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Activation of the Akt/mammalian target of rapamycin (mTOR) pathway
has been shown to be associated with resistance to endocrine therapy
in estrogen receptor alpha (ERa)-positive breast cancer patients. Utmost
importance is attached to strategies aimed at overcoming treatment
resistance. In this context, this work aimed to investigate whether, in
breast cancer cells, the use of an mTOR inhibitor would be sufficient
to reverse the resistance acquired after exposure to endocrine therapy.
The ERa-positive human breast adenocarcinoma derived-MCF-7 cells
used in this study have acquired both cross-resistance to hydroxy-
tamoxifen (OH-Tam) and to fulvestrant and strong activation of
the Akt/mTOR pathway. Cell proliferation tests in control cells
demonstrated that the mTOR inhibitor rapamycin enhanced cell
sensitivity to endocrine therapy when combined to OH-Tam or to
fulvestrant. In resistant cells, rapamycin used alone greatly inhibited
cell proliferation and reversed resistance to endocrine therapy by
blocking the agonist-like activity of OH-Tam on cell proliferation and
bypassing fulvestrant resistance. Reversion of resistance by rapamycin
was associated with increased ERa protein expression levels and
modification of the balance of phospho-ser167 ERa/total ERa ratio.
Pangenomic DNA array experiments demonstrated that the cotreatment
of resistant cells with fulvestrant and rapamycin allowed the restora-
tion of 40% of the fulvestrant gene-expression signature. Taken
together, data presented herein strongly support the idea that mTOR
inhibitor might be one of the promising therapeutic approaches for
patients with ERa-positive endocrine therapy-resistant breast cancers.
(Cancer Sci 2008; 99: 1992–2003)

Seventy per cent of tumors of breast cancer patients are
positive for estrogen receptor alpha (ERα) at diagnosis and

are therefore suitable for endocrine therapy, which aims to block
the mitogenic action of estrogens on breast cancer cells. However,
acquired resistance is a major problem limiting the clinical benefit
of endocrine therapy. Approximately 60% of patients with ERα-
positive (ER+) breast cancer who initially responded to the selective
estrogen receptor modulator (SERM) tamoxifen (Tam) will develop
acquired resistance.(1) Recent clinical trials have also showed that,
in patients with advanced breast cancer progressing on prior
endocrine therapy with Tam or an aromatase inhibitor, the selective
estrogen receptor down-regulator (SERD) fulvestrant (ICI 182,
780), while yielding clinical benefit, is also prone to the
development of resistance.(2,3)

The signaling pathway composed of phosphatidylinositol 3-
kinase (PI3K), protein kinase B (Akt/PKB) and mammalian target
of rapamycin (mTOR) is crucial for cell growth and survival (for
review(4)). Evidence suggests both the involvement of the PI3K/
Akt/mTOR survival pathway in the acquisition of endocrine
therapy resistance and the presence of complex interactions between
ERα and this pathway. Indeed, non-genomic actions of ERα are

known to include interaction with and activation of the signaling
kinase PI3K,(5) and 17β-estradiol (E2) is capable of activating mTOR
via the tuberin/rheb pathway.(6) Activation of the Akt pathway in
breast tumor samples has been shown to be associated with
resistance to endocrine therapy and a worse outcome in breast
cancer patients,(7,8) and over-expression in transfected MCF-7 cells
of constitutively active myr-Akt confers Tam resistance.(9) Com-
bining Tam with an mTOR inhibitor has led to additive/synergistic
cytotoxic effects on MCF-7 cells.(10–12) Inhibition of proliferation
and induction of apoptosis are increased when the mTOR inhibi-
tor RAD001 is combined with an aromatase inhibitor in MCF-7
cells over-expressing aromatase.(13) Finally, two studies have shown
that mTOR inhibitors are able to restore Tam sensitivity(14) and
modify response to fulvestrant in transfected MCF-7 cells with
constitutively active myr-Akt.(15) However, they have failed to
provide evidence of an association between reversion of fulves-
trant resistance by RAD001 and enhancement of fulvestrant-
induced apoptosis.(15)

No study has ever investigated the impact of an mTOR inhibi-
tor on breast cancer cells that have acquired resistance after
exposure to endocrine therapy (a model that mimics the clinical
situation of resistance development in Tam-treated patients). As
multifactorial changes leading to the activation of a survival
system for cancer cells seem to be involved in the development
of endocrine therapy resistance, the aim of the present study was
to investigate whether the use of an mTOR inhibitor could be
sufficient to reverse endocrine therapy resistance in breast cancer
cells having acquired endocrine therapy resistance and activation
of the endogenous Akt/mTOR pathway. To address this issue, we
tested, at both the proliferation and gene-expression levels, the
impact of the mTOR inhibitor rapamycin on MCF-7-derived breast
cancer cells (MVLN cells)(16) and on resistant (R)-MVLN cells
(selected after 6-month exposure of MVLN cells to 200 nM OH-
Tam)(17) that have developed cross-resistance to OH-Tam and
fulvestrant.

Materials and Methods

Cell culture. MVLN and R-MVLN cells were grown for 1–2
passages as previously described,(16) then purged for 4 days in
Dulbecco’s Modified Eagle Medium without phenol red and
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supplemented with 3% steroid-depleted, dextran-coated and
charcoal-treated fetal calf serum (DCC medium).

Cell proliferation analysis. The cells purged in DCC medium for
4 days were plated at 12 000 cells per well on a 96-well tissue
culture plate in DCC medium. One day later, the cells were treated
for 1, 3, 5 or 8 days with vehicle (0.02% methanol), 1 nM E2 (Sigma,
St Louis, MO, USA), 200 nM OH-Tam (Sigma), 100 nM fulvestrant
(Tocris, Ellisville, MO, USA), 2 nM or 20 nM rapamycin (Ozyme,
Saint Quentin en Yvelines, France) or combined treatments. Pro-
liferating cells were analyzed using the Cell Proliferation enzyme-
linked immunosorbent assay (ELISA), 5-bromodeoxyuridine
(BrdU) (colorimetric) Kit (Roche, Meylan, France). Briefly, the
cells were labeled for 24 h with BrdU and the labeled nuclei
were identified using a specific anti-BrdU antibody according to
the manufacturer’s recommendations.

Western blot. Cell extract preparations and Western blot analysis
were performed as previously described.(18) ERα and insulin-
like growth factor 1 receptor alpha (IGF1Rα) antibodies were
from Santa Cruz Biotechnology (CA, USA); phospho-ser167
ERα, phospho-ser473 Akt, total Akt, phospho-ser136 Bad,
phospho-ser21/9 GSK3α/β, phospho-thr389 p70S6K and total
p70S6K antibodies were from Cell Signaling (Beverly, MA,
USA); α-Tubulin antibody was from Sigma. Blots were quantified
using the VisionWorksLS Image Acquisition and Analysis
Software.

RNA extraction. Total RNA from cell culture was prepared using
the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s recommendations and subsequently quantified
on a Nanodrop ND1000 spectrophotometer (Nanodrop Techno-
logies, Wilmington, DE, USA). RNA integrity was checked using
the BioAnalyzer 2100 (Agilent Technologies, Palo Alto, CA,
USA).

Human genome U133 Plus 2.0 Affymetrix DNA chip experiment and
analysis. Two independent cell culture replicates for each experi-
mental condition (i.e. untreated cells or cells treated for 4 days
with 100 nM fulvestrant, 20 nM rapamycin or a combination of
both compounds) were used to generate total RNA. Complex probes
were produced from these RNA, then hybridized to each array
according to the manufacturer’s recommendations (Affymetrix,
Santa Clara, CA, USA) using ProfilXpert (Lyon, France). Scanned
images of microarray chips were analyzed using GCOS (GeneChip
Operating Software; Affymetrix) with the default settings. Raw
data were normalized using the GC-RMA algorithm, a modification
of the RMA (robust multi-array average)(19) algorithm that takes
into account that the non-specific affinity of a probe is related to
its sequence.(20) We used the implementation of this algorithm
available in the GC-RMA Bioconductor package.(21) Expression
values were expressed as the ratio of the treated cell line gene
value to that obtained with the untreated cell line (the ratio was
called fold change, or FC). Two independent cell culture replicates
were used for each pharmacological condition; four FC were
obtained in total. Only genes with 4 out of 4 or 3 out of 4 FC
values superior to the cut-off chosen (>1.7 or <–1.7) were
considered as differentially expressed. The choice of the FC
cut-off value was based on our previous experience,(18,22) and on
the consideration that, by exploring independent cell culture
replicates, we were working under stringent conditions for data
analysis (biological variability). Fatigo was used to analyze gene
lists by using Gene Ontology (GO).(23) The heatmaps were computed
by using R software.

Validation of array data by Real-Time Quantitative polymerase chain
reaction (RTQ-PCR). RTQ-PCR measurements were performed as
described previously(24,25) using a LightCycler (Roche) or an ABI
Prism 7900 Sequence Detection System (Perkin-Elmer Applied
Biosystems, Foster City, CA, USA) with the corresponding SYBR
Green Kit, according to the manufacturer’s recommendations.
Differentially expressed genes were considered for FC > 2 or
FC < –2.

Results

The MCF-7-derived R-MVLN cells are cross-resistant to OH-Tam and
to fulvestrant. The ER+ R-MVLN cells emerged from selection
under 200 nM OH-Tam treatment (6 months) of the MCF-7-derived
MVLN cells,(16,17) and the exact phenotype developed by the R-
MVLN cells is still not fully characterized. The functionality of
the ERα and the basal transcription machinery in MVLN and R-
MVLN cells was assessed by verifying that E2 treatment was able
to stimulate cell proliferation in the BrdU assay in both cell lines
(Fig. 1a). The amplitude of E2-stimulation of cell proliferation
was significantly greater in R-MVLN cells than in MVLN cells.
The phenotype of OH-Tam resistance developed by R-MVLN cells
was characterized by the loss of the cytostatic activity of this
molecule, such as it is detectable in MVLN cells, to the benefit
of a strong stimulation of the R-MVLN cell proliferation (agonist-
like effect) (Fig. 1b). These data (E2 and OH-Tam responses) are
in accordance with what we previously observed with two other
OH-Tam-resistant MVLN-derived cellular clones.(25) Concerning
the pharmacological response to fulvestrant, MVLN cells were
shown to be sensitive to the cytostatic activity of this coumpound,
as expected (Fig. 1c). Strikingly, while selected under OH-Tam
only, R-MVLN cells have also developed resistance to fulvestrant,
characterized by a total insensitivity to this molecule (Fig. 1c).
As fulvestrant is known to bind to ERα and to induce the
degradation of the receptor via the proteasome,(26,27) the loss of
fulvestrant-induced ERα degradation in the R-MVLN cells would
be an obvious explanation for the development of the resistance
to this molecule. As shown in Figure 1d, ERα expression was lower
in R-MVLN cells than in MVLN cells, and fulvestrant treatment
induced a decrease in ERα protein expression in both cell lines.
This suggests that other unknown mechanisms are involved in the
development of resistance to this SERD. Taken together, these
data show that the MVLN cell line was, as expected, sensitive to
the cytostatic effect of both OH-Tam and fulvestrant, whereas R-
MVLN cells developed under OH-Tam selection a cross-resistance
to both OH-Tam and fulvestrant, and thus represent an interesting
cellular model to identify strategies to bypass cross-resistance to
endocrine therapy.

The Akt/mTOR signaling pathway is activated in the R-MVLN cell
line. The compiled data suggest that activation of the Akt pathway
is associated with endocrine therapy resistance, estrogen depriva-
tion and worse outcome in breast cancer patients.(7–9) The data
presented in Figure 2 demonstrates an activation of Akt in the R-
MVLN cells (3.7-fold increase in the phospho-ser473 Akt/total
Akt ratio, Fig. 2a) paired with an increase in the phosphorylation
level of three Akt-targets: (i) the ser167 located in the ligand-
independent transactivation AF-1 domain of the ERα protein (2.5-
fold increase in the phospho-ser167 ERα/total ERα ratio, Fig. 2b);
(ii) Bad (1.9-fold increase in phospho-ser136 Bad, Fig. 2c), and
(iii) GSK3 (2.3-fold increase in the GSK3 phosphorylation status,
Fig. 2d). The PI3K/Akt pathway is normally regulated by upstream
receptor tyrosine kinases, especially IGF1R.(28) We found that the
expression of the IGF1Rα protein was weakly but significantly
greater in R-MVLN cells than in MVLN cells (Fig. 2e). The
downstream Akt target mTOR kinase is known to induce the
phosphorylation of several targets, especially the thr389 residue
of p70S6K.(4) Figure 2f shows that the phosphorylation status of
p70S6K was increased (by 2.7-fold) in R-MVLN cells compared
with MVLN cells. Taken together, these data suggest an activation
of the whole IGF1R/PI3K/Akt/mTOR signaling pathway in the
OH-Tam- and fulvestrant-resistant R-MVLN cells.

Impact of the mTOR inhibitor rapamycin on the phosphorylation
level of p70S6K, Akt and GSK3 proteins. Treatment of MVLN and
R-MVLN cells by 20 nM rapamycin led, in both cell lines, to
the total abrogation of the phosphorylation of the mTOR-target
thr389 p70S6K protein (Fig. 3a,d). This suggests that rapamycin
was able to block, as expected, the mTOR pathway. As several
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studies have observed that rapamycin exposure is associated with
a feedback regulation of the Akt pathway,(29,30) we investigated
the phosphorylation status of Akt and of the Akt-target GSK3 in
rapamycin-exposed MVLN and R-MVLN cells. No significant
variation in the phospho-ser473 Akt/total Akt ratio or in the
GSK3 phosphorylation status was observed in rapamycin-treated
MVLN cells (Fig. 3b–d). In contrast, in R-MVLN cells, rapamycin
exposure induced a weak but significant decrease in the phospho-
ser473 Akt/total Akt ratio (P < 0.01) associated with a decrease
in the phosphorylation level of GSK3 (P < 0.001) (Fig. 3b–d). Thus,
under rapamycin exposure, a feedback regulation seems to occur
upstream of mTOR in R-MVLN cells but not in MVLN cells,
leading to a decreased Akt activation.

Rapamycin affects ERa protein expression levels and the balance of
phospho-ser167 ERa/total ERa in R-MVLN cells. As shown in Figure 4,
rapamycin exposure had no impact on ERα protein expression in
MVLN cells but was associated with a two-fold increase in ERα
protein expression in R-MVLN cells (Fig. 4a,b,d). By RTQ-PCR
experiments, we did not find under the same experimental
conditions any variation in ESR1/ERα mRNA levels (data not
shown), suggesting that the up-regulation of ERα protein expression
in rapamycin-treated R-MVLN cells occurs at a post-transcriptional
level. As phosphorylation of the ERα AF-1 domain is one of the

possible mechanisms involved in the regulation of the agonist-
like activity of Tam,(31) we investigated the phospho-ser167 ERα/
total ERα ratio in the presence of the mTOR inhibitor. In
rapamycin-treated MVLN cells, no significant variation in the
phospho-ser167 ERα/total ERα ratio was observed (Fig. 4c,d). In
contrast, in R-MVLN cells rapamycin exposure induced a decrease
in the phospho-ser167 ERα/total ERα ratio (P < 0.001) (Fig. 4c,d).
This observation was probably the consequence of both the
increase in total ERα expression (Fig. 4b) and the decrease in
Akt activation in rapamycin-treated R-MVLN cells (Fig. 3b). Taken
together, these data suggest that under rapamycin exposure, a
feedback regulation seems to occur upstream of mTOR in R-
MVLN cells but not in MVLN cells, leading to a decreased Akt
activation associated with a decreased proportion of the phospho-
ser167 ERα population among the total population of ERα. As
total ERα expression is increased in rapamycin-treated R-MVLN
cells, these data suggest that, in R-MVLN resistant cells, mTOR
inhibition affects the balance of phospho-ser167 ERα/total ERα
to the benefit of the non-phosphorylated form of the receptor.

OH-Tam and fulvestrant cytostatic activities were enhanced by
rapamycin in control MVLN cells. With the aim to assess the effect
of rapamycin on the proliferation of control MVLN cells, we
performed a BrdU test (assay measuring the proportion of cells

Fig. 1. Growth kinetics of MCF-7-derived breast
cancer (MVLN) and resistant (R)-MVLN cells under
different pharmacological conditions. Proliferative
response (5-bromodeoxyuridine [BrdU] labeling) of
MVLN (•) and R-MVLN (�) cells treated for 3, 5 or
8 days with (a) 1 nM E2, (b) 200 nM hydroxy-
tamoxifen (OH-Tam) or (c) 100 nM fulvestrant.
Results are means ± SD from three independent
experiments. *P < 0.05, **P < 0.01 and ***P < 0.001
versus the corresponding MVLN treatment
according to Student’s t-test. (d) Fulvestrant induces
estrogen receptor alpha (ERα) degradation in both
MVLN and R-MVLN cells. Western blot analysis of
total ERα in the absence (–) or presence of 100 nM
fulvestrant (F). Expression of α-tubulin was
measured as an invariant control. The Western blot
shown is from one representative experiment that
was reproduced at least three times in independent
experiments and cell lysates. Histograms represent
means ± SD of protein expression levels in
untreated- (black bars) and 100 nM fulvestrant-
treated (white bars) MVLN and R-MVLN cells
(***P < 0.001 according to Student’s t-test).



Ghayad et al. Cancer Sci | October 2008 | vol. 99 | no. 10 | 1995
© 2008 Japanese Cancer Association

that entered S phase) with either vehicle, rapamycin, OH-Tam,
fulvestrant, or rapamycin combined with OH-Tam or fulvestrant
(Fig. 5a). The effect of rapamycin on MVLN and R-MVLN cells
was investigated after prolonged exposure (4 days) to fulfill BrdU
assay conditions in order to detect any impact of the mTOR inhibitor
on the pharmacological response to OH-Tam or to fulvestrant. In
our experimental conditions, rapamycin alone had a weak inhibitory
effect on MVLN cell proliferation (similar to that of OH-Tam
alone), but was able to greatly enhance the sensitivity of these
cells to the cytostatic activity of OH-Tam (Fig. 5a, 412%
increase of cell proliferation inhibition, with 2 nM and 20 nM
rapamycin, respectively, P < 0.01 and P < 0.001). When combined
with fulvestrant, rapamycin exposure also enhanced the cytostatic

action of this molecule (Fig. 5a, 33% increase of cell proliferation
inhibition, P < 0.05). No difference was observed between the
two rapamycin concentrations tested (2 nM and 20 nM).

Rapamycin blocks the stimulating action of OH-Tam on cell prolifera-
tion and reverses fulvestrant resistance in the resistant R-MVLN cells.
In contrast to what was observed in MVLN cells, rapamycin
exposure of R-MVLN cells induced a strong inhibition of cell
proliferation (Fig. 5b, 24% and 60% inhibition of cell prolifera-
tion with 2 nM and 20 nM rapamycin, respectively, P < 0.001).
Furthermore, the agonist-like activity of OH-Tam on cell prolifera-
tion developed by the resistant R-MVLN cells was totally impaired
in the presence of rapamycin, in a dose-dependent manner (Fig. 5b,
P < 0.001). Finally, the most striking data was that the resistance

Fig. 2. Activated Akt/mammalian target of
rapamycin (mTOR) signaling pathway is present in
resistant MCF-7-derived breast cancer (R-MVLN)
cells. Western blot analysis of (a) phospho-ser473
Akt and total Akt, (b) phospho-ser167 estrogen
receptor alpha (ERα) and total ERα, (c) phospho-
ser136 Bad, (d) phospho-ser21/9 GSK3α/β, (e)
IGF1Rα and (f) phospho-thr389 p70S6 K and total
p70S6 K as described in the Materials and methods
section using specific antibodies. Expression of α-
tubulin was measured as an invariant control. The
Western blots shown are from one representative
experiment that was reproduced at least three
times in independent experiments and cell lysates.
Histograms represent means ± SD of protein expres-
sion levels in independent experiments (*P < 0.05,
**P < 0.01 and ***P < 0.001 according to Student’s
t-test).
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of R-MVLN cells to fulvestrant was totally bypassed in the
presence of rapamycin (Fig. 5b, 22% and 51% inhibition of cell
proliferation with, respectively, 2 nM and 20 nM rapamycin,
P < 0.001). Taken together, these data demonstrated first a great
sensitivity of endocrine therapy-resistant R-MVLN cells to the
antiproliferative activity of rapamycin, and second, that mTOR
inhibitor was capable of reverting resistance to both OH-Tam and
fulvestrant.

Specific gene-expression profiles are associated with the
restoration of the fulvestrant signature in rapamycin-treated R-MVLN
cells. To identify the molecular mechanisms involved in the
reversion of the endocrine therapy resistance in R-MVLN cells

under rapamycin exposure, we investigated gene-expression profiles
using the pangenomic Affymetrix Human Genome U133 Plus 2.0
Array. We designed our gene-expression experiment to decipher
whether the reversion of the fulvestrant resistance observed in
resistant R-MVLN cells, when both fulvestrant and rapamycin
were combined (Fig. 5b), was effectively due to the restoration of
the pharmacological response to fulvestrant, or was simply the
consequence of an antiproliferative action of rapamycin per se.

The sensitivity of MVLN cells to fulvestrant is illustrated in
Figure 6a by the identification of a great number of variations in
gene expression (n = 1241), whereas the resistance developed by
R-MVLN cells is highlighted at the gene-expression level, as only

Fig. 3. Consequences of 4-day rapamycin exposure on p70S6K, Akt and GSK3 protein phosphorylation. Western blot analysis of (a) phospho-thr389
p70S6 K and total p70S6 K, (b) phospho-ser473 Akt and total Akt, (c) phospho-ser21/9 GSK3α/β in the absence (–) or presence of 20 nM rapamycin (Rapa).
α-Tubulin protein level was measured to verify equal loading. The Western blots shown are from one representative experiment that was reproduced
at least three times in independent experiments and cell lysates. (d) Histograms represent means ± SD of protein expression levels in untreated- (black
bars) and 20 nM rapamycin-treated (white bars) MVLN and R-MVLN cells. **P < 0.01 and ***P < 0.001 versus the corresponding untreated cells according
to Student’s t-test.
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234 gene-expression deregulations were observed under fulves-
trant exposure. Only 10.9% (136 genes) of the MVLN ± fulvestrant
signature was still present in the R-MVLN ± fulvestrant gene-
expression profile. Exposure to combined rapamycin and fulvestrant
in R-MVLN cells generated a dramatically different gene-expression
pattern (n = 2095 deregulations of expression), and the gray region
of the Venn diagram presented in Figure 6a (genes uncommon
to the R-MVLN ± fulvestrant signature) reflected the reversion
of fulvestrant resistance by rapamycin. Strikingly, 498 genes of
this signature (set 1) were similarly deregulated in fulvestrant-
treated MVLN cells, demonstrating that 40% (498/1241) of the
gene-expression profile associated with sensitivity to fulvestrant
was restored in fulvestrant-resistant R-MVLN cells in the presence
of an mTOR inhibitor.

We then sought to differentiate in set 1 the gene deregulations
resulting from the action of rapamycin from those resulting from
the combination of rapamycin and fulvestrant. Cross-analyzing
set 1 with the gene-expression signature obtained in R-MVLN cells
treated by rapamycin alone indicated that only 26% (129/498) of
set 1 genes were the consequence of the intrinsic action of rapamy-
cin per se (Fig. 6b). These data indicate that for 74% of the gene-
expression variations identified in set 1, the restoration of the
fulvestrant gene-expression signature was effectively the conse-
quence of the combination of fulvestrant and rapamycin. A simi-
lar result was obtained when we considered the totality of the
genes reflecting the reversion of fulvestrant resistance by rapamycin
(gray region of the Venn diagram presented in Fig. 6a), as the
deregulation of 60% of these genes was shown to be effectively
the consequence of the combination of fulvestrant and rapamycin
and not the consequence of rapamycin alone (data not shown).

Finally, 342 of the 498 genes belonging to set 1 could be clas-
sified using Gene Ontology (Fatigo). The biological functions
most represented were (Fig. 6c): regulation of progression through
cell cycle (27.6%), regulation of nucleobase, nucleoside, nucleotide
and nucleic acid metabolic process (22.2%), RNA biosynthetic
process (19.7%), protein modification (16.5%), DNA replication

(11.8%), chromosome organization and biogenesis (8.6%), DNA
repair (8.3%) and cell death (7.6%). The amplitude of the gene-
expression variations detected in the MVLN ± fulvestrant condi-
tion, absent in the R-MVLN ± fulvestrant condition, and restored
in the R-MVLN ± (fulvestrant + rapamycin) condition is illustrated
in Figure 7 for these most-represented biological processes. In
accordance with the results shown in Figure 6b, exposure of R-
MVLN cells to rapamycin did not alter the expression of most of
the genes (Fig. 7). Finally, the array data were validated by RTQ-
PCR for 25 genes (Table 1). Taken together, the current results
demonstrated that mTOR inhibition was not only capable of revers-
ing fulvestrant resistance at the cell proliferation level (Fig. 5)
but also of restoring, at the gene-expression level, 40% of the
fulvestrant signature in R-MVLN cells (Figs 6 and 7, Table 1).

Discussion

Resistance to endocrine therapy is one of the main challenges
in the treatment of ER+ breast cancer and the use of signal
transduction inhibitors represents one of the most promising
therapeutic approaches in this indication. Rapamycin and its
analogs (temsirolimus, everolimus and AP23573) are currently
being tested in clinical trials as novel-target anticancer agents,(32,33)

and a recent study suggests that over 50% of breast cancer patients
could be potential candidates for treatment by mTOR inhibition.(34)

The present work is, to our knowledge, the first report of an
extensive investigation of the impact of an mTOR inhibitor on
ER+ breast cancer cells having acquired resistance after exposure
to endocrine therapy. The R-MVLN cells used in this study are
an interesting model because: (i) they mimic the clinical situation
of resistance development in Tam-treated patients; (ii) they have
acquired cross-resistance to OH-Tam and to fulvestrant (a phenotype
rarely observed under OH-Tam selection); and (iii) they have
acquired strong activation of their endogenous Akt/mTOR pathway.

Prolonged exposure (4 days) to rapamycin was performed for
two reasons: (i) to fulfill BrdU assay conditions required to detect

Fig. 4. Rapamycin affects the estrogen receptor
alpha (ERα) protein expression levels and the
phospho-ser167 ERα/total ERα ratio in the resistant
MCF-7-derived breast cancer (R-MVLN) cells.
Western blot analysis of total ERα in (a) MVLN and
(b) R-MVLN cells and of (c) phospho-ser167 ERα and
total ERα in the absence (–) or presence of 20 nM
rapamycin (Rapa). α-Tubulin protein level was mea-
sured to verify equal loading. The Western blots
shown are from one representative experiment
that was reproduced at least three times in inde-
pendent experiments and cell lysates. (d) Histograms
represent means ± SD of protein expression levels
in untreated- (black bars) and 20 nM rapamycin-
treated (white bars) MVLN and R-MVLN cells.
***P < 0.001 versus the corresponding untreated
cells according to Student’s t-test.
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any impact of the mTOR inhibitor on the pharmacological response
to OH-Tam or fulvestrant; and (ii) to mimic the long-term effects
induced by the clinical use of mTOR inhibitors. By cell prolif-
eration assay, the current study showed that rapamycin-induced
inhibition of cell proliferation was greater in R-MVLN cells (60%
inhibition) than in the MVLN cells (7% inhibition), in accord-
ance with the, respectively, high and low levels of Akt/mTOR
pathway activation in each cell line. More interestingly, mTOR
inhibition led to an enhanced cytostatic activity of both OH-Tam
and fulvestrant in control MVLN cells. In accordance with our
data, previous studies have observed an increased Tam sensitivity
of mTOR inhibitor-treated MCF-7 cells.(10–12) Finally, in the resistant
R-MVLN cells, rapamycin was able to reverse acquired resist-
ance to endocrine therapy by abolishing the agonist-like activity
of OH-Tam on cell proliferation and by bypassing fulvestrant
resistance. Taken together, these data showed that: (i) even in
ER+ breast cancer cells having a low level of activation of the
Akt/mTOR pathway, rapamycin is able to enhance endocrine
therapy efficiency; (ii) mTOR inhibition by itself is sufficient to
strongly inhibit the proliferation and reverse the OH-Tam and
fulvestrant acquired cross-resistance of breast cancer cells pos-
sessing an activated Akt/mTOR pathway.

As the PI3K/Akt/mTOR pathway is an important survival path-
way for cancer cells, another important issue is the determina-
tion of the impact of rapamycin upstream of mTOR. Initial studies
have reported down-regulation of phospho-ser473 Akt in response
to mTOR knock-down in both Drosophila and mammalian cells.(35)

Subsequent reports have found that mTOR inhibition induced Akt
phosphorylation and activation through PI3K-dependent path-
ways,(29,30,36,37) illustrating the complexity of this regulation. How-
ever, one can observe that after prolonged exposure to rapamycin
(2–3 days), the level of activated Akt returned to basal level in

MCF-7 breast cancer cells.(30) Consistent with these data, the MVLN
cells treated for 4 days with rapamycin did not display any varia-
tion in phospho-ser473 Akt/total Akt ratio. However, in the resistant
R-MVLN cells, rapamycin treatment was associated with decreased
Akt activation. These data suggest the existence of regulation
mechanisms between mTOR inhibition and the upstream Akt
pathway in the R-MVLN cells, and that these complex feedback
regulations could vary with the cellular context.

Rapamycin is known to have antiproliferative effects via inhi-
bition of the G1 to S transition,(38) but the exact mechanism involved
has not been totally elucidated.(39–41) To our knowledge, no study
has ever investigated the impact of mTOR inhibition on the gene-
expression profile of breast cancer cells. In the present study, we
sought to determine whether the cytostatic activity observed with
the combination of rapamycin and fulvestrant was the conse-
quence of the intrinsic antiproliferative action of rapamycin or
was due to the combination of the two drugs. Our gene-expression
profiling study clearly demonstrated that the reversion of fulves-
trant resistance by rapamycin in R-MVLN cells was a direct con-
sequence of the combination with fulvestrant, and was associated
with the restoration of 40% of the fulvestrant gene-expression
signature observed in control MVLN cells. With particular focus
on the biological processes associated with this restoration of
the fulvestrant signature by rapamycin (Fig. 6c), we found that
the ‘regulation of progression through the cell cycle’ was, not
surprisingly, the biological process most represented. However,
unexpected biological functions such as ‘RNA biosynthetic process’
were also identified, even though mTOR is mainly known as a
‘master regulator’ of the translational machinery (for review(42)).
Yet, it has been observed that TOR could also control transcrip-
tion, both in yeast and in mammals (for review(43)). Since 19.7%
of the genes selected in the present study belong to the ‘RNA

Fig. 5. Impact of rapamycin treatment on the
pharmacological response to hydroxy-tamoxifen
(OH-Tam) and to fulvestrant using 5-
bromodeoxyuridine (BrdU) cell proliferation
assay. For each experimental condition, the
proliferation response was assessed by BrdU
labeling (treated cells versus untreated cells) as
described by the supplier. (a) MCF-7-derived
breast cancer (MVLN) and (b) resistant (R)-MVLN
cells were cultured for 4 days in steroid-
depleted, dextran-coated and charcoal-treated
fetal calf serum (DCC medium) in the presence of
2 nM rapamycin, 20 nM rapamycin, 200 nM OH-
Tam, 200 nM OH-Tam combined with 2 nM or
20 nM rapamycin, 100 nM fulvestrant, and 100 nM
fulvestrant combined with 2 nM or 20 nM
rapamycin. Results are means ± SD from three
inde-pendent experiments. *P < 0.05, **P < 0.01
and ***P < 0.001 according to Student’s t-test.
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biosynthetic process’, future work is needed to decipher the
importance of this function in rapamycin activity and/or rever-
sion of endocrine therapy resistance. Finally, several genes selected
in the present study have previously been found to be associated
with endocrine therapy resistance and/or poor prognosis in ER
+ breast cancer cells: IL17RB;(44) PTTG1;(45) GATA3;(46) CHD6;(47)

ORC6L, PRC1, CENPA, MCM6, RFC4, CCNE2;(48) TIMELESS;(49)

BIRC5;(50) BTG3, CTSB and TTK.(51) Taken together, our results
have allowed the identification of genes that might represent key
actors both in the development of endocrine therapy resistance
and in the strategies aimed at reverting such resistance.

Following the demonstration that rapamycin exposure of R-
MVLN cells led both to reversion of endocrine therapy resistance
at the proliferation level and to the reversion of part of the fulves-
trant gene-expression signature, the precise mechanisms by which
mTOR inhibition leads to such events remained to be elucidated.
However, the current study supports the existence of a close cross-
talk between the ERα and the mTOR pathways as a decrease in the
proportion of the phospho-ser167 ERα population to the benefit of
an increase in the total amount of ERα was observed in rapamycin-
treated R-MVLN cells. Complementary experiments demonstrated
that the phosphorylation level of another serine residue (ser118), also

Fig. 6. Reversion of the fulvestrant resistance in
resistant MCF-7-derived breast cancer (R-MVLN)
cells is associated with specific gene-expression
profiles. (a) Venn diagram showing the distribution
of the differentially regulated genes identified in
MVLN cells treated with fulvestrant versus
untreated cells, R-MVLN cells treated with fulve-
strant versus untreated cells and R-MVLN cells
treated with fulvestrant + rapamycin versus
untreated cells. Differentially regulated genes were
those whose expression levels were up-regulated
(bold characters) if fold change (FC) > 1.7 or down-
regulated (italic characters) if FC < –1.7. The gray
region represents the genes associated with the
reversion of fulvestrant resistance by rapamycin
in R-MVLN cells. Set 1 is the set of genes commonly
deregulated in MVLN ± fulvestrant and R-MVLN ±
(fulvestrant+rapamycin) but not in R-MVLN ± fulve-
strant. (b) Venn diagram showing the commonly
differentially regulated genes between set 1 and
R-MVLN ± rapamycin. (c) Illustration of the most
representative gene ontology (GO) biological pro-
cesses of genes belonging to set 1. Each gene can
be a member of more than one GO category.

Fig. 7. Gene-expression variations measured by Affymetrix arrays in the eight most representative biological processes in gene ontology (GO) of set
1. Each row represents a gene and each column represents a different pharmacological condition: MCF-7-derived breast cancer (MVLN) ± fulvestrant;
R-MVLN ± fulvestrant; R-MVLN ± rapamycin; R-MVLN ± (fulvestrant+rapamycin). The results are expressed as the mean of fold change (FC) values; a
color scale is indicated at the top. Genes highlighted in red correspond to up-regulated genes (FC > 1.7). Genes highlighted in blue correspond to down-
regulated genes (FC < –1.7). Invariant gene-expressions are represented in gray. Genes with asterisks are those whose expression variations were validated
by real-time quantitative polymerase chain reaction (RTQ-PCR).
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located in the ligand-independent transactivation AF-1 domain of
the ERα protein, was not affected by rapamycin treatment, whereas
total ERα protein expression was still increased (data not shown).
This would suggest, in rapamycin-treated R-MVLN cells, a shift
of the balance between ligand-independent/ligand-dependent
activity of ERα toward the ligand-dependent activity which could
represent part of the mechanisms involved in the reversion of OH-
Tam resistance and/or of fulvestrant resistance. ERα-mediated
activity is known to occur through either direct genomic activity of
the receptor (estrogen response element (ERE)-driven transcrip-
tional activity), indirect genomic activity (indirect regulation of
transcription by interference with other transcription factors
such as the AP-1 complex, NF-κB or Sp1) or ERα-non-genomic
activity.(52) One study analyzed global gene expression in Tam-
resistant MCF-7 cells and fulvestrant-resistant MCF-7 cells and
showed that although Tam resistance preferentially alter expression
of E2-responsive genes, fulvestrant resistance is characterized
by a strong remodelling of gene expression.(53) This could
explain why it was not possible to support the molecular observa-
tion of a shift in the total/phosphorylated ERα balance on well-
characterized ERE-regulated genes such as TFF1/pS2 and PGR
using the DNA array data obtained with fulvestrant ± rapamycin-
treated R-MVLN cells (data not shown). However, one can not
exclude that the modification in the total/phosphorylated ERα
balance could represent part of the mechanisms mainly involved
in the reversion of OH-Tam resistance and not in the reversion of
fulvestrant resistance in the R-MVLN cells. Other rapamycin-
induced complex mechanisms are also certainly involved and
future investigation is thus needed.

In conclusion, the present study has demonstrated that mTOR
inhibition is sufficient to reverse endocrine therapy resistance in
a breast cancer cell model that has acquired both endocrine
therapy resistance and activation of an endogenous Akt/mTOR

pathway under OH-Tam exposure. This supports the idea that
mTOR inhibitors might become very helpful for the clinical
management of ER+ breast cancer, both to enhance the effi-
ciency of endocrine therapies and to bypass or reverse endo-
crine therapy resistance. Thus, the association of an mTOR
inhibitor with first-line endocrine therapy, or with second-line
endocrine therapy in patients developing resistance to the first-
line treatment, would enhance treatment efficiency. This is
consistent with data from a recent clinical phase II study testing
a combination of mTOR inhibitors with the aromatase inhibi-
tor letrozole and reporting a better progression-free survival
in the combination arm than in the letrozole alone arm.(54)

Another important question to be addressed in future studies
is the impact of mTOR inhibitor treatment on de novo endo-
crine therapy resistance. Taken together, our observations
support the idea that mTOR inhibitors represent one of the
most promising therapeutic approaches for patients with ER+
breast cancers.
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