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Progression of cells through the G1 phase of the cell
cycle requires the assembly and activation of specific
cyclin:cyclin-dependent kinase (cdk) complexes in a
tightly regulated, sequential fashion. To more clearly
define the temporal events leading to the G1/S transi-
tion, sequential changes in the expression of cyclin E
and cdks 2, 4, and 6, as well as the phosphorylation of the
retinoblastoma protein (pRb), were assayed in RA28
cells, a variant of human colon cancer RKO cells which
were modified by transfection of an ecdysone-inducible
antisense (AS) CD1 expression system. Induction of cy-
clin D1 antisense mRNA by the ecdysteroid, ponasterone
A, resulted in a 55% decrease in cyclin D1 mRNA and a
58% decrease in CD1 protein levels. There was a 2.4-fold
decrease in the ratio of hyperphosphorylated pRb
(ppRb) to hypophosphorylated pRb, as well as a 60–75%
decrease in cdk 2- and cdk 4-specific phosphorylated
pRb proteins. Of interest, cyclin E-dependent phosphor-
ylation (cdk2) decreased 2.5-fold at 3 h despite only a 30%
decrease in cyclin E protein level. Levels of cdk 2, cdk 4,
and cdk 6 decreased 40–70%, while levels of cyclin A and
B were unaffected by induction of CD1 antisense. Induc-
tion of a CD1 antisense gene in a human colon cancer
cell line resulted in rapid, concomitant changes in CD1
mRNA and protein, cyclin E, cdk2, cdk4, and cdk6, as
well as the ratio of ppRb to pRb. In this system, growth
regulatory events are tightly regulated and the per-
turbed expression of a single protein, CD1, rapidly alters
expression of multiple regulatory proteins involved in
the G1/S transition phase of cell cycle progression. © 2000
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The molecular events controlling the G1 phase of
the cell cycle are determined by a series of phosphor-
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ylation events that are regulated by the expression of
specific cyclins, cyclin-dependent kinases (cdks), and
cdk inhibitors. The D-type cyclins, which regulate
progression through the early portions of G1, exert
their effects by the formation of a holoenzyme com-
plex with either cdk4 or cdk6, which is subsequently
activated by cdk activated kinase (CAK) containing
cyclin H and cdk7 proteins (1, 2). Entry into the G1/S
transition appears to also be controlled by the ac-
tions of cyclin E and its catalytic partner cdk2, which
are synthesized later than D-type cyclins and peak
later in the G1 phase (3, 4).

The expression and activity of cyclin D1 are inti-
mately related to the expression and activity of the
retinoblastoma protein (pRb). Typically, the activated
cyclin D/cdk 4 or cdk 6 complex phosphorylates pRb,
releasing it from its growth-suppressive functions by
altering its binding to the E2F family of transcription
factors. The activated cyclin E/cdk 2 complex also con-
tributes to the phosphorylation of pRb late in G1 and
appears to cooperate with cyclin D1 in this regulatory
function (5, 6). Activation of E2F results in increased
transcriptional activity and loss of the repressive func-
tion of the pRB/E2F complex, with subsequent tran-
scription of the genes necessary for progression into S
phase (7–9).

The timely regulation of cyclin D1 is important for
normal cell-cycle progression. In normal cells, overex-
pression of exogenous cyclin D1 results in acceleration
of the cell cycle due to a decrease in the length of the G1
phase (10). In contrast, antisense cyclin D1 expression
has been shown to be an effective inhibitor of growth in
some tumor cell lines, including osteosarcoma (11),
esophageal carcinoma (12), colon carcinoma (13), and
lung adenocarcinoma (14). We, therefore, postulate
that an inducible antisense system would be useful for
defining the precise role of cyclin D1 in the cell growth
regulatory process. The ecdysteroid hormones are ideal
inducers in such an application because they are only
active in the presence of the ecdysone receptor, which
is not expressed in mammalian cells. In addition, ec-
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dysteroids are neither toxic, teratogenic, nor known to
affect mammalian physiology. The short half-life asso-
ciated with these compounds allows for precise and
potent inductions, and favorable pharmacokinetics
prevent drug accumulation and expedite clearance
(15). The ecdysone-inducible system also has the ad-
vantage of providing selective expression in cells in
which the ecdysone receptor has been transfected (15–
18). We have previously employed this inducible sys-
tem to overexpress cyclin D1 protein levels in different
mammalian cell lines (19, 20).

Our data demonstrate that the ecdysone analog, PA,
tightly regulates the stable expression of antisense
cyclin D1 in the human colon carcinoma RKO cell line
(RA28 cells). This regulation results in decreased levels
of endogenous cyclin D1 mRNA and protein at 3 h after
PA induction. Changes in cyclin E, cdk 2, cdk 4, cdk 6,
as well as in the ratio of ppRb to pRb, suggest that
RA28 cell growth is tightly regulated and that the
perturbed expression of CD1 rapidly alters expression
of other regulatory proteins involved in the G1/S tran-
sition phase of cell cycle progression. Furthermore, we
have shown that cyclin D1 expression is coordinated
with the expression of cyclin E, confirming previous
data that the activities of these two growth control
proteins are intimately linked.

MATERIALS AND METHODS

Cell lines. The human colon carcinoma cell line
RKO1 (ATCC, Rockville, MD) and its derivatives were
grown in RPMI 1640 medium supplemented with 1%
penicillin/neomycin/streptomycin (PNS) antibiotic
mixture (GibcoBRL, Grand Island, NY) and 10% fetal
bovine serum (GibcoBRL). RKO cells expressing the
antisense cyclin D1 gene (RA28 cells) were transfected
with separate plasmids bearing the ecdysone receptor
(pVgRXR) and the antisense cyclin D1 gene
(pINDCD1AS). Control cells (RV-1) were transfected
with pVgRXR and the empty vector pIND. Transfected
cells lines were maintained in the above media with
the addition of 150 mg/ml zeocin and 360 mg/ml G418
sulfate. All cells were maintained at 37°C in a humid-
ified 5% CO2 atmosphere.

Antibodies. Anti-pRb-Ser-780 (169) antibody for
the cyclin D1/cdk4-specific phosphorylated (serine 780)
form of the pRb protein, and anti-pRb-Thr-356 (172)
antibody for the cyclin E/cdk2-specific phosphorylated
(threonine 356) form of the pRb protein were kindly
supplied by Dr. Yoichi Taya (21). The anti-ecdysone
receptor antiserum was generously provided by Dr.
Michelle Arbeitman (22). Anti-RXRa (D-20), anti-CD1
(R-124), anti-cyclin E (HE-12), anti-cyclin A (BF-683),
anti-cyclin B (GNS1), anti-cdk 2 (D-12), anti-cdk 4
(C-22), anti-cdk 6 (C-21), and anti-pRb (IF8) antibodies
were obtained from Santa Cruz Biotechnology Inc.,
Santa Cruz, CA.
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Construction of an inducible antisense cyclin D1 ex-
pression system. The entire 1.1 kb human cyclin D1
cDNA coding sequence was subcloned in its antisense
(CD1AS) orientation into the EcoRI site of a modified
pIND expression vector (Invitrogen Corp., Carlsbad,
CA). This vector contains a 53 E/GRE enhancer and
the Hsp promoter linked to multiple cloning sites as
well as the G418 resistance gene (neo-). The E/GRE
enhancer is a hybrid DNA sequence that contains half
of the ecdysone response element and half of the glu-
cocorticoid response element (15, 18). It is located im-
mediately upstream of the Drosophila minimal heat
shock promoter (P-Hsp) on pIND. The vector, pVgRXR
(Invitrogen), constituitively expresses the RXRa and
the VgEcR receptor subunits which then interact to
form a functional ecdysone receptor (VgEcR). The gene
for zeocin resistance and the viral transcriptional acti-
vator, VP16, are also contained within pVgRXR (16).
RXRa and VgEcR both contain DNA-binding domains
(DBD) that share in the recognition of a specially con-
structed cis-acting regulatory element, the E/GRE (17).
The ecdysone-responsive promoter is located on the
second vector, pIND, and ultimately drives expression
of antisense cyclin D1 cDNA.

Transfection and selection procedure. The control
cells (RV-1) were established by transfecting RKO1
cells first with pVgRXR and then with pIND, using a
standard electroporation procedure with the Gene
Pulser II Electroporation System (Bio-Rad, Hercules,
CA). The plasmids were transfected separately at 350
V and 250 mF capacitance (23). Electroporation effi-
ciency was determined by transfection of a marker
plasmid (green fluorescent protein, hGFP). Following
electroporation of pVgRXR, transfected RKO cells were
selected in complete RPMI medium containing 300
mg/ml of zeocin (Invitrogen) for 2 weeks. Individual
drug resistant clones were randomly selected for clonal
expansion and then verified with PCR, E/GRE-
luciferase assay, and Western blot analysis for EcR
construct integration, induction potentiality, expres-
sion regulation of EcR, RXRa, and luciferase reporter
genes in the presence of ponasterone A. Following EcR
clone characterization, pVgRXR positive cells were
transfected with either pIND (RV-1 cells) or pIND/
ASCD1 (RA28 cells containing the CD1 antisense se-
quence), and were further selected in complete RPMI
medium containing 300 mg/ml zeocin and 500 mg/ml

418 sulfate.

PCR for positive clones. To verify whether pVgRXR
and pIND/CD1 antisense plasmids integrated into the
genomic DNA of RKO cells, high molecular weight
DNA was extracted from positive clone cells with QIA-
prep Spin Miniprep kit (QIAGEN, Valencia, CA). Two
pairs of flanking primers were used to amplify the EcR
gene of pVgRXR and the region on pIND that included
the Hsp promoter and an additional downstream 900
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bp segment encompassing portions of the sense or an-
tisense CD1. The following primers were utilized to
identify genomic integration: 59-AAG GAG AAG GAC
AAA ATG AC and 39-CAC TAC TAC GAC GCA TAC for
EcR, 59-ACC GCC GGA GTA TAA ATA GAG GCG C
and 39-CCA GTA ACG CCG GTC CAA GGT GAA for
Hsp promoter/CD1 antisense, and 59-ACC GCC GGA
GTA TAA ATA GAG GCG C and 39-GGA AGC AAC
GGA GAA CAC GGT GT for Hsp promoter/CD1 sense.
PCR reactions were carried out in a buffer containing
25 ng of genomic DNA, 20 nM MgCl2, 0.2 mM each of
dNTP, 10 mM Tris–HCl (pH 8.6), 50 mM KCl, 5%
DMSO, 0.4 M of each primer and 2.5 U of Taq poly-
merase for 30 cycles. A positive control (pIND/ASCD1
antisense plasmid) and negative control (water) were
run in parallel for each experiment. The expression of
positive clones was further confirmed by Western blots
with anti-EcR serum, anti-RXRa, and anti-CD1 anti-
bodies.

Luciferase assay for testing the function of EcR-
positive clones. The ecdysone-inducible system re-
quires the nuclear receptor, RXRa, and a mutant ec-
dysone receptor, VgEcR, which binds to a DNA
enhancer sequence (53 E/GRE) with high affinity and
pecificity in the presence of an ecdysteroid. To assay
or inducible EcR expression in pVgRXR positive cells,
n E/GRE-luciferase plasmid containing ecdysone re-
ponse elements linked to a luciferase reporter gene
as transfected into EcR positive cells for transient

uciferase expression in the presence of 100 nM–10 mM
PA (15–18). After 24 h induction with PA, cell samples
were processed with the Luciferase Assay System kit
(Promega Corp., Madison, WI), and the light intensity
of the reaction between the cell extract and assay re-
agents was measured with a Turner TD-20e luminom-
eter (Promega, Madison, WI).

Protein extraction and Western blot analysis. Sub-
confluent cells were washed three times in ice-cold
PBS, scraped, and lysed in lysis buffer (50 mM HEPES
(pH 7.5), 150 mM NaCl, 10% (V/V) glycerol, 1% Triton
X-100, 1.5 mM MgCl2, 1 mM EGTA, 10 mg/ml aproti-
nin, 10 mg/ml leupeptin, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 200 mM Na orthovanadate, 10 mM Na
pyrophosphate, 20 mM NaF) on ice (40). For immuno-
blotting, lysates, 30 mg/lane, were subjected to 10%
SDS–polyacrylamide gel electrophoresis (SDS–PAGE)
and then electrophoretically transferred to a nitrocel-
lulose. After blocking, nitrocellulose filters were incu-
bated with the anti-target protein murine monoclonal
antibody and anti-actin murine monoclonal antibody
(Sigma, St. Louis, MO) in 2% nonfat-TBS–Tween
buffer for 1 h. HRP-conjugated antimurine secondary
antibody (Santa Cruz Biotechnology Inc., Santa Cruz,
CA) was added at 1:3000 dilution in TBS-buffer for 50
min. Detection of the immune signal was performed
using the Super Signal Western Blotting Detection
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System (Pierce Chemical Co., Rockford, IL). Intensities
of the autoradiographic bands were quantitated by
densitometric scanning.

Northern analysis. Total RNA was prepared from
exponentially growing cell lines and 15 mg of total RNA
was electrophoresed through a 1% denaturing agarose
gel containing 6% formaldehyde for Northern analysis.
The blots were hybridized with either deoxycytidine
59-[a-32P]triphosphate labeled cDNA probes for cyclin
D1 mRNA (6000 Ci/mmol; Amersham Life Science,
Arlington Heights, IL), and then washed at high strin-
gency with the final wash at 65°C in 0.13 SSC, or the
blots were concurrently hybridized with five different
adenosine 59-[g-32P]triphosphate labeled oligonucleo-
tide probes encoding five different regions of the cyclin

FIG. 1. E/GRE-luciferase activity in ecdysone-inducible cell
lines. (A) E/GRE-luciferase assay following treatment with PA. In a
transient transfection assay, RKO and RKO-pVgRXR cells were
transfected with an equal amount of E/GRE-luciferase plasmid, and
treated with 1 or 6 mM PA. After 24 h, cells were lysed and assayed
for luciferase activity. Compared with RKO-E/GRE-luciferase cells,
luciferase activity increased 42-fold with 1 mM PA and 54-fold with
6 mM PA in RKO-pVgRXR-E/GRE-luciferase cells. (B) PA dose re-
sponse in RKO-pVgRXR-E/GRE-luciferase cells.
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D1 sense strand (3000 Ci/mmol; Amersham), which is
specific for antisense cyclin D1 mRNA (24). Equivalent
loading of lanes on Northern blots was confirmed by
the hybridization on the same filter with a deoxycyti-
dine 59-[a-32P]triphosphate labeled GAPDH probe,
(6000 Ci/mmol; Amersham) which was synthesized us-
ing pTRI-GAPDH-Mouse plasmid template with
Strip-EZ DNA probe kit (StripAble DNA Probe Synthe-
sis & Removal Kit, Ambion Inc., Austin, TX).

RESULTS

Integration of the ecdysone receptor and antisense
cyclin D1 constructs and functional confirmation of
ecdysone-inducible activity after stable cotransfection
in RKO cells. After electroporation and zeocin/G418
selection, the genomic DNA extracted from the colonies
of RKO transfected cells was screened for the presence
of pVgRXR/ecdysone receptor DNA and pIND/CD1AS
cDNA by PCR. When amplified with a pair of primers
specific for the ecdysone receptor, high levels of the 460
bp exogenous ecdysone receptor DNA bands were ob-
served in 20% of transfected colonies. Positive clones
were tested for the expression of the ecdysone and
RXRa receptors with Western blot analysis. Although
the 120 kDa ecdysone receptor (EcR) and the 46 kDa
RXRa were expressed in all positive clones, there were
differences in the expression levels of both receptors
(data not shown). No amplification signals were ob-
served with either the RKO1 parental or control (RV-1)

FIG. 2. Northern blot analysis of cyclin D1 mRNA and antisense
RNA following addition of PA, 1 mM, at 0 h. Bars represent mea

expression of cyclin D1 antisense mRNA in RA28 cells. (B) Represen
mRNA following addition of PA. Lane 1, RV-1 cells; lanes 2–7, RA28 c
for GAPDH as an internal control. (C) The levels of CD1 mRNA afte
SEM. The reference point (0 h) represents basal level of CD1 mRNA e
after addition of PA. Lane 1, RV-1 control; lanes 2–7, cyclin D1 mRN
ells.
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cell lines. All of the EcR positive colonies were further
screened to verify integration of pIND/AS CD1 with
another pair of primers specific to the pIND hsp pro-
moter 39 end 250-bp region and antisense CD1 59 end
750-bp region. Strong 1018 bp bands were detected in
40% of positive EcR clones (data not shown), indicating
the integration of the antisense cyclin D1 cDNA.

In order to confirm the functionality of the ecdysone
inducible system in EcR positive cells, we next deter-
mined whether expression of EcR and RXRa could
regulate target gene expression by cotransfecting an
E/GRE-luciferase plasmid into the same positive clone
cells. The luciferase assay was performed to determine
the levels of luciferase expression and activities with
PA induction, 100 nM to 10 mM (Fig. 1). Luciferase
expression and activities increased in a dose-
dependent fashion, and maximum expression was 58-
fold higher than in uninduced cells.

Inducible expression of antisense cyclin D1 mRNA in
transfected positive cells with a mammalian ecdysone
inducible system. RKO derived clones, which stably
expressed the functional EcR receptor, were trans-
fected with an expression plasmid containing the hu-
man antisense cyclin D1 cDNA under the control of a
minimal HSP promotor. Colonies were analyzed for
inducible expression of antisense cyclin D1. Northern
blot analyses of total RNA extracted from the parental
RKO cells, control cells transfected with vector only
(RV-1 cells), and a RKO antisense cyclin D1 clone

NA in RA28 cells and RV-1 vector cells. (A) Levels of CD1 antisense
f 3 experiments 6 SEM. The reference level (0 h) represents basal
ive Northern blot showing changes in levels of 4.8 kb antisense CD1

at indicated time points (0, 1, 2, 3, 4, and 20 h). Blots were reprobed
dition of PA, 1 mM, at 0 h. Bars represent mean of 3 experiments 6
ession in RA28 cells. (D) Representative Northern blot of CD1 mRNA
levels at 0, 1, 2, 3, 4, and 20 h postinduction with 1 mM PA in RA28
mR
n o
tat
ells
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(RA28) are shown in Fig. 2. When hybridized concur-
rently with five specific sense cyclin D1 oligonucleotide
probes, a 4.8-kb exogenous antisense cyclin D1 mRNA
was detected in the RA28 antisense clone. No hybrid-
ization signals were observed in either the RKO paren-
tal or RV-1 control cell lines with these probes. Anti-
sense cyclin D1 mRNA expression exhibited a time-
dependent response when treated with 1 mM PA.

ntisense cyclin D1 mRNA expression peaked at 3–4 h
ith an increase of 4.5-fold compared with baseline

evels after 1 mM PA induction (Figs. 2A and 2B). When
the total RNA samples extracted from the same treated
RA28 clone were hybridized with a cDNA probe specific
for cyclin D1 mRNA, there was a complementary de-
crease in CD1 sense mRNA. These reductions ranged
from 10% at 1 h postinduction to 55% at 4 h postinduc-
tion (Figs. 2C and 2D). There was a dose-dependent
response in expression levels of sense or antisense cy-
clin D1 mRNA (data not shown), with maximal induc-
tion of antisense cyclin D1 mRNA at 1 mM PA.

Antisense cyclin D1 mRNA reduces the expression
level of cyclin D1 protein. Expression of endogenous
cyclin D1 protein in response to antisense expression
was determined using wild type RKO, RV-1, and RA28
cells treated with PA. Proteins from cell extracts were
resolved by SDS-PAGE and were analyzed by Western
blot. As shown in Fig. 3, induction with 1 mM PA
resulted in a 12% decrease in the expression levels of
cyclin D1 protein at 1 h, a 40% decrease at 2 h, and a
59% decrease at 3 h. These data correlated with the

FIG. 3. Cyclin D1 protein level in RA28 cells following treatment
with ponasterone A. (A) CD1 protein levels in RA28 cells experi-
ments using basal levels as reference point. (B) Representative West-
ern blot of CD1 protein at specific time points after addition of 1 mM

onasterone. Lane 1, RV-1 cells; lanes 2–6, Cyclin D1 protein level at
, 1, 2, 3, and 4 h, respectively, after 1 mM treatment in RA28 cells.

Equal protein loading per lane (20 mg/lane) was confirmed by probing
the 45-kDa region of the blot with an anti-actin antibody as an
internal loading control.
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temporal changes previously observed in cyclin D1
mRNA sense and antisense levels.

Changes in the levels of expression of pRb, cyclin
E:cdk2-, and cyclin D:cdk4-specific phosphorylation of
pRb, and the ratio of ppRb to pRb in antisense cyclin
D1-transfected cells. Following treatment of RA28
cells for 6 h with 1 mM PA, there was a linear decrease
in the expression of pRB protein ranging from 56.16%
1 h to 20.43% at 4 h. In addition, there was also a linear
decrease in the ratio of ppRb to pRB ranging from 62%
at 1 h to 31% at 4 h (Fig. 4). This decrease was not
observed in RKO and RV-1 cells (data not shown). To
determine the specific effect of cyclin D1 suppression
on pRb independent of cyclin E effects, Western blot
analysis was employed to quantitate the levels of the
pRb proteins with cdk 2-specific phosphorylation of
pRb antibody or with cdk 4-specific phosphorylation of
pRb antibody. We employed the anti-pRb-Ser-780 (169)
antibody which was generated with the amino acid
sequence RPPTLS(p)PIPHIP-COOH, and only de-
tected the cyclin D1/cdk 4-specific phosphorylated
(serine 780) form of the ppRb protein. The anti-pRb-
Thr-356 (172) antibody was generated with the amino
acid sequence FETQRTPRKSNLD-COOH and is spe-
cific for the cyclin E/cdk2-specific phosphorylated (thre-
onine 356) form of ppRb protein (21). Both cyclin
D1/cdk 4-specific and cyclin E/cdk 2-specific phos-
phorylated pRb proteins decreased 70 and 60%,

FIG. 4. The effect of antisense cyclin D1 on retinoblastoma pro-
tein. (A) Ratios of hyperphosphorylated and hypophosphorylated
retinoblastoma protein at 0–6 h. Scanning densitometry was per-
formed on individual bands for pRb and ppRb detected by Western
blot. Ratio of ppRb to pRb following exposure to 1 mM decreased by
58% at 3 h when compared to untreated RA28 cells (0 h). Bars
represent mean of 4 experiments 6 SEM. (B) Representative West-
ern blot of pRb protein at specific time points after addition of 1 mM
ponasterone A to RA28 cells. Lane 1, RV-1 cells. Lane 2, RKO cells.
Lanes 3–8, retinoblastoma protein level at 0, 1, 2, 3, 4, and 6 h,
respectively, after 1 mM ponasterone treatment in RA28 cells. (C)
Equal protein loading per lane was confirmed by probing the 45 kDa
region of the blot with an anti-actin antibody as an internal loading
control.
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respectively, at 3 h (Fig. 5). These changes occurred in
a reproducible and sequential fashion. Specifically, lev-
els of cdk 4-specific ppRb decreased rapidly by 50%
within the first hour. However, only minimal effects
were observed on cdk 2-dependent phosphorylation of
ppRb at the same time point. At 2 h, cdk 4-specific
ppRb decreased 60% versus a 30% decrease for cdk
2-specific phosphorylation. Maximal suppression for
both cdk2 and cdk4 specific phosphorylation occurred
at 3 h and partially rebounded at 4 h (Figs. 5A and 5B).

Effects of antisense cyclin D1 on other cell cycle-
related proteins. Expression of cyclin E decreased
0% after a 3 h induction with PA (Figs. 6A and 6B). It

is interesting that while cyclin E and cyclin D1 de-
creased over time, the level of suppression for cyclin E
was not as great as that of cyclin D1. Conversely, the
expression of the S phase-specific cyclin, cyclin A, and
the G2/M phase-associated cyclin, cyclin B, were essen-
tially unaffected over time (0–4 h) in both RA28 or
RV-1 cells following treatment with PA (data not
shown). The expression of the cyclin D1-dependent pro-
tein kinases, cdk 4 and cdk 6, decreased 45 and 50%,
respectively (Figs. 7A and 7C–7E), while expression of

FIG. 5. Effect of antisense cyclin D1 on cdk 2- and cdk 4-specific
phosphorylation of retinoblastoma proteins. (A) Scanning densitom-
etry analysis of Western blots. Expression level of the cdk 2/cdk
4-specific phosphorylated pRb decreased following addition of PA at
0 h. Bars represent mean of 3 experiments 6 SEM. (B) Representa-
ive Western blot of cdk 2-specific phosphorylated pRb and cdk
-specific phosphorylated 115 kDa pRb proteins. Unlike blots for
onspecific pRb phosphorylation, only a single band is detected with
ach antibody. Lane 1: RV-1 cells. Lanes 2–8: cdk 2- or cdk 4-specific
hosphorylated ppRb proteins at 0 h (lane 2), 1, 2, 3, 4, 6, and 8 h
lanes 3–8) time points after induction with 1 mM PA in RA28 cells.

Blots were reprobed for b-actin as an internal control.
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the cyclin E-dependent protein kinase, cdk 2, de-
creased by 30% after induction with 1 mM PA (Figs. 7A
and 7B). Interestingly, the relative change in protein
levels over time replicated that of CD1, suggesting that
all of these proteins are tightly regulated by changes in
CD1 expression.

DISCUSSION

Our studies utilized the ecdysone analogue, Ponas-
terone A, to induce the expression of antisense cyclin
D1 in a unique, stably transfected colon cancer cell
line, RA28 cells. This novel, inducible system, mark-
edly reduced CD1 expression and is extremely useful in
the elucidation of related temporal events associated
with cyclin D1 expression. The goal of our studies was
to determine the effect of decreased cyclin D1 levels on
cell cycle progression and on the expression of other
cell cycle-related proteins in order to more clearly un-
derstand the mechanisms associated with cell cycle
regulatory events. We were particularly interested in
the relationship between cyclin D1 and cyclin E, the
predominant cyclins found in G1. The relationship be-
tween these two cell cycle proteins is not clearly un-
derstood to date but it is a critical issue in cell cycle
regulation. Induction of antisense cyclin D1 expression
in our novel RA28 cell line, produced a rapid decrease
in cyclin D1 as well as a rapid reduction and almost
concomitant suppression of the levels of cyclin E,
cdks2, 4 and 6. The reduction of cyclin E levels over
time, directly correlated with the induced reduction of

FIG. 6. Western blot analysis for cyclin E protein levels in RV-1
and RA28 cells. (A) Western blots were performed at selected time
points after addition of PA and analyzed by scanning densitometry.
Bars represent mean of 3 experiments 6 SEM. (B) Representative

estern blots of cyclin E protein levels following addition of 1 mM
onasterone. Lane 1: RV-1 control. Lanes 2–6: cyclin E levels at 0, 1,
, 3, and 4 h following PA exposure in RA28 cells.
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cyclin D1. This supports the recent theory by Geng and
his colleagues (25) that cyclin E is the major down-
stream target of cyclin D1. The fact that cyclin E does
not compensate for the reduction in cyclin D1 protein
levels by increasing expression rules out a redundant
function between these two G1 phase proteins.

While it has been reported that some malignant cells
may preferentially use only one cyclin to accomplish
hyperphosphorylation of pRB, making the other cyclin
redundant (26–28), pRB phosphorylation normally re-
quires an active cyclin D/cdk4 complex to perform the
initial phosphorylation event followed by additional
phosphorylation events initiated by an active cyclin
E/cdk2 complex (29, 30). One caveat, however, is that
cyclin E is also regulated by E2F-1 in a feedback loop
mechanism (31). Therefore, changes in levels of cyclin
E in our system may reflect both the effects of cyclin D1
and compensatory effects of E2F-1. Despite the con-
comitant decrease in CD1 and cyclin E expression, the
decrease in cdk2 specific phosphorylation of pRB
clearly lagged behind that of cyclin D1/cdk4 specific

FIG. 7. Cdk 2, cdk 4, and cdk 6 protein levels after ponasterone
induction in RV-1 and RA28 cells. (A) Western blots were per-

ormed at selected time points. Results of densitometric analysis is
resented relative to basal levels. Bars represent mean of 3 experi-
ents 6 SEM. (B–D) Representative Western blots of cdk 2, cdk 4,

cdk 6 in RA28 cells. Lane 1: RV-1 cells. Lanes 2–6: cdk 2, cdk 4, or
cdk 6 levels at 0 h (lane 2), 1, 2, 3, and 4 h (lanes 3–6) following
ddition of 1 mM PA in RA28 cells. (E) Blots were reprobed for b-actin

levels as the internal control. This is a representative blot demon-
strating equal loading.
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phosphorylation of pRB. This is most likely due to the
fact that there was a greater suppression of cyclin D1
(60%) compared to that of cyclin E (30%). It is also
possible that cyclin E/cdk2 complexes are activated by
a cyclin D1 independent mechanism. For example, re-
cent studies have shown that two distinct pathways
function downstream of E2F to initiate S phase entry
(32); one pathway depends on the activity of cdk2 and
the other does not.

In summary, we present here new data demonstrat-
ing that cyclin D1 and cyclin E share a tightly regu-
lated, temporal relationship in cell cycle events, and
provide confirmatory evidence that cyclin E is a major
downstream target of cyclin D1. Furthermore, we dem-
onstrate that decreases in cyclin D1 expression
(through induction of the antisense cyclin D1 gene)
produced not only concomitant decreases in cyclin E,
but decreased cyclin D1/cdk4 specific phosphorylation
of pRB. Effects on cyclin E/cdk2 specific phosphoryla-
tion of pRB were dissociated from effects on cyclin E,
suggesting another regulatory pathway. The presence
of reduced levels of cyclin D1 and cyclin E may be
sufficient to progress the cells through the G1/S tran-
sition. Alternatively, cyclin E/cdk2 complexes may be
activated via a cyclin D1 or cdk2 independent mecha-
nism. This mechanism needs to be further elucidated
because the cyclin E/cdk2 complex is likely to be an
important therapeutic target for the future treatment
of cancer. This is especially true since it can be the
major complex associated with pRB hyperphosphory-
lation which results in the activation of the E2F family
of transcription factors that are important in the mas-
sive task of replicating the genome during S phase.
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