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ABSTRACT

We previously reported increased expression of p27Klpl in a series of

human breast cancer cell lines, as compared to cell lines established from
normal mammary epithelial cells. These data were surprising because this
protein exerts a growth-inhibitory function in normal cells, and p27Klpl

has been proposed as a candidate tumor suppressor gene. A possible
explanation for the paradoxical increase in p27Klpl in the breast cancer

cell lines is that they had become refractory to the inhibitory effects of this
protein. To address this question, here, we transfected the MCF7 breast
cancer cell line and the MCF10F nontumorigenic mammary epithelial cell
line with a vector containing the p27Klpl cDNA to obtain derivatives that
express increased levels of p27Klpl. The increased expression of p27Kipl in

both of these cell lines was associated with lengthening of the Gt phase, an
increase in the doubling time, a decreased saturation density, and a
decreased plating efficiency. In the MCF7 cells, anchorage-independent

growth and in vivo tumorigenicity were also suppressed. These effects
were associated with decreased cyclin E-associated in vitro kinase activity
in both cell lines. The increased expression of p27Klpl was associated with

a decreased level of expression of cyclin Dl in the MCF10F cells but an
increased level of the cyclin Dl protein in the MCF7 cell line. Both
derivatives expressed slightly increased levels of the cyclin E protein.
Thus, breast cancer cells are still responsive to p27Klpl-mediated inhibi

tion of cell growth despite the high basal level of this protein. These results
suggest that therapeutic strategies that further increase the level of ex
pression of p27K>plor mimic its activity might be useful in cancer therapy.

INTRODUCTION

Cyclins control the orderly progression of cells through the cell
cycle by determining the timing of activation and the substrate spec
ificity of a series of Cdks3 (1, 2). Both positive and negative phos-

phorylation events, as well as specific inhibitory proteins, play critical
roles in regulating the activation of cyclin/Cdk complexes during cell
cycle progression (3, 4). The Cdk inhibitors identified in mammalian
cells are classified into two major categories. The INK4 family
includes pl6lnk411 (5), pl5lnk4b (6), pl8lnk4<: (7), and pl9Ink4d (8),

which mainly inhibit Cdk4 and Cdk6 by binding to the Cdk subunit
itself. The Cip/Kip family includes p21cipl (9), p27Kipl (10), and
p57Klp2 (11), which share a conserved domain and inhibit a broader

range of Cdks by binding to several cyclin/Cdk complexes. All of
these Cdk inhibitors cause G, arrest when they are overexpressed in
transfected cells (3, 12).

Loss of pl5lnk4b and pl6Ink4a expression due to gene mutation,

deletion, and/or DNA methylation (13, 14) has been seen in a variety
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of human tumors, and pl6Ink4l'-deficient mice develop spontaneous

tumors at an early age and are highly sensitive to carcinogens (15). On
the other hand, several independent studies have found that alterations
in the integrity of the p27Kipl (16-18) and p21cipl (19) genes occur

only rarely in a variety of human primary tumors and cancer cell lines.
Moreover, p21Clp'-deficient mice undergo normal development and

do not exhibit early tumorigenesis, although fibroblasts from these
mice are defective in G, arrest in response to DNA damage and
nucleotide pool depletion (20, 21). Mice deficient in p27Klpl complete

an apparently normal prenatal development, although they develop
hyperplasia in multiple organs, retinal dysplasia. and pituitary tumors
(22-24). Nevertheless, fibroblasts from these mice display a normal

G, arrest in response to a variety of extracellular stimuli (24).
We recently reported that ectopie overexpression of cyclin E (25,

26) or cyclin Dl (27) in a mouse mammary epithelial cell line is
associated with increased expression of p27Klpl. Increased expression

of cyclin Dl (1, 2, 28) and cyclin E (29, 30) has been reported
frequently in breast cancer cell lines and primary breast carcinomas.
We observed that the endogenous p27Klpl protein is also expressed at

a relatively higher level in a series of human breast cancer cell lines
as compared to the level in nontumorigenic human mammary epithe
lial cell lines (25). The increased expression of p27Klpl in the breast

cancer cell lines was unexpected because they grow rapidly and
express high levels of cyclin E-associated kinase activity. This in
crease in p27Klp[ displayed a significant association with the levels of

expression of cyclin Dl and cyclin E (31) and was not confined to
cancer cells in vitro because a high level of expression of p27K'pl has

also been reported in a subset of primary human breast and colon
carcinomas (31-33).

Possible explanations for the paradoxical increase in p27Klpl seen

in some epithelial cancer cells are: (a) epithelial cells might be
inherently resistant to the inhibitory effects of this protein; (b) epi
thelial cancer cells might become refractory to this protein because of
mutations in one or more components of cyclin/Cdk complexes; or (c)
epithelial cancer cells somehow sequester p27Klpl in an inactive form.

To address this hypothesis, here, we transfected the MCF7 human
breast cancer cell line with a vector containing the p27Klpl cDNA to

obtain derivatives that stably expressed an even higher level of
p27Klpl. In parallel, we obtained derivatives of the nontumorigenic

mammary epithelial cell line MCF10F that express increased levels of
P27Kipl. We found that both the MCF7 and MCF10F cells are re
sponsive to the inhibitory effects of p27Klpl. The implications of these

findings are discussed.

MATERIALS AND METHODS

Cells and Cell Culture. The spontaneously immortalized human mam
mary epithelial cell line MCF10F (34) was routinely cultured in a 1:1 (v/v)
mixture of DMEM and Ham's F-12 medium supplemented with 0.5 /j.g/ml

hydrocortisone. 0.1 Â¿ig/mlcholera toxin, 10 ^ig/ml insulin, and 20 ng/ml
epidermal growth factor (all from Sigma Chemical Co., St. Louis, MO) and 5%
horse serum (Life Technologies, Inc.). The MCF7 cells were obtained from
American Type Culture Collection and were cultured in MEM plus 10% FCS.
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Construction of Vectors and Transfection Procedure. The full-length
human p27Klpl cDNA (1.5 kb) was subcloned into the EcoRl site of the

eukaryotic expression vector pCDNA3 in the sense orientation. The resulting
pCDNA-p27 plasmid or the control vector pCDNA3 was transtected into the

MCF7 or the MCFIOF cells using Lipofectin (Life Technologies, Inc.). The
transtected cells were selected by growth in 700 /ig/ml G418 (Boehringer
Mannheim, Indianapolis. IN) for 15 days. G418-resistant colonies were then
pooled, expanded, and analyzed by Western blots for p27Klpl expression. The
pools that showed a significant increase in p27Klpl expressions were used for

the subsequent studies.
Growth Studies. The exponential doubling times and saturation densities

were determined essentially as described previously (25). Briefly, cells were
plated at a density of 1 x IO4 cells per 35-mm-diameter well, in triplicate.

Every 2 days, the cultures were refed with fresh medium, and the number of
cells per well was determined using a Coulter counter. The doubling times
were calculated from the initial exponential phase of the growth curves and the
saturation densities from the plateau of the growth curves. Plating efficiency
assays were performed by seeding 1000 cells per 10-cm dish in complete
medium. Cells were refed with fresh medium every 3-4 days for about 2

weeks. The cells were then fixed and stained with Giemsa. and the number of
grossly visible colonies was counted. All assays were performed in triplicate,
and all experiments were repeated at least twice and gave similar results. The
data reported in Table 1 are the results of a typical experiment for each cell

line.
Flow Cytometric Analysis. Exponentially growing cells were collected,

washed with PBS. and fixed in 5 ml of 70% ethanol and stored at 4Â°C.For the

analysis, cells were collected by centrifugation. and the pellets were resus-
pended in 0.2 mg/ml propidium iodide in Hank's balanced salt solution

containing 0.6% Nonidet P-40 and RNase ( 1 mg/ml). The cell suspension was

then filtered and analyzed for DNA content on a Coulter EPICS 753 flow
cytometer. The percentage of cells in different phases of the cell cycle was
determined using a ModFit 5.2 computer program. The assays were repeated
at least three times and gave similar results. The data reported in Table 1 are
the results of a typical experiment.

Soft Agar and Tumorigenicity Assays. To determine anchorage-indepen
dent growth. 1 ml of 0.5% agar in complete medium was placed in each 35-mm

well of six well plates. Then, 2 ml of 0.3% agar in complete medium
containing 1 X IO5 cells were layered on top of the solidified bottom layer of

agar. Colony formation was monitored for up to 3 weeks, and the final
numbers of colonies that were larger than 0.05-mm diameter were determined.

Tumorigenicity assays were performed as described previously (35).
Briefly, cells (5 X IO6) were injected s.c. into multiple sites in athymic (nude)

mice. The animals were monitored for tumor formation every week and
sacrificed 2 months later. Tumor length (/.) and width (HO were measured at
the end of the experiment, and tumor volume was calculated by the formula
(L X W2)/2.

Immunoreagents. The polyclonal antibodies to cyclin DI and to cyclin E
were obtained from Upstate Biotechnology (Lake Placid. NY). The mono
clonal antibody to pRb (clone G3-245) was purchased from PharMingen (San

Diego. CA). The polyclonal antibody to p27Klp[ was from Santa Cruz Bio

technology (Santa Cruz. CA).
Protein Extraction and Immunoblotting. Proteins were extracted from

exponentially growing cells and were subjected to Western blot analysis as
described previously (25). Total cell lysates (50 fig) were electrophoresed by
SDS-PAGE and then transferred to Immobilon-P membranes (Millipore, Bed

ford, MA). Appropriate dilutions were used for the different primary antibod
ies. Immunodetection was performed using the enhanced chemiluminescence
kit for Western blotting detection (Amersham). The intensities of the bands
were quantitated on a Molecular Dynamics computing densitometer (Molec
ular Dynamics. Sunnyvale. CA) using Image Quant software version 3.22.
Protein extraction was independently performed at least three times for each
cell line. Similar results were obtained in replicate studies.

In Vitro Assays for Cyclin E-associated Kinase Activity. Assays for
cyclin E-associated histone HI kinase activity were performed as described

previously (25). Immunoprecipitations were carried out with 2 fig of the
polyclonal anti-cyclin E antibody, and immunocomplexes were recovered with
protein A-Sepharose. The final pellet was resuspended in 30 /nl of kinase

buffer supplemented with 2 ng of histone HI (Boehringer Mannheim) and 5
/Â¿Ciof |y-':P]ATP (Amersham). and this assay mixture was then incubated for

15 min at 30Â°C.The reaction was stopped by addition of 25 Â¡Ãº2 x-concen-

trated Laemmli sample buffer. The samples were separated by SDS-PAGE,

and the phosphorylated histone HI was visualized by autoradiography. The
intensities of the bands were quantitated by densitometric scanning. Protein
extractions and immunocomplex kinase assays were independently performed
at least three times for each cell line, and repeated assays gave similar results.

RESULTS

Transfection and Expression of an Exogenous p27Klpl cDNA in

the MCFIOF and MCF7 Cells. The MCFIOF nontumorigenic hu
man mammary epithelial cell line and the MCF7 human breast cancer-

derived epithelial cell line were transfected with the pCDNA3 mam
malian expression vector or its derivative pCDNA-p27, containing a
full-length human p27Klpl cDNA sequence in the sense orientation.

Following G418 selection, pools of thousands of resistant colonies
were obtained both from the cultures transfected with the pCDNA-

p27 construct and the cultures transfected with the pCDNA3 vector
(vector control cells) and analyzed for p27Klpl expression. Expression
of the exogenous p27Klpl was verified by Western blot analysis using
a polyclonal antibody to p27Klpl. Representative data are shown in

Fig. 1, A and B. for the MCFIOF and the MCF7 cell lines, respec
tively.

On the basis of these results, we chose the following derivatives of
MCF10 cells: one vector control pool (MCF10F-PV1) and two
p27Kipl overexpressing derivatives (MCF10F-PK1P#1 and MCF10F-

PKIP#2) for further studies. Densitometric analysis of Western blots

Table 1 Effecls of p27K>l>>overexpression on cell cvcle distribution timi growth properties in normal human mtitntnan- epithelial IMCFIOFt und Immun breast cancer Ã•MCF7)

cell lines

Cell line

Cell cycle phase*

D.T." (h) S.D. (X IO6) P.E. (%) G2/M ( A.I.G. (%)

MCF10F-PV#1MCFIOF-PKIP01MCF10F-PKIP02MCF7-PV#1MCF7-PV02MCF7-PVÂ«MCF7-PKIP*9MCF7-PKIP*14MCF7-PKIP*23MCF7-PKIP04529.4Â±232.6
Â±234.4
Â±328.4
Â±227.2
Â±229.2
Â±335.9
Â±637.9
Â±337.2
Â±339.6
Â±42.91.20.34.24.84.33.63.63.52.40.40.20.050.40.70.60.50.30.40.36.22.10.6332726211097210.1653621160.566.671.841.234.648.650.559.560.262.418.814.410.735.943.334.835.72f.l24.625.12(1.719.019.522.')22.116.513.811.415.212.5010171718118513322111

" D.T.. doubling time, corresponds to the initial exponential phase of cell growth; S.D., saturation density, represents the total number of cells per 35-mm well when the cultures
reached a plateau in their growth; P.E.. plating efficiency; A.I.G., anchorage-independent growth, expressed as colony-forming efficiency in soft agar. Values for D.T., S.D.. P.E., and
A.I.G. indicate the means Â±the SDs (n = 3).

Exponentially growing cultures of the indicated cell lines were analyzed by flow cytometry. The values represent the percentage of the total cell population in each phase of the
cell cycle. Similar results were obtained in a repeat experiment; for additional details, see "Materials and Methods."
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Fig. I. Effects of ectopie expression of a human p27K'pl cDNA on cellular levels of the
p27Klpl and cyclin E proteins and on in vitro cyclin E-associated kinase activity in the

MCF10F (A) and MCF7 (B) cell lines. Exponentially growing cultures of vector control
(-PV) and p27Kipl-overexpressing pools (-PKIP) of MCF10F and MCF7 were analyzed.

For Western blot analyses, 50 /Â¿gof protein in whole cell lysates were resolved by 10%
SDS-PAGE and then transferred to an ImmobiliÂ«!membrane. Duplicate blots were probed
with anti-cyclin E (top} and anti-pi?10111 (middle) antibodies, and immunoreactive bands

were detected by enhanced chemiluminescence. Fifty (ig of whole cell lysates were also
assayed for cyclin E-associated histone HI kinase activity (bottom). For additional details,
see "Materials and Methods."

indicated that the MCF10F-PKIP#1 and MCF10F-PKIP#2 pools ex
pressed 2- and 2.5-fold increases in p27Kipl expression, respectively,

as compared to the vector control pool MCF10F-PV1 (Fig. 1A). Three
vector control pools (MCF7-PV#1, MCF7-PV#2, and MCF7-PV#3)
and four p27Kipl-overexpressing pools (MCF7-PKIP#9, MCF7-

PKIP#14, MCF7-PKIP#23, and MCF7-PKIP#45) of the MCF7 de

rivatives were chosen for the studies described below. Densitometric
analysis of Western blots indicated that p27Kipl expression was in

creased ~4-, 6-, 6-, and 8-fold, respectively, in the MCF7-PKIP#9,
MCF7-PKIP#14, MCF7-PKIP#23, and MCF7-PKIP#45 derivatives,

as compared to the corresponding vector control pools (Fig. IÃŸ).The
increased expression of p27Kipl in the derivatives of both the

MCF10F and MCF7 cell lines was verified by immunostaining with

an anti-p27Klpl antibody. The immunostaining also confirmed the
nuclear localization of the p27K'pl protein in both the vector control

and overexpresser derivatives (data not shown).
Effects of p27Klpl Overexpression on Cell Cycle Kinetics and

Cell Growth. Cell cycle parameters were examined in exponentially
growing cultures of the MCF10F-PV#1 vector control and p27Kipl-

overexpressing cells by flow cytometry. As expected, the two
p27Klpl-overexpressing pools displayed an increase in the percentage

of cells in the G, phase of the cell cycle (~69 versus 60%) and a
reduction in the percentage of cells in the S phase (â€”12versus 19%),

as compared to the vector control pools (Table 1). In addition, the
p27Kipl-overexpressing cells displayed a slightly longer doubling time

and a marked decrease in saturation density and plating efficiency, as
compared to the vector control cells (Table 1 and Fig. 2A). Overex
pression of p27Kipl, however, did not alter the morphology of the

MCF10F cells (data not shown).
Overexpression of p27Klpl also did not alter the morphology of the

MCF7 cells (data not shown). The p27Klpl-overexpressing pools of

the MCF7 cells showed an increase in the percentage of cells in the G,
phase of the cell cycle (â€”58 versus 41%) and a decrease in the
percentage of cells in the S phase (â€”29versus 38%), as compared to

the corresponding vector control cells (Table 1). The overexpressing
derivatives of the MCF7 cells also displayed a longer doubling time,
a reduced saturation density, and a decreased plating efficiency, as
compared to the corresponding vector control cells (Table 1 and Fig.
2B).

Overexpression of p27Kipl Reduces Anchorage-independent

Growth and Tumorigenicity in the MCF7 Cells. As shown in
Table 1, when grown in suspension in 0.3% agar in complete medium,
the vector control MCF7-PV cells formed large colonies with a
colony-forming efficiency of â€”¿�17%.In contrast, the four p27Kipl-

overexpressing pools displayed a decreased cloning efficiency in soft
agar, with a value of â€”¿�6%,and the average colony size was smaller

than that seen with the vector control cells (data not shown). These
experiments were repeated three times and gave similar results.

The tumorigenicity of the vector control MCF7-PV cells and the
MCF7 p27K'pl-overexpressing cells were assayed in nude mice by s.c.
injection of 5 x IO6cells/injection site. The MCF7-PV cells produced

tumors at all of the injection sites (n = 12). The MCF7-PKIP cells

produced tumors in all but one of of the injection sites (15 of 16).
However, the latency period before tumors were detectable was longer
for the p27Klpl-overexpressing cells (â€”4versus 2 weeks; data not

shown), and the average tumor size was significantly smaller
(P < 0.007), as compared to the vector control cells (Fig. 3). The
parental MCF10F cells do not form colonies in agar and are not
tumorigenic in nude mice; therefore, derivatives of these cells were
not assessed for these parameters.

Effects of pi?1"111Overexpression on the Expression and Ac
tivity of Other Cell Cycle-related Genes. Although p27Kipl is found

in various cyclin/Cdk complexes throughout the G, phase of the cell
cycle, it appears that the cyclin E/Cdk2 complex is the major target of
its inhibitory activity (3, 4, 10). Therefore, we examined the effects of
p27Kipl Overexpression on in vitro cyclin E-associated kinase activity

in both the MCF10F and MCF7 derivatives. As expected, cyclin
E-associated kinase activity was markedly decreased in the MCF10F-
PKIP cells, as compared to the MCF10F-PV vector control cells (Fig.
\A). This was also true of Cdk2-associated kinase activity (data not
shown). Densitometric analysis indicated that the cyclin E-associated
kinase activity was decreased to â€”¿�25and 15% of the value in the
control cells in the MCF10F-PKIP#1 and MCF10F-PKIP#2 pools,

respectively, Interestingly, Western blot analysis of exponentially
dividing cells indicated that the levels of expression of the cyclin E
protein were slightly increased in the p27Klpl overexpresser cells
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Fig. 2. Effects of stable overexpression of p27Klpl on the plating

efficiency of the MCF10F (A) and MCF7 (ÃŸ)cells. Vector control
(-PV) and p27Kir"-overexpressing derivatives (-PKIP) were seeded in
triplicate in 10-cm dishes (IO3 cells/dish) in complete medium and

were refed with fresh medium every 3-4 days. The cells were fixed
and stained with 5% Giemsa after 2-3 weeks, and the number of
grossly visible colonies was counted.

MCF10F-PKIP#1 MCF10F-PKIP#2

B
MCF7-PV#2 MCF7-PW3

MCF7-PKIP#9 MCF7-PKIP#14 MCF7-PKIP#23 MCF7-PK1P#45

(~ 1.4-fold), as compared to the control cells (Fig. 1A). Overexpres
sion of p27Klpl was also associated with a decrease in cyclin E-asso-

ciated kinase activity in the MCF7 cells (Fig. IÃŸ)and also in Cdk2-

associated kinase activity (data not shown). Densitometric analysis
indicated that the cyclin E-associated activity was decreased to â€”¿�15%

of the control value in the MCF7-PKIP#45 pool, which expressed the
highest level of exogenous p27Klpl. These results demonstrate that the

cyclin E/Cdk2 complex in this cancer cell line is still responsive to
p27Klpl-mediated inhibition. The level of expression of the cyclin E
protein was also increased in the p27Klpl-overexpressing derivatives

of the MCF7 cells (~ 1.5-fold), as compared to the control cells (Fig.

IÃŸ).
To extend these results, we evaluated, by Western blot analysis, the

effects of p27Klpl overexpression on two additional regulators of G,

progression. As expected, we observed a decrease in the phosphoryl-
ated form of the Rb protein in the p27K'p'-overexpressing derivatives

of the MCF10F cells (Fig. 4). Surprisingly, we also observed a
decrease in the levels of expression of the cyclin Dl protein in these
derivatives. Densitometric analysis indicated an â€”¿�50%reduction in
the level of the cyclin Dl protein when the p27Klpl overexpressing

cells were compared to the control MCF10F cells (Fig. 4). Overex
pression of p27Klpl in the MCF7 cells caused only a slight decrease in

the ratio of the phosphorylated to unphosphorylated forms of the Rb
protein (Fig. 4). As reported previously (31 ), the control MCF7 cells
expressed much higher levels of cyclin Dl than did the control
MCF10F cells (Fig. 4). We observed a further increase, rather than a
decrease, in the levels of expression of the cyclin Dl protein when the
p27Klpl overexpresser derivatives of MCF7 cells were compared to

the vector control MCF7 cells. This increase was â€”¿�1.5-fold(Fig. 4).

DISCUSSION

Overexpression of p27Klpl has been reported to induce cell cycle

arrest in a variety of cell lines, although most of the previous studies
used fibroblasts rather than epithelial cells (10, 36). Nevertheless,
increased expression of this inhibitory protein has been observed in
human breast cancer cell lines and a subset of primary human breast
carcinomas (31, 33). The increased expression of p27Klpl in these

cancer cells is especially intriguing because several studies have also
indicated that the p27Klpl gene is usually not mutated in breast
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Fig. 3. Effects of stable overexpression of p27Klpl on the tumorigenicity of the MCF7

cells in nude mice. Cells (5 X IO6) from exponentially dividing cultures of each vector
(MCF7-PV#I. MCF7-PVÂ«, and MCF7-PVÂ«) and p27Kl>"-overexpressing pools
(MCF7-PKIPÂ«, MCF7-PKIP#14. MCF7-PKW23, and MCF7-PKIP#45| were injected
s.c. into multiple (Â«= 4) sites in athymic (nude) mice. The animals were monitored for
tumor formation every week and sacrificed 2 months later. Tumor length (Z.) and width
( W) were measured at the end of the experiment, and tumor volume was calculated by the
formula (L X "/2)/2. The Mann-Whitney test was used to determine the statistical
significance between the mean tumor volumes (â€”) of the vector control and p27Klpl

overexpressing pools (P < 0.007).

cancers, and therefore, they overexpress a wild-type protein (18, 37,

38).
We have previously hypothesized that the increased levels of

p27K'p' Â¡nbreast cancer cells might reflect the existence of a homeo-

static regulatory mechanism that protects the cancer cells from poten
tially toxic effects of increased expression of cyclin E and/or cyclin
Dl (25, 26). Indeed, we have observed a significant association
between increased expression of p27Klpl and cyclin E or cyclin Dl in

human breast cancer cell lines (31). The paradoxical increase in
p27Klpl in breast cancer cells might indicate that mammary epithelial
cells are inherently resistant to the inhibitory effects of p27Klpl or that

cyclin/Cdk complexes in breast cancer cells are refractory to the
inhibitory activity of p27Kipl due to mutations in one (or more)

components of these complexes. Therefore, it was of interest to
examine the phenotypic effects of expressing an exogenous p27Klpl in

both normal and tumor-derived human mammary epithelial cells.

This study demonstrates that, as reported previously for other cell
types, overexpression of p27Kipl does inhibit the growth of normal

human mammary epithelial cells. In fact, overexpression of an exog
enous p27Klpl cDNA in the normal nontumorigenic human mammary

epithelial cell line MCF10F was associated with lengthening of the G,
phase of the cell cycle, a longer doubling time, a decreased saturation
density, and a decreased plating efficiency (Table 1 and Fig. 2A). As
expected, these phenotypic effects were associated with a marked
inhibition of cyclin E-associated kinase activity (Fig. 1A).

Despite its rapid in vitro growth and in vivo tumorigenicity, MCF7
cells express a high level of p27Kipl (26, 31). Nevertheless, a further
increase in the cellular level of p27Klpl due to ectopie expression of
p27Kipl was also able to inhibit the growth of this cell line. Thus, the
p27Klpl-overexpressing derivatives of the MCF7 cells displayed an

increase in the percentage of cells in the Gj phase of the cell cycle, a
longer doubling time, a decreased saturation density, and a decreased
plating efficiency (Table 1 and Fig. 2B). Furthermore, the anchorage-

independent growth and the in vivo tumorigenicity of MCF7 cells
were significantly reduced, although not completely abolished (Table
1 and Fig. 3), by the increased expression of p27Klpl. Cyclin E-asso

ciated kinase activity was also markedly decreased in these deriva
tives, as compared to vector control MCF7 cells (Fig. IÃŸ).

Overexpression of p27Klpl had different effects on the levels of

expression of the cyclin Dl protein in the normal MCF10F and MCF7
breast cancer cell lines. The levels of the cyclin Dl protein were
reduced in the p27Kipl-overexpressing derivatives of the MCF10F

cells, as compared to the vector control MCF10F cells (Fig. 4). The
mechanism responsible for this decrease is not known. It could simply
reflect the growth inhibition seen in these derivatives. However, the
level of the cyclin E protein was slightly increased in the p27Klpl-

overexpressing MCF10F cells (Fig. 1A). The latter effect might reflect
an attempt of the cells to override the growth inhibition caused by the
increased level of p27Klpl. It might also simply be a consequence of

reduced turnover of the cyclin E protein because cyclin E is degraded
following its phosphorylation by the cyclin E/Cdk2 complex (39), and
this kinase activity is inhibited in these cells (Fig. IA).

Curiously, overexpression of p27Kipl in the breast cancer-derived

MCF7 cells was associated with increased levels of both the cyclin Dl
and cyclin E proteins (Figs. IB and 4). The increased level of cyclin
E might, again, be a consequence of reduced turnover due to reduced
phosphorylation by the cyclin E/Cdk2 complex. More intriguing is the
increased expression of cyclin Dl because this did not occur in the
derivatives of MCF10F cells (Fig. 4). The increased expression of
cyclin Dl and cyclin E in the p27Klpl-overexpressing derivatives of

MCF7 cells may also reflect an adaptive mechanism in which the
tumor cells attempt to override the growth-inhibitory activity of the
increased level of p27Klpl. Indeed, increased expression of cyclin E
has been shown to rescue cells from p27Kipl-mediated growth inhi

bition (40). Western blot analyses failed to detect any change in the
levels of expression of cyclin A, Cdk2, Cdk4, or p21cipl in the
p27Klpl-overexpressing derivatives of MCF10F or MCF7 cells (data

not shown).
We previously observed a reciprocal phenomenon, in which ectopie

overexpression of cyclin Dl or cyclin E in mammary epithelial cells
is associated with increased expression of p27Kjpl (25-27). Increased

levels of endogenous cyclin Dl and cyclin E also correlate with
increased levels of p27Klpl in breast cancer cell lines (25, 31). Fur

thermore, there is a significant association between the levels of
p27Kipl and cyclin Dl in primary breast (33) and colon (32, 33)

carcinomas and also in esophageal cancer cell lines (41, 42). It is not
clear whether the increase in cyclins Dl and E or the increase in
p27K'p' occurs first during tumor development.
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Fig. 4. Effects of Mahle overexpression of p27Klpl on the levels of expression of cyclin

Dl and Rb proteins in the derivatives of the MCF10F and MCF7 cells. Extracts were
prepared from exponential!) dividing cultures and examined by Western blot analysis, as
described in the legend to Fig 1 and "Materials and Methods."
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Taken together, these findings provide evidence for the existence in
mammalian epithelial cells of a complex homeostatic network of
feedback loops that maintains an optimum balance between positive
and negative regulators of the G, to S transition of the cell cycle. It
appears that at least some components of this network can be retained
in breast cancer cells, presumably because this provides a growth
and/or survival advantage. However, here we demonstrate that tumor
cells are unable to counteract a marked or abrupt increase in the level
of expression of p27Klpl. In fact, despite the increased expression of
cyclin Dl and cyclin E, the p27Klpl-overexpressing derivatives of

MCF7 cells were inhibited in both their growth and tumorigenicity
(Table I and Fig. 4). These results suggest that strategies that would
increase cellular levels of p27Klpl or mimic its effects (43) might be

useful in cancer therapy, because they would inhibit the growth and
tumorigenicity of cancer cells, even in the presence of high endoge
nous levels of cyclin Dl and/or cyclin E. Our findings are consistent
with recent data obtained by transient ectopie overexpression of
p27Klpl using a replication-incompetent adenovirus delivery system in

human breast cancer (44) and brain tumor (45) cells. It appears that
p27K'p" js more effective than p21Clpl in inducing cell cycle arrest and

Cdk2 inhibition in tumor cells (44). Several growth-inhibitory factors,
such as transforming growth factor-ÃŸ(36, 46), contact inhibition (47),
IFN-7 (48), IFN-ÃŸ(49), cAMP (50), and rapamycin (51) may func

tion, at least in part, by inducing the expression or enhancing the
activity of p27K'pl. These observations, together with the results of the

present study, suggest novel strategies for the therapy of cancer.
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