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Abstract This study evaluated the effects of a mammalian
target of mTOR inhibitor everolimus alone or in combination
with trastuzumab on stem cells from HER2-overexpressing
primary breast cancer cells and the BT474 breast cancer cell
line in vitro and in vivo. For the in vitro studies, we sorted
ESACD44"CD24 ¥ cells as stem cells from primary breast
cancer cells and BT474 cells using flow cytometry. The MTT
assay was used to quantify the inhibitory effect of the drugs on
total cells and stem cells specifically. Stem cell apoptosis, cell
cycle distributions, and their tumorigenicity after treatment
were investigated by flow cytometry or soft agar colony
formation assays. For the in vivo studies, BALB/c mice were
injected with BT474 stem cells, and the different treatments
were administered. After necropsy, the expression of Ki67,
CD31, AKTI, and phospho-AKT (Thr308) was analyzed by
immunohistochemistry. For the in vitro studies, Treatment
with everolimus resulted in stem cell growth inhibition in a
dose-dependent manner. The combination of everolimus with
trastuzumab was more effective at inhibiting cell growth
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(P<0.001) and tumorigenicity (P<0.001) compared with
single-agent therapy. In addition, an increase in G1 cell
cycle arrest and an increased population of cells in early
apoptosis were seen in the combination treatment group com-
pared with either of the single-agent groups (P<0.01). For the
in vivo studies, everolimus plus trastuzumab therapy was
much more effective at reducing tumor volume in mice com-
pared with either single agent alone (P<0.05). Compared with
everolimus alone, the combination of everolimus and trastu-
zumab reduced the expression of Ki67, AKT1, and phospho-
AKT (Thr308) (P<0.05). We conclude that everolimus has
effective inhibitory effects on HER2-overexpressing stem
cells in vitro and vivo. Everolimus plus trastuzumab is a
rational combination treatment that may be promising in hu-
man clinical trials.

Keywords Breast stem cells - mTOR -
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Introduction

Epidemiological studies of breast cancer have shown that
approximately 20-30 % of breast cancer patients are posi-
tive for human epidermal growth factor receptor type 2
(HER2 and ErbB2/HER2) in immunohistochemical tests.
Compared to HER2-negative breast cancer patients,
HER2-positive patients have a shorter overall survival [1],
which makes this type of cancer critical to treat especially.
The discovery of the targeted therapeutic drug trastuzumab,
an anti-HER2 receptor monoclonal antibody, was an impor-
tant breakthrough in the treatment of HER-positive malig-
nant tumors [2]. Trastuzumab has been routinely used in
patients with HER2-positive breast cancer and has shown a
distinct survival benefit [3]. However, trastuzumab was
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found to be less effective in breast cancer patients with
metastatic HER2-positive breast cancer, who exhibited drug
resistance to the drug [4]. These studies indicated that trastu-
zumab has its limitations in the treatment of HER2-positive
breast cancer, and combination therapy should be considered
to reduce drug resistance during treatment.

As an important intracellular signal transduction path-
way, the PI3K/AKT/mTOR signaling pathway plays pivotal
roles in the proliferation, survival, and apoptosis of tumor
cells [5]. The mammalian target of rapamycin, mTOR, is a
downstream effector of the PI3K/AKT pathway. mTOR is a
serine/threonine protein kinase with a molecular weight of
300 kDa and plays an important regulatory role in protein
translation through regulating the phosphorylation of other
kinases, such as the 40S ribosomal S6 kinase (S6K), cyclin-
dependent kinase, and eukaryotic initiation factor (4EB) [6].
Although the transduction mechanism of this pathway has
not been completely understood, it is certain that mTOR
interacts with growth factors and their receptors and affects
cell cycle progression and membrane transport processes
besides regulating protein synthesis and regulation [7].
Due to the close relationship between tumorigenesis and
abnormal mTOR pathway regulation, mTOR has become
an important target in cancer treatment [8]. As a derivative
of the mTOR inhibitor rapamycin, everolimus showed a
therapeutic effect in the treatment of kidney cancer, breast
cancer, and non-small cell lung cancer with some tolerable
side effects in patients [9]. The activation of the AKT
pathway in these cancer cells leads to the overactivation of
mTOR, increase in S6K1 activity, and hyperphosphoryla-
tion of 4EBP1, which in turn accelerates cell cycle progres-
sion. This process is selectively blocked by the mTOR
blocker everolimus. Because it selectively blocks mTOR
signaling without negatively affecting normal cells, ever-
olimus has mild side effects, which makes it unmatched by
many other antitumor drugs [10]. With progress in targeted
therapies, rational combinations of different antitumor
mechanisms will render more benefit to patients. Using
this as the theoretical basis, we studied the potential
combinatorial effect of the mTOR-targeting therapeutic
drug everolimus and the HER2-targeting drug trastuzu-
mab to understand the effect of these two drugs on
breast cancer stem cells.

Currently, an increasing number of studies have demon-
strated the presence of cancer stem cells (CSCs) in extreme-
ly low numbers among cancer cells. These stem cells not
only have the capability to differentiate into different types
of cancer cells but also possess long-term self-renewal abil-
ity. These properties yield these stem cells crucial roles in
the genesis and progression of malignant tumors [11, 12].
O’Brien et al. [12] obtained a CD133" cell subpopulation
that contained CSCs through the screening of colon cancers.
Compared with CD133™ cells, these CD133" cells exhibited
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a significant difference in tumorigenicity in non-obese dia-
betic NOD/severe combined immunodeficiency mice.
While 1x10° CD133" cells were sufficient to form tumors
in 100 % of the mice, only 11 % of mice injected with 2.5x
10° CD133 cells showed tumors. This result indicates that
CSCs have a strong tumorigenic ability. Furthermore, it is
believed that CSCs are closely associated with malignant
tumor metastasis, relapse and treatment resistance. In fact, it
was reported in various in vivo and in vitro studies that
CSCs exhibited drug resistance to different extents against
all routine cancer chemotherapies and radiotherapies [12—
14]. In the related reports on breast cancers, it was shown
that tumor-initiating cells (also called breast CSCs) dis-
played higher viability after chemotherapy among breast
cancer cell lines [13, 15]. CSCs can mediate tumor recur-
rence due to their high tumor formation rate and resistance
to radio- and chemotherapies, and therefore, effectively erad-
iating CSCs is necessary to achieve the desired antitumor
effect.

CSCs have been identified in multiple primary tumor and
cancer cell lines [11, 12]. For breast cancer, Al-Hajj et al.
isolated ESA"Lin CD44"CD24 ¥ cells from breast cancer
specimens of multiple different pathological types using
different cancer cell surface antigen markers. The isolated
ESA" Lin~ CD44" CD24 Y cells exhibited the character-
istics of stem cells. A small number of CSCs with stem cell
characteristics were found in the seemingly homogeneous
cancer cells in long-term culture in vitro [16]. In this study,
we sorted for ESA"CD44"CD24 7" cells from the BT474
HER2-positive breast cancer cell line and HER2-positive
primary breast cancer cells. We then compared these phe-
notypic breast CSCs to total breast cancer cells in their
response to the mTOR inhibitor everolimus alone or in
combination with trastuzumab. The inhibitory effects of
different therapeutic approaches on the in vitro and in
vivo tumorigenicity of stem cells were compared to
understand the effects of these therapies on HER2-
positive breast cancer, which will provide a scientific
basis for the rational clinical application of everolimus
and trastuzumab.

Materials and methods
Cells and mice

The BT474 human breast cancer cell line was from the cell
stock in our laboratory. Breast cancer specimens were col-
lected with informed consent of the patients at the affiliated
Cancer Hospital of Tianjin Medical University. The patho-
logical diagnosis was invasive ductal carcinoma as deter-
mined by immunohistochemical test or positive FISH test.
Female BALB/c nude mice, 4—6 weeks of age and with a
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body weight of 20+2 g, were purchased from the
Department of Laboratory Animal Science at Peking
University Health Science Center [license number: SCXK
(BJ) 2006-2008] and maintained under specific pathogen-
free conditions.

Reagents

Everolimus (Certican®) was a gift from Novartis Pharma
Stein AG, and trastuzumab (Herceptin®) was provided by
Roche (Basel, Switzerland). Experimental consumables,
including RPMI-1640, fetal bovine serum (FBS), Hank’s
solution, collagenase I, 3-(4-5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), and trypsin were
purchased from Gibco (Life Technologies, Carlsbad,
CA, USA). Fluorescently labeled antibodies were pur-
chased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA), and the annexin V-FITC apoptosis detection
kit was from KeyGen (Nanjing, China). The soft agar
cell cloning kit was the product of GenMed
(Minneapolis, MN, USA). Anti-Ki67, anti-CD31, anti-
AKTI1, and anti-phospho-AKT (Thr308) primary anti-
bodies, the streptavidin peroxidase (SP) ready-to-use
goat anti-rabbit kit, and the DAB chromogenic kit were
purchased from Beijing Biosynthesis Biotechnology Co.
(Beijing, China), and all other reagents were provided
by the Central Laboratory at Tianjin Cancer Hospital.

Experimental instruments

The flow cytometer (BD FACS Aria I), ELISA reader, tissue
culture hood, incubator, centrifuge, and other experimental
equipment were all provided by the Central Laboratory at
Tianjin Cancer Hospital or the Institute of Hematology of
the Chinese Academy of Medical Sciences.

Isolation of primary breast CSCs

Freshly collected breast cancer tissues (>1 cm®) were cut
into 1-mm’ tissue blocks under sterile conditions and
digested with freshly made collagenase I (1 mg/ml; filter-
sterilized) at 37 °C for 1-3 h. The digested samples were
filtered, and the cells were resuspended in RPMI-1640 me-
dia supplemented with 10 % FBS. The cells were then
placed into collagen-coated tissue culture flasks and cul-
tured with 5 % CO, at 37 °C overnight. The cells were
sorted by flow cytometry on the following day. Before
sorting, the cells in single-cell suspension were labeled with
anti-CD44-APC, anti-CD24-PE, and anti-ESA-FITC anti-
bodies. Four control groups were established for the first
sorting: (1) cells labeled with the isotype antibodies of the
above three antibodies, (2) cells labeled with the anti-CD44-
APC antibody and the isotype control antibodies of the other

two antibodies, (3) cells labeled with the anti-ESA-FITC
antibody and the isotype control antibodies of the other two
antibodies, and (4) cells labeled with the anti-CD24-PE
antibody and the isotype control antibodies of the other
two antibodies. Cells that were CD44", CD24 "%, and
ESA™ were sorted by flow cytometry and placed into flasks
or 96-well plates.

Isolation of BT474 stem cells

BT474 cells were cultured in RPMI-1640 medium supple-
mented with 10 % fetal bovine serum, 2 mM glutamine,
10 pg/ml insulin, and penicillin/streptomycin dual antibiot-
ics in 25-ml flasks at 37 °C with 5 % CO,. The medium was
changed and the cell morphology monitored daily. When the
cells reached a density of 10®, they were trypsinized and
reduced to a single-cell suspension by vigorously pipet-
ting the cells. The cells were labeled with anti-CD44-
APC, anti-CD24-PE, and anti-ESA-FITC antibodies before
sorting, with the control groups established as described
above. Cells that were CD44", CD24 "% and ESA" were
sorted by flow cytometry and placed into flasks or 96-well
plates.

Stem cell culture

The isolated stem cells were cultured in serum-free stem cell
culture medium [DMEM:F12 (1:1) medium containing 1:50
B27, 20 ng/ml EGF, 0.4 % bovine serum albumin, and 4 pg/
ml insulin] to prevent the cultured breast CSCs from
differentiating.

MTT assay

The 3-(4-5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide dye reduction assay (MTT assay) was used to
compare the effects of everolimus or trastuzumab on total
breast cancer cells and breast CSCs. The total cells and the
stem cells from the BT474 cell line and the primary breast
cancer cells were respectively seeded into 96-well plates
with different concentrations of the drugs, with five wells
for each concentration, and the cells were cultured at 37 °C
with 5 % CO, in an incubator for 24 h. The concentrations
of everolimus were 1 nM, 10 nM, 100 nM, 1 uM and
10 uM, and the concentrations of trastuzumab were 0.5, 1,
10, 50, and 100 pg/ml. The combinatorial inhibitory
effect of everolimus and trastuzumab on the in vitro
growth of breast CSCs was examined by MTT assay
as well using 10 pg/ml trastuzumab in combination of
increasing concentrations of everolimus (I nM, 10 nM,
100 nM and 1 uM).

After drug treatment for 24 h, 20 pul MTT [5 mg/ml in
phosphate buffered saline (PBS)] was added to each well,
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and the cells were incubated at 37 °C with 5 % CO, and
saturated humidity for 4 h. Following the subsequent re-
moval of the supernatant, 150 pul dimethyl sulfoxide
(DMSO) was added to each well, and the cells were vor-
texed for 10 min. The light absorbance (OD value) was
measured for each well using an ELISA reader. Each exper-
iment was repeated in triplicate, and dose-response curves
were plotted. The probit software of the statistical software
package SPSS 17.0 for Windows (SPSS, Chicago, IL, USA)
was used to calculate the inhibitory concentration (ICsg) of
each drug.

Cell cycle and apoptosis examination by flow cytometry

BT474 stem cells that were sorted by flow cytometry
were cultured in stem cell culture medium in 25-ml cell
culture flasks. The cells were divided into four groups:
(1) the control group (blank control), (2) the Ever group
(100 nM everolimus), (3) the Tz group (10 pg/ml
trastuzumab), and (4) the Ever+Tz group (100 nM ever-
olimus and 10 pg/ml trastuzumab). Culture medium
with 0.5 % DMSO was added to the blank control
group. After treatment, the cells were cultured in an
incubator at 37 °C with 5 % CO, for 24 h before the
cells were collected.

For cell cycle determination, the cells in the different
treatment groups were fixed in ice-cold ethanol for 24 h.
The ethanol was removed, 500 pl RNase-containing propi-
dium iodide (PI) and 1 mL PBS were added, and the cells
were incubated at 4 °C for 30-60 min in the dark. The
samples were then sorted by flow cytometry according to
each cell cycle stage, and GO/G1 %, S%, and G2/M% were
calculated to obtain the cell cycle distribution.

To understand the effect of drug treatment on stem cell
apoptosis, annexin-FITC and PI were added to the single-
cell suspension and mixed well before incubation at room
temperature for 5-15 min in the dark. The cells were then
sorted by flow cytometry within 1 h after incubation to
measure the rate of apoptosis.

Soft agar colony formation assay

The bottom layer of soft agar (0.9 %) was prepared in a six-
well plate, and the top layer (0.5 %) was prepared with 5x
10*/ml BT474 stem cells in single-cell suspension. The cells
were divided into four groups: (1) the control group (blank
control), (2) the Ever group (100 nM everolimus), (3) the Tz
group (10 pg/ml trastuzumab), and (4) the Ever+Tz group
(100 nM everolimus and 10 pg/ml trastuzumab). The cells
were cultured in an incubator at 37 °C with 5 % CO, for
2 weeks and observed for colony formation by microscopy;
colonies of >30 cells were counted under a microscope. The
experiments were repeated in triplicate.
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Establishment of experimental animal model and drug
intervention

Cultured BT474 stem cells were collected and pelleted by
centrifugation at 1,000 rpm for 5 min. The cells were then
washed with serum- and antibiotics-free DMEM medium
three times. After the cells were counted, aliquots of cells at
1x10°/100 pl in serum- and antibiotic-free culture medium
in (microcentrifuge tubes) were sent to the animal room
under sterile conditions. A volume of 100 ul stem cell
suspension was injected beneath the left breast pad of
BALB/c nude mice. The injected mice were housed in clean
cages under a constant temperature of 20-25 °C with free
access to food and water. When the tumor volume was
approximately 300 mm® (approximately 9 days after stem
cell injection), the tumor-bearing mice were randomly di-
vided into four groups (five animals/group): (1) the control
group (normal saline), (2) the Ever group (2 mg/kg ever-
olimus), (3) the Tz group (5 mg/kg trastuzumab), and (4) the
Ever+Tz group (2 mg/kg everolimus and 5 mg/kg trastuzu-
mab); this day was denoted as day 1. Thereafter, the greatest
longitudinal diameter (L) and the greatest transverse diam-
eter (W) of the xenograft tumors in mice were measured by
caliper in the morning once every 3 days, and tumor vol-
umes were calculated and recorded when the test articles
were administered. After the last tumor volume measure-
ment on day 16, the mice were euthanized by cervical
dislocation, and tumor specimens were collected and fixed
for histochemical assays.

Immunohistochemistry

Immunohistochemistry staining was performed in the meth-
od of streptavidin-perosidase (SP) using Ki67, CD31,
AKTI, and pAKT antibody for all specimens. Serial sec-
tions were sliced from paraffin blocks, and the sections were
dewaxed and treated with high temperature and pressure for
3.5 min for epitope retrieval. The sections were then incu-
bated in 3 % hydrogen peroxide solution, blocked with
serum, and incubated with anti-Ki67, anti-CD31, anti-
AKT1, and anti-phosphor-AKT (Thr308) primary antibod-
ies at dilutions of 1:100, 1:150, 1:100, and 1:100, respec-
tively. After overnight incubation at 4 °C, the sections were
incubated with secondary antibody at 37 °C for 40 min. The
sections were then incubated with a horseradish peroxidase-
labeled avidin working solution for 20 min, developed with
DAB reagent and monitored by microscopy. The sections
were counterstained with hematoxylin for 1-2 min, rinsed in
1 % hydrochloric acid in ethanol, and blued with ammonia
for 2 min. The sections were dehydrated using an ethanol
gradient, cleared, and mounted. Both positive and negative
controls were included, and PBS was used to replace the
primary antibody for the negative control. Cells with brown
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or dark brown particles in the cytoplasm or nucleus were
counted as positively stained cells. Five microscopic fields
were randomly selected for observation at high magnifica-
tion, and the percentage of positively stained cells in the
fields was used for grading. Cells without a significant
difference between the staining intensity and the back-
ground were considered negatively stained. An average
positivity (average positive rate) was calculated for each
section and was used to calculate the unit value of positive
staining.

Statistical analysis

The measurement data were expressed as X + s and ana-
lyzed with statistical methods, including the Student’s test
and two-way ANOVA. The SPSS 17.0 software package
was used for data processing, with «=0.05 as the signifi-
cance level.

Results

Inhibitory effect of everolimus and trastuzumab alone and in
combination on breast cancer cell growth

To understand the inhibitory effect of trastuzumab on the
growth of breast CSCs compared to that of non-stem tumor
cells, we used the MTT assay to generate cell growth inhi-
bition curves of total BT474 and primary breast cancer cells
and compared them to those of their respective stem cells
(Fig. 1a). While the BT474 total and stem cells both showed
a dose-dependent inhibitory response to trastuzumab that
increased with the increase in trastuzumab concentration,
the cell populations differed in their extent of the response.
Compared with the total cells, the BT474 stem cells were
significantly less sensitive to trastuzumab at the same con-
centration (P<0.001). As listed in Table 1, the ICsy of
trastuzumab in the BT474 total cells was 2.095 pg/ml and
that in the corresponding stem cells was 45.492 pg/ml,
which was 19 times that of the total cells, indicating greater
trastuzumab resistance in the stem cells. The same phenom-
enon was observed in the primary breast cancer cells.
Compared with the total cells, the growth of the stem cells
was significantly less affected by trastuzumab at all tested
concentrations (P<0.001). The ICs, of trastuzumab in pri-
mary breast CSCs was 16 times that in the corresponding
total cells (Table 1).

We also plotted the growth inhibition curve of everolimus
in breast CSCs and calculated the ICsq for both the total
cells and the stem cells. Figure 1b shows that everolimus
exhibited a dose-dependent inhibition in both the total cells
and the stem cells from the BT474 cell line and the primary
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Fig. 1 Anti-proliferative effect of trastuzumab or everolimus alone in
breast cancer total cells (TC) and stem cells (SC). a Compared with the
total cells, the stem cells isolated from BT474 or primary breast cancer
cells displayed a certain degree of resistance to treatment with trastu-
zumab(P<0.001). Dose-response curves were obtained by MTT
assays after 24-h exposure to trastuzumab alone (0.5, 1, 10, 50, and
100 pg/ml). b Stem cells were more resistant to treatment with ever-
olimus, compared with total cells in BT474 and primary breast cancer
cells (P<0.001). The stem cells were exposed to everolimus (I nM,
10 nM, 100 nM, 1 uM, 10 uM) for 24 h. Each column represents the
mean + SD (n=3). The statistical analysis was performed with two-way
ANOVA using Tukey’s test for pairwise comparisons

breast cancer cells, albeit with different degrees of growth
inhibition. Compared with the total cells, everolimus was
less effective in growth inhibition in the stem cells at all
tested concentrations (P<0.001). The ICs, values of ever-
olimus for BT474 and the primary CSCs were 2,054 and

Table 1 Fifty percent inhibitory concentrations for trastuzumab and
everolimus in breast cancer cells

Cell line 1Csq trastuzumab ~ ICs everolimus
(ng/ml) (nM)
Primary breast ~ Total cells 2.095 156
cancer Stem cells 45.492 3,227
BT474 Total cells 2.52 71
Stem cells 48.946 2,054

IC54 50 % inhibitory concentration
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3,227 nM, or 29 times and 21 times greater than the I1Csq
values for their corresponding total cells, respectively
(Table 1).

Different concentrations of everolimus were combined
with a fixed concentration of trastuzumab to understand
the inhibitory effect of the two drugs combined on the
growth of breast CSCs and to determine the most effective
combinatorial concentrations. The growth inhibition curves
were plotted after the 24-h culture of breast CSCs in the
presence of the drugs at different concentrations (Fig. 2).
The combination of everolimus with 10 pg/ml trastuzu-
mab showed more effective inhibition of primary breast
CSC growth compared with everolimus alone (Fig. 2a)
(P<0.001). The ICs( of trastuzumab for the primary breast
CSCs was approximately 45 pg/ml in this study (Table 1).
When >100 nM everolimus was added, just 10 pg/ml trastu-
zumab could inhibit the growth of 50 % CSCs(P<0.01). For
the BT474 stem cells, the inhibitory rate of 10 pg/ml trastu-
zumab was significantly increased when 10-1,000 nM ever-
olimus was added (P<0.05). While the ICs, of trastuzumab
alone was approximately 49 pg/ml (Table 1), the inhibition
rate increased by more than 50 % when >10 nm everolimus
was added (Fig. 2b).

Inhibitory effect of everolimus and trastuzumab alone or in
combination on the stem cell cycle

The cell cycle status of untreated BT474 stem cells and
those treated with 100 nM everolimus alone, 10 pg/ml
trastuzumab alone, or the two drugs combined was analyzed
by flow cytometry to measure the cell distribution at each
stage in the cell cycle. The BT474 stem cells treated with
everolimus or trastuzumab alone showed a significantly
increased number of cells arrested at G0O—G1 phase when
compared with the control group (P<0.05) (Fig. 3).

A primary breast cancer SC
. 80 - - Ever
S = Ever+Tz
'_‘é 60' * k¥
2
=
L
g 40;
e\° 20' _,—’
-—":’
em=="" J-.’-
onM  1nM  10nM  100nM  1uM

Fig. 2 The inhibitory effects of combination treatment with ever-
olimus and trastuzumab on breast cancer stem cells. The stem
cells were treated with everolimus at concentrations of 1 nM,
10 nM, 100 nM, and 1 puM alone or with trastuzumab at10 pg/ml. After
24 h, MTT assays were performed to measure cell proliferations.
We found that the combination treatment had an additive growth
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However, an even higher percentage of BT474 stem cells
was arrested at G0—G1 phase when the two drugs were
combined. Compared with everolimus or trastuzumab alone,
these two drugs in combination exhibited significantly en-
hanced effects on stem cell cycle arrest at GO—G1 phase (P=
0.002 or P=0.004, respectively).

Inhibitory effect of everolimus and trastuzumab alone or in
combination on stem cell apoptosis

To study the effects of individual drugs or the two drugs in
combination on early apoptosis in BT474 stem cells, we
detected early apoptotic cells by flow cytometry with
annexin-FITC and PI double staining. The BT474 stem cells
were cultured in stem cell medium for 24 h alone or in the
presence of 100 nM everolimus, 10 pg/ml trastuzumab, or
the two drugs together. The early apoptosis rate of the
BT474 stem cell control group was 3.13+£0.29 %, while
those of the everolimus, trastuzumab, and Ever + Tz groups
were 5.26+0.35 %, 6.30+0.19 %, and 10.13+1.20 %, re-
spectively (P<0.05). Moreover, when compared with the
everolimus or trastuzumab groups, the group treated with
the two drugs in combination displayed a significantly in-
creased apoptotic rate (P<0.001 or P=0.001 respectively;
Fig. 4).

Inhibitory effect of everolimus and trastuzumab alone or in
combination on stem cell clonogenicity

The effects of everolimus, trastuzumab, and the two drugs
combined on BT474 stem cell in vitro colony formation
were evaluated using the soft agar cloning assay (Fig. 5).
In this experiment, the BT474 stem cells were cultured in
medium with different concentrations of the drugs for
2 weeks, and colony formation was observed by microscopy.

B BT474 SC
god = Ever
c = Ever+Tz
¢) * %k K
g 60
: 3
T 40
3 a3
= e
o 201
® ¥
e ‘...—
onM  1nM  10nM  100nM  1uM

inhibitory effect on the stem cells in vitro compared with treat-
ment with everolimus alone (P<0.001). Each column represents
the mean = SD (n=3). The statistical analysis was performed with
two-way ANOVA using Tukey’s test for pairwise comparisons. NS
not significant; *P<0.05, **P<0.01, ***P<(0.001 compared with
the everolimus group
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Fig. 3 The effect of the combination of everolimus and trastuzumab
on the cell cycle distribution of BT474 stem cells measured by flow
cytometry. a Control. b 100 nM everolimus. ¢ 10 pg/ml trastuzumab. d
100 nM everolimus + 10 pg/ml trastuzumab. After exposure to the
treatments for 24 h, the fraction of cells in the GO—G1 phase of the cell

cycle was significantly higher in the combination group than in either
single-agent group(P<0.01). Each column represents the mean = SD
(n=3). The statistical analysis was performed with Student’s 7 test. NS
not significant; *P<0.05, **P<0.01, ***P<0.001 compared with the
control group
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Fig. 4 Effect of the combination of everolimus and trastuzumab on the
induction of early apoptosis in BT474 stem cells measured by flow
cytometry. a Control. b 100 nM everolimus. ¢ 10 pg/ml trastuzumab. d
100 nM everolimus + 10 pg/ml trastuzumab. After exposure to the
different treatments for 24 h, the proportion of early apoptotic cells was
analyzed using annexin V-FITC and PI. Compared with the everolimus or
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trastuzumab alone group, combination treatment induced an increase in
the population of cells undergoing early apoptosis (P<0.01). Each col-
umn represents the mean + SD (n=3). The statistical analysis was
performed with Student’s # test. NS not significant; *P<0.05, **P<
0.01, ***P<0.001 compared with the control group
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The number of colonies in four randomly selected microscop-
ic fields was then counted and averaged. The number of
colonies in the everolimus group showed a slight decrease
compared to that of the control group (81.77 vs. 100 %,
respectively; P<0.001). Trastuzumab caused a greater de-
crease (61.00 %; P<0.001), while cells in the Ever + Tz group
showed only 37.86 % colony formation compared to the
control group (P<0.001). Therefore, the combination
treatment was significantly more effective at inhibiting
BT474 stem cell colony formation than any of the drugs
alone (P<0.001).

Fig. 5 BT474 stem cells were
plated for soft agar assays and
treated with everolimus alone,
trastuzumab alone, the
combination of the two drugs,
or left untreated. a Control. b
100 nM everolimus. ¢ 10 pg/ml
trastuzumab. d 100 nM
everolimus + 10 pg/ml
trastuzumab. Compared control
group, 2 weeks of culture with
the drug single or combination
significantly reduced the colony
formation ability of the stem
cells (P<0.01). Each data point
represents the mean + S.D.
(n=3). The statistical analysis
was performed with Student’s ¢
test. NS not significant;
*P<0.05, **P<0.01,
*#%P<0.001 compared with
the control group
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Effect of everolimus and trastuzumab alone
and in combination on tumor growth in a xenograft
animal model

The construction of the xenograft tumor model was de-
scribed in “Materials and methods.” The tumor size and
mouse body weight were measured every 3 days after dos-
ing, and the tumor volume was calculated using the follow-
ing formula: volume (cm®)=length x width®x0.5. Compared
to the control group with a tumor size of 698+136.36 mm?,
the everolimus, trastuzumab, and drug combination groups
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showed significant reductions in mean tumor sizes (590.6+
49.1, 508.6+35.6, and 410.8+75.1 mm?>, respectively; P<
0.01; Fig. 6a). Compared to the mean xenograft tumor size
in the trastuzumab group, the mean tumor size in the ever-
olimus group was larger, which suggests that the inhibitory
effect of everolimus at the tested concentration was relative-
ly weaker on xenograft tumor size (P=0.03). When the two
drugs were combined, the xenograft tumor size was smaller
than those of the groups treated with everolimus or trastu-
zumab alone, indicating that the combination of the drugs
significantly decreased the xenograft tumor size (P<0.001
or P=0.018, respectively). To understand whether the drugs
affected the body weight of the animals while they exerted
their antitumor effects, the body weight of the xenograft
tumor mouse model was monitored. No significant differ-
ence in body weight was observed in xenograft tumor-
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Fig. 6 Stem cells from the BT474 cell line were inoculated in the left
inguinal mammary fat pad of syngeneic Balb/c mice, and the mice
were divided into four groups. Animals were treated with normal
saline, 2 mg/kg everolimus, 5 mg/kg trastuzumab, or 2 mg/kg ever-
olimus + 5 mg/kg trastuzumab. The tumor sizes were measured every
3 days with a caliper, and the tumor volumes were calculated with the
equation ¥ = (L x W?) x 0.5, in which L is the length and W is the
width of the tumor. a Effects of the different treatments on tumor
volume. b Effects of different treatments on mouse weight. Each point
represents the mean + SD (n=5)
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bearing mice between the three treatment groups during
the 16-day treatment (Fig. 6b).

Effect of everolimus and trastuzumab alone
or in combination on the expression of Ki67, CD31, AKT1,
and phospho-AKT (Thr308)

The expression of Ki67, CD31, AKTI, and phospho-
AKT (Thr308) in the xenograft tumor tissues was
detected by immunohistochemistry after the different
drug treatments. We found that treatment with everoli-
mus alone caused the upregulation of AKTI1 and
phospho-AKT (Thr308) (P=0.024 and P=0.041, respec-
tively) and the downregulation of Ki67 (P=0.015) and
CD31. However, the downregulation of CD31 expres-
sion was not statistically significant (P>0.05).

Compared with the control group, trastuzumab alone did
not change the number of Ki67-positive cells (P>0.05), but
it significantly reduced the proportions of the cells with
positive expression of AKT1 or phospho-AKT (Thr308)
(P=0.006 or P<0.001, respectively). Similar to everolimus,
trastuzumab did not have a significant effect on CD31
[Fig. 7 (3)].

Trastuzumab alone reduced the number of Ki67-positive
cells by 6.4 %, although this reduction was not significant,
while the Ever + Tz combinatorial treatment significantly
reduced Ki67 expression by 21.6 % compared to the control
or trastuzumab group (P=0.004 or P=0.03; Fig. 7a).
However, neither the individual drugs nor the two-drug
combination significantly changed the percentage of
CD31-positive cells (Fig. 7b). The study on AKT1 expres-
sion found that combination of the two drugs reversed the
upregulation of AKT1 by everolimus alone and significantly
decreased the number of AKT1-positive cells by 12.83 %
(P=0.044; Fig. 7c). Similar to the effect on AKT1 expres-
sion, everolimus alone increased phospho-AKT (Thr308)
expression level by 11.7 % compared to the control group,
while the combinatorial treatment decreased phospho-AKT
(Thr308) expression (P=0.026; Fig. 7d).

Discussion

Only a limited number of studies have directly reported on
breast CSCs. This study is the first report on HER2-positive
breast CSCs, which emphasizes the originality of the study.
This study aimed to determine the effect of the combinato-
rial treatment of everolimus and trastuzumab on HER-
positive breast CSCs.

This study first examined the effect of the anti-HER2
monoclonal antibody trastuzumab on total HER2-positive
breast cancer cells and the isolated CSCs, and it was found
that trastuzumab had an inhibitory effect on breast CSCs.
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1 Control

A.KI-67

B.CD31

C.AKT1

Fig. 7 Ki67, CD31, AKTI, and phospho-Akt (Thr308) expression in
breast cancer BT474 stem cells xenograft tumors. a Ki67 expression. b
CD31 expression. ¢ AKT1 expression. d Phospho-AKT (Thr308)

The study by Magnifico et al. demonstrated that HER2-
positive breast cancer cell lines had a higher percentage of
breast CSCs and could be effectively inhibited by trastuzu-
mab[17]. The mechanism underlying the inhibitory effect of
trastuzumab on HER2-positive stem cells has not been fully
understood, although a widely accepted hypothesis is that it
is related to Fcy receptor IlI-mediated antibody dependent
cytotoxicity [17]. In this study, through examination of the
cell cycle, apoptosis and the protein expression levels of
CD31, Ki67, AKT1, and phospho-AKT (Thr308), we found
that, similar to its effect on total cells [18], trastuzumab
induced cell cycle arrest of HER2-positive breast CSCs at
GO0-G1 phase. Trastuzumab also induced early stem cell
apoptosis, which is similar to its effects on total cells or
patient tissues [ 19]. The study on the expression of Ki67 and
CD31 found that trastuzumab alone had no effect on the
protein expression of Ki67 and CD31 in HER2-positive
stem cells, which is consistent with the results from previous
study that trastuzumab displayed no effects on Ki67 and
CD31 expression in total cells [20]. In this study, we found
that breast CSCs showed a certain degree of drug resistance
against conventional therapeutic doses of trastuzumab. The

2. Everollmus

3. Trastuzumab 4.Ever+Tz

expression. / Control: normal saline; 2 2 mg/kg everolimus; 3 5 mg/
kg trastuzumab; 4 2 mg/kg everolimus + 5 mg/kg trastuzumab. Nuclei
were counterstained with hematoxylin (b/ue) (magnification, x400)

1Cs( of trastuzumab for BT474 total cells was 2.25 pg/ml,
while the concentration had to be 49 pg/ml to reach 50 %
inhibition of cell growth for the stem cells, which was 19
times the ICs, for total cells. This drug resistance was also
found in primary HER2-positive breast cancer cells. These
results may be related to the mechanism underlying the drug
resistance of breast CSCs. Recent studies have shown that
CSCs can pump out chemotherapy drugs because of their
high expression of ABCG2 and other ABC transporters,
which has been considered the mechanism for chemothera-
py resistance [21]. Liu et al. differentially compared gene
expression between ESA"CD44"CD24 /'®“Lin~ breast
CSCs and normal breast epithelial cells and identified 186
genes with significant differences in expression, which were
characterized as an invasive gene signature (IGS) [22]. The
state of the IGS is a significant reference for distant metas-
tasis, disease-free survival, and overall survival of breast
cancer patients.

The close relationship between dysregulation of the
mTOR kinase pathway and tumorigenesis makes mTOR
an important target for cancer therapy. Everolimus exerts
its antitumor function to a certain extent as an mTOR
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inhibitor [23]. We showed in this study that the inhibitory
effect of everolimus on the growth of HER2-positive breast
CSCs was enhanced in a dose-dependent manner. In addi-
tion, in vitro colony formation experiments showed that
everolimus reduced the in vitro tumorigenicity of this type
of breast CSCs. The mechanistic studies showed that, as a
central regulator for protein synthesis at the G1 phase of a
cell cycle, mTOR not only plays major roles in the growth
and proliferation of normal cells but is also closely related to
the transformation of normal cells to tumor cells and tumor
cell growth and proliferation. Therefore, mTOR is one of the
central cell growth regulators [10, 24]. Previous studies also
confirmed that, as an mTOR inhibitor, everolimus could
induce cell cycle arrest of HER2-positive breast cancer cell
lines at G1 phase [25] and early apoptosis of breast cancer
cells [26]. The in vivo experiments found that treatment
with everolimus inhibited the growth of xenograft tumors
formed by BT474 stem cells and significantly decreased
Ki67 expression. Similar results were reported in the study
by Mosley et al. [27], in which rapamycin inhibited tumor
growth in MMTV/Ne transgenic mice that overexpressed an
HER2 homolog. We studied the effects of everolimus on
AKT1 and pAKT and found that everolimus induced the
increased expression of AKTI and pAKT in the xenograft
tumors formed by stem cells. The possible mechanism un-
derlying this effect can be explained by a negative feedback
effect, in which the specific inhibitory effect of everolimus
on mTOR, downstream of the PI3K/AKT pathway, could
activate a negative feedback to induce the overexpression of
AKT in xenograft tumor tissues. A number of previous
studies have reported this negative feedback mechanism of
mTOR inhibitors on AKT [28-30], in a phase I clinical trial
in which everolimus induced the overexpression of pAKT in
the breast cancer tissues of patients after oral dosing of
everolimus for 4 weeks [28]. In cancer therapy, the activa-
tion of AKT is considered to be an adverse factor [31], and
thus, the anti-tumor effect of everolimus is compromising
because of its induction of pAK T activation. These results also
encourage the search for new combination therapy to improve
the inhibitory effect of everolimus on cancer cells [28].

The preliminary tests showed that both trastuzumab and
everolimus have some limitations in targeting breast CSCs.
Breast CSCs exhibited drug resistance to the treatment with
trastuzumab, and trastuzumab treatment did not change the
expression of the cell proliferation regulator Ki67 in stem
cells, which indicated that trastuzumab did not affect the
proliferation of tumor cells in vivo, consistent with previous
findings [20]. In everolimus treatment, everolimus induced
the overexpression of pAKT and AKT1, which is detrimen-
tal to cancer treatment. Moreover, the targets of the two
drugs are related. On the one hand, mTOR inhibitors have
certain inhibitory effects on drug resistance to trastuzumab
treatment. Through the dysfunction of the tumor suppressor
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PTEN or activation by other signals, the PI3K/AKT/mTOR
signal transduction pathway inhibits apoptosis and promotes
cell cycle progression, which leads to cell proliferation,
angiogenesis, and malignant tumor invasion and metastasis,
while the dysfunction of the tumor suppressor gene PTEN is
a known regulatory factor for trastuzumab resistance [32]. On
the other hand, the application of anti-HER2 antibodies can
also affect the expression of mTOR. phosphatidylinositol-3-
hydroxy kinase (PI3K) is an important signaling transducer of
tyrosine kinase receptors such as HER2. After being stimulat-
ed by growth factors, HER2 in the cell membrane activates
intracellular PI3K to phosphorylate its substrate PIP2 into
PIP3. AKT (also called protein kinase B; PKB) binds to
PIP3 and is activated by phosphorylation at Thr308 and
Serd474 [33]. Activated AKT in turn activates its downstream
molecule mTOR. These correlations suggest that combinato-
rial treatment with mTOR and HER2 as the targets can en-
hance the inhibitory effect of these drugs on tumor cells to a
certain extent.

Recent experiments have confirmed that an appropriate
concentration of everolimus can enhance the inhibitory ef-
fect of trastuzumab on tumor cells both in vivo and in vitro.
By studying the effect of trastuzumab combined with rapa-
mycin, Miller et al. found that the combination of the two
drugs was more effective than any of the drugs alone in vivo
[20], making all of the 26 HER2-positive metastatic tumors
shrink. Moreover, trastuzumab reduced the overexpression
of pHER3 and pAKT caused by the negative feedback due
to everolimus. The effect of the combination of these two
drugs was also confirmed in clinical studies. In a multicenter
phase I clinical study on HER2-positive trastuzumab-
resistant metastatic breast cancer [34], the combination of
these two drugs with different specific targets showed a
synergistic effect with good tolerance among the patients.
Similar to these results, we found that the combination of
these two drugs was more effective at inhibiting the growth
of breast CSCs and in vitro tumorigenicity. In addition,
compared with everolimus and trastuzumab alone, com-
bined Ever + Tz significantly increased the percentage of
BT474 stem cells at GO—G1 phase. Furthermore, the com-
bination of these two drugs showed a greatly enhanced
capability of inducing early apoptosis of stem cells. In the
in vivo experiments, compared to individual drugs, the
combination of these two drugs was more effective at inhib-
iting the growth of the breast CSC xenograft tumors and
reducing the expression of Ki67, AKTI1, and pAKT.
Compared with previous results [20], we used the stem cells
as a more targeted study of trastuzumab resistance.
Combined with preliminary clinical studies, these data
showed that the combination of the mTOR blocker ever-
olimus and the targeted therapeutic drug trastuzumab may
become a new therapeutic option for patients with HER2-
positive trastuzumab-resistant metastatic breast cancer.
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In summary, breast CSCs were sorted using flow cytom-
etry for the experiments in this study. The mTOR antagonist
everolimus showed an inhibitory effect on CSCs and effec-
tively enhanced the sensitivity of HER2-positive breast
CSCs to trastuzumab and affected the proliferation, adhe-
sion, and metastasis of breast CSCs to prevent tumor recur-
rence and metastasis. This study provides a theoretical basis
for the combination of everolimus with other target-specific
treatments. However, the specific underlying antitumor
mechanism needs to be further investigated.
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