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A B S T R A C T

PI3K/Akt/mTOR and p53 signaling pathways are frequently deregulated in tumors. The anticancer drug

RAD001 (everolimus) is a known mTOR-inhibitor, but mTOR-inhibition leads to phosphorylation of Akt

inducing resistance against RAD001 treatment. There is growing evidence that conflicting signals

transduced by the oncogene Akt and the tumorsuppressor p53 are integrated via negative feedback

between the two pathways. We previously showed that the anti-malarial Chloroquine, a 4-alkylamino

substituted quinoline, is a p53 activator and reduced the incidence of breast tumors in animal models.

Additionally, Chloroquine is an effective chemosensitizer when used in combination with PI3K/Akt

inhibitors but the mechanism is unknown. Therefore, our aim was to test, if Chloroquine could inhibit

tumor growth and prevent RAD001-induced Akt activation.

Chloroquine and RAD001 caused G1 cell cycle arrest in luminal MCF7 but not in mesenchymal MDA-

MB-231 breast cancer cells, they significantly reduced MCF7 cell proliferation on a collagen matrix and

mammospheroid formation. In a murine MCF7 xenograft model, combined treatment of Chloroquine and

RAD001 significantly reduced mammary tumor growth by 4.6-fold (p = 0.0002) compared to controls.

Chloroquine and RAD001 inhibited phosphorylation of mTOR and its downstream target, S6K1.

Furthermore, Chloroquine was able to block the RAD001-induced phosphorylation of Akt serine 473.

The Chloroquine effect of overcoming the RAD001-induced activation of the oncogene Akt, as well as

the promising antitumor activity in our mammary tumor animal model present Chloroquine as an

interesting combination partner for the mTOR-inhibitor RAD001.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

The phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR pathway
plays an important role in the biology of human cancers.
Components of this pathway are frequently deregulated in a wide
range of tumors, making them an attractive target for cancer
therapy. The mammalian target of the drug rapamycin (mTOR)
belongs to the PI3K related family of protein kinases [1] and is
activated by phosphorylation at serine 2448 (S2448) [2]. In
mammalian cells mTOR is part of two different kinase complexes,
mTORC1 composed of mTOR, raptor and mLST8, and mTORC2
containing mTOR, rictor, Sin1 and mLST8. Whereas, mTORC1 is
known to be a pivotal regulator of cell size and cell cycle control,
the question whether the recently discovered mTORC2 complex is
involved in these processes remained elusive [3,4]. The best
characterized downstream effectors of mTORC1 are the ribosomal
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S6 kinase 1 (S6K1) and the eukaryotic translation initiation factor
4E binding protein 1 (4E-BP1) [3], both regulators of mRNA
translation. The activity of S6K1 is controlled by multiple
phosphorylation events located within the catalytic, linker and
pseudosubstrate domains [5,6]. Drug mediated mTORC1 inhibition
can also induce phosphorylation of the oncogene Akt in various
cancer cell lines and patient tumors [7–10], which may result in an
attenuated treatment response [4].

RAD001 (everolimus) is a rapamycin-derivative and macrolide
formulated for oral administration, which has been developed as
an anti-proliferative drug with applications as an immune
suppressant and anticancer agent [11,12]. RAD001 acts by
selectively inhibiting mTORC1 (mTOR/raptor) [7,10,13,14] and
holds promise as a therapeutic agent because of its low toxicity and
its effects even at nanomolar concentrations. Although mTORC1
inhibition by rapamycin or RAD001 leads to activation and
phosphorylation of Akt at the crucial phosphorylation site serine
473 [7–10] and is linked with reduced therapeutic effects [15], it is
important to unravel how this phenomenon relates to the
biological significance of Akt signaling [12]. In this respect,
revealing new compounds which regulate signal transduction of
PI3K/Akt/mTOR pathway members may have potential implica-
tions for signaling and treatment approaches [16].

In this study in addition to RAD001 we tested if the drug
Chloroquine (CQ), a 4-alkylamino substituted quinoline family
member, could influence inhibition of breast cancer growth
through regulation of PI3K/Akt/mTOR signaling as well as
determine its ability to overcome RAD001-induced Akt activation.
We previously demonstrated that CQ activated p53 and its
downstream target gene p21 in the non-tumorigenic mammary
gland epithelial cell line MCF10A [17], and there is growing
evidence that conflicting signals transduced by Akt and p53 are
integrated via negative feedback between the p53 and the PI3K/
Akt/mTOR signaling pathways [18,19]. Furthermore CQ was
recently shown to act as an effective chemosensitizer when used
in combination with PI3K/Akt inhibitors [20,21] and we could
previously show its ability to exert specific breast cancer protective
effects in an animal model [17].

This present study demonstrates that CQ specifically regulates
members of the PI3K/Akt/mTOR and p53 signaling pathways. In a
murine mammary tumor xenograft model we also demonstrate an
additive suppression of tumor growth when mice were treated
with CQ in combination with RAD001.

2. Material and methods

2.1. Cell culture

The human MCF7 (p53 wildtype, ER-positive, luminal cell) [22]
and MDA-MB-231 (p53 mutated, ER-negative, mesenchymal) [23]
breast cancer cell lines (all from ATCC, Promocell, Heidelberg,
Germany) were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal calf serum (FCS), nonessen-
tial amino acids, L-glutamine, and HEPES buffer (all from
Invitrogen, Karlsruhe, Germany) at 37 8C with a 5% CO2–95% air
atmosphere. Cells were incubated in media in the presence of low
growth factors and hormones (5% CTS) for 24 h prior to treatment
with 50 mmol/l CQ (Sigma–Aldrich, Taufkirchen, Germany) and/or
20 nmol/l RAD001 (Novartis, Basel, Switzerland).

2.2. Flow cytometry

Cells were trypsinized into single-cell suspension, fixed in ice
cold 70% ethanol, and stored at �20 8C. Before analysis, cells were
resuspended in PBS (Invitrogen, Karlsruhe, Germany) with 500 mg/
ml RNase A (Promega, Mannheim, Germany) at room temperature,
50 mg/ml propidium iodide (PI) (Sigma–Aldrich, Taufkirchen,
Germany), according to standard protocols. Analysis was done
on a Becton Dickinson fluorescence activated cell sorter (FACScan).
Differences of cells after treatment were examined by two-sided t-
test with p < 0.05 considered as statistically significant.

2.3. Collagen proliferation assays

Collagen beds containing calf skin type I collagen G (Serva
Electrophoresis, Heidelberg, Germany) and rat tail type I collagen R
(Biochrom AC, Berlin, Germany) along with culture media, sodium
bicarbonate, and sodium hydroxide (all Invitrogen, Karlsruhe,
Germany) were plated into tissue culture wells of 11.04 cm2

according to Wacker et al. [24]. To assess cell proliferation 80,000
MCF7 breast cancer cells were seeded on top of each collagen bed
per well in DMEM media with 10% CTS. Proliferation cell counts
were performed following fixation with 2.5% glutaraldehyde
(Sigma–Aldrich, Taufkirchen, Germany) at day 1 (24 h after cell
attachment with no drugs) then drugs were added and further
counted at day 3 (72 h), day 5 (120 h) and day 7 (168 h). The media
was renewed a second time at 96 h with or without drugs. Prior to
analysis all cells were stained with Hoechst 33568 (1.7 mg/ml)
(Sigma–Aldrich, Taufkirchen, Germany) in PBS.

As MCF7 cells tend to cluster in small three-dimensional (3D)
colonies when grown on 3D collagen gels, counting individual
nuclei is difficult and prone to error. To quantify proliferation of
MCF7 cells following drug treatment, we implemented a method
based on the following idea: We reasoned that, with all
experimental conditions being constant, the average fluores-
cence intensity obtained from a given image or field-of-view
represented a measure of the DNA stained with Hoechst dye.
Using a motorized Epi-fluorescence microscopy equipped with a
10x objective (Leica, Wetzlar, Germany) we focused to the top of
the collagen gel and acquired images at 49 random locations.
After subtracting the background intensity, the average fluores-
cence intensity was taken as a measure of DNA amount [25].
Statistical analysis (PASW statistics 18.0) was performed using
the Wilcoxon rank-sum test with p < 0.05 considered as
statistically significant.

2.4. Three-dimensional breast cancer cell mammospheroid model

MCF7 cells were grown in 3D cultures as previously described
[26,27]. Briefly, cells were trypsinized and grown on top of a layer of
2% Seakem GTG agarose (ViaLight Plus, Lonza, Rockland, USA)
(dissolved in PBS) without the addition of matrix proteins. The freely
floating MCF7 cells aggregated to form colonies and then developed
into mammospheroids within 2–3 days. CQ and/or RAD001 were
added before and after mammospheroid formation (CQ (50 mM),
RAD001 (20 nM)) for a total incubation time of 3 days. Cellular ATP
levels were measured to determine the number of viable cells
(ViaLight Plus, Lonza, Rockland, USA). Differences in the fraction of
surviving cells after treatment were examined by two-sided t-test
with p < 0.05 considered as statistically significant.

2.5. MCF7 Xenograft nude mouse model

We established a murine breast cancer model with MCF7 breast
cancer cells. Following exponential growth in cell culture and
harvesting, MCF7 breast cancer cells were resuspended in PBS. For
the inoculations, MCF7 breast cancer cells were washed with PBS,
trypsinized, pooled and resuspended in DMEM, then centrifuged
and resuspended in 0.3 ml Matrigel/DMEM mix (4:1) (BD Matrigel,
Basement Membrane Matrix, LDEV-Free, BD Biosciences, Erembo-
degem, Belgium), as previously described [28]. 5 � 106 cells were
injected into the fat pad of the 3rd and 4th inguinal mammary
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glands of 4–6-week-old, female nude mice (NMRI nu/nu mice,
Janvier, St. Berthevin Cedex, France).

All animals were housed according to approved German
laboratory animal care guidelines under conditions of a 12-h
light/dark cycle, and permitted ad libitum access to food and water.
All experiments were performed in accordance with German
protection of animal act and a valid license for animal testing (Reg.-
Nr.: 54-2532.1-35/08) is existent.

For tumor growth of MCF7 breast cancer cells a supportive
hormonal treatment was necessary and 17b-estradiol pellets
(0.72 mg, 60-day release, Innovative Research of America, Sarasota,
Florida, USA) were implanted s.c. in the interscapular region to
create constitutive high hormone levels for tumor growth [22].
Mice were treated with RAD001 alone (10 mg/kg, orally via gauge)
5 days a week (according to RAD001 Investigator’s Brochure,
Novartis Switzerland); with CQ alone (50 mg/kg, intraperitoneally)
3 days a week and modified according to several publications
[17,29–31]; or with a combination of RAD001 and CQ (n = 10 for
each treatment group). Tumor volume was measured in vivo with
calipers and calculated (tumor volume = (length � width2)/2).
After animals were sacrificed tumors were measured by weight
and by computer micro-tomography imaging in the Micro CT
Tomoscope Duo (CT Imaging GmbH, Erlangen, Germany). Tumor
volume was calculated from 3D CT images by summation over all
voxels with intensity above a tumor-specific value. Differences of
tumor growth after treatment were examined by two-sided t-test
with p < 0.05 considered as statistically significant.

Hematoxylin/eosin (HE) staining of paraffin embedded xeno-
graft tumors: At the Institute of Pathology (Erlangen, Germany)
tumors were fixed in 10% formalin for 1 h, washed several times
with ethanol (70–100%) for 5.5 h and xylol (2.5 h) and embedded
into paraffin (2 h) (all SAV Liquid Production, Flintsbach,
Germany). HE staining of 5 mm tissue sections was performed
by automation (Gemini, Shandon Varistain Slide Stainer, GMI Inc.,
USA) following deparaffinization with xylol for 10 min, washed
with ethanol and water and then stained with hematoxylin gill #3
(3 min) and eosin (20 s) (all Sigma–Aldrich, Taufkirchen, Germany)
and then analyzed for histology.

2.6. Immunohybridization analysis

Nuclear extracts were prepared with the NEPER lysis buffer kit
(Pierce, Thermo Fisher Scientific, Bonn, Germany). For immuno-
hybridization, the lysates were resolved by SDS-PAGE and
transferred to a nitrocellulose membrane according to Strissel
et al. [32]. The blots were hybridized with the following mono- or
polyclonal antibodies (Ab) made in rabbits from Cell Signaling
Technology (Life technologies, Darmstadt, Germany) to detect the
human proteins: p-p53 (S15), 1:1000; p53,1:1000; p21, 1:1000; p-
mTOR (S2448), 1:1000; mTOR, 1:1000; p-S6K1 (T389), 1:1000;
S6K1, 1:1000; p-Akt (S473) (HRP Conjugate), 1:1000; Akt (pan),
1:1000. Nuclear proteins on Western blots were normalized to
Actin using anti-Actin mouse mAb (Millipore, Schwalbach,
Germany), 1:1000. Specific proteins were visualized with anti-
rabbit or anti-mouse IgG coupled to horseradish peroxidase (Santa
Cruz Biotechnology, Heidelberg, Germany), using the ECL Reagent
(GE Healthcare, Freiburg, Germany) and with the following
antibodies: anti-rabbit IgG HRP-linked, Cell Signaling Technology
(Life technologies, Darmstadt, Germany), 1:1000; Anti-mouse
HRP-linked (Millipore, Schwalbach, Germany), 1:50,000–
1:100,000; Anti-mouse IgG HRP-linked Ab, Cell Signaling Technol-
ogy (Life technologies, Darmstadt, Germany), 1:1000. Protein
signal intensities were measured using ImageJ 1.43 using Java Web
http://rsbweb.nih.gov/ij/applets.html to quantifiy protein
amounts. All protein band pixels were first subtracted from the
background then normalized to Actin.
3. Results

3.1. Chloroquine and RAD001 inhibited MCF7 breast cancer cell

proliferation via G1 cell cycle arrest

Flow cytometry was performed to determine whether CQ and
RAD001 affect the cell cycle in MCF7 (luminal, p53 wildtype) and
MDA-MB-231 (mesenchymal, p53 mutated) breast cancer cells.
The DNA content of propidium iodide-stained (PI) nuclei from
untreated, CQ- and RAD001-treated cells was analyzed. As shown
in Fig. 1, after 24 h (and 72 h, data not shown) of drug treatment
the percentage of MCF7 cells in G1 phase was 50% in the control,
62% with CQ (50 mM), 65% with RAD001 (20 nM) and 74% with CQ-
and RAD001-treatment, while in MDA-MB-231 cells no significant
change could be seen.

In respect of CQ, this is in alignment with our previously
published data stating a p53-dependent induction of a G1 cell
cycle arrest [17]. For RAD001 we confirmed recently published
data by Dittmer and colleagues that showed reduced viability of
luminal MCF7 cells after RAD001 treatment, but RAD001 failed to
affect the viability of 2D- and 3D-cultured mesenchymal MDA-
MB-231 cells [33].

3.2. Chloroquine and RAD001 inhibition of 3D-cultured MCF7 cell

proliferation

In order to determine to which extent CQ alone or together with
RAD001 could inhibit growth of luminal MCF7 cells, proliferation
studies were performed where cells were grown for 7 days in the
presence or absence of drugs on a collagen matrix (Fig. 2). Using 3D
Epi-fluorescence microscopy implemented with automatized scan-
ning of collagen gels, the relative amount of DNA from Hoechst-
stained nuclei was calculated. This technique demonstrated a high
sensitivity of detecting small fluctuations in the number of nuclei.

Results showed that treatment of cells with RAD001 or CQ alone
led to a decrease in proliferation from days 3 to 7 between 45–58%
and 20–37%, respectively, compared to controls which increased in
proliferation till day 7. Importantly, an additive suppression of
MCF7 cellular proliferation was noted between 45 and 71% when
cells were treated with CQ in combination with RAD001 (Fig. 2).

3.3. Chloroquine and RAD001 reduced MCF7 mammospheroid

formation in 3D-cell cultures

Dittmer and colleagues were able to show in a 3D cell culture
model that MCF7 cells aggregate to form tumor mammospheroids
that resemble the natural process of acinal formation during
mammary gland morphogenesis [27]. Due to the ability of
mammary cells to produce a cellular matrix, mammospheroid
formation into 3D structures can also occur without the addition of
an extracellular matrix in cell cultures. Therefore, we analyzed the
effect of CQ and RAD001 on mammospheroid formation of MCF7
breast cancer cells in 3D cultures.

Results showed that untreated MCF7 cells formed mammo-
spheroids in 3D cultures after 3 days (Fig. 3). In contrast, all drug
combinations of CQ and RAD001 treatment of cells showed a
reduction of mammospheroid formation (CQ 18%, RAD001 20%) by
measuring the number of viable cells based on ATP cellular levels
(Fig. 3A). Importantly, additive inhibitory affects were seen when
both drugs were administered in combination in cell cultures when
compared to single drug treatments (CQ and RAD001 37%, p < 0.05).
In addition, further microscopic analyses demonstrated that the
mock- and RAD001-treated mammospheroids generally appeared
more translucent (Fig. 3B). In contrast, CQ-treated mammospher-
oids showed microscopically more compact and less translucent
mammospheroid architecture with an irregular surface (Fig. 3B).

http://rsbweb.nih.gov/ij/applets.html


Fig. 1. Induction of a G1 cell cycle arrest in luminal MCF7 breast cancer cells, but not in mesenchymal MDA-MB-231 breast cancer cells. The DNA content of propidium iodide-

stained (P.I.) nuclei from untreated, CQ- and RAD001-treated cells were analyzed by FACS. (A) The percentage of MCF7 cells in the G1 phase was 50% in the control, 62% with

CQ (50 mM), 65% with RAD001 (20 nM) and 74% with CQ- and RAD001-treatment after 24 h (and 72 h, data not shown), (B) no changes were seen in MDA-MB-231 cells. All

experiments were performed in triplicate and (*) for statistically significance values p < 0.05.
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Fig. 2. Inhibition of MCF7 breast cancer cell proliferation in a 3D cell culture by CQ and RAD001. (A) MCF7 breast cancer cells were grown on collagen in the presence of CQ

(50 mM), RAD001 (20 nM) and CQ + RAD001 in combination for 7 days. Graph represents the mean-fold increase of cellular proliferation for untreated cells and the mean-fold

decrease after drug treatment. All experiments were performed in triplicate. Standard deviation is shown and (*) for statistically significance values p < 0.001. Mean-fold

values representing the total nuclear area in mm2 are the following: day 1 untreated = 39,577 � 950; day 3 untreated = 60,982 � 1025, CQ = 49,720 � 3044,

RAD001 = 34,043 � 715, CQ + RAD001 = 33,637 � 681; day 5 untreated = 70,442 � 1557, CQ = 52,103 � 2086, RAD001 = 32,207 � 776, CQ + RAD001 = 24,717 � 849; day 7

untreated = 75,881 � 1168, CQ = 50,897 � 2831, RAD001 = 34,610 � 608, CQ + RAD001 = 21,333 � 635. (B) Phase contrast and matching Hoechst 33568 stained nuclei were

quantified (total nuclear area in mm2) using 3D Epi-fluorescence microscopy to determine the relative level of cellular proliferation as shown in (A).
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3.4. Antitumor activity of Chloroquine and RAD001 in a mammary

MCF7 xenograft nude mouse model

To further evaluate CQ and RAD001 inhibition of tumor growth,
we established a human mammary MCF7 xenograft nude mouse
Fig. 3. CQ and RAD001 reduced MCF7 mammospheroid formation in 3D cell cultures. 

fraction of viable cells of mammospheroids by measuring ATP cellular levels following CQ

(CQ = 50 mM, RAD001 = 20 nM) (N = 6). Mock = 1.0 � 0.13; RAD001 (RAD) = 0.8 � 0.09; CQ

of spheroid formation occurred in 3D cell cultures treated with the drug combination (*p < 0

in drug treated groups. Note the more compact and less translucent mammospheroid arc
model. Therefore, we tested the effects of combined CQ and
RAD001 treatment in our MCF7 breast cancer xenograft nude
mouse model. Throughout the time period of 28 days, both CQ and
RAD001 treatment of mice resulted in a reduction of tumor size
compared to control mice (Fig. 4). After animals were sacrificed at
(A) MCF7 cells formed mammospheroids in 3D cell cultures. The graph shows the

 and/or RAD001 addition to MCF 3D cell cultures before and after spheroid formation

 = 0.82 � 0.05; RAD001 + CQ = 0.63 � 0.12. Note that a statistically significant reduction

.05). (B) Microscopy pictures demonstrate less spheroid formation and more single cells

hitecture with an irregular surface structure after 3 days of CQ drug treatment.



Fig. 4. Inhibition of tumor growth in the human mammary MCF7 xenograft nude mouse model after treatment with CQ and RAD001. After injection of MCF7 breast cancer

cells into the inguinal mammary glands, female nude mice were treated with RAD001 alone (10 mg/kg), with CQ (50 mg/kg) alone, or with a combination of RAD001 and CQ

(n = 10 for each treatment group). (A) As represented on the graph, tumor growth measurements were followed from 7 to 28 days as tumor volume (cm3). (B) Tumor

measurements after resection of sacrificed animals. (C) Tumors isolated at day 28 from CQ, RAD001 and RAD001 and CQ treated mice are shown as 3D images using computer

micro-tomography. (D) Photo of a single control mouse at day 28 with inguinal mammary gland tumors. Asterisk (*) for statistically significance values p < 0.05.
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day 28, tumors were further measured by weight and by computer
tomography imaging. Compared to tumors from control mice,
RAD001-treated mice demonstrated tumors which were 2.9-fold
lighter (p < 0.0001) and 3.3-fold smaller (p < 0.0001) whereas CQ-
treated mice showed tumors which were only 1.7-fold lighter
(p = 0.005) and 1.6-fold smaller (p = 0.01). However, tumors
treated with RAD001 plus CQ were 4.1-fold lighter (p < 0.0001)
and nearly 4.6-fold smaller (p = 0.0002) than control mice.

A further analysis was performed to determine tumor histology.
Hemotoxylin and eosin staining of all xenograft tumors confirmed
an invasive ductal adenocarcinoma mammary tumor phenotype
(data not shown). It is important to note that mice treated with
RAD001 were more effective in reduction of these tumors than
with CQ. Additionally, CQ and RAD001 in combination provided an
additive benefit for reduction of tumor growth.

3.5. Chloroquine leads to p53-activation and reduces RAD001-

induced increase of Akt phosphorylation

Since we previously determined that CQ induced p53 in
MCF10A breast epithelial cells [17], we tested the effect of CQ and
RAD001 on this protein in nuclear extracts from MCF7 breast
cancer cells. To determine whether CQ-induced cell cycle arrest is
associated with up-regulation of the p53-dependent cell cycle
inhibitor p21 (Waf1/Cip1) [34], we also examined the levels of the
p21 protein after CQ treatment. p21 plays a significant role in cell
cycle arrest via enforcing G1 restriction point by inhibitory binding
to cdk2/cyclin E or other cdk/cyclin complexes [34]. Results
showed that both p53 and p21 levels increased following
treatment of MCF7 cells with CQ, but not RAD001 (Fig. 5).
Furthermore we could show increased phosphorylation of the
crucial phosphorylation site serine 15 by treatment with CQ. Thus,
our data supports that the G1 cell cycle arrest induced by CQ was
mediated by p53 and p21.
We further sought to determine whether the RAD001-induced
increase of Akt phosphorylation at the crucial phosphorylation site
serine 473 could be modified [7–10]. Thus, we tested the effect of
CQ, on the RAD001-mediated feedback activation of Akt signaling.
As shown in Fig. 5, treatment of MCF7 cells with CQ resulted in a
reduction of RAD001-induced increase of Akt phosphorylation at
serine 473.

mTOR is phosphorylated at serine 2448 via the IGF-1/PI3K/Akt
signaling pathway [2,35]. We could confirm the mTOR-inhibitory
effect by RAD001 showing a lucid reduction in phosphorylation at
serine 2448 in MCF7 cells, which was also seen to a lesser extent by
CQ treatment, and in combination of RAD001 and CQ phosphory-
lation of mTOR at serine 2448 was even further decreased, see
Fig. 5.

The mTOR downstream target gene S6K1 has two known
isoforms, p70S6K1 and p85S6K1 [36], which both are detected by
antibodies used in immunohybridization. p85S6K1 is derived from
the same gene and is identical to p70S6K1 except for 23 extra
residues at the amino terminus, which encode a nuclear localizing
signal [36]. p70S6K1 phosphorylation of threonine 389, however,
most closely correlates with S6K1 activity [5,6]. Examining
p70S6K1 revealed a decrease in phosphorylation levels at this
crucial site confirming a reduced activity of this mTOR down-
stream target gene.

These data suggest that CQ might exert at least parts of its anti-
cancer effects through modifications of the IGF-1/PI3K/Akt/mTOR
and p53 pathways.

4. Discussion

Tumors exhibiting mutational activation of PI3K, a common
event in cancers, are hypersensitive to mTOR inhibitors like
rapamycin and RAD001 [8]. Targeting breast cancer with RAD001
has led to significant improvements in treatment [7,10,37].



Fig. 5. Immunohybridization of PI3K/mTOR/Akt- and p53-signaling members in MCF7 nuclear cell lysates following treatment with RAD001 and CQ. Protein lysates with

matching protein quantification of the PI3K/Akt/mTOR and p53 signaling members are shown after CQ (50 mM) and RAD001 (20 nM) cell treatment at the indicated time

points. Both total and phosphorylated proteins of signaling members are indicated on the right. All proteins were normalized to Actin. All experiments were performed

in triplicate.
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However, in advanced disease, mTOR inhibitors lose their
efficiency due to drug resistance [38]. Therefore, understanding
the mechanisms leading to resistance of mTOR inhibitors may
eventually guide development of successful mTOR-targeted cancer
therapy. In this investigation, our main interest was to determine
whether mTOR inhibition by RAD001 in combination with CQ
results in enhanced inhibition of mammary tumor growth and
could differentially regulate members of the PI3K/mTOR/Akt
signaling pathway. In addition, we support the hypothesis that
prolonged RAD001-induced Akt activation leads to drug resistance.
Therefore we tested, if CQ could modulate the RAD001-induced
Akt activation in MCF7 cells.
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Previously, a negative feedback loop was described, whereby
mTOR/S6K1 activation attenuated PI3K signaling by suppressing the
function of the insulin receptor substrate-1 (IRS1), a mediator of
insulin receptor-dependent activation of PI3K [8]. This data
suggested that feedback down-regulation of receptor tyrosine
kinase signaling was a frequent event in tumor cells with
constitutive mTOR activation [8]. On the other hand, it was shown
that mTOR inhibition by RAD001 could induce expression of IRS1
and abrogate feedback inhibition of the pathway, resulting in Akt
activation in tumor cells [7–10]. In this report we could corroborate
the mTOR-inhibitory effect of RAD001 [13,14] by showing reduced
phosphorylation at serine 2448 of mTOR in MCF7 cells.

There is growing evidence that conflicting signals transduced
by Akt and p53 are integrated via negative feedback between the
PI3K/Akt/mTOR and p53 signaling pathways [18,19]. It has been
suggested that depending on the balance of signals, p53-
dependent downregulation of Akt may promote an irreversible
commitment to apoptotic cell death, whereas effective recruit-
ment of Akt by appropriate survival signals may lead to
inactivation of p53, and eventually to inhibition of p53-dependent
apoptosis and cell cycle arrest [18,19]. On the other side, p53 can
be activated by several PI3K-related kinases (PIKK), including
ataxia telangiectasia mutated (ATM), ATM- and Rad3-related
(ATR); and the ATM downstream effector checkpoint kinases Chk1
or Chk2 that phosphorylate the NH2 terminal transactivation
domain of p53 at multiple sites (e.g., serines 6, 9, 15, 20, 37, and 46;
Refs. [39–43]).

In an attempt to improve RAD001 treatment and overcome
RAD001-induced activation of the oncogene Akt, we focused our
studies on this approach and the p53-activator CQ [17]. CQ is also a
known inhibitor of lysosomal enzyme activity [44] and recent
studies draw interest on this feature [45]. At low doses CQ is able to
alter chromatin and chromosome structures in the absence of DNA
breaks, but the mechanism of these modifications is only partially
understood [46–49]. Importantly, we previously showed that CQ
activates the ATM protein and causes both phosphorylation of p53
at serine 15 and auto-phosphorylation of ATM at serine 1981 in
mammary epithelial cells at doses with low cytotoxicity and no
significant inhibition of autophagy nor DNA-breakage [17]. In our
current study we showed CQ-induced up-regulation of p53 and
p21, the key players for G1 cell cycle arrest, in the MCF7 breast
cancer cells, we were able to achieve a reduced RAD001-induced
Akt activity by co-treatment with CQ, and could furthermore
describe an mTOR-inhibitory effect of CQ.

Absence of CQ- and RAD001-induced G1 cell cycle arrest in p53-
mutated, mesenchymal MDA-MB-231 breast cancer cells indicates
a possible p53-dependency of CQ’s inhibitory activity. This is in
alignment with our previously published data [17] reporting that
CQ significantly reduced the incidence of N-methyl-N-nitrosourea-
induced mammary tumors in an animal model, but no protection
was seen in a BALB/c p53-null mammary epithelium model,
indicating a p53 dependency for the CQ effect [17].

RAD001 has also been shown to have antitumor activity in
human breast cancer xenograft models [50,51], to further evaluate
the effectiveness of CQ and RAD001 we determined that especially
the combination of CQ and RAD001 led to additive inhibition of
tumor cellular growth in an animal model. Previous studies have
indicated that although CQ does not show many side effects during
long-term use for treatment of malaria or rheumatoid diseases,
retinal problems are a potential side effect [52]. Based on the
ophthalmologic safety guidelines for long-term use of CQ in
humans [52] and on our previously published data [17], we chose
the applied doses of CQ in our animal model for possible further
clinical use. Therefore, our result of CQ-induced protection against
mammary carcinogenesis at such low levels is highly significant
and promising.
MCF7 collagen growth and formation of mammospheres along
with FACS analyses supported that CQ and RAD001 induced
growth inhibition via a G1 cell cycle arrest, where the CQ mediated
cell cycle arrest involved phosphorylation of p53 and p21. In 3D
cultures, breast cancer cells aggregate to form either tumor
spheroids that resemble mammospheres of normal breast
epithelial cells [53] or amorphous aggregates [26]. MCF7 spheroids
show characteristics of an epithelium with apical tight junctions
and desmosomes [54]. Like spheroids derived from immortalized
nontumorigenic MCF10 breast epithelial cell spheroids [55], MCF7
spheroids develop a lumen after 7–10 days of culture [27]. We
could not only demonstrate suppression of MCF7 cell proliferation
by CQ in combination with RAD001 in a 3D cell culture, but our
study revealed that both CQ and RAD001 disturb the architecture
of the MCF7 mammary spheroid formation. These findings could
also help to explain the antitumor effect we observed in our MCF7
xenograft nude mouse model.

All of the above results have several potential implications for
the treatment of breast cancer with PI3K/Akt/mTOR pathway
inhibitors. Another study demonstrated that mTOR inhibition by
RAD001 was tightly associated with the development of drug
resistance due to sustained Akt activation in lung cancer cell lines
[15]. In the same study the authors demonstrated that by co-
targeting mTOR and PI3K/Akt signaling with separate drugs
resulted in blocking Akt phosphorylation and enhanced antitu-
mor effects. Therefore, preventing Akt phosphorylation appears
to be a key for successful mTOR-inhibitory drug therapy. It will
be important to determine in future experiments if this
mechanism is sufficient to prevent RAD001 drug resistance. It
is clear that both our study and previously published investiga-
tions highly support CQ’s ability to inhibit tumor growth
especially in concert with other drugs. For example, treatment
of several mammary cell lines in cell culture with CQ in
combination with eleven different PI3K/Akt inhibitors demon-
strated increased cell death up to 16.65-fold [20]. This study
provided evidence that CQ represents a potent chemosensitizer
in conjuction with a broad spectrum of drugs [20].

Taken together, our data support that the quinoline CQ exerts
at least parts of its anti-cancer effects through modifications of
the PI3K/Akt/mTOR pathway. The CQ effect of overriding the
nuclear RAD001-induced Akt-phosphorylation, as well as its
direct anti-tumor activity in our mammary tumor animal model
present CQ as a promising combination partner of the mTOR-
inhibitor RAD001.
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