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Loss of or lowered retinoblastoma (Rb) expression has been
included as a prognostic Indicator In breast cancer. Low or no
Rb expression is seen most commonly In high-grade breast
adenocarcinomas, suggesting that a relationship may exist
between loss of Rb and a less differentiated state, high prolif-
eration rate, and high metastatic potential. In this study, we
compared Rb function in two established breast adenocar-
cinoma cell lines, MCF-7 and MDA-MB-231, and In an estab-
lished immortalized mammary epithelial cell line, MCF10A.
Cells were synchronized In GO/G1 and were released for sev-
eral durations, at which time total Rb protein, mRNA, and RbI
E2F/DNA complex formation were evaluated. Rb protein
was slgnificantiy higher In the tumor cells than In MCF10A
cells. However, Rb function was high for a longer duration
in MCF10A cells as compared with MCF·7 and MDA·MB·231
cells. Our data support the general conclusion that Rb func-
tion, but not necessarily Rb protein, Is lower In highly malig-
nant breast adenocarcinoma cells as compared with lower
grade tumor cells. These results emphasize the relevance of
assessing Rb function over Rb protein. This Is particularly
important if Rb is to be used as a prognostic indicator for breast
adenocarcinoma. [Exp Bioi Med Vol. 227(5):354-362, 2002]
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The protein product of the retinoblastoma gene, Rb, is
a llO,OOO-Dalton tumor suppressor protein (I). Rb is
often mutated or expressed at very low levels in sev-

eral tumor types, including retinoblastoma, osteosarcoma,
small cell lung carcinoma, and colon, prostate, bladder, and
breast carcinomas (2-6). Loss of or lowered Rb expression
is more often found in high-grade than in low-grade breast
adenocarcinoma tumors and cell lines. A correlation may
exist between Rb amounts and differentiated state, meta-
static potential, and rate of proliferation of cells (7). As a
consequence, Rb has been included as a prognostic indicator
in breast cancer (8, 9).

Rb regulates cell cycle progression through mecha-
nisms that transcriptionally downregulate the activity of
genes required for progression into S phase (10, II). Rb
binding specifically inhibits E2F activity by blocking the
transcriptional activation domain and/or recruiting histone
deacetylase activity (12-16). Inactivation of Rb by muta-
tions in the structural gene, transcriptional inactivation
through hypermethylation of the promoter, post-transcrip-
tional mechanisms, and post-translational inactivation
through hyperphosphorylation have been found to occur in
various tumor types (5, 17, 18).

The majority of previous investigations of Rb in breast
adenocarcinoma tumors and cell lines have used methods,
including immunohistochemistry and immunoblotting, to

determine relative amounts of Rb. Functional assays have
not been used. In this study, cell cycle-dependent Rb protein
expression and Rb function were compared in three ceIl
lines: MCFIOA, spontaneously immortalized mammary ep-
ithelial cells (19); MCF-7, moderately differentiated, estro-
gen receptor-positive, non-metastatic mammary-infiltrating
ductal adenocarcinoma cells (20); and MDA-MB-231,
poorly differentiated, estrogen receptor-negative, highly
metastatic mammary adenocarcinoma cells (21). In addition
to representing multiple phenotypes of breast adenocarci-
noma, these cell lines also express different levels of G1
cyclins and cdk inhibitors, and are therefore hypothesized to



have varying degrees of Rb function. MCFlOA cells express
normal levels of cyclins and cdk inhibitors; MCF-7 cells
express high levels of cyelin E; and MDA-MB-231 cells
express high levels of three Gl cyelins (D1, D3, and E) and
low levels of the cdk inhibitor p21 (21-24). Based on this
information, we hypothesized that MCFlOA cells have
somewhat normal Rb function, whereas the tumor cell lines
have reduced Rb function in comparison. We also hypoth-
esized that MDA-MB-23I cells will have the most reduced
Rb function of the three cell lines.

Materials and Methods
Cell Culture. All chemicals and reagents, tissue cul-

ture chemicals, and media were obtained from Sigma
Chemical Co. (St. Louis, MO) except for fetal bovine serum
(FBS), which was obtained from Atlanta Biologicals (At-
lanta, GA), and equine serum, which was obtained from
Gibco-BRL (Gaithersburg, MD). Disposables for tissue cul-
ture (Falcon and Nunc) were obtained through VWR (Hous-
ton, TX). MCF-7 and MDA-MB-23I cells (American Type
Culture Collection [ATCq, Manassas, VA) were grown in
modified Eagle's medium (MEM) supplemented with 10%
FBS. Hs578Bst mammary myoepithelial cells (ATCC) were
grown in Dulbecco's MEM (DMEM) 1F12 media supple-
mented with 30 ng/ml epidermal growth factor (EGF) and
10% FBS. MCFlOA cells (Karmanos Cancer Foundation,
Detroit, MI) were grown in DMEM /F12 supplemented with
5% equine serum, 20 ng/ml epidermal growth factor (EGF),
10 ug/ml insulin, 0.5 ug/ml hydrocortisone, 100 ng/ml
cholera toxin, 100 ug/ml streptomycin, and 100 units/ml
penicillin. Cells were incubated at 37°C with 5% CO2,

Isolation of Genomic DNA and Southern Analy-
sis. Genomic DNA (10 ug) isolated using the QIAmp kit
(Qiagen, Valencia, CA) was digested with 5x excess restric-
tion enzyme HindIII or EcoRI (Promega, Madison, WI)
overnight at 37°C. Digests were electrophoresed on an aga-
rose gel and were Southern blotted using standard methods
(25). Hybridization was performed with I to 5 x 106 cpm/ml
of random primer-labeled probe [3.8R or GA3PDH eDNA
probe; ATCC, Random Primer Labeling kit; Boehringer-
Mannheim, Indianapolis, IN; a-32P-dCTP (3000 mCi/rnM);
DuPont-NEN Research Products, Boston, MA; and Hy-
bond-N and Rapid Hyb; Amersham, Arlington Heights, IN]
at 65°C for 2 hr. Membranes were washed at room tern-
perature with 2x SSC/O.I% SDS twice for 20 min and were
exposed to film at -80°C for 2 days with an intensifying
screen. Blots were performed for each restriction enzyme at
least twice with independent DNA samples.

PCR and Analysis of PCR Products. Oligo-
nucleotide primers, RbproA (5' -CAGCGCTCCAAG-
TTTG-3') and Rb-4 (5'-TCCCGACTCCCGTTACAA-3')
(26) were synthesized by Gene Technologies Laboratory at
Texas A&M University. PCR was performed according to
Conditions previously described (26). Twenty microliters of
each PCR reaction was electrophoresed, and product sizes
Were compared. A 100-bp ladder was used as the molecular

weight standard. Isolated PCR products were submitted to
the Gene Technologies Laboratory at Texas A&M Univer-
sity for automated sequencing with the ABI Prism Dye Ter-
minator Cyele Sequencing Ready Reaction kit (Applied
Biosystems, Foster City, CA). At least two independent
samples from each cell line were sequenced both forward

.and backward.
Cell Synchronization by Serum Depletion. Cells

were plated at a density of 1.6 x 104 cells/em? for tumor
cells and 2.8 x 104 cells/em/ for MCFI0A cells. Tumor
cells were plated in low serum (2.5%) containing media for
2 to 3 days. The cells were rinsed twice with DPBS and
were incubated in serum-free media with 0.5 mg/ml bovine
serum albumin (BSA) for 72 hr. MCF-7 cells were incu-
bated in phenol red-free media during serum deprivation.
MCFlOA cells were serum and growth factor deprived for
48 hr. At the end of serum deprivation, cells were rinsed
twice with sterile DPBS, and the appropriate media con-
taining serum and/or growth factors was added in all
samples except for those used for the O-hr time point. At the
respective time points, cells were trypsinized and rinsed
once with DPBS, collected by centrifugation, and stored at
-80°C as cell pellets.

Flow Cytometric Analysis of Cell Cycle Phase
Distribution. Cells were harvested at the appropriate
times and were fixed by dropwise addition of I ml of cold
(-80°C) methanol to I million cells in 100 j,LI of residual
DPBS while vortexing gently. Cells were stored inmetha-
nol at -20°C for at least 30 min prior to staining. Cells were
then washed in DPBS at 4°C and were incubated with
RNase (360 U per million cells; Worthington Biochemical,
Freehold, NJ) for 20 min at 37°C. Cells were pelleted by
centrifugation, were resuspended in I ml of cold DPBS with
50 ug/ml propidium iodide, and were incubated in amber
tubes for 2 hr at 4°C. Cells were filtered through spec-
tramesh filter (Fisher Scientific, Pittsburgh, PA) or passed
through a 25-gauge needle. DNA content was measured by
a FACSCalibur flow cytometer (Becton Dickinson, San
Jose, CA) and was analyzed with MODFIT LT software
(Verity Software House, Topsham, ME). Flow cytometric
experiments were performed at least three independent
times for each cell line.

Solubilization of Cell Pellets for Protein and lm-
munoblotting. Antibodies recognizing Rb (IF8), E2F-l
(sc-20X), and E2F-4 (sc-20X) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). For Rb immuno-
blots, cell pellets were solubilized as previously described
(27). Supernatants were assayed for protein concentration
by the modified Lowry protocol (28). Protein (150 ug) was
separated by SDS-PAGE (7.5%) and was immunoblotted
using primary anti-Rb (IF8) antibody (1:100 dilution) or
anti-actin (ICN Biochemicals, Aurora, OH) monoclonal an-
tibody (I :400 dilution) followed by incubation with alkaline
phosphatase-conjugated goat anti-mouse secondary anti-
body (1:3000; Bio-Rad, Hercules, CA). Blots were devel-
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oped using the Bio-Rad Alkaline Phosphatase kit as previ-
ously reported (27).

For E2F-l and E2F-4 immunoblots, 50 /-Lg of nuclear
protein (prepared as described below) from each cell line
was electrophoresed on a 10% denaturing polyacrylamide
gel. Proteins were transferred and blotted as previously de-
scribed with anti-E2F-l or anti-E2F-4 antibodies (1:5000
dilution) and were developed as above.

Northern Analysis. Total RNA was extracted from
harvested cells by the guanidinium thiocyanate method
(29). RNA was spectrophotometrically quantified, separated
on a 1.2% denaturing formaldehyde agarose gel, and trans-
ferred to a Genescreen nylon membrane by capillary diffu-
sion. Random primer-labeled 0.9-kbp RB probe (30) (1-5 x
106 cpmlrnl) was hybridized in RapidHyb at 65°C for 2 hr.
Membranes were washed at room temperature with 1x (0.15
M sodium chloride, 0.01 M sodium phosphate, 0.001 M
EDTA, PH 7.4) (SSPE) twice for 15 min each time and
were exposed to film at -80°C for 2 days with an intensi-
fying screen.

Analysis of Immunoblots, Northerns, and
Southerns. Blots were scanned with a Visage 1400 high-
resolution digital camera-based densitometer and were ana-
lyzed using BioImage whole band software (Genomic So-
lutions, Ann Arbor, MI). Scans were performed such that
only signals in the linear range of detection were used for
analysis. Integrated intensity of Rb signal was normalized to
the integrated intensity of corresponding actin signal (for
immunoblots) or glyceraldehyde 3-phosphate dehydroge-
nase (GA3PDH) signal (for Northerns and Southerns) to
determine Rb protein, mRNA, and DNA levels, respec-
tively. Analysis of immunoblots and Northerns included
determining the ratio of the intensity of the normalized Rb
signal from MCF-7 and MDA-MB-231 cells for each time
point to the respective normalized Rb signal of MCFlOA
cells. To normalize for loading and transfer variances, the
sum of the density of RB bands on the Southern blot (3.8 R
probe) for each sample was divided by the sum of the den-
sity of the respective GA3PDH bands. As with immuno-
blots and Northerns, a ratio of the normalized Rb signal was
made for each of the tumor lines to MCFIOA cells. Ratioed
values for three independent experiments were statistically
analyzed using analysis of variance (ANOVA) at P < 0.05
and were reported in graphical format or discussed in
"Results."

Nuclear Extract Preparation and Gel Mobility
Shift Assays. /,_32p_ATP (3000 mCi/mM) was pur-
chased from Dupont-NEN. E2F-l consensus (5'-AITT-
AAGTTTCGCGCCCTTTCTCAA-3') and mutant (5'-
ATTTAAGTTTCGATCCCTTTCTCAA-3') oligonucleo-
tides were purchased from Santa Cruz Biotechnology.
Chroma spin TE-I0 columns were purchased from Ciontech
(Palo Alto, CA). Nuclear extracts were prepared in a high-
salt (0.5 M KCl) buffer using standard methods (31). -
Nuclear extracts were dialyzed against 20 roM HEPES, 0.1
roM EGTA, 10% glycerol, 1.0 roM MgCl;, 50 roM KCl, 1
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roM DTT, and 0.1 roM phenylmethylsulfonyl fluoride
(PMSF) for 1 to 1.5 hr at 4°C. Extracts were assessed for
protein by the Bradford assay and were stored at -80°C.
Nuclear extract (8 ug) was incubated with 1 ug/ml dena-
tured herring sperm DNA, 500 ug/ml BSA, 20 mM HEPES,
0.1 roM EGTA, 10% glycerol, 1.0 roM MgCI2, 50 roM KCl,
1 roM dithiothreitol (DIT), and 0.1 roM PMSF for 10 min
at room temperature. Fifty molar excess of wild-type or
mutant unlabeled E2F oligonucleotide was incubated (for
10 min at room temperature) with extracts as competitive
controls for specific and nonspecific binding, respectively.
T4 polynucleotide kinase (Promega) end-labeled E2F-l
oligo (60,000 cpm, specific activity 8 x 106 cpmlng) was
added to all reactions and was incubated for 15 min at room
temperature. To assay for Rb and/or E2F protein in the
protein/DNA complexes, antibodies to E2F-l (sc-20X),
E2F-4 (sc-20X), or Rb (IF8X; 0.5 /-Lg of each, respectively)
were added and incubated for 15 min at room temperature.
Loading buffer (0.25% xylene cyanol, 0.25% bromphenol
blue, and 30% glycerol) was added and samples were elec-
trophoresed through a 4% nondenaturing polyacrylamide gel
at 120 V for 3 hr. The gel was dried and exposed to film
overnight.

Analysis of Gel Mobility Shift Assays. Autora-
diographs from gel mobility shift assays were scanned with
a Visage 1400 high-resolution digital camera-based densi-
tometer (Genomic Solutions, Ann Arbor, MI) and were ana-
lyzed using BioImage whole band software (Genomic So-
lutions). Scans were performed such that only signals in the
linear range of detection were used for analysis. Ratios of
the integrated intensity of the Rb/E2F/DNA complex to the
E2F/DNA complexes were averaged for each cell line and
were plotted versus time. Statistical analysis was performed
with data from three independent experiments using
ANOVA at P < 0.05 to determine significance from Rb
activity at the O-hr time point.

Results
RS Structural Gene and RS Promoter Are Intact

in MCF10A, MCF-7, and MDA-MB-231 Cells. Consis-
tent with a previous report (32), Southern analysis of the RB
gene in MCFIOA, MCF-7, and MDA-MB-231 cells re-
vealed no large structural mutations. Normalized intensity
of RB signal in each of the tumor lines divided by the
MCFI0A normalized RB signal revealed that the copy num-
ber was unchanged between the three lines. With the MCFIOA
ratio defined as one, ratios observed for MCF-7 (0.894 :t

0.211) and MDA-MB-231 (1.40 ± 0.491) were similar.
Mutations in the RB promoterhave been found in pros-

tate tumors and recently in retinoblastomas (26, 33). To
assess integrity of the RB promoter, a 472-bp region suffi-
cient for 100% activity (34) (Fig. 1) was PCR amplified
from Hs578Bst (normal mammary myoepithelial cells),
MCF-7, and MDA-MB-231. Size comparison ofPCR prod-
ucts revealed no major deletions (data not shown). No mu-
tations or deletions were found when sequences of the PCR



RbproA
5'CAGCGCTCC AAGTTIGTTI TTGTITTGGC CGACTTTGCA

AAACGGATTli &GCGGGATGA GAGGTGGGGG GCGCCGCCAA GGAGGGAGAG

TGGCGCTCCC GCCGAGGGTG CACTAGCCAG ATATTCCCTG GGAGGGAGAG

AGTCTTCCCT ATCAGACCCC GGGATAGGGA TGAGGCCCAC AGTCACCCAC

AGCCCGCGCA CCGACCAGCG CCCCAGTTCC CCACAGACGC CGGCGGGCCC
Sol 053 ATF

GGGAGCCTCG CGGACGTGAC liCCGCGGGCli GAAGTGACGT TTICCCGCGG

HRE Sp' HRE E2F

TTGGACGCGG CGCTCAGTTG CCGGGCGGGG GAGGGCGCGT CCGGTTTTTC

Rb-4
TCAGGGGACG TTGAAATTAT TITTGTAACG GGAGTCGGGA

Figure 1. Sequence of the RB promoter region -614 to -142 bp.
Primers are in bold, and transcription factor binding sites are under-
scored or overscored.

products were compared with the reported sequences for
this region (35) (data not shown).

Synchronization of MCF10A, MCF-7, and MDA-
MB-231 Cells by Serum Deprivation. Because Rb is
cell cycle regulated, assessment of Rb protein and mRNA
expression required that cells be arrested in GOIG1 and al-
lowed to progress through the cell cycle in a synchronized
manner. Cells were stained with propidium iodide (PI) to
monitor DNA content. After serum deprivation, approxi-
mately 95% of MCF10A cells and approximately 80% of
MCF-7 and MDA-MB-23I cells were in GO/G1. Upon ad-
dition of serum, cells progressed through the cell cycle in a
synchronized manner (Table I). Percentages of cells in S
phase were higher overall in the tumor cells than in
MCF10A cells. The S-phase peak occurred at 24 to 36 hr
after serum addition, followed by a G2/M peak at 36 hr for
all three cell lines. This allowed observation of Rb expres-
sion in a cell cycle-dependent manner and provided a 12- to
24-hr window to study G1 activities in all three cell lines.

Cell Cycle-Regulated Expression of Rb Protein
and mRNA. Using immunoblot analysis of Rb at the
times indicated after serum addition, we found no signifi-
cant cell cycle-dependent changes in Rb protein expression
in any of the cell types. Multiple molecular weight species
of Rb (Fig. 2A) were observed and may have represented
Variations in phosphorylation or protein degradation. Be-
cause the antibody used for detection was not specific to the
C-terminal region of Rb, we could not distinguish between
these possibilities (36). There were higher amounts of total
Rb protein in the tumor lines as compared with MCF10A
cells. This difference was statistically significant (Fig. 2B).
We found no significant differences in Rb mRNA expres-
sion across the time course or between the three cell lines
(Fig. 3). It was then our aim to determine if the statistically
significant difference in Rb protein amount was biologically
relevant.

Rb Function Varies with Cell Cycle Progres-
sion in Each of the Cell Lines. Rb's tumor suppressor
activity stems from its ability to bind E2F proteins and

CAGACTCTTT GTATAGCCCC GTTAAGTGCA

TTCTGGGTAG AAGCACGTCC GGCCGCGCC
RCE

CTGGACCCAC GCCAGGTTTC CCAGTTTAAT

CCCCGGCCTG GAGGGGGTGG

GGATGCCTCC TGGAAGG~
AP·'

TCCTCATGAC mGCGTCCC

Table I. Flow Cytometric Analysis of Cellular DNA
Subsequent to Release of Cell Cycle Arrest

Cell line %GO/G1 %8 %G2/MTime (hr)

MCF10A
0 95 ± 0.6 1 ± 0.1 4 ± 0.6
6 95 ± 0.9 1 ±0.3 4 ± 1.1

12 94±1.1 1 ± 0.3 5 ±0.9
24 68 ± 13.5 27 ± 12.5 5 ± 1.2
36 51 ± 4.0 17 ± 4.4 32 ± 1.8
48 60 ± 5.9 19 ± 3.7 21 ± 2.7

MCF-7
0 80 ± 0.6 13 ± 0.4 7±0.5
6 80 ± 1.8 12±1.4 8±0.7

12 79 ± 2.1 11 ±1.4 10 ± 0.8
24 40 ± 2.5 50 ± 4.4 10 ± 5.0
36 63 ± 6.4 17 ± 3.2 20 ± 3.5
48 69 ± 4.7 21 ± 3.5 10 ± 1.2

MDA-MB-231
0 81 ± 0.6 10 ± 0.6 9±2.2
6 81 ± 4.9 9 ± 3.3 11 ± 4.4

12 82 ± 4.4 7 ±4.7 11 ± 4.9
24 53 ± 12.2 36±10.3 11 ± 3.7
36 60 ± 1.0 21 ± 1.3 19 ± 2.0
48 62 ± 5.0 25 ± 2.0 14 ± 3.5

actively inhibit transcriptional activation through E2F sites
(10, 11). Therefore, cells with high levels of Rb protein,
assuming that it is hypophosphorylated, would be expected
to have well-controlled cell cycles with limited numbers of

Figure 2. Rb protein expression in MCF10A, MCF-7, and MDA·231
cells during cell cycle progression. Time (hr) indicates period of se-
rum stimulation subsequent to serum deprivation. (A) Representa-
tive immunoblot of Rb (105-115 kDa) and actin (49 kDa). Molecular
weight standards are indicated. Protein from Rb-deficient MDA-MB-
468 cells (N) was used as a negative control. (B) Densitometric
analysis of three independent experiments as described in "Materials
and Methods." Values (mean ± SD) significantly different from
MCF10A values (100%) are indicated by an asterisk.
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Figure 3. RB mRNA expression in MCF10A, MCF-7, and MDA-231
cells during cell cycle progression. Time (hr) indicates period of se-
rum stimulation subsequent to serum deprivation. (A) Representa-
tive Northern blot of RB (4.7 kb) and GA3PDH (2.0 kb). (B) Densi-
tometric analysis of three independent experiments as described in
"Materials and Methods." Values (mean ± SD) significantly different
from MCF10A values (100%) are indicated by an asterisk.

cells in S phase. This is consistent with previous studies
showing lowered or loss of Rb expression in high-grade
breast adenocarcinoma cells. Despite these predictions, our
flow cytometric analysis of DNA content in serum-deprived
cells revealed that percentages of cells in S phase were
consistently higher in those cells with higher amounts of Rb
(MCF-7 and MDA-MB-231 cells). To determine if the
higher number of cells in S phase in the tumor lines corre-
lated with lowered or loss of Rb function, we examined
Rb/E2F/DNA complex formation in the three cell lines. Gel
mobility shift assays were used to monitor functional Rb in
nuclear extracts of synchronized cell populations. To iden-
tify Rb in the E2F/DNA complex, an Rb antibody was
added to the reaction to supershift the Rb/E2F/DNA com-
plex. One band consistently supershifted upon addition of
Rb antibodies; addition of a nonspecific (IgG) antibody
caused no detectable changes (Fig. 4). Hence, the super-
shifted band was identified as the Rb/E2F/DNA complex.
The banding pattern in our assay is similar to results from
previous researchers who have used gel mobility shift as-
says to identify Rb/E2F/DNA and related complexes in
stimulated mononucleocytes and human tumor cell lines
(37, 38).

Expression and activity of the five E2F proteins that are
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Figure 4. Autoradiographs of gel mobility shift assays using nuclear
extracts from MCF10A, MCF-7, and MDA-MB-231 cells and E2F
promoter oligonucleotide. Time (hr) after serum stimulation subse-
quent to serum deprivation is indicated. Antibodies added and IgG
control are indicated. (A) MCF10A; (B) MCF-7; (C) MDA-MB-231.

transcriptional activators (39), and the Rb family proteins
(Rb, pI07, and p130) involved in inhibition of E2F activity
(11) are all cell cycle dependent. To account for cell cycle-
regulated variations in total E2F activity within and across
cell lines, as well as possible loading differences, the inten-
sity of the Rb/E2F/DNA complex (highest molecular weight
band in MCFIOA and MDA-MB-231 cells, and second
band from the top in MCF-7 cells) was divided by the total
intensity of the E2F/DNA complexes (the single lower mo-
lecular weight bands for MCFIOA and MDA-MB-23I cells
and the three lowest molecular weight bands for MCF-7



Figure 5. Autoradiographs and analysis of gel mobility shift assays using nuclear extracts from MCF10A. MCF-7. and MDA-231 cells and E2F
promoter oligonucleotide. (A) Representative autoradiographs of gel shift assays. (C) Asynchronous positive control; wt, 50 molar excess of
unlabeled E2F oligonucleotide; rnt, 50 molar excess of unlabeled mutant oligonucleotide. Time (hr) after serum stimulation is indicated. E2F
complexes are indicated with arrows. (B) Ratio of intensity of Rb/E2F band to intensity of the sum of the E2F bands versus time for three
independent experiments as described in "Materials and Methods." Significant difference from 0 hr indicated with a ·"0 ...•

cells) in each lane. This ratio, representing relative Rb ac-
tivity, varied in each cell line with cell cycle progression.
MCFIOA cells had higher overall Rb activity than the tumor
lines, and this activity decreased slightly (although not sta-
tistically significantly) with time (Fig. 5B). MCF-7 cells had
high Rb activity at the early time points, followed by a
significant decrease at 12 and 24 hr as compared with 0 hr
(Fig. 5B). Although there were not statistically significant
differences during the time course when all of the data for
this cell line were combined, trends in Rb activity for MDA-
MB-231 cells were consistently different from that of
MCFIOA and MCF-7 cells. As shown in Figure 5B, there
Was lower activity in MDA-MB-231 cells in the early time
points (0 and 3 hr) as compared with MCFIOA and MCF-7
cells. This was followed by higher Rb activity at 6 and 12
hr,dropping slightly at 24 hr. The overall Rb activity of the
three cell lines was not significantly different in terms of
amount of activity, but trends in Rb activity were unique in
each cell type examined.

Cell-Cycle RegUlated E2F Activity Consists of
Multiple E2F Species. Although it has been reported
that E2F-4 participates in the majority of E2F/DNA inter-

actions in cell cultures (11, 40), E2F-l has been identified as
the most potent transcriptional activator of the E2F family
(41). No significant supershift or immunodepletion of the
RblE2F/DNA complex by the E2F-l antibody was observed
in MCFI0A or MDA-MB-231 cells (Fig. 4, A, lanes 3,5, 7,
9, and 12 and C, lanes 3, 5, 7, 10, and 12). Complete im-
munodepletion of the RblE2F/DNA complex by the E2F-l
antibody was observed at 3 hr in MCF-7 cells (Fig. 4B, fifth
lane from the left). Immunoblotting nuclear protein from
asynchronous cell populations with antibodies specific to
E2F-l and E2F-4 revealed that all three cell lines contained
more E2F-4 than E2F-l (data not shown). E2F4 antibody
addition to the gel shift reaction slightly immunodepleted
E2F/DNA complexes in MCFIOA and MDA-MB-231 cells
during early time points (data shown for 6 hr in MDA-MB-
231 cells and 12 hr shown for MCFIOA cells in Fig. 4, A and
C), but the E2F4 antibody did not shift the RblE2F complex
in these cells. In MCF-7 cells, the addition of the E2F-4
antibody resulted in a supershift of a higher molecular
weight complex. This complex has been previously charac-
terized in other cell types as the p1071E2F complex (42).As
with MCFIOA and MDA-MB-231 cells, the E2F4 antibody
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did not appear to have any effect upon the RblE2F complex
in MCF-7 cells (Fig. 4).

Discussion
Previous investigators have not quantitatively com-

pared Rb expression between normal mammary epithelial
cells and mammary adenocarcinoma cells. However, the
qualitative impression was that Rb protein was generally
lower in higher grade tumor cells. In our studies, total Rb
protein expression was higher in breast adenocarcinoma
cells as compared with immortalized mammary epithelial
cells. Post-transcriptional mechanisms may account for the
observed differences because we did not detect significantly
higher cell cycle-regulated mRNA expression in the tumor
cells. However, since fewer tumor cells synchronized in G I
as compared with MCFlOA cells under the experimental
conditions in which Rb protein levels were measured, Rb
function was assessed by gel mobility shift assay. The re-
sults indicated that although the tumor cells had higher
amounts of Rb protein, that protein did not exhibit consis-
tent E2F binding activity when the cells were synchronized
in G1 phase as it did in the MCFlOA cells. These results
suggest the importance of assessing Rb function rather than
its presence in tumor cells as an indicator of prognosis in
breast cancer.

Rb protein expression by immunoblotting has previ-
ously been examined in several breast cancer cell lines,
revealing high variability in Rb protein levels in asynchro-
nous cells (37). In this study, we have compared cell cycle-
regulated Rb protein expression and found that overall, Rb
protein was significantly higher in the tumor cells tested as
compared with the immortalized mammary epithelial cells
without significant differences in Rb mRNA levels. We
hypothesize that post-transcriptional mechanisms may ac-
count for these differences, although Rb protein and mRNA
half-life were not specifically examined. Rb protein has
been shown to undergo estrogen receptor-dependent post-
transcriptional modifications resulting in altered Rb protein
expression in MCF-7 cells (18). In addition, the mechanism
of Rb protein inactivation in cervical carcinoma cells by
human papillomavirus (HPV) proteins has been intensively
studied, and it is known to involve degradation by the ubiq-
uitin proteosome pathway (43, 44). However, in other cell
types, Rb is not known to be degraded by this pathway.
Recently, two independent studies reported that the de-
ubiquitinating enzyme Unp binds to Rb (45, 46). The func-
tion of this protein with respect to Rb degradation requires
further investigation.

Comparison of Rb activity across the three cell lines
revealed decreased Rb function in cells with characteristics
of decreased state of differentiation and increased metastatic
potential. MCFlOA cells, representing immortalized mam-
mary epithelium (19), had high Rb activity for the longest
duration. MCF-7 cells, representing estrogen receptor- -
positive, non-metastatic breast adenocarcinoma cells (20,
47), had slightly lower Rb activity that significantly
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dropped with progression through the cell cycle. Poorly
differentiated, highly metastatic MDA-MB-231 cells (21,
47) had abnormal cell cycle-regulated Rb activity. There

. was a delay in Rb activity in these cells as compared with
MCFlOA and MCF-7 cells.

The use of cell lines to study trends in biological ac-
tivity of tumor cells is invaluable, especially when bio-
chemical assays require the use of large quantities of cells
that primary cultures cannot provide. In the case of breast
adenocarcinomas, primary tumor samples are often difficult
to obtain. However, over the years, several breast adeno-
carcinoma cell lines have been successfully established and
have been well characterized. In many cases, the cultured
cells do retain characteristics of breast adenocarcinoma and
breast epithelium such as hormone receptor content, cyto-
keratin or vimentin expression, a-lactalbumin production,
and metastatic potential (19-21, 48-51). The cell lines we
chose to use are among those that have been well charac-
terized. Each cell line was selected to represent a charac-
teristic phenotype (e.g., high or low degree of differentiation
and metastatic potential), however, this is a very small rep-
resentation of breast adenocarcinoma in vivo. Our studies
revealed low Rb function in poorly differentiated cells,
which is consistent with studies showing loss of or lowered
Rb expression in highly malignant breast adenocarcinoma
primary tumors and cell lines. Rb activity as demonstrated
in the gel shift assays is consistent with cell cycle-regulated
changes in Rb phosphorylation in these cells as demon-
strated by quantitative direct immunofluorescence studies
using similar experimental conditions (Botos J, et al., un-
published data).

Differences in cell cycle-regulated Rb activity between
MCFlOA and MCF-7 cells may result from two possible
mechanisms. First, stimulation of estrogen receptors, which
are not present in MCFlOA or MDA-MB-231 cells (51),
may increase the rate of cell cycle progression and Rb phos-
phorylation (52). Because phosphorylation inactivates Rb
(53), estrogen-mediated increases in Rb phosphorylation
could lead to decreased Rb activity. Although cells in the
present study were not treated with estrogen, estrogen re-
ceptors may have been activated by phenol red and serum,
both components of the media used to stimulate cells out of
GO/G1 arrest. The other possible mechanism of lowered Rb
activity in MCF-7 cells is Rb inactivation through cyclin

E-regulated phosphorylation. Cyclin E expression is higher
in MCF-7 cells than in MCF10A cells (22). Cyclin E, when
complexed with cyclin-dependent kinase-2 (cdk2), has been
found to phosphorylate Rb in vitro (54) and in vivo (53).

Abnormal Rb function in MDA-MB-231 cells is alsO
possibly due to alterations in the dynamics of Rb phosphor-
ylation. Expression of G 1 cyclins (D I, D3, and E) is higher
in MDA-MB-231 cells than in the other two cell lines (22).
In addition, expression of p21, a G 1 cdk inhibitor, is low
(23). Together, these abnormalities could result in rapid Rb
phosphorylation. Despite these possibilities, an increase
rather than a decrease in Rb function was seen at 6 hr in



MDA-MB-231 cells. The increase in activity may result
from increased dephosphorylation related to increased phos-
phatase activity. Specifically, cell cycle-regulated protein
phosphatase activity should be determined in each cell
type (55).

All three cell lines in this study lack p16 activity due to
a mutation in the structural gene (23, 24, 37). The fact that
there are detectable differences in cell cycle-regulated Rb
activity across cell lines suggests that other factors are also
important for maintaining Rb activity (pIS, pI8, p21, etc.)
in mammary epithelium.
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