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Breast cancer tissue slices as a model for evaluation
of response to rapamycin

Stana Helena Giorgi Grosso & Maria Lucia Hirata Katayama & Rosimeire Aparecida Roela &

Suely Nonogaki & Fernando Augusto Soares & Helena Brentani & Leandro Lima &

Maria Aparecida Azevedo Koike Folgueira & Angela Flávia Logullo Waitzberg & Fátima Solange Pasini &
João Carlos Guedes Sampaio Góes & M. Mitzi Brentani

Received: 12 July 2012 /Accepted: 4 March 2013 /Published online: 1 May 2013
# Springer-Verlag Berlin Heidelberg 2013

Abstract Rapamycin is a selective inhibitor of themammalian
target of rapamycin (mTOR), a regulator kinase that integrates
growth factors signaling via the phosphoinositide-3-kinase
pathway and that has emerged as a novel therapeutic modality
in breast cancer (BC). We propose a pre-clinical “ex-vivo”
personalized organotypic culture of BC that preserves the mi-
croenvironment to evaluate rapamycin-mediated gene expres-
sion changes. Freshly excised ductal invasive BC slices,
400 μm thick (n=30), were cultured in the presence or absence

(control) of rapamycin (20 nM) for 24 h. Some slices were
formalin-fixed for immunohistochemical determinations and
some were processed for microarray analysis. Control slices
in culture retained their tissue morphology and tissue viability
(detected by BrdU uptake). The percentage of proliferating
cells (assessed by Ki67) did not change up to 24 h of treatment.
Immunohistochemical evaluation of p-AKT, p-mTOR,
p-4EBP1 and p-S6K1 indicated that AKT/mTOR pathway
activation was maintained during cultivation. For microarray
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analysis, slices were divided into two groups, according to the
presence/absence of epidermal growth factor receptor-type 2
and analyzed separately. Limited overlap was seen among
differentially expressed genes after treatment (P<0.01) in both
groups suggesting different responses to rapamycin between
these BC subtypes. Ontology analysis indicated that genes
involved in biosynthetic processes were commonly reduced
by rapamycin. Our network analysis suggested that concerted
expression of these genes might distinguish controls from
treated slices. Thus, breast carcinoma slices constitute a suitable
physiological tool to evaluate the short-term effects of
rapamycin on the gene profile of individual BC samples.

Keywords Breast cancer . Rapamycin . Ex-vivo model .

AKT/mTOR pathway . Co-expression network . Human

Introduction

The mammalian target of rapamycin (mTOR) is an impor-
tant regulatory kinase that integrates upstream signals from
growth factors, amino-acid availability and stresses into
processes such as regulated cell growth, survival, prolifera-
tion, cell metabolism and angiogenesis. mTOR is the cata-
lytic subunit of two multiprotein complexes, namely
mTORC-1 and mTORC-2, the first being a major driver of
cell growth and protein translation and the latter being
involved in less defined functions, probably including actin
cytoskeleton and cell survival. In particular, the PI3K
(phosphoinositide-3-kinase)-AKT (also known as protein
kinase B) pathway and the Ras-ERK (extracellular-signal-
regulated kinase) pathway are stimulated by mTORC-1
signaling (Guertin and Sabatini 2007).

Activation of mTORC-1 results in the phosphorylation of
its downstream targets including p70 ribosomal protein S6
kinase (S6K1) and the eukaryotic initiation factor 4E-binding
protein 1 (4EBP1). S6K1 recruits the 40S ribosomal protein
S6, which upon phosphorylation promotes the translation of
mRNAs that bear a 5’-terminal oligopyrimidine, including
mRNAs that encode for ribosomal proteins and elongation
factors. Phosphorylation of 4EBP1 by mTORC-1 induces its
dissociation from the eukaryotic initiation factor-4 subunit
complex (eIF-4E) and increased free eIF-4E enhances cap-
dependent translation of numerous mRNAs, resulting in the
activation of cell protein synthesis and cell growth (Zoncu et
al. 2011; Hernandez-Aya and Gonzalez-Angulo 2011).
Increasing evidence suggests that this pathway is frequently
deregulated in breast carcinoma and thus mTOR is considered
a therapeutic target (Dillon et al. 2007).

Rapamycin is an antibiotic and fungicide that predominantly
inhibits mTORC-1 function leading therefore to the dephos-
phorylation of S6K1 and 4EBP1 and inhibiting, in turn, the
translation of specific mRNAs involved in cell proliferation.

Rapamycin and its analogs have emerged as a novel potential
therapeutic modality for breast cancer by themselves or in com-
bination with other chemotherapy drugs. Clinical trials with
mTOR antagonists are currently underway to test the efficacy
of the treatment but only a fraction of patients respond to the drug
and the identification of potential predictors of sensitivity to
rapamycin treatment is being pursued (Zoncu et al. 2011;
Meric-Bernstam and Gonzalez-Angulo 2009). The reduced
phosphorylation status of AKT, S6K1 and 4EBP1 in clinical
breast cancer samples and cell lines has been proposed as a
possible determinant of sensitivity to the drug by some authors
but such results have not been confirmed by others (Dudkin et al.
2001;Noh et al. 2004; Zhou et al. 2004;Yu et al. 2001; Satheesha
et al. 2011). A pre-operative study of patients receiving a
rapamycin analog (RAD001) for 2 weeks has reported that
tumors with high Ki67, p-AKT and epidermal growth factor
receptor-type 2 (HER2)-positive levels might bemore responsive
to mTORC-1 inhibition with the drug (Macaskill et al. 2011).

A few studies have been performed on breast cancer cell
lines (Heinonen et al. 2008; Akcakanat et al. 2009) to analyze
the transcriptional effects of rapamycin; however, the contri-
bution of the microenvironment to the regulation of signal
transduction in cancer cells (Rozenchan et al. 2009), as pos-
sibly having an important impact in the success of chemother-
apy (Finak et al. 2008), has not been evaluated. A recent study
has reported the characterization of the effects of a rapamycin
analog (everolimus) as a single agent on tumor gene expres-
sion in matched pre- and post-treatment samples after 11 days
of treatment (Sabine et al. 2010).

Because of the high cellular heterogeneity of breast car-
cinoma and the heterogeneity among patients, a more phys-
iological experimental approach is needed to analyze
individual patient responses to the drug. The use of an
“ex-vivo” model of organoid cultures has great potential in
the study of tumor responses to anti-cancer drugs, as the
complex interacting network of tumor and stromal cells and
extracellular matrix (ECM) is maintained. The purpose of
the present study is two-fold: (1) to examine the reliability
of using “ex-vivo” breast cancer tissue slices in culture as a
model to evaluate early genes regulated by rapamycin in
individual breast cancer samples that might represent poten-
tial intervention targets; (2) to verify whether breast cancer
slices maintain the activation status of the downstream ele-
ments of the AKT/mTOR pathway as determined by
immunohistochemistry.

Materials and methods

Patients

In total, 30 patients admitted to the Instituto Brasileiro de
Controle do Câncer (São Paulo, Brazil) for mastectomy as a
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breast cancer treatment were included in the present study,
each patient providing written informed consent. This study
was approved by the Institutional Ethics Committee. Clinical
and histopathological characteristics were recorded at the time
of primary surgery according to the standard diagnostic clas-
sification. The age of the patients ranged from 30 to 80 years;
70% were aged≥50 years and tumor size ranged from 3 to
8 cm. All the patients had infiltrating ductal carcinomas; 87%
were clinically staged as IIB and IIIB and only 13% as IIA.
HER overexpressing tumors (scoring +3 by immunohisto-
chemistry) constituted 43.3% of the tumors. Estrogen receptor
(ER) and progesterone receptor (PR) were positive in 56.7% of
tumors. Three patients (one HER-positive and two HER-
negative) were further included only for analysis by real-time
reverse transcription with the polymerase chain reaction (RT-
PCR), after providing written informed consent.

Tissue slice preparation and culture

Primary breast tumors larger than 3 cm were collected imme-
diately after surgical resection and transported to the laboratory
in ice-cold culture medium, namely Dulbecco’s modified
Eagle’s medium (DMEM) with antibiotics and fungicide but
lacking growth factors. Time from harvest after surgery to
tumor slicing was kept to an absolute minimum (<2 h). The
tissue slice procedure and culture conditions followed previ-
ously published methods (Mira-y-Lopez et al. 1991; Bläuer et
al. 2008; Stoff-Khalili et al. 2005; Barbosa et al. 2004; Sobral et
al. 2008; Vaira et al. 2010; Milani et al. 2010). Briefly, tissue
slices with a thickness of 400 μm according to the protocol of
Vaira et al. 2010 were prepared by using a precision cutting
tissue slicer (Krumdieck, AlabamaResearch andDevelopment,
Munsford, USA). On average, 12–20 slices were prepared from
each tumor and kept in serum supplemented with ice-cold
culture medium. Some slices from each specimen were
harvested at baseline time (T0), fixed in 10% buffered formalin
and used for confirmation of the histopathological diagnosis of
invasive breast ductal carcinoma and for preculture immuno-
histochemical analyses. The remaining slices were cultured for
24 h in 6-well plates (1 slice/well) containing 2 ml culture
medium (RPMI 1640 supplemented with 10% bovine fetal
serum, 5 μg/ml insulin, 1% glutamine, 100 μg/ml ampicilin,
100 mg/ml streptomycin, 10 ng/ml epithelial growth factor,
500 ng/ml hydrocortisone) in the absence (control) or presence
of rapamycin (20 nM) obtained from LC Laboratories, a
Division of PKC Pharmaceutics (Woburn, Mass., USA).
Slices were maintained at 37°C in a humidified atmo-
sphere of 95% air, 5% CO2 for 24 h. Some of the tissue
slices of each group (control and treated) were fixed in
buffered formalin after 24 h of culture and submitted to
immunohistochemical analysis. The remaining slices
were then cryopreserved in liquid nitrogen for molecular
analysis. Cell viability was evaluated by using 5-bromo-2′-

deoxyuridine (BrdU) incorporation as previously described
(Milani et al. 2010).

Immunohistochemical staining

At first, in order to evaluate tissue morphology in tumor
samples submitted to culture conditions, formalin-fixed
paraffin-embedded tissue slice sections (3 μm) were stained
with hematoxylin/eosin before (T0) and after in vitro culture
for 24 h in medium without rapamycin (control). Infiltrative
carcinomas were represented in all samples analyzed, as ver-
ified by histological analysis. ER, PR and HER2 were
assessed only at T0. We further evaluated p-AKT, p-mTOR
and the downstream intermediates p-4EBP1 and p-S6K1 by
using phospho-specific antibodies, all purchased from Cell
Signaling Technology: phospho-AKT (specifically phosphor-
ylation of threonine 308; 244F9H2), rabbit monoclonal anti-
body (no. 9266) at a dilution of 1:50; phospho-4EBP1 (Thr
37/46), rabbit monoclonal antibody (no. 2855) diluted 1:100;
phospho-mTOR (serine 2498; 49 F9), rabbit monoclonal an-
tibody (no. 2976) diluted 1:800; phospho-S6K1 (Thr389),
rabbit monoclonal antibody (no. 9206) diluted 1:200. Slides
processed with normal rabbit serum in place of the primary
antibody were used as negative controls and were included in
each batch for immunohistochemistry. Slides of tissues known
to express p-AKT, p-mTOR, p-S6K1 and p-4EBP1 were used
as positive controls. Monoclonal antibody to ER (clone 6 F-
11, diluted 1:50) was obtained from Neomarkers; PR (mouse
monoclonal, PgR636, diluted 1:200), HER2 (polyclonal, di-
luted 1:1000) and Ki67 (MIB-1, diluted 1:50) were purchased
from Dako, Carpinteria, Calif., USA). p-AKT, p-mTOR, p-
S6K1, p-4EBP1 and Ki67 were assessed at the start of the
experiment (T0) and after 24 h of cultivation in the presence or
absence of rapamycin.

Briefly, after deparaffinization and rehydratation, 3-μm-
thick sections were subjected to heat-induced epitope retrieval
in 10 nM citrate buffer (pH6.0). Endogenous peroxidase
activity was blocked in 3% H2O2. Slides were incubated with
primary antibody for 18 h at 4°C in a humidified chamber and
then incubated with a Post Primary Block (Novolink Max
Polymer no. RE7260-k, UK) for 30 min at 37°C followed
bywashes with phosphate-buffered saline and incubation with
a Novolink Polymer for 30 min at 37°C. Next, 3-3′-
diaminobenzidine was used for color development and hema-
toxylin was used for counter staining.

If at least 10% of the tumor cells were stained with the
specific antibody, the sample was considered as positive for
the expression of that phosphorylated protein. In addition,
immunohistochemical staining for the phosphoproteins was
evaluated by a semi-quantitative scoring system: 0=<10%
stained tumor cells; 1+= 10%–20% stained tumor cells; 2+=
21%–50% stained tumor cells, 3+ =>51% stained tumor cells.
Based on this system, differential expression of the proteins in
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paired samples (in the presence or absence of rapamycin) was
evaluated. Ki67 was scored as positive if the tumor
displayed≥10% stained tumor cells.

Microarray analysis

Total RNA extracted by TRIZOL reagent (Invitrogen,
Carlsbad, Calif., USA) was purified with RNeasy
minicolumns and reagents from Qiagen (Hilden,
Germany). RNA microarray analysis was performed with
10 μg biotin-labeled cRNA target prepared by a linear
amplification method. The poly(A)+ RNA (mRNA) subpop-
ulation within the total RNA population was primed for
reverse transcription by a DNA oligonucleotide containing
the T7 RNA polymerase promoter 5′ to a d(T)24 sequence.
After second-strand cDNA synthesis, the cDNA served as
the template for an in vitro transcription reaction to produce
the target cRNA. This cRNA was hybridized by using
CodeLink Human Whole Genome 55 K Bioarray (GE
Healthcare, Buckinghamshire, UK) and the hybridization
signal was normalized by using CodeLink System
Software Analysis (GE Healthcare). The differentially
expressed genes were selected based on the Student t-
test considering a P-value<0.01 as significant. Gene ontology
analysis was performed by using the ToppGene suite (http://
toppgene.cchmc.org).

Real time RT-PCR analysis

To confirm the gene expression evaluated by cDNA microar-
ray, real time RT-PCR analysis was performed for some
selected genes. Gene-specific primers were designed by using
primer 3 software (http://frodo.wi.mit.edu/primer3/) to gener-
ate a PCR product in the 3′ portion, spanning the translated
region of the target mRNA. RTwas performed with 0.5 μg/μl
oligo(dT)1-18 primers (Invitrogen), 10 nM dNTPs and
SupersScrit III (Invitrogen, Santa Clara, Calif., USA). cDNA
samples (6 μl at 20 ng/μl) were subjected to quantitative PCR
assays in duplicate by using SYBR Green methodology in a
Rotor-Gene 6 System and the respective software (Cobertt
Research, Mortlake, Australia). BLAST (basic local align-
ment search tool; blast.ncbi.nlm.nih.gov) analysis was carried

out to confirm specificity. Reaction conditions were: 95°C for
15 min, followed by 40 cycles at 95°C for 15 s and 60°C for
1 min. Results displaying a CT variation between them of
<1.0 were further used to calculate average values. GAPDH
(D-glyceraldehyde-3-phosphate dehydrogenase) was used as
an internal control, with the HB4A normal mammary cell line
(for samples that were HER2-negative) or C5.4 (HB4A cell
line transfected with HER2, for tumor samples with HER2
overexpression) as a reference sample. Relative gene expres-
sion of target genes was calculated by using the 2-ΔΔCt

method.

Co-expression network

For the construction of networks, we used the genes differen-
tially expressed after rapamycin treatment of breast cancer
slices and respective controls. HER2-positive and HER2-
negative groups were analyzed separately. Using the expres-
sion values of the microarray, we calculated the Pearson
Correlation Coefficient (PCC) between pairs of genes inde-
pendently for controls or treated samples (Taylor et al. 2009).
Differences between the correlations displayed by either con-
trols or treated groups were ranked for gene pairs. Pairs with
absolute differences greater than 1.0 were selected. The aim
was to select pairs of genes that had changed their co-
expression between the control and rapamycin-treated slices.
Data analysis and visualization were conducted by Cytoscape
software (version 2.8.0; www.cytoscape.org).

Results

Our first step was to assess the morphological integrity of
breast cancer slices submitted to culture conditions. Control
samples, cultured in the absence of rapamycin for 24 h (C),
were morphologically well preserved, as compared with sam-
ples not submitted to culture conditions (T0). We had previ-
ously shown, through BrdU uptake, that the proliferative
capacity of tumor slices was approximately 10% (Milani et
al. 2010). In accordance, under similar conditions, our data
indicate that tumor slice viability was preserved in culture
conditions for 24 h.

Table 1 Phosphoprotein expression in breast cancer samples. Tumor
expression was considered positive for specific phosphoprotein if at
least 10% of tumor cells (≥1+) were stained and was considered
moderate/intense if more than 20% of tumor cells (2+/3+) were stained.
Reduction in phosphoprotein abundance (RPA) reflects the percentage

of tumor samples presenting a decreased number of stained cells
(evaluated as 0/1+/2+/3+) after rapamycin exposure (p phosphorylated,
AKT protein kinase B, mTOR mammalian target of rapamycin, S6K1
p70 ribosomal protein S6 kinase, 4EBP1 eukaryotic initiation factor
4E-binding protein 1)

Tumor expression level p-AKT(threo) p-mTOR p-S6K1 p-4EBP1

≥10% cells (≥1+) 27/30 (90.0 ) 26/30 (86.7%) 25/30 (83.3%) 30/30 (100.0%)

>20% cells (2+/3+) 13/30 (43.3%) 18/30 (60.0%) 19/30 (63.3%) 28/30 (93.3%)

RPA 8/30 (26.7%) 8/30 (26.7%) 7/30 (23.3%) 18/30 (60.0%)
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Next, we evaluated the AKT/mTOR pathway activation
through the expression of the phosphorylated forms of AKT,
mTOR and the downstream intermediates 4EBP1 and S6K1,
considering as positive samples those with at least 10% stained
tumor cells. In untreated tumor slices, the phosphorylated forms
of the proteins were detected in the majority of the samples
(Table 1). In addition, phosphoprotein expression considered as
moderate/intense in tumors with more than 20% positive cells
was detected in at least 43.3% of the tumor samples not exposed
to rapamycin. Cultured tissue slices retained their ability to
express members of the p-AKT pathway compared with the
corresponding initial time (T0; see Supplementary Table S1).

After rapamycin treatment (24 h), a trend was noted towards
the reduced activity of the pAKT/mTOR pathway, as the pro-
portion of positive tumor cells for the phosphorylated forms of
AKT, mTOR, S6K1 and 4EBP1 decreased in 26.7%, 26.7%,
23.3% and 60.0 % of the cases, respectively (Table 1).
Examples of immunohistochemical staining of p-AKT, p-

Fig. 1 Representative
immunohistochemical staining
of negative controls, i.e.,
primary antibody absent (a–c),
p-AKT (phosphorylated protein
kinase B; d–f), p-mTOR
(phosphorylated mammalian
target of rapamycin; g–i),
p-4EBP1 (phosphorylated
eukaryotic initiation factor
4E-binding protein 1; j–l) and
p-S6K1 (phosphorylated p70
ribosomal protein S6
kinase; m–o) in slices of
ductal breast carcinoma before
culture (T0; a, d, g, j, m) and
maintained in culture without
(b, e, h, k, n) or with
(c, f, i, l, o) rapamycin (20 nM)
for 24 h. Bar 100 μm

Table 2 Proportion of tumors presenting phosphoprotein reduction
following rapamycin exposure, according to HER2 (epidermal growth
factor receptor-type 2) and ER (estrogen receptor) expression. Twelve
tumors presented HER2 overexpression and were considered HER2-
positive (HER2-pos) in contrast with 18 considered as HER2-negative
(HER2-neg). Eighteen tumors expressed ER (ER-pos) and 12 did not
(ER-neg). Reduction in phosphoprotein abundance reflects the percent-
age of tumor samples presenting a decreased number of stained cells
(evaluated as 0/1+/2+/3+) after rapamycin exposure. Number of sam-
ples with reduced phosphoprotein expression after rapamycin exposure
and percentages are shown

Expression p-AKT(threo) p-mTOR p-S6K1 p-4EBP1

HER2-neg (n=18) 3 (16.7%) 5 (27.8%) 5 (27.8%) 9 (50.0%)

HER2-pos (n=12) 5 (41.7%) 3 (25.0%) 2 (16.7%) 9 (75.0%)

ER-neg (n=12) 3 (25.0%) 1 (8.3%) 3 (25.0%) 8 (66.7%)

ER-pos (n=18) 5 (27.8%) 7 (38.9%) 4 (22.2%) 10 (55.6%)
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mTOR, p-4EBP1 and p-S6K1 in slice samples before culture
(T0) and maintained in the absence or presence of rapamycin
are shown in Fig. 1 (see also Supplementary Tables S1, S2). A
significant change in phosphoprotein expression was not
detected in HER2-positive compared with HER2-negative
samples or in ER-negative versus ER-positive cases (Table 2).
Positive expression of the proliferation marker Ki67 (≥10%)
was detected in 68% of the cases. The median Ki67 percentage
was 25% (range: 10%–80%). A representative example of
nuclear Ki67 staining is displayed in Fig. 2. No significant
change was observed in Ki67 expression between pre- and
post-treatment samples.

We then sought to evaluate rapamycin effects on the gene
expression profile of breast cancer samples, by using
microarrays. For this analysis, 10 paired tumor samples (cul-
tured with or without rapamycin) were divided into two groups,
according to the expression of HER2 (absent or overexpressed),
since one of the major signaling pathways utilized by HER2 is
reported to be the PI3K/AKT pathway (Zhou et al. 2004; Park
and Kim 2007; Tokunaga et al. 2006). All ten samples chosen
for microarray analyses, namely the five HER-positive and five
HER-negative samples, displayed different phosphorylation
levels of p-AKT, p-mTOR and p-S6K1 but only one case
(HER-negative) did not display p-4EBP1 downregulation upon

Fig. 2 Representative
immunohistochemical staining
of Ki67 in slices of ductal breast
carcinoma maintained in culture
without (a) and with (b)
rapamycin (20 nM) for 24 h.
Bar 100 μm

Table 3 Ontological biological functions of differentially expressed genes from HER2-negative tumors following rapamycin treatment
(↑ upregulated, ↓ downregulated)

Function Genes

Regulation of canonical Wnt receptor signaling pathway SMAD3↑ LRP6↑ SHH↑

Ubiquitin-dependent protein catabolic process USP29↑ SHH↑ HSP90B1↓ USP10↓

Intracellular transport SLC25A13↓ KPNA2↓ SMAD3↑ LRP6↑ SFRS9↓ EXPH5↑ NUP133 ↓
SHH↑ SNAPAP↓

Protein phosphorylation CAMK2D↑ PAK6↑ MAPK9↓ SMAD3↑ LRP6↑ TP53RK↓ OBSCN↑
ACVR2A↑ OXSR1↓

Response to hypoxia CAMK2D↑ SMAD3↑ SHH↑ HSP90B1↓

Nuclear transport KPNA2↓ SMAD3↑ SFRS9↓ NUP133 ↓ SHH↑

Apoptosis API5↓ RNF130↑ MAPK9↓ SMAD3↑ LRP6↑ OBSCN↑ SHH↑ HSP90B1↓

RNA splicing via transesterification reactions MBNL1↑ SFRS9↓ RBM17↓ PRPF3↓

RNA transport SFRS9↓ NUP133↓ CKAP5↓

Organic substance transport SLC27A3↑ SLC25A13↓ MAPK9↓ SLC44A1↓ LRP6↑ NUP133↓

Positive regulation of transmembrane transport SMAD3↑ SHH↑

Protein transport KPNA2↓ SMAD3↑ TOMM40L↑ EXPH5↑ NUP133↓ SHH↑ HSP90B1↓ SNAPAP↓

Positive regulation of transport MAPK9↓ SMAD3↑ ACVR2A↑ SHH↑

Nuclear import KPNA2↓ SMAD3↑ SHH↑

Intracellular protein transport KPNA2↓ SMAD3↑ EXPH5↑ SHH↑ SNAPAP↓

Lipid transport SLC27A3↑ MAPK9↓ LRP6↓

Fatty acid transport SLC27A3↑ MAPK9↓

Translation MRPS30↓ MRPL37↓ TSFM↓

Macromolecule catabolic process HSP90B1↓ KIAA1008↓ USP29↑ SHH↑ USP10↓

Regulation of catalytic activity MAPK9↓ SMAD3↑ IQGAP1↑ LRP6↑ EXPH5↑ OBSCN↑ KIAA1008↓
ACVR2A↑ HSP90B1↓

Negative regulation of protein metabolic process SMAD3↑ MBNL1↑ LRP6↑ ACVR2A ↑ HOXB5↑ NUP133↓ SHH↑
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rapamycin treatment. The inhibition of 4EBP1 phosphorylation
in response to treatment of the different tumors was variable (see
Supplementary Table S2). Since the tissues might be heteroge-
neous regarding the composition of various cell types, we
evaluated, in nine from those ten paired tumor samples, the
percentages of malignant epithelial, stromal and immune cells
(see Supplementary Table S3). We observed that the median
percentage of the malignant cells in the control samples was
67% (range: 61%–75%), whereas after rapamycin treatment, the
median was maintained (67%), although the range varied from
27% to 77%. In stromal cells, the median frequency was 26%
(range: 11%–45%) in control samples and after rapamycin
treatment, the frequency ranged from 13% to 64% (median:
24%). The inflammatory cell infiltrate was mild, ranging from
2% to 20% for controls cells (median:11%), whereas in the
rapamycin-treated slices, immune cell frequency ranged from
4% to 17% (median:10%).

In HER2-overexpressing samples, drug-induced changes
were detected in 48 transcripts (P<0.01), most of which (83%)
were downregulated by the treatment. In HER2-negative tu-
mors, 56 genes were differentially expressed, among which
57% were downregulated (see Supplementary Tables S4 and
S5). No genes were commonly regulated in both tumor groups

defined by the overexpression or absence of HER2, empha-
sizing the variability in gene expression changes induced by
rapamycin in the different cellular contexts. Differentially
expressed genes were sorted by gene ontology (biological
function; Tables 3, 4) and the majority of genes differentially
expressed in HER2-negative tumors after rapamycin treat-
ment mapped to the following biological processes: “negative
regulation of Wnt receptor signaling pathway”, “ubiquitin-
dependent protein catabolic process”, “apoptosis”, “protein
transport” and “phosphorylation” (Table 3). In HER2-
overexpressed samples, differentially expressed genes were
associated with “cell proliferation”, “response to hormone
stimulus”, “positive and negative regulation of gene expres-
sion”, “carbohydrate biosynthetic process”, “amine metabolic
process”, “steroid metabolic process” and “transmembrane
transport” (Table 4). Most genes included in these functions
were downregulated by rapamycin.

Some genes were selected for further analysis by quanti-
tative RT-PCR. Twenty paired tumor samples (cultured with
or without rapamycin) were analyzed, of which 10 were
HER-positive and 10 HER-negative. Three patients, namely
one HER-positive (patient 31) and two HER-negative (pa-
tients 32 and 33), were further included only for real-time

Table 4 Ontological biological functions of differentially expressed genes from HER2-positive tumors following rapamycin treatment
(↑ upregulated, ↓ downregulated)

Function Genes

Cell proliferation TGM2↓ SCARB1↓ NOLC1↓ ITGB1↓ THRB↓ TCF2↓ PRKCQ↓ ZMYND11↓
CHRM1↓ DACH1↑ GATA4↓ IL7R↓ MXD4↓ NR3C2 ↓ IL11RA↓

Transcription from RNA polymerase II promoter TFEB↓ MTF1↓ THRB↓ TCF2↓ ZMYND11↓ DACH1↑ GATA4↓ MXD4↓
KLF7↓ NR3C2↓

Response to hormone stimulus EIF4B↓ PAM↓ THRB↓ PPAT↓ PRKCQ↓ GATA4↓ NR3C2↓

Glycosaminoglycan biosynthetic process EXT1↓ GCNT2↑

Positive regulation of macromolecule biosynthetic process TFEB↓ NOLC1↓ MTF1↑ THRB↓ TCF2↓ PRKCQ↓ GATA4↓ KLF7↓

Regulation of gene-specific transcription TFEB↓ THRB↓ TCF2↓ GATA4↓ NR3C2↓

Positive regulation of transcription, DNA-dependent TFEB↓ MTF1↑ THRB↓ TCF2↓ GATA4↓ KLF7↓

Positive regulation of cellular metabolic process TFEB↓ NOLC1↓ MTF1↑ ITGB1↓ THRB↓ TCF2↓ PRKCQ↓ GATA4↓ KLF7↓

Response to steroid hormone stimulus PAM↓ THRB↓ GATA4↓ NR3C2↓

Positive regulation of gene expression TFEB↓ NOLC1↓ MTF1↑ THRB↓ TCF2↓ GATA4↓ KLF7↓

Positive regulation of nucleobase, nucleoside, nucleotide
and nucleic acid metabolic process

TFEB↓ NOLC1↓ MTF1↑ THRB↓ TCF2↓ GATA4↓ KLF7↓

Carbohydrate biosynthetic process EXT1↓ GCNT2↑ PC↓ DPM1↑

Amine metabolic process EXT1↓ ASS↑ COLQ↓ PPAT↓ GCNT2↑

Transmembrane transport ABCD4↓ SCARB1↓ SLC23A1↓ NOLC1↓ FLJ10847↑ PRKCQ↓ ABCC10↓

Negative regulation of transcription THRB↓ TCF2↓ Z MYND11↓ DACH1↑ MXD4↓

Regulation of intracellular protein transport NOLC1↓ PRKCQ↓

Steroid metabolic process SCARB1↓ THRB↓ WWOX↓

Negative regulation of gene expression THRB↓ TCF2↓ ZMYND11↓ DACH1↑ MXD4↓

Negative regulation of macromolecule biosynthetic process THRB↓ TCF2↓ ZMYND11↓ DACH1↑ MXD4↓

Glutamine metabolic process PPAT↓
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RT-PCR analysis. Because of the low levels of the total
RNA extracted from slice samples, we evaluated at least
six paired tumor samples for each gene.

In microarray experiments, the selected genes were found
to be regulated following rapamycin exposure. In HER2-
negative samples, three of them were considered less
expressed, namely MRPS30 and MRPL37 (related to trans-
lation) and GTF2E2 (a transcription factor), while in HER2-
overexpressing samples, three of them were related to met-
abolic processes, namely EXT1 and WWOX (less expressed)
and DPM1 (more expressed) and another gene, IL11RA,
was related to cell proliferation (less expressed). Another
two transcripts were analyzed in HER2-positive
(overexpression) samples, namely PHGDH (phosphoglyc-
erate dehydrogenase) mRNA, which codes for an enzyme
that catalyses the first step in the serine biosynthesis path-
way (Possemato et al. 2011) and which was found to be
regulated by rapamycin in breast cancer cell lines in our
previous work (Trapé et al. 2012) and ATG6/BECN1
mRNA, which codes for beclin-1 and which is involved in
autophagy (Pattingre et al. 2008), a process that might be
regulated by rapamycin.

In HER2-negative samples, both MRPS30 and
MRPL37 were statistically confirmed as being less
expressed after rapamycin treatment, whereas the
downregulation of GTF2E2 was observed in only 60%
of the cases (Fig. 3). In HER2-positive tumors, no
statistical changes in EXT1, WWOX, DMP1, or ATG6
levels after rapamycin treatment were detected; however,
a trend was seen towards the downregulation of IL11RA,
DMP1 and PHGDH (Fig. 4).

Using the set of genes differentially expressed be-
tween slices after treatment with rapamycin and the
respective untreated controls, we next constructed
gene-gene co-expression networks by using the
Pearson correlation between pairs of genes differentially
expressed in each group (HER2-positive or -negative).
Differences between the correlations in each group were
ranked for gene pairs and those with high absolute
differences indicated that the two correlations were on
the opposite sides of zero and closer to 1 and −1 or
vice-versa. By restricting the analysis to those with
absolute differences greater than 1.0, we selected groups
of 21 and 32 gene pairs, respectively, in HER2-positive
and HER2-negative subsets (see Supplementary Tables
S6 and S7). Figures 5, 6 show the changes in the
correlation of the co-expression of gene pairs before
and after rapamycin addition in both groups. Notably,
we found, in each group, pairs of genes in which
correlation coefficients in controls were inverted after
rapamycin treatment. Our network analysis suggested
rapamycin participation in degradative processes and
transforming growth factor-β1 (TGFβ1) signaling.

Discussion

The major focus of the present study has been to examine
the reliability of an ex-vivo organotypic culture of human
breast carcinoma as a model to evaluate differential
rapamycin effects in terms of gene expression in tumors

Fig. 3 Expression of MRPS30 (a), MRPL37 (b) and GTF2E2 (c) in
breast cancer samples, categorized as being epidermal growth factor
receptor-type 2 (HER2)-negative, treated with rapamycin. Breast cancer
slices were cultured in the presence or absence of rapamycin (20 nM) for
24 h and gene expression was evaluated by reverse transcription with
quantitative polymerase chain reaction (RT-qPCR). Relative expression
of target genes in rapamycin-treated samples was calculated by using the
2-ΔΔCt method with GAPDH (D-glyceraldehyde-3-phosphate dehydroge-
nase) as an internal control and corresponding untreated samples as a
reference. Expression values were log2-transformed and are shown on the
y-axis for each individual sample (specified on the x-axis). P-values were
obtained by a paired t-test
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overexpressing or negative for HER2. Gene expression pro-
files have classified breast cancer into subtypes, each one
reflecting their different biology and different outcomes
(Sørlie et al. 2001) and therefore biological markers that
define the response to rapamycin should vary among the
various breast cancer subtypes (Hernandez-Aya and
Gonzalez-Angulo 2011). Previous studies have emphasized
a correlation between the activated AKT signaling pathway
and HER2 overexpression (Yu et al. 2001; Zhou et al. 2004;
Park and Kim 2007).

The concentration of rapamycin (20 nM) used in this
study was chosen based on pharmacokinetic studies of
everolimus, which is a rapamycin analog that has the same
mechanism of action (Raymond et al. 2004; Tabernero et al.
2008; O’Reilly and McSheehy 2010). Based on the safety
profile of everolimus, Tabernero et al. (2008) defined that
satisfactory mTOR signaling inhibition occurred at daily
doses of 10 mg, which lead to a steady-state serum concen-
tration of 21.4 ng/ml (23 nM). Maximum and trough concen-
trations are 67 nM and 18 nM, respectively, with an
approximate half-life of 38 h. In addition, in 48 different mam-
malian cell lines treated with everolimus, an IC50 at ≤65nM
was detected in 70% and an IC50 between 1-10nM in 50% of
the lineages (O’Reilly and McSheehy 2010).

We have investigated the incidence of AKT/mTOR acti-
vation in our samples. Our results show that the phosphor-
ylated forms of AKT, mTOR, S6K1 and 4EBP1 are
detectable in the majority of tumor samples cultured in the
absence of rapamycin in a similar range reported by previ-
ous authors (Zhou et al. 2004; Andre et al. 2008; Rojo et al.
2007; Bose et al. 2006), indicating that the AKT pathway is
active in most of our breast cancer samples. In addition, our
results confirm a positive association between the p-AKT
and p-4EBP1 frequency of expression and large tumor size
(Rojo et al. 2007; Vestey et al. 2005).

After rapamycin treatment, we discerned a trend towards
the reduced activity of the pAKT/mTOR pathway, detected
as a decreased proportion of tumor cells expressing the
phosphoproteins. A hyperactivation of AKT by rapamycin
treatment as suggested by O’Reilly et al. (2006) with con-
sequent phosphorylation at Thr308 was not observed in our
cases. However, an increment of p-AKT by rapamycin was
reported previously to occur in only 60% of tumors from
treated patients (Tabernero et al. 2008). Of particular interest
was the expression of p-4EBP1, which was reduced in 60% of
the cases after rapamycin treatment, since p-4EBP1 has eight
described phosphorylation sites, the majority being decreased
by rapamycin. However, in our cases, 4EBP1 phosphorylation

Fig. 4 Expression of EXT1 (a),
WWOX (b), DPM1 (c), IL11RA
(d), PHDGH (e) and ATG6 (f)
in breast cancer samples with
HER2 overexpression, treated
with rapamycin. Breast cancer
slices were cultured in the
presence or absence of
rapamycin (20 nM) for 24 h and
gene expression was evaluated
by RT-qPCR. Relative
expression of target genes in
rapamycin-treated samples was
calculated by using the 2-ΔΔCt

method with GAPDH as an
internal control and
corresponding untreated
samples as a reference.
Expression values were
log2-transformed and are
shown on the y-axis for
each individual sample
(specified on the x-axis).
P-values were obtained
by a paired t-test
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Fig. 5 Networks indicating
connections between pairs of
genes in which the links
representing Pearson
correlation coefficients
show gene expression
differences higher than 1.0
for the HER2-negative group
before and after rapamycin
treatment. Links in the
HER2-negative controls (a)
and links after rapamycin
treatment (b)
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was not associated with changes in the tumor proliferative
index evaluated through Ki67 expression. Our results are in
accordance with previous work employing cell lines and
tumor biopsies showing that the reduction in p-4EBP1 expres-
sion is probably unrelated to sensitivity to rapamycin (Noh et
al. 2004; Satheesha et al. 2011). We have previously observed
dephosphorylation of p-4EBP1 with no changes in cell cycle
distribution in a HER2-positive breast cancer lineage after a

short (24 h) rapamycin treatment (Trapé et al. 2012). Thus,
reduced Ki67 tumor expression might become apparent only
after a long-term treatment, as previously described (Macaskill
et al. 2011; Sabine et al. 2010; Tabernero et al. 2008).

Among the genes downregulated by rapamycin in HER2-
positive tumors, several are involved in cell proliferation and
amino-acid metabolic processes suggesting an inhibition of
biosynthetic pathways. For example, in accordance with our

Fig. 6 Networks indicating
connections between pairs of
genes in which the links
representing Pearson
correlation coefficients show
gene expression differences
higher than 1.0 for the
HER2-positive group before
and after rapamycin treatment.
Links in the HER2-positive
controls (a) and links after
rapamycin treatment (b)
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previous results in an HER2-positive cell line, PHGDH,
which is involved in L-serine and consequently amino-acid
synthesis specifically regulated by the HER2 oncogene
(Bollig-Fischer et al. 2011), is downregulated by rapamycin
(Possemato et al. 2011; Trapé et al. 2012). Previous reports
have suggested that genes associated with protein/amino-acid
dephosphorylation and proliferation or encoding enzymes of
the glycolysis pathway are downregulated by rapamycin ana-
logs (Sabine et al. 2010; Majumder et al. 2004).

In HER2-negative tumors, rapamycin inhibits translation at
many levels by repressing mitochondrial ribosomal protein
synthesis (MRPS30,MRPL37) and the translational elongation
mitochondrial factor (TSFM). In accordance, mitochondrial
dysfunction leading to the inhibition of mTOR has been previ-
ously reported (Desai et al. 2002). Other altered genes in this set
are involved in diverse cellular functions, such as transport, the
synthesis or use of amino-acids and lipid metabolism.

Network-based analyses can implicate genes with apparent-
ly low discriminate potential, if such genes participate in
functional modules (Chuang et al. 2007). Most cellular func-
tions are understood as being carried out by groups of mole-
cules within functional modules (Barabási and Oltvai 2004).
Thus, to explore further the relevance of these two sets of genes
classified in HER2-positive or HER2-negative cells, we aimed
to identify gene pairs with differential co-expression patterns in
two cellular states (before and after rapamycin treatment). Our
network analysis demonstrated a disruption of co-expression
between several pairs of genes in response to rapamycin treat-
ment. In one example, in HER2-positive cells, we noted that
the transcription factor EB (TFEB), which is one of the hubs
(highly connected nodes), is linked to each one of the receptors
IL7R, IL11RA and CHRM1 and to lactoperoxidase (LPO).
They show negative co-regulation at the control stage and
positive correlation after rapamycin treatment. Under full nu-
trients, mTORC-1 phosphorylates TFEB (a master regulator of
lysosomal biogenesis; Peña-Llopis et al. 2011) and inhibits
TFEB activity. Conversely, the inhibition of mTORC-1 leads
to the translocation of TFEB to the nucleus where it activates
transcriptional response to autophagic genes that might con-
tribute to membrane receptor endocytosis (Settembre et al.
2012), suggesting an impact with regard to this different co-
expression between treated and control tumors.

In HER2-negative cases, we have noted the positive co-
expression of SMAD3 (a protein of the TGFβ signaling axis)
and several co-interacting genes. One of these genes is sonic
hedgehog (SHH), which activates the hedgehog signaling
pathway, which in turn enhances cellular motility and invasion
and this occurs through the TGFβ signaling SMAD3 (mothers
against DPP homolog 3; Yoo et al. 2008). Other partners of
SMAD3 included CREG (inhibitor of apoptosis; Deng et al.
2010),OXSR1 (oxidative stress response), PARVB (implicated
in motility, growth and survival) and NPEPPS (aminopepti-
dase puromycin sensitive protein; PSA, prostate-specific

antigen). Rapamycin treatment decreases correlations be-
tween SMAD3 and its partners, possibly attenuating
their effects.

One limitation of the present study is that the number of
patients analyzed herein is too small to allow a definitive conclu-
sion to be drawn. Our present observation thus needs to be
confirmed by a future study covering a larger number of samples.

In summary, our results suggest that the ex-vivo culture
method preserves AKT/mTOR pathway activity. In addition,
we have found that several genes associated with biosynthetic
and catabolic process are modulated by rapamycin treatment, as
suggested in previous studies (Peng et al. 2002; Majumder et al.
2004). The co-expression network approach has indicated several
pairs of genes that change their interactions levels after rapamycin
treatment. Therefore, this strategy based on the organotypic
short-term culture of breast cancer samples might provide an in
vitro setting for molecular studies of the biological effects of
rapamycin treatment on individual breast cancer samples.
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