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Abstract

Rapamycin, an inhibitor of mTOR, is in clinical trials for treatment of cancer. Rapamycin
resistance has been reported in human breast epithelial tumor cells. Rapamycin effects on mTOR
signaling and resistance were examined using benign, premalignant and tumor human breast
epithelial cells. Rapamycin inhibition of cell proliferation, the cell cycle and mTOR signaling,
including p70S6 and S6RP phosphorylation, was most effective in benign (MCF10A) and
premalignant (MCF10AT; MCF10ATG3B) human breast epithelial cells, relative to MCF10CAla
tumor cells. Rapamycin resistance was reflected by reduced inhibition of p70S6K and S6RP
phosphorylation in MCF10CA1a tumor cells, with RS6P showing the least response to rapamycin
in the tumor cells. Rapamycin differentially inhibited STAT3 phosphorylation in this cell lineage.
These data suggest that inhibition of mTOR signaling and STAT3 phosphorylation in benign and
premalignant cells may be effective in the treatment of proliferative breast disease (PBD) and in
the prevention of tumorigenesis and tumor recurrence.
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Rapamycin was developed as an immunosuppressive drug to inhibit the proliferation of T
and B lymphocytes, and has been identified as a potential therapeutic agent for treatment of
cancer (1). The direct cellular target of rapamycin is FK-506 binding protein 12, FKBP12
(1). Binding of the FKBP12-rapamycin complex to mammalian target of rapamycin (nTOR)
inhibits the mTOR-raptor interaction (2). However, a rapamycin-independent pathway
(mTOR-Rictor) can also respond to rapamycin and cause hyperphosphorylation of Akt.
Signaling through mTOR regulates transcriptional and translational machinery that controls
energy utilization, cell growth and proliferation, and G1- to S-phase transition in the cell
cycle (3).
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mTOR directly phosphorylates eukaryotic initiation factor 4E (elF4E)-binding protein 1
(4E-BP1). Hyperphosphorylated 4E-BP1 dissociates from elF4E, thereby increasing the
availability of elFAE, which results in cap-dependent mMRNA translation (4). Additional
downstream targets of mTOR include the p70 S6 kinase (p70S6K) and the S6 ribosomal
protein (S6RP), which regulate MRNA translation, including elongation factor-1a and
ribosomal proteins (5), thereby promoting cell growth and division.

Signal transducer and activator of transcription (STAT3), another downstream target of
mTOR (6) and an oncogene, is constitutively activated in a number of tumors, including
breast cancer (7). Transcriptional activation of STAT3 is reportedly regulated by
phosphorylation at Ser727 through mTOR (6) to activate transcription of target genes.

In the United States, breast cancer is the second leading cause of mortality among women.
The risk for developing breast cancer in American women is estimated as one in seven (8).
The MCF10A series of human breast epithelial cells includes the parent benign MCF10A
(10A) cells, premalignant MCF10AT (10AT) and MCF10ATG3B (10ATG3B) cells, and
fully malignant MCF10CA1la (10CA1a) tumor cells. These breast cell lines, all derived from
the parent 10A cells, represent a temporal progression of alterations which constitute a
model for proliferative breast disease (PBD) and carcinoma (9).

We previously reported a progressive increase in Ras protein levels and resistance to Fas-
mediated apoptosis in this cell lineage (10). We showed that sensitivity to oxidative DNA
damage by H,0O5 decreased with increased risk of tumorigenicity and that DNA repair, p53
expression and elevated antioxidant enzyme levels contributed to these effects (11). The
overall goal of the present study was to examine rapamycin effects on mTOR signaling in
the MCF10A human breast epithelial cell lineage of benign, premalignant and tumor cells.
The specific objectives were to determine whether rapamycin inhibition of p70S6K and
S6RP phosphorylation served as a indicator of rapamycin resistance, and whether rapamycin
inhibited STAT3 phosphorylation in these human breast epithelial cells.

Materials and Methods

Human breast epithelial cell lines

The MCF10A cell lineage was obtained from Dr. Fred Miller at Karmanos Cancer Institute
(Detroit, MI, USA). MCF10A cells, the progenitor cell line of MCF10AT cell lineage, are
spontaneously immortalized breast epithelial cells obtained from a patient with fibrocystic
breast disease (12). MCF10A cells were stably transfected with a mutated T,4 Ha-ras gene
to generate MCF10AT cells (13), which when implanted s.c. in nude mice develop into
carcinomas in about 25% of the cases over an extended period of time (14). MCF10ATG3B
cells were generated from cells that have been through the process of transplantation in
nude/beige mice and re-established in culture three times. These premalignant cells progress
to ductal carcinoma /7 situ and ultimately progress to invasive carcinoma in ~25% of the
cases within 6 to 8 weeks (9). The MCF10CAla tumor cells, generated from a xenograft by
trocar transplantation (9, 15), give rise to rapidly growing tumors with 100% efficacy.
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MCF10A series cells were cultured as described elsewhere (10, 11).

Antibodies against Akt, mTOR, p70S6, S6RP, elF4E, 4E-BP1, Rb, STAT3 proteins and/or
phosphoproteins were obtained from Cell Signaling Technology (Beverly, MA, USA).
Cyclin D1, cyclin D3, cdk2, p21Wafl/lcipl antibodies were purchased from BD Transduction
(San Jose, CA, USA) and cyclin E antibody was obtained from BD Pharmingen (San Jose,
CA, USA). Rapamycin and anti-glyceradehyde-3-phosphate dehydrogenase (GAPDH)
antibody were obtained from Calbiochem (San Diego, CA, USA).

Cell treatment and cell proliferation assays

Cell proliferation assays were performed by plating cells (1-2x104 cells/ml) into 24-well
plates. After an overnight incubation, triplicate wells were treated with rapamycin ranging
from 1 to 100 nM for 48 h. The relative percentage of metabolically active cells was
determined on the basis of mitochondrial conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide to formazine, monitored at Assq nm. The percentage of
metabolically active cells was compared with the percentage of control cells growing in the
absence of rapamycin.

Flow cytometry

Cells were treated with 100 nM rapamycin for 48 h, harvested in 0.25% trypsin/0.1% EDTA,
centrifuged for 5 min at 500 x gand 4°C, washed and fixed with 75% ethanol and then
resuspended in 1 ml of propidium iodine staining solution (Z.e. 50 pg/ml of propidium
iodide, 100 U/ml of ribonuclease A and 0.1% glucose) for 1 h. Apoptotic cells were
quantified on FACScalibur flow cytometer (Becton Dickinson, San Jose, CA, USA). Red
fluorescence (measured at 585/542 nm), indicative of propidium iodide uptake by damaged
cells, was measured by use of logarithmic amplification and electronic compensation for
spectral overlap.

Immunoblot analysis

Cells were treated with 100 nM rapamycin for 1 and 24 h, then lysed and protein
concentrations determined as described elsewhere (10, 11). Proteins (20-40 pg) were
resolved by SDS-PAGE on a 6-15% gel, transferred to nitrocellulose (Pall Corporation, Ann
Arbor, MI, USA) and immunoblot analysis performed as described elsewhere (10,11).
Exposed films were scanned, and the protein band density quantified using KODAK 1D
Image Analysis (Eastman Kodak Company, Rochester, NY, USA) and normalized to
GAPDH.

Statistical analysis

Statistical significance was determined by analysis of variance, followed by a Tukey-Kramer
multiple comparison analysis.
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Rapamycin differentially affects 10A, 10AT, 10ATG3B and 10CAla cell proliferation

Proliferation of 10A, 10AT and 10ATG3B cells was inhibited by rapamycin in a
concentration-dependent manner (Figure 1). Rapamycin inhibition of 10A, 10AT and
10ATG3B cell proliferation was 48%, 58% and 53% at 100 nM rapamycin, respectively. In
contrast, rapamycin inhibited 10CA1a cell proliferation by ~26%, showing that the tumor
cells were more resistant to rapamycin than both benign (10A) and premalignant (10AT,
10ATG3B) cells (Figure 2).

Rapamycin differentially alters the cell cycle

Following 48-h treatment with 100 nM rapamycin, the percentage of cells in the G1-phase
increased in 10A, 10AT and 10ATG3B cells by 16.6%, 17.5% and 9.2%, respectively
(Figure 2A, B). In contrast, rapamycin increased the percentage of 10CAla tumor cells in
G1 only by 4.9% (Figure 2A, B). No evidence of apoptotic cells in the subG; peak was
detected in the MCF10A cell lineage under these conditions (Figure 2A). These results
reveal that rapamycin inhibited cell proliferation through G4 cell cycle arrest, which was
accompanied by a decrease in S-phase progression, and that the 10CAla tumor cells were
more resistant to rapamycin-mediated cell cycle arrest.

Rapamycin alters Akt, mTOR and downstream target protein and phosphoprotein levels

Rapamycin produced a time-dependent decrease in phospho-mTOR levels in 10A,
10ATG3B and 10CA1a cells by 30% to 40%, with little effect observed for 10AT cells
(Figure 3). The rapamycin-independent component (/.e. Rictor) of the mTOR signaling
cascade induced hyperphosphorylation of Akt (Ser473) in response to rapamycin, in a time-
dependent manner, with the greatest increase occurring in the benign 10A cells, followed by
the premalignant 10AT and 10ATG3B cells, with only minimal changes noted for 10CAla
tumor cells (Figure 3).

Immunoblot analysis of 4E-BP1 and phospho-4E-BP1 generally reveals one to three
separate bands (16) (Figure 3 and 4). Rapamycin reduced phospho-4E-BP1 with a notable
shift of bands towards a faster migrating species (16), showing that rapamycin inhibited 4E-
BP1 phosphorylation in this cell lineage.

Phospho-p70S6K (Thr389) levels decreased to barely detectable levels in response to
rapamycin in all cell lines (Figure 3A). Phospho-p70S6K (Ser424/Thr421) levels also
progressively declined in 10A, 10AT and 10ATG3B cells in response to rapamycin, with
minimal effects noted for 10CAla tumor cells (Figure 3).

Rapamycin markedly reduced phospho-S6RP levels in 10A, 10AT and 10ATG3B cells
(67-99% decrease), but had substantially less effect in 10CAla cells (22-30% decrease)
(Figure 3), suggesting that S6RP may be a biomarker of rapamycin resistance. The
inhibitory effects of rapamycin on phospho-p70S6K and phospho-S6RP paralleled the
effects of rapamycin on cell proliferation (Figure 1) and cell cycle progression (Figure 2).
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Phospho-STAT3 (Ser727) levels generally increased in the MCF10A cell lineage, with the
greatest increase occurring in 10CAla cells (Figure 4). Rapamycin produced a progressive
and time-dependent decrease in phospho-STAT3 (Ser727) levels. Rapamycin was least
effective in reducing phospho-STATS3 levels in the benign cells and 10CAla tumor cells, and
most effective in the premalignant 10AT and 10ATG3B cells at 24 h (Figure 3A, B).

4E-BP1:elF4E ratio as an indicator of the sensitivity to rapamycin

The 4E-BP1:elF4E ratio was reported to be an index of rapamycin sensitivity (17). The basal
protein levels of elFAE were comparable in the MCF10A cell lineage (Figure 4A). However,
4E-BP1 protein levels increased significantly in 10A (2.6- to 3.0-fold), 10AT (1.7- to 2.2-
fold), 10ATG3B (2.6- to 3.8-fold) and 10CAla (1.4- to 1.8-fold) cells in response to
rapamycin (Figure 4). The ratio of 4E-BP1:elF4E increased markedly (1.71- to 3.26-fold)
for the MCF10A cell lineage following treatment with rapamycin. These data suggest that
the entire MCF10A cell lineage should be sensitive to rapamycin. This is not the case,
however, for rapamycin effects on 10CAla tumor cell proliferation or cell cycle arrest. Thus,
the 4E-BP1:elF4E ratio is not an index of rapamycin sensitivity in these cells.

Rapamycin-mediated inhibition of signaling in G41/S cell cycle checkpoint

Cell cycle-dependent phosphorylation by cdks inhibits Rb target binding, thus allowing cell
cycle progression (18). The levels of Rb protein were significantly reduced in each of the
cell lines at 24 h post rapamycin treatment (Figure 5A, B). The levels of phospho-Rb (Ser
780, Ser 795 and Ser 807/811) also differentially decreased in all four cell lines at 24 h after
rapamycin treatment (Figure 5).

Even though cyclin D1 levels were elevated in the 10AT and 10ATG3B cells, and lower in
the 10CAla cells, relative to the parent 10A cells (Figure 5), rapamycin had no notable
effect. No major differences were observed in cyclin D3 levels in the cell lineage, although
rapamycin treatment effectively reduced cyclin D3 levels in all the cell lines by ~60 to 70%
at 24 h. Cyclin E expression was not affected by rapamycin (data not shown).

No major differences in basal cdk2 (or cdk4; data not shown) protein levels were observed in
the MCF10A cell lineage. However, rapamycin reduced cdk2 protein levels in the 10A,
10AT, 10ATG3B and 10CAla cells by 55.0, 70.3, 68.2 and 63.6%, respectively, relative to
untreated controls (Figure 5).

The cdk-inhibitory protein, p21Wafl/Cipl \was inhibited by 57.4, 58.9 and 52.9% in the 10A,
10AT and 10ATG3B cells, respectively, following rapamycin treatment, with p21Waf1/Cipl
only weakly expressed in 10CAla cells (data not shown). These data show that the changes
of p21Wafl/Cipl cyclin D3 and cdk? levels in response to rapamycin occur to a comparable
degree in benign, premalignant and tumor cells.

Discussion

Breast, prostate and small cell lung cancer, glioblastoma, and T-cell leukemia have been
among those malignancies reported to be the most responsive to rapamycin therapy in
preclinical studies (1). Hyperphosphorylation of Akt by rapamycin has been reported for
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many cancer cell lines, including, DU-145, MCF-7 (19), SKBR3, BT474 and
rhabdomyosarcoma line Rh30 (20). Inhibition of mMTOR reportedly induces Akt
phosphorylation in human tumors /n vivo (20). HER2/ neu overexpression, enhances
rapamycin sensitivity in NIH3T3 cells (21) and a significant decrease in rapamycin
sensitivity was noted in dominant negative-Akt-transfected cells (16). These data suggest
that activation of Akt/mTOR signaling is associated with increased rapamycin sensitivity.
However, the 10CAla tumor cells, which exhibit markedly elevated basal phospho-Akt
levels, were not as sensitive to rapamycin as either the benign or premalignant cells of this
cell lineage.

Rapamycin inhibition of phospho-p70S6K (Ser424/ Thr421) and phospho-S6RP supports
the analysis that p70S6K and S6RP phosphorylation are regulated by the rapamycin-
sensitive mTOR, GBL and raptor complex and these data correlate with rapamycin inhibition
of cell proliferation and cell cycle arrest. The phosphorylation of 4E-BP1, S6RP, p70S6K
and STAT3 was effectively inhibited by rapamycin in MCF10A cell lineage, but only
phospho-p70S6K (Ser424/Thr421) and, more strikingly, phospho-S6RP strongly correlated
with rapamycin sensitivity. Premalignant cells are more responsive to rapamycin than tumor
cells, suggesting that rapamycin, either alone or in combination with other therapies (e.g.
tamoxifen) may have a role in the treatment of PBD and in the prevention of breast cancer or
breast cancer recurrence. Rapamycin effectively inhibited phospho-STAT3 in the MCF10A
cell lineage. These data suggest that rapamycin inhibition of mTOR signaling may achieve
additional beneficial therapeutic effects in the treatment of breast cancer and prevention of
tumorigenesis or tumor recurrence.
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10A MCF10A

10AT MCF10AT

10ATG3B MCF10ATG3B

10CA1la MCF10CAla

PBD proliferative breast disease
mTOR mammalian target of rapamycin
p70S6K p70 S6 kinase
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eukaryotic initiation factor 4E

elF4E-binding protein 1

signal transducer and activator of transcription 3
cyclin-dependent kinase

S6 ribosomal protein

retinoblastoma

FK-506 binding protein 12

phosphatidylinositol 3 kinase

glyceraldehyde-3-phosphate dehydrogenase
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Figure 2.

Differential effects of rapamycin on cell cycle progression in MCF10A cell lineage. Cells
were incubated with or without 100 nM rapamycin for 48 h and prepared as described in
Materials and Methods. Panel A: Histogram showing relative DNA content as determined by
flow cytometry. Panel B: The increased percentage of cells in the Gq-phase of the cell cycle
was determined from the histogram.
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Figure 3.

Rapamycin effects on Akt, mTOR and its downstream targets in MCF10A cell lineage.

Panel A: Immunoblot analysis of phospho-mTOR, phospho-Akt, phospho-4E-BP1,
phospho-p70S6K (Thr389 and Thr421/Ser424), phospho-S6RP, and phospho-STAT3

(Ser727) protein levels following the treatment of each cell with 100 nM rapamycin for 1

and 24 h. Panel B: Scanning laser densitometry analysis of immunoblot band density.

Rapamycin was least effective in inhibiting phospho-p70S6K and phospho-S6RP in the

10CA1la tumor cells.
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Figure 4.
Rapamycin effects on elF4E and 4E-BP1 in the MCF10A cell lineage. Panel A: Immunoblot

analysis of 4E-BP1 and elF4E protein levels following the treatment of each cell with 100
nM of rapamycin for 1 and 24 h. Panel B: 4E-BP1:elF4E ratios were determined using band
density of each cell line after treatment with 100 nM rapamycin for 1 and 24 h.
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Rapamycin effects on the expression of proteins involved in the regulation of the cell cycle
in the MCF10A cell lineage. Panel A: Immunoblot analysis of cyclin D1, cyclin D3, cdk2,
Rb and phospho-Rb (Ser780, Ser795 and Ser807/811) in each cell line treated with 100 nM

rapamycin for 1 and 24h.
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