNA containing the entire coding sequence (14) was
subcloned in its antisense orientation into the HindIlI site of the retroviral

expression vector pMV7, as described previously (33). The resulting plasmid
was designated pMV7DI AS and contained a 5â€M̃oloney murine leukemia
virus long terminal repeat, followed by the I.I-kb antisense cyclin Dl se
quence, a herpes simplex thymidine kinase promoter linked to the neomycin

phosphotransferase gene (041 8 resistance gene, neo+), and a 3' Moloney
murine leukemia virus long terminal repeat (33).

Protein Extraction and Western Blotting. Proteins were extracted from
exponentially growing cells and were subjected to Western blot analysis as
described previously (3, 14). The membranes were incubated with a 1:1000
dilution ofmonoclonal antihuman cyclin Dl (clone DCS-6) antibody, a p27@'
(clone DCS-72.F6) antibody (NeoMarkers, Fremont, CA), or a monoclonal

antibody to Rb (Pharmingen, San Diego, CA). The intensities ofcyclin Dl, Rb,
and p27kIPIproteins were quantified by densitometric scanning. All experi
ments were repeated at least three times and gave similar results.

DNA and RNA Analysis. As described previously (14), total genomic
DNA was isolated from the cell lines, and 10 j.@gwere digested to completion
with the restriction enzymes HindIll or EcoRI (Boehringer Mannheim, Indi
anapolis, IN) and used for Southern blot analysis. Total RNA was prepared
from the cell lines, and 10 @gwere used for Northern blot analysis, as
described previously (14).

The probes used for these hybridization studies were a gel-purified 1.8-kb
Bgl-2 cDNA fragment of the Rb-containing plasmid and a 1.1-kb HindlIl
cDNA fragment of human cyclin Dl (30). It was essential to use probes that
were devoid of plasmid sequences to avoid cross-hybridization to plasmid
sequences present in the DNA of the cyclin Dl antisense cells. Because the
transcripts of the exogenous antisense cyclin Dl and the endogenous sense

cyclin Dl were similar in size (4.8 versus 4.7 kb), the blots were hybridized
with a specific [a-32PJCTP-labeled ribonucleoside cyclin Dl sense probe.

Hybridization was carried out as described previously (33). Equivalent loading

of lanes on the Northern and Southern blots was confirmed by ethidium
bromide staining. All experiments were repeated at least three times.

Doubling Times and Saturation Densities. Cells were plated in triplicate
at a density of 1 times l0'@per well in six-well (35 mm diameter) plates, in 3
ml of DMEM plus 10% or 1% FCS. The number of cells per well was counted
using a Coulter counter every 2 days for 21 days. Doubling times and
saturation densities of each cell line were calculated by standard methods (14).
All experiments were repeated at least three times and gave similar results.

Cloning Efficiency. Cells were seeded in triplicate, with 1000 cells per
10-cm dish in complete medium and were refed with fresh medium on
alternate days. After 10 days of growth the cells were fixed and stained with
5% Giemsa stain, and the number of grossly visible colonies was counted (33).
All experiments were repeated at least three times and gave similar results.

Soft Agar Assay. Cells (8 X 10'@)were suspended in DMEM plus 10%
FCS containing 0.3% Noble agar (DIFCO Laboratories) and plated in triplicate
in six-well plates on top of a 1% agar base (33). After 3 weeks of growth, the
cells were stained and the colonies were counted by microscopy (see Table 1).
These experiments were repeated twice and gave similar results.

Tumorigenicity Assays. To assess tumorigenic capacity, each cell line was

injected s.c. into athymic (nude) mice, at four separate sites using 10@cells per
site and two sites per mouse. The mice were monitored for tumor formation

every week and sacrificed 2 months later. Tumors were excised and their
volumes estimated by multiplying length X width X depth and expressed as
cm3. Tumorigenicity was verified by histology of the excised lesions.

Flow Cytometric Analysis. Exponentially dividing cells were collected,
stained with propidium iodide, and analyzed for cell cycle distribution by flow

cytometry using a standard protocol (33). These experiments were repeated
three times.

In Vitro Assays for Cydlin Dl- and Cyclin E-associated Kinase Activity.
Assays for cyclin Dl- and cyclin E-associated in vitro kinase activity were

performed as described previously, with minor modifications (33). In brief,
200 @gof total cell lysates obtained from exponentially growing cells were
incubated with 2 j.@gof mouse monoclonal antihuman cyclin Dl antibody
(NeoMarkers, Fremont, CA) or 1 ,@gof rabbit polyclonal antihuman cyclin E
antibodies (Upstate Biotechnology, Inc., Lake Placid, NY), at 4Â°C for 2â€”3h

and then incubated with 30 pJ of protein A-Sepharose beads (50% v/v) for 2 h.
The beads were then collected by centrifugation and washed. Kinase assays
were performed by using either 0.4 @gof glutathione S-transferase-Rb fusion
protein or I i.@gof histone HI as substrates for cyclin Dl- and cyclin E-asso
ciated kinase assays, respectively.

RESULTS

Integration and Expression of the Antisense Cydin Dl Con
struct in Derivatives of SW4SOES Cells. Northern blot analyses on
RNA extracted from the parental SW480E8 cells, a vector control
clone, and three SW480E8 antisense cyclin Dl clones (ASIO, AS 14,
and AS18) are shown in Fig. 1A. When hybridized with a specific
[a-32P]CTP sense cyclin Dl ribonucleotide probe, high levels of the
4.8-kb exogenous antisense cyclin Dl mRNA were detected in the
three antisense clones. As expected, no hybridization signals were
seen with either the 5W480E8 parental or the vector control cell lines
with this probe (Fig. IA).

Southern blot analysis after Hindu! digestion of genomic DNA,
using a 32P-labeled cyclin Dl cDNA probe, revealed 23- and 4-kb
DNA bands in all of these cell lines, reflecting the endogenous cyclin
Dl gene (Fig. 1B). An additional 1.1-kb band was seen in the AS1O
and ASI4 derivatives (Fig. IB). This was anticipated, because the
antisense construct was cloned within HindHI sites. In the AS18 cells,
the extra band had a higher molecular size (16 kb) most probably due
to rearrangement of the integrated antisense cyclin Dl cDNA (Fig.
lB). When similar studies were done after digestion of genomic DNA
with EcoRl, all five cell lines displayed 5- and 2.6-kb bands, repre
senting the endogenous cyclin Dl gene. The three antisense clones
contained an additional 6.2-kb band in the AS1O and AS18 cells and
a 5.2-kb band in the ASI4 cells, representing the integrated antisense
cyclin Dl cDNA (Fig. 1C).

We next examined whether integration and expression of the cx
ogenous antisense cyclin Dl sequence was accompanied by decreased
expression of the cellular cyclin Dl protein. Western blot analysis was
performed to determine the levels of cyclin Dl protein expression in
the above series of cell lines using a monoclonal antihuman cyclin Dl
antibody. Representative data are shown in Fig. 2. High levels of a
single Mr 36,000 cyclin Dl protein band were detected in the parental
SW480E8 and vector control cells. The levels of the Mr 36,000 cydlin
Dl protein band were three to five times lower in the three antisense
clones than in the control cells (Fig. 2).

Taken together, these results indicated that the antisense cyclin Dl
sequence was integrated into the SW480E8 cellular genome, and the
corresponding mRNA was expressed at a relatively high level. This

caused a reduction in the expression of the endogenous cyclin Dl
protein in these derivatives.
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@ the control cells and they had relatively low cloning efficiencies (6,
I-,@ 1 5, and 9%, respectively) when plated at low densities (Table 1).

@ @- 0@@ When the cells were grown in medium with 1% FCS, the doubling

;;; ;;; &;@@ timesoftheparentalandvectorcontrolcellswere30and31h,andthe
< < < doublingtimeof thethreeantisensecloneswere46, 38,and40 h,

respectively. Taken together, these results demonstrate that expression
of antisense cyclin Dl cDNA in SW480E8 cells inhibited cell prolif
eration, especially when the cells were plated at low cell density or

A @. - 5 Kb maintained in 1% rather than 10% FCS.
. Cell cycle parameters were examined in exponentially growing

cultures of the SW480E8 control and antisense cyclin Dl cells using
flow cytometric analysis (fluorescence-activated cell sorting). Curi

.@ ously, the three antisense clones displayed a somewhat lower percent

.@.)Ã˜4@@@ - 23 Kb age of cells in the G1 phase than the control cells (Table I ). However,

@@ in culturesmaintainedatconfluencefor 2 days,thethreeantisense
B @,@@@ :@ , clones displayed a marked increase in the proportion of cells in the

â€”G1phase when compared to the SW480E8 Vector control and
. parental cells (Table 1). The latter results probably indicate that the

antisense clones stop dividing and enter the â€”G1phase when they
- 4 Kb reach confluence, whereas the parental cells continue to divide at

confluence, which is consistent with their higher saturation density
and their piling up on one another.

Down-Regulation of Cydin Dl Is Associated with Decreased
Expression of the Rb and p27kt@)l Proteins. We found that the

@. @a - 1.1 Kb parentalSW480E8cellsandthevectorcontrolderivativeexpressed
relatively high levels of the Rb protein (Fig. 2). Indeed, separate
studies (not shown here) indicated that the Rb gene is amplified about
3-fold in this cell line. This result is consistent with previous studies

C 6Kb indicatingthattheRbgeneissometimesamplifiedinprimaryhuman
colon carcinomas, and that its level of expression is often relatively

- 5 Kb high in these tumors (36â€”38). In the control SW480E8 cells, most of

the Rb protein was hyperphosphorylated (note the more slowly mi
grating Rb-P band in Fig. 2). All three of the cyclin Dl antisense
clones displayed about a 4-fold decrease in the total amount of the Rb

- 2.6 Kb protein, and there was a relative decrease in the ratio of the phospho

Fig. 1. Integration and expression ofthe antisense cyclin Dl cDNA. The following cell
lines were analyzed: the parental SW480E8 cells, the vector control derivative, and three o @-
antisense clones (AS1O,AS14, and AS18). A, Northern blot analyses for the expression of @Q 0 o @-@
the antisense cyclin Dl RNA. Ten ,sg of total cellular RNA from the indicated cell lines@@ - -
were electrophoresed through a 1.0% denaturing agarose gel, blotted onto nylon mem-@ â€¢ Cfl ti) (1)
branes, and hybridized with a 32P-labeled cyclin Dl sense RNA probe. The position ofthe @/) > < <
5.0-kb (28S) RNA marker is indicated on the right. B and C, Southern blot analysis after
Hindffl (B) or EcoRl (C) digestion ofgenomic DNA and hybridization with a 32P-labeled
cycin Dl eDNA probe. The sizes of the major DNA bands are indicated on the right. The@@@@@ .
extra bands in the AS1O,ASI4, and AS18 derivatives represent the integrated antisense 1@1@ @_â€”-
cyclin Dl cDNA. Rb

Characterization of the Morphology, Growth Properties, and
Cell Cycle Kinetics of the Antisense Cydlin Di-expressing Cells.
The SW480E8 antisense clones AS1O, AS14, AS18 displayed an .@@ @,_____
epithelial morphology and an aneuploid karotype similar to that of the Cycun Dl@ ,,@- -
parental and vector control cells (data not shown). When grown in .
complete medium with 10% FCS, the SW480E8 parental cells dis
played an exponential doubling time of 29 h, a saturation density of
2.9 times 106 cells (on 35-mm plates), and a cloning efficiency of 44%
(Table 1). They also displayed a loss of contact inhibition, because .
they formed dense foci when maintained as confluent cultures (data p27@@@
not shown). In parallel studies, the exponential doubling times of the
ASlO, AS 14, and AS18 clones were 36, 33, and 35 h, respectively, Fig.2.WesternblotanalysisfortheexpressionofcyclinDl, Rb,and @27k@@ Fiftygsg
and they showed a decrease in saturation density, because these values of total cellularproteinfromeach of the indicatedcell lines were subjectedto 10%

â€˜ 6 . . SDS-PAGE, transferred to nitrocellulose, and immunoblotted with a 1 : 1000 dilution of

were 1.8, 2.6, and 2.0 times 10 cells (per 35-mm dish), respectively. monoclonalantihumancyclinDl, Rb,orp27@â€•antibody.Allofthesedatawereobtained
Furthermore, in all three of the latter clones, the cells were larger than fromthe samegel.
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Table 1Growth properties and cell cycle parameter ofparental and antisense cvdin DI celllinesVariableParental

SW480E8 cellsVector control cloneAntisense

clones1OASI4AS18ASDoubling

time (h)
10% FCS
l%FCS

Saturation density (X l06)@@
Cloning efficiency (%)
Growth in soft agar (%)
Tumorigenicity in nude mice (cm3)'@28

30
3.0

41
6.5

5.2/1.9
0.7/0.629

31
2.9

39
7.1

1.7/1.5
1.2/0.836

46
1.8
6
1.8

0/0
0/033

38
2.4

15
2.6

0/0
0/035

40
2.0
9
2.0

0/0
0/0

43
3942 3834 5939 51347038

4940 4846 3644 40463418

1218 1320 517 1020 5

ANTISENSE CYCLIN Dl REVERSES TUMORIGENICITY

G1 phase (%)
Exponential growth'
Confluent culture

S phase (%)
Exponential growthc
Confluent culture

G2-M phase (%)
Exponential growth'
Confluent culture

a Represents the number of cells at the saturation density per 35 mm-diameter plate (mean of three experiments).
b Volumes of tumors removed from four individual injection sites; with some of the AS cells, small (2-mm) nodules were noted at the injection sites, the histology of which revealed

fibrotic tissue.
C Cells were grown in 10% FCS and harvested during exponential growth at about 50% confluence, or 48 h after they had reached confluence. The results are the mean values of

three experiments.

rylated to the unphosphorylated bands (Fig. 2). The three antisense
clones also displayed a marked (about 5-fold) decrease in the level of
the p27kIPI protein when compared to the control cells (Fig. 2). There
was no change or only a slight decrease (< 1.5-fold) in the levels of
the following proteins: cyclins E and A, CDC25A, and p2lwafl (data
not shown).

Effects of Expression of Antisense Cyclin Dl cDNA on Cyclin

Dl- and Cyclin E-associated Kinase Activity. Cyclin Dl associates
with the cyclin D1-dependent kinases CDK4 and CDK6 and activates
their function. Therefore, we examined the effects of expression of
antisense cyclin Dl in SW480E8 cells on cyclin Dl-associated kinase
activity. In vitro kinase assays were performed on cyclin Dl immu

noprecipitates prepared from extracts of the parental, vector control,

and antisense SW480E8 cells, using a glutathione S-transferase-Rb
fusion protein as the substrate (see â€œMaterialsand Methodsâ€•).Rep
resentative data are shown in Fig. 3. The immunoprecipitates from the

parental and vector control SW480E8 cells displayed high levels of
cyclin Di-associated kinase activity, but only very low levels were

detected with the three SW480E8 antisense clones. Densitometric
analysis indicated that the in vitro phosphorylation of the recombinant
Rb protein by the extracts of the latter three cell lines was only
10â€”20%of that obtained with the control cells. The decreased in vitro
kinase activity is consistent with our findings of a relative decrease in
Rb protein phosphorylation in vivo (Fig. 2). In contrast, in vitro assays
for cyclin E-associated kinase activity indicated only a slight decrease
in this activity in the three antisense clones, when compared to the
control cells (Fig. 3), possibly reflecting the somewhat slower growth
of these three clones.

Expression of Antisense Cyclin Dl Reduces Anchorage-inde
pendent Growth and Tumorigenicity. The SW480E8 parental cells
exhibit anchorage-independent growth in cell culture and induce
tumors in athymic (nude) mice (32). We examined whether these
properties were altered in the derivatives of SW480E8 cells that
express antisense cyclin Dl RNA. As shown in Table 1, when grown
in suspension in 0.3% agar in complete medium with 10% FCS, the
SW480E8 control cells formed large colonies (about 3 mm in diam
eter) with a colony-forming efficiency of 44%. In contrast, the three
antisense SW480E8 clones showed a colony-forming efficiency of
only 6â€”15%,and the average colony size was about four times smaller
than that seen with the SW480E8 cells (data not shown). Therefore,
the expression of antisense cyclin Dl markedly decreased the anchor
age-independent growth of SW480E8 cells.

Tumorigenicity of the SW480E8 control and antisense cyclin Dl
expressing cells was assayed in nude mice by s.c. injection of 1 times
l0@cells/injection site. The SW480E8 control cells produced tumors
at all four of the injection sites (Table 1). Thus, by 8 weeks following
injection of the cells, s.c. tumors that ranged in volume from 0.6 to 5.2
cm3 were detected. In contrast, cells from the three SW480E8 anti
sense clones failed to form detectable tumors at any of the injection

sites even after 16 weeks (Table 1). These results provide direct
evidence that expression of antisense cyclin Dl in SW480E8 cells
markedly inhibits tumorigenicity.

The present studies demonstrate that the stable expression of an
antisense cyclin Dl cDNA in the human colon cancer cell line

LU
0

C., - I-@: @, ci@ Cl) cn
C,) > < < <

Fig. 3. Studies on cyclin-associated in vitro kinase activity. Top and bottom. results
obtained when extracts of the indicated cell lines were assayed for cyclin Dl- or cyclin
E-associated kinase activity. respectively.
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SW480E8 leads to a decrease in the otherwise high level of expression
of the endogenous cyclin Dl protein in this cell line, and that this
decrease is maintained through several cell passages. These deriva
tives also show an increase in the fraction of the cellular Rb protein
that is hypophosphorylated and a decrease in in vitro cyclin Dl
associated Rb kinase activity. Presumably as a consequence of these
changes, the cells of the antisense derivatives are larger in size. They
are also impaired markedly in their growth, because they have a
longer doubling time, a decrease in saturation density, and a decrease
in plating efficiency. They also display a reduction in anchorage
independent growth and, what is perhaps most remarkable, a loss of
tumorigenicity when injected s.c. into athymic (nude) mice. We
should emphasize that the antisense derivatives still express apprecia
ble levels of the cyclin Dl protein (Fig. 2). Therefore, our results are
not simply due to the fact that we have completely deleted the
expression of an essential gene. Instead, our findings provide evidence
that the relatively high level of expression of cyclin Dl seen in the
parental SW480E8 cells and in about 30% of primary human colon
tumors (see â€œIntroductionâ€•and Refs. 25 and 26) plays a critical role
in maintaining their tumorigenic phenotype. The reversion of the
phenotype of the antisense SW480E8 cells toward normalcy is re
markable, because the original parental cells are highly aneuploid and
carry an activating mutation in the c-K-ras oncogene and an macti
vating mutation in the p53 tumor suppressor gene (32). In this sense,
our results resemble those of other investigators (see Ref. 34 for
review), in which restoration of a single tumor suppressor gene to a
cancer cell line can block its tumongenicity despite the presence of
several other genetic abnormalities in the recipient cells. Nor are the
implications of the present findings on cyclin Dl restricted to the
SW480E8 colon cancer cell line, given that our laboratory demon
strated that introduction of the antisense cyclin Dl cDNA into a
human esophageal cancer cell line (HCE7), in which the cyclin DI
gene is overexpressed due to amplification, led to a decreased level of
the cyclin Dl protein, marked growth inhibition, and loss of tumori
genicity, even though in these cells the residual level of the cyclin Dl
protein also remained relatively high and these cells also retained
other genetic abnormalities (33). These findings have led us to suggest
that the intracellular circuitry of cancer cells that overexpress cyclin
Dl requires a higher level of this protein than that required by cells
that developed through pathways in which this gene was not overex
pressed. In this sense, the former cells are â€œaddictedâ€•to cyclin Dl,
which may explain the profound growth-inhibitory effects we have
seen with antisense cyclin Dl in both the 5W480E8 and HCE7 cells.
Additional studies are in progress to examine this hypothesis.

Previous studies indicated that when cyclin Dl was overexpressed
in rodent fibroblasts, this led to a shortening of the fraction of cells in
the G1 phase of the cell cycle, which is consistent with its role in
enhancing the G1-to-S progression in the cell cycle (4, 13â€”15).On the
other hand, the increased exponential doubling time of the three
antisense SW480E8 clones obtained in the present study appeared to
be due to a lengthening of all phases of the cell cycles, not just the G1
phase. The slower growth rate of the cyclin Dl antisense derivative of
HCE7 cells was also not due simply to a lengthening of the G1 phase
(33). These findings suggest that the functions of cyclin Dl in ma
lignant epithelial cells are more complex than in nontransformed
rodent fibroblasts. The mechanisms responsible for these pleiotropic
effects are not, however, apparent at the present time.

Cyclin Dl complexes with and activates CDK4 and CDK6 (4). The
major substrate for the cyclin Dl-CDK4 complex is the Rb protein,
but it is not known whether Rb is the only in vivo substrate. In the
present study, we found that cyclin Dl immunoprecipitates from
SW480E8 cells expressing antisense cyclin Dl had a marked decrease
in their ability to phosphorylate the Rb protein (Fig. 2), which is

consistent with the fact that these cells had a marked reduction in
expression of the cyclin Dl protein (Fig. 2). This could explain the
inhibition of growth and reversion of tumorigenicity seen in the
antisense derivatives. However, our data do not exclude the possibility
that there are other functions of cyclin Dl, in addition to phospho
rylation of Rb, that play a role in growth control and oncogenesis.

The present studies may also shed light on feedback pathways
between components of the cell cycle circuitry. We noted that de
creased expression of the cyclin Dl protein in the three antisense
clones of SW480E8 cells was associated with decreased levels of both
the Rb and p27kiPl proteins (Fig. 2). We have also observed decreased
levels of the Rb and @27k1Plproteins in the HCE7 antisense cyclin Dl
cells (33)â€¢4These findings complement previous evidence that in
creased expression of cyclin Dl in esophageal cancer and mammary
epithelial cells is associated with increased expression of the Rb and

@27k@ proteins (28â€”3 1 ). Therefore, these feedback pathways appar

ently exist in several cell types, perhaps to maintain homeostatic
control between positive and negative acting factors involved in cell
cycle progression. It is curious, however, that despite the reduction in
the total level of the Rb and p27'â€•@proteins in the antisense cells,
their growth was impaired, presumably because of the above-de
scnbed marked decline in cyclin DI-associated kinase activity.

Regardless of the underlying mechanisms, the present studies pro
vide the first evidence that inhibition of the expression of cyclin Dl in
colonic tumor cells that overexpress this gene tends to revert their
transformed phenotype and inhibits their tumorigenicity. These find
ings may be of clinical significance because of the fact that about 30%

of human primary colon tumors display increased expression of this
gene (25, 26), and this gene is frequently expressed at high levels in
several other types of human cancer (see â€œIntroductionâ€•).Taken
together, these observations suggest that therapeutic agents directed
against cyclin Dl, or cyclin D1/CDK kinase activity, might be useful
in the therapy of the subset of human colon tumors that overexpress
cyclin Dl.
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