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1. Introduction

Triple-negative (TN) breast cancer, which is ER-negative, PR-
negative and HER2 overexpression-negative, relapses quickly
in response to clinical treatment® as this subtype of breast
cancer has a high histological grade and a poor prognosis.?
Patients with TN breast cancer, accounting for about 10-17%
of all breast cancer cases,® are often unresponsive to endo-
crine agents such as trastuzumab and less responsive to stan-
dard adjuvant therapy.* Metastasis of TN breast cancer is
often aggressive’ and currently there is no recommended
chemotherapy for the patients.” Some of the promising treat-
ment regimens may consist of chemotherapy drugs and
inhibitors of the mammalian target of rapamycin (mTOR)
since the mTOR pathway is downstream of proto-oncogenes
like Ras, PI3K, Akt, Rheb, eIF4E and Cyclin D1 as well as tu-
mour suppressor genes such as PTEN, TSC1/2 and p53.°

Aberrant activation of the PI3K/Akt/mTOR pathway is in-
volved in the oncogenesis and progression of breast cancer.”
mTOR inhibitors, rapamycin and its analogs such as CCI-
779, RAD001 and AP23573 have been introduced into clinical
trials as anti-cancer agents. These agents generally have
shown well-tolerable safety profiles and a promising anti-tu-
mour effect in several types of refractory tumours.®° How-
ever, clinical trials have shown only modest responses in 7-
30% of cancer patients." In vitro study shows that the TN
MDA-MB-231 cells are resistant to growth inhibition induced
by rapamycin.’®> Thomas and colleagues demonstrated that
factors like HIF-1a level determine the sensitivity of kidney
cancer cells to inhibition of mTOR (CCI-779).*?

Several research findings suggest that the combination of
rapamycin, a cytostatic agent, with DNA-damage agents
could be optimal for solid tumour therapy. It has been shown
that rapamycin can enhance carboplatin-induced cytotoxicity
in HER2-overexpressing breast cancer cells'® and mTOR
inhibitor RAD001 can enhance the effect of cisplatin-induced
apoptosis through inhibition of p21 translation.'® Cyclophos-
phamide, an alkylating agent widely used in breast cancer
therapy, causes DNA adducts, strand breaks and crosslink
by binding to nucleophilic sites.’® A combination of RAD001
with cyclophosphamide has shown synergistic anti-tumour
activity in a gastric cancer mouse model."’

In this study we aim to determine whether a combination
of rapamycin and cyclophosphamide has a potential im-
proved anti-tumour effect on TN breast cancer cells (MDA-
MB231) and whether the microenvironment of tumour growth
has an impact on the sensitivity and resistance of TN tumour
cells to mono- or combination therapy of rapamycin through
HIF-1o. We first developed mouse xenograft tumour with
luciferase-labelled cell line MDA-MB-231 as a preclinical TN
breast cancer model and then investigated the response of
the TN breast cancer to both therapeutic strategies in vivo
via bioluminescence imaging and immunohistochemistry.

2. Materials and methods

2.1. Animal models

Female nude mice at the age of 6-8 weeks were purchased
(Harlan Laboratory) and housed under standard conditions,

fed with standard pelleted rodent chow and kept in a 12-h
light/12-h dark cycle. All experimental procedures involving
animals were approved by the institutional IRB. Prior to all
surgical procedures, the animals were anesthetised with ket-
amine (100 mg/kg) and xylazine (15 mg/kg), according to the
approved animal experiment protocol.

MDA-MB-231-luc-D3H2LN cell line stably expressing firefly
luciferase was purchased from Caliper Life Sciences (Hopkin-
ton, MA). The cells were cultured in Eagle’s Minimum Essential
Medium (ATCC, containing non-essential amino acids, 2 mM-
glutamine, 1 mM sodium pyruvate and 1500 mg/l sodiumbicar-
bonate) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin-streptomycin and grown in a 5% CO, incubator at
37 °C before use. Orthotopic breast tumours were established
by injecting 2 x 10° MDA-MB-231 cells (in 100 ul of PBS) into
the fat pad of mouse mammary glands. Tumour volume was
monitored weekly by measuring two perpendicular tumour
diameters with a caliper and was calculated by the formula: tu-
mour volume [mm?] = (length [mm]) x (width [mm])® x 0.52. A
lung-metastasis breast cancer model was established by inject-
ing 1 x 10° MDA-MB-231 cells (in 100 pl of PBS) via tail veins of
the mice. Mouse body weight was recorded weekly.

2.2.  Drug preparation and treatment

Rapamycin was purchased from LC Laboratories (Woburn,
MA). It was dissolved in DMSO (100 mg/ml) and was kept at
—20 °C. Store solution was diluted with 1 x PBS to 1 mg/ml be-
fore use. Cyclophosphamide (Cytoxan®, Bristol-Myers Squibb
Company) was directly dissolved in 1x PBS (30 mg/ml). Both
the working solutions were kept at 4 °C.

After implantation into the mice, the tumour cells were al-
lowed to grow for 3 d without any treatment. Mice with ortho-
topic breast tumours were randomly divided into six groups:
(1) vehicle (1% DMSO in PBS) group (control), (2) high-dose
rapamycin-only group (Hi-Rapa), (3) low-dose rapamycin-only
group (Lo-Rapa), (4) cyclophosphamide-only group (Cyclo), (5)
combination group 1 (Hi-Rapa + Cyclo) and (6) combination
group 2 (Lo-Rapa + Cyclo). There were 6-11 mice per group.
For Hi-Rapa, Lo-Rapa and Hi- and Lo-Rapa + Cyclo groups,
rapamycin treatment was administrated intraperitoneally
(i.p.) at 5mg/kg for the high-dose group and 1.5 mg/kg for
the low-dose group. Rapamycin was given for 6 consecutive
days, stopped for 1d and then repeated for four cycles. For
Cyclo and Rapa + Cyclo groups, cyclophosphamide was given
by i.p. at 150 mg/kg on day 1, 3, 5, followed by a 2-week break,
and the above-mentioned procedure was repeated. The mice
were treated for 4 weeks in total. For the mice that were im-
planted with tumour cells via tail vein injection, they were
randomly divided into four groups: (1) control group, (2) Hi-
Rapa group, (3) Cyclo group and (4) Hi-Rapa + Cyclo group.
There were five mice per group. Drug treatment regimen
was the same as described above for orthotopic tumour-bear-
ing mice, but lasted for 8-14 weeks. At the end of the experi-
ments, we harvested the tumour samples for histology.

2.3.  Cell cytotoxicity assay

Cytotoxicity tests were performed using the Promega CellTiter
96 Aqueous Non-Radioactive Cell Proliferation (MTS) assay to
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determine the viability of the cells in culture (Promega, G3582,
USA). Monolayers of 5000 MDA-MB-231 cells were plated into
a flat-bottomed 96-well cell culture plates (Corning Incorpo-
rated, USA) in Minimum Essential Medium (ATCC, 30-2003)
containing 10% fetal bovine serum (FBS). At 24 h after plating,
when the cells had attached and reached above 50% conflu-
ence, the medium was replaced with another medium includ-
ing various concentrations of drugs. All the experiments were
performed for 48h and in triplicates. Controls included
0.001% DMSO. Rapamycin was used at concentrations of 10,
50 and 100 nM and cyclophosphamide at 1, 5 and 10 mM. Each
experiment was reproduced and confirmed in three indepen-
dent experiments. After treatment, one solution reagent at
20 pl per well was added directly to the culture wells. After
incubating for 3 h, the plate was read by microplate spectro-
photometer. The absorbance of the formazan product was
at 490 nm.

2.4.  Bioluminescent Imaging

Mice were anesthetised with a mixture of oxygen and 1.5%
of isoflurane (Webster Veterinarian, Sterling, MA) before
imaging. The substrate luciferin, p-Luciferin (Caliper Life Sci-
ences, Hopkinton, MA) in PBS (15 mg/ml) was injected intra-
peritoneally at a dose of 75 mg/kg of body weight. The mice
were imaged by the IVIS 100 system (Xenogen, Alameda,
CA), and the bioluminescence signals were quantified by
the Living Image® software. We acquired images every
5 min until 5-10 min after recording the maximum reading.
A typical exposure time was 10-30 s for orthotopic xenograft
mice and 1-3 min for lung-metastasis mice. Binning number
was set to medium and FOV was set to level D. We per-
formed analyses of the images by drawing a region of inter-
est (ROI) over the tumour to obtain the normalised photons
per second over the ROIs.

2.5.  Immunohistochemistry

Tumour samples were obtained from MDA-MB-231 ortho-
topic and lung-metastatic breast cancer in the mouse mod-
els. Immunofluorescence staining of Ki67, a proliferation
marker, was performed on 10 um thick frozen sections of
MDA-MB-231 tumour. The sections were blocked with 5%
normal goat serum +2% BSA +0.2% TritonX-100 in PBS at
room temperature for 2h, reacted with primary antibody
ki67 (1:800, Abcam) at 4 °C overnight. Then the sections were
treated with a second antibody Cy3-goat-anti-rabbit (1:400,
Jackson) at room temperature for 1h and counterstained
with DAPI (1:2000, Sigma). Using a 10x objective, three to
four digital images were captured with Advanced Spot Soft-
ware (Digital Camera System, Diagonostic Instruments) from
3 to 4 breast tumour segments for each animal. In each im-
age, the ratio of the number of Ki67* cells versus the total
number of nuclei in tumour (Ki67* cells/DIPA* cells) was cal-
culated by using the ImageJ software (NIH) in terms of pro-
liferation index.

The levels of CD34 and HIF-1o were determined by immu-
nohistochemistry. Paraffin-embedded sections were deparaf-
finised and rehydrated. CD34 slides were retrieved with
citrate (pH 6, Zymed, South San Francisco, CA), and HIF-1a

slides were retrieved by EDTA (pH 8, Zymed) in a steam pres-
sure cooker for 2 min. The sections were pretreated with 0.3%
H,0, block for 5-10 min to quench endo-peroxidase activity.
Then, the sections were exposed overnight at 4 °C to 200 ul
of specific antibodies against mouse CD34 (Abcam, 1:100 di-
luted in DAKO Ab diluents, Zymed) or human HIF-1a (Neo-
Mark, UK, 1:2000 with a tyramide application kit). We used
the second antibody of rabbit anti-rat (1:750, DAKO) for
CD34 staining and envision anti-mouse (1:500, DAKO) for
HIF-1o slides according to the manufacturer’s instructions.
After further wash, immunoperoxidase staining was devel-
oped using a DAB chromogen (DAKO) and counterstained
with hematoxylin for 4 s. The slides were examined under a
4x objective of a microscope. We first identified three hot
spots of positive area and then photographed them at 10x
amplification. A single endothelial cell or a cluster of endo-
thelial cells positive for CD34 was considered as a vessel.
The number of microvessels in a histological field was
counted as microvessel density (MVD).*® Similarly, the num-
ber of HIF-1o positive with nuclei per field was defined as
the HIF-1a score.

2.6. TUNEL assay

Apoptosis was determined by TUNEL assay using TdT and
Biotin-16-dUTP purchased from Roche Diagnostic (Indianap-
olis, IN). We used paraffin sections of orthotic samples and
frozen lung-metastasis samples for TUNEL staining. Paraffin
sections were pretreated with proteinase K for 15 min and
sodium borohydride (1 mg/ml) for 10 min, and the frozen
sections was treated with sodium borohydride only. The sec-
tions were pre-incubated in TdT Reaction Buffer for 10 min,
followed by incubation with TdT Reaction Mixture for 1h at
37 °C in a humidified chamber. The reaction was terminated
with stop wash buffer (30 mmol/l of NaCl and 3 mmol/l of
sodium citrate, pH 7.2, rinse for 10min). HRP-avidin
(30 min) and DAB development (3-8 min) were used in the
paraffin section, and the frozen sections were incubated
with Cy5-conjugated avidin in TBS (1:200) for 30 min at room
temperature. Nuclear counterstaining was performed with
hematoxylin or DAPIL. Apoptotic bodies in the tumour sec-
tions of each sample were quantified by counting the num-
ber of TUNEL-positive cells in three randomly selected,
non-overlapping regions using an inverted Nikon TE300
microscope.

2.7. Western blots

MDA-MB-231 cells (4 x 10%) were plated and grown in 12-well
culture plate for 24 h. The cells were treated with 100 nM rap-
amycin, 5 mM cyclophosphamide and Rapa-Cyclo combina-
tion for 6, 24, 48 and 72 h. After washing with cold PBS, the
cells were subjected to lysis using RIPA lysis buffer (Thermo
#89901, USA) plus protein inhibitors according to the manu-
facturer’s instructions. Same amount of protein lysate was
loaded into NUPAGE 4-12% Tris-Bis gel (Invitrogen, USA) and
then electrotransferred to nitrocellose membrane. The mem-
branes were blocked with TBST (0.1% Tween 20) containing 5%
BSA for pAkt and 5% non-fat dry milk for Akt antibody for 1h
at room temperature and incubated with different primary



EUROPEAN JOURNAL OF CANCER 46 (2010) 1132-1143 1135

A
Vehicle
Lo-Rapa(4W

B 51200

m
-
o
o
o

!

800 -
600 - —+\Veh
-#-Lo-Rapa

400 A Hi-Rapa

200 - p
0.

Tumor volume (mm

C 600 -
500
400
300
200
100

——\eh
-#-Lo-Rapa
Hi-Rapa

Luc signal (x108) p/s

baseline 1w 2w 3w 4w

Vehich

Fig. 1 - Inhibitory effect of rapamycin on the growth of orthotopic MDA-MB-231 breast cancer over time in the mouse model.
Tumour-bearing mice were treated with rapamycin (low dose: 1.5 mg/kg, high dose: 5 mg/kg). Then, tumours were harvested
by the end of the 4th week. (A) Representative tumour load (n = 5) in low-dose Rapa group versus control. (B) Caliper
measurement of tumour growth over 4 weeks in both Lo- and Hi-dose of Rapamycin treatment and the control groups. (C)
The effects of both high and low doses of rapamycin on tumour growth over 4 weeks. (D) In vivo bioluminescence imaging
showing the inhibitory effect of Rapa on tumour growth in the low-dose group over four weeks. (E) High-dose rapamycin
promoted metastasis of primary MDA-MB-231 cancer, arrows pointing to the primary tumour sites. Rapa: rapamycin, Hi:
high dose, Lo: low dose. *P < 0.05, **P < 0.01, n = 5-6/group.

antibody (pAkt, 1:1000, Cell Signalling) overnight at 4 °C. After incubated with detection kit for 1 min (Pierce, USA). The band
washing with PBST, the membranes were incubated with sec- density was analysed by the software Quantity One (Image],
ondary antibody 1:5000 for 1 h at room temperature and then USA). Each experiment was repeated independently. Then
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Fig. 2 - (A) Bioluminescence imaging of lung-metastatic breast cancer cells at 5 weeks (control and Rapa alone group), and
10 weeks (Cyclo alone and combination therapy-treated group) post tumour cell implantation (2 x 10° cells by i.v. injection),
showing that the effects of rapamycin monotherapy and combination therapy on the lung-metastasis of MDA-MB-231 breast
cancer (n = 5/group). (B) The cell viability of MDA-MB-231 at different dosage and combination treatment for 48 h. (C) and (D)
show the effect of rapamycin alone and combined with cyclophosphamide on the proliferation and apoptosis of lung-
metastatic MDA-MB-231 breast cancer (n = 3-4/group). (C) Ki67 positive cells and proliferation index in different group, scale
bar = 100 pm. =P < 0.01, versus the control group; **P < 0.01, versus Hi-Rapa group. (D) TUNEL-positive cells and apoptotic
index in different groups, scale bar 100 pm; *P < 0.05, **P < 0.01, versus Hi-Rapa + Cyclo group.
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Fig. 3 - Synergic inhibition of rapamycin and cyclophos-
phamide on orthotopic mammary MDA-MB-231 cancer

(n = 6/group). (A) Grayscale photograph of mice from the
control, Lo-Rapa (1.5 mg/kg), Cyclo (150 mg/kg) and Lo-
Rapa + Cyclo groups at 4 weeks post cell implantation. (B)
Corresponding bioluminescence images of A. (C) Tumour
volume measured by caliper in different group. (D) Tumour
load measured by bioluminescence imaging in different
group. *P < 0.01.

the membranes were stripped with a mild stripping buffer
(Pierce, USA) and re-incubated with first antibody AKT 1:
3000 (Cell Signaling, USA).

2.8.  Statistical analysis
Statistical analysis was done using a 2-way ANOVA for multi-

ple groups and an unpaired Student’s t test. P values <0.05
were considered statistically significant (GraphPad Prism).

3. Results

3.1.  Rapamycin alone inhibits the growth of orthotopic
breast cancer but promotes its metastasis in vivo

Previous studies by other laboratories’? have shown that
MDA-MB-231 cell line is resistant to the rapamycin-induced
proliferation inhibition in vitro. To determine whether MDA-
MB-231 cells are resistant to rapamycin in vivo, we examined
the effects of two different doses of rapamycin, 1.5 mg/kg (Lo-
Rapa) and 5 mg/kg (Hi-Rapa), respectively, on tumour growth
in nu/nu mice with orthotopic mammary MDA-MB-231 tu-
mour. The drug treatment began on post-implantation day
4. Tumour growth of treated mice was significantly sup-
pressed by rapamycin compared with the control group in
the 3rd and 4th weeks (Fig. 1A, P < 0.01), but there was no sig-
nificant difference between the two doses of rapamycin
(Fig. 1B and C, P>0.05). All six mice in the Lo-Rapa group
and six of seven mice in the Hi-Rapa group responded to rap-
amycin treatment as measured by caliper and biolumines-
cence imaging. The volume of tumour, presented as
mean + SEM, reduced from 881.27 + 103.94 mm? in the control
group to 320.84 + 49.79 mm? (63.59% inhibition) in the Lo-Rapa
group and 208.74 + 32.68 mm? (76.31% inhibition) in the Hi-
Rapa group (P < 0.01), respectively, in the 4th week after treat-
ment. The intensity of luciferase signal of tumours reached
5.00 x 10® photon/s in the control group in the 4th week
(Fig. 1D). The corresponding readings in the Lo- and Hi-Rapa
groups were 57.08% and 67.62% lower (P < 0.01), respectively.
Therefore, our results showed that MDA-MB-231 cells are sen-
sitive to rapamyecin therapy in vivo.

Interestingly, from the mice with orthotopic breast cancer,
we also found that high dose of rapamycin promoted tumour
metastasis (Fig. 1E). The rate of tumour metastasis was 9.9%
(1/11) in the control group as metastasis began to appear in
bioluminescence imaging in the 4th week. In the Hi-Rapa
group, 28.57% of the mice (2/7 mice) developed metastasis,
starting in the 3 week, while no mice in the Lo-Rapa group
were found to have metastasis (n = 6).

3.2.  Rapamycin alone does not inhibit the growth of MDA-
MB-231 cancer in the lung

To assess the influence of an oxygen-rich environment on the
response of MDA-MB-231 cell to rapamycin treatment and
evaluate the effects of rapamycin on metastasised tumour,
we established a lung-metastatic model by injecting MDA-
MB-231 cells via the tail veins of mice, and then treated the
mice with a high dose of rapamycin. Bioluminescence imag-
ing showed that there was no significant difference between
the control and rapamycin-treated groups (Fig. 2A, P > 0.05).
Rapamycin alone did not inhibit the growth of lung-meta-
static MDA-MB-231 cells as we observed significant signals
in the lungs by the 5th week. Cyclophosphamide alone also
did not inhibit lung metastasis as by the 10th week we can ob-
serve luciferase signals in the lungs. The group that received
the combination therapy had much weaker signals, even by
the 10th week. This observation was consistent with the re-
sult of treating MDA-MB-231 with rapamycin in vitro
(Fig. 2B). In concurrence with this result, there was no
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Table 1 - Bioluminescent imaging intensities and breast cancer sizes (n = 6-11). Numbers are presented as mean + SEM.

Group

Luc signal (photons/s)

Tumour size (mm?)

Control

Low rapamycin
High rapamycin
Cyclophosphamide
Lo-Rapa + Cyclo
Hi-Rapa + Cyclo

5.0 x 108 + 3.9 x 107
2.14x 10% + 3.2 x 107
1.61x10% +4.6 x 107
1.15x 10% + 3.3 x 107
6.11x 107 £ 1.2 x 107
3.78x 107 = 1.8 x 107

881.27 + 103.94
320.84 + 49.78
208.74 + 32.68"
122.17 + 24.9°
44.08 + 10.99"
34.86 £ 9.44"

" P <0.05 versus control group.

A Veh Hi-Rapa Cyclo Hi-Rapa+Cyclo
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TUNEL

HIF-1a

B Rapa-+ - + -+ -+ - + - + - + - +
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Fig. 4 - (A) Immunofluorescence and immunohistochemical
analysis of orthotopic MDA-MB-231 tumour masses derived
from untreated and treated mice. The samples were taken at
4 weeks. Immunostaining showed that Ki67-, CD34- and
HIF-10 and TUNEL-positive cells after treatment by rapa-
mycin alone or combined with cyclophosphamide (magni-
fication is 20x, scale bar = 100 pm, n = 3-4/group). (B) The
level of phosphorylation and total Akt after drug treatment
(Rapa 100 nM, Cyclo 5 mM and both combination) at differ-
ent time points and ratios.

able 2 - Proliferation and apoptosis index of orthotopic

breast cancer (n = 3-4). Numbers are presented as

Group Ki67 index TUNEL index
(+cells/total cells) (+cells/per field)
Control 0.84 + 0.02 17.05 +3.01
High rapamycin 0.59+0.02" 31.8+4.54°
Cyclophosphamide 0.62 +0.01" 40.73+6.09°
Hi-Rapa + Cyclo 0.49 +0.05" 52.9 + 8.85'

" P <0.05 versus control group.
“ P <0.01 versus control group.

able 3 - MVD and HIF-1a expression of orthotopic breast

cancer (n = 3-4). Numbers are presented as mean + SEM.

Group MVD (CD" stain/ HIF-1a score
per field) (+cells/per field)
Control 180.27 £ 26.73 638.56 + 37.76
High rapamycin 90.04 + 24.37* 280.78 + 20.38**
Cyclophosphamide  107.58 + 10.22+ 863.67 + 7.88+

Hi-Rapa + Cyclo 102.56 + 11.61* 231.22 + 34.49+%

" P <0.05 versus control group.
” P <0.01 versus control group.
# P <0.01 versus Rapa group.
$ P <0.01 versus Cyclo group.

significant difference in ki67 and TUNEL index between
Rapa-treated and control mice (Fig. 2C and 2D), implying that
the response of lung-metastatic MDA-MB-231 cells to rapa-
mycin is different from that of the orthotopic tumour as they
were more resistant to the growth inhibition of rapamycin.

3.3. Inhibition of orthotopic MDA-MB-231 tumour growth
by a combination of rapamycin and cyclophosphamide

To examine the effect of rapamycin plus cyclophosphamide
on the growth of MDA-MB-231 breast cancer in vivo, we trea-
ted tumour-bearing mice with cyclophosphamide in combi-
nation with either a high or a low dose of rapamycin. Our
data show that the combination therapy has higher efficiency
on MDA-MB-231 breast cancer (Fig. 3 and Table 1). The average
orthotopic tumour volume was 44.08 mm? (Lo-Rapa + Cyclo
group), 34.86 mm? (Hi-Rapa + Cyclo group), 122.17 mm? (Cyclo
group), 320.84 mm? (Lo-Rapa group) and 208.74 mm? (Hi-Rapa
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Fig. 5 - Combination therapy reverses the resistance of MDA-MB-231 cells to rapamycin in mouse lung-metastasis model
(n = 5/group). A: In vivo images taken at the 8th week post tumour cell implantation. (B) At the end of the experiments lungs
were harvested for ex vivo bioluminescence imaging. Lung images were taken at the 8th week in the control and Rapa groups
and at the 14th week in the Cyclo and Rapa + Cyclo groups. (C) Time course of luciferase signal intensity of lung-metastatic
tumour for each group. (D) Survival curve of different groups over a 14-week period.

group) in the 4th week (Table 1). Compared with the Lo-Rapa
group, the average tumour mass and luciferase signal inten-
sity of the Lo-Rapa + Cyclo group were 86.26% and 71.42%
lower (P<0.01), respectively. Compared with the Hi-Rapa
group, the average tumour mass and luciferase signal inten-
sity of the Hi-Rapa + Cyclo group were 83.33% and 84.29% low-
er (P <0.01), respectively. Compared with the control group,
the tumour volume dramatically reduced by 95-96.04%
(P<0.001) and luciferase signal decreased 87.69-95.89% in

the two combination treatment groups (P <0.001). Tumour
growth inhibition appeared earlier in the combination treat-
ment groups (2nd week P < 0.01) than those in the rapamy-
cin-alone group (3rd week, P<0.05). There was no
significant difference between the two groups that received
the combination treatment (P > 0.05).

We also performed histology experiments on tumour tis-
sue sections derived from orthotopic xenograft. As shown in
Fig. 4A and Tables 2 and 3, treatment with either Rapa or
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Cyclo alone led to a decreased Ki67- and an increased TUNEL-
positive cells and decreased signals in CD34 staining. The
inhibiting rate of proliferation reached 29.76% and 26.19%
after Rapa or Cyclo treatment (P < 0.01), respectively; indices
of apoptosis of both groups were 1.87 and 2.39 times higher
than the control group (P < 0.05), respectively. MVD of the tu-
mours was 50.05% and 40.32% less for the mice in the Rapa
and Cyclo groups than that in the control group (P < 0.05),
respectively. Combination therapy group had a growth inhibi-
tion that was elevated by 20.97% (versus Rapa alone) and
20.96% (versus Cyclo alone); accordingly, apoptosis percent-
age was raised 66.35% and 23.0%, respectively, indicating that
cyclophosphamide can significantly increase the rapamycin-
induced effect of apoptosis. However, MVD of tumours did
not have significant changes between the groups that re-
ceived individual or combination treatments (P > 0.05). These
data suggest that the additive anti-tumour mechanism of
rapamycin and cyclophosphamide might be linked to the pro-
liferation inhibition and apoptosis induction while anti-apop-
totic effect may be more prominent (Tables 2 and 3).

One of the mechanisms of rapamycin resistance is in-
volved in the feedback activation of Akt through mTOR inhi-
bition.'®?° To observe this feedback activation phenomenon
and examine the effect of cyclophosphamide on the phos-
phorylated Akt (pAkt), we treated MDA-MB231 cells with rap-
amycin (100 nM) or/and cyclophosphamide (5 mM) for 6, 24,
48 and 72 h. The results showed that pAkt increased in the
rapa alone group at all time points, compared to the control
group; but pAkt level did not significantly increase, and even
decreased, in Cyclo alone and a combination therapy-treated
groups (Fig. 4B). These results demonstrated that rapamycin
can persistently induce Akt signalling, while cyclophospha-
mide inhibits Akt phosphorylation, thereby, breaking the loop
of feedback activation Akt inducing by rapamycin inhibition
of mTOR.

3.4.  The combination regimen reverses the resistance of
lung-metastatic breast cancer to rapamycin

We note that the combination therapy of rapamycin (high-
dose) and cyclophosphamide remarkably suppressed the
growth of lung-metastatic MDA-MB-231 breast cancer
(Fig. 5A and B), although rapamycin alone was not found to
have such an effect. This observation is in consistence with
the results of the in vitro experiment of MDA-MB-231 cell line
(Fig. 2A and B). Bioluminescence imaging showed that strong
luciferase signals could be detected from the 3rd week in the
control and Hi-Rapa groups, from the 7th week in the Cyclo
group but only from the 8th week in the combination treat-
ment group in the lung-metastasis model. Luciferase signals
of mice that received the combination treatment were obvi-
ously lower than those of all the other groups. The signal
intensity was more than 1480 times higher in the control
group, 1620 times higher in the rapa group than that of the
combination group in the 8th week. The average signal inten-
sity of mice treated by Cyclo alone was 4.66 and 12.81 times
higher than those of the Hi-Rapa + Cyclo mice in the 8th
and 12th weeks, respectively, (Fig. 5C). In addition, survival
analysis shows that mice began to die in the 6th week in
the control group, 8th week in the Hi-Rapa group, 10th week

in the Cyclo group and 13th week in Hi-Rapa + Cyclo group
(Fig. 5D). Overall, our results showed that the combination
therapy not only inhibited the tumour growth dramatically
but also prolonged the survival of the mice that received the
combination therapy.

The combination therapy notably inhibited proliferation
and induced apoptosis of tumour cells compared with the
control and rapamycin groups (P < 0.01) (Fig. 2C and D). The
proliferation index decreased 86.98% (versus Rapa group
P <0.01) and 46.69% (versus Cyclo group), and the apoptotic
index increased 11.97 times (versus Rapa group, P <0.01)
and 2.2 times (versus Cyclo group, P < 0.05). It suggests that
rapamycin and cyclophosphamide combination may reverse
the resistance of lung-metastatic MDA-MB-231 to rapamycin
in an oxygen- and vasculature-rich environment.

3.5.  Influence of HIF-1a level on the anti-tumour effect of
rapamycin

HIF-1a is an oxygen-sensitive transcription factor regulated
by the mTOR pathway. To evaluate the role of HIF-la
responsible in Rapa- or Cyclo-therapy, we measured the
expression of HIF-1o in orthotopic MDA-MB-231 breast can-
cer (Table 3). The expression of HIF-1a was markedly down-
regulated by rapamycin, but up-regulated by cyclophospha-
mide, which is consistent with the results reported by other
researchers.?’ HIF-1o up-regulation promotes the secretion
of proangiogenic cytokines such as VEGF and FGF, leading
to angiogenesis in tumour tissue. In our experiments, we
found that HIF-1a and MVD were down-regulated after the
rapamycin treatment. Linear regression analysis indicated
that there was a positive correlation between HIF-1a scores
and MVD in the rapamycin treatment group in orthotopic
MDA-MB-231 breast cancer (r=0.996). The mechanism in
the destruction of tumour vasculature might be associated
with HIF-la down-regulation by rapamycin; while the
reduction of MVD caused by cyclophosphamide might be
HIF-1a-independent. Furthermore, the combination regimen
did not reduce MVD and HIF-1o when compared with Rapa-
treated mice, a phenomenon that may be related to the fact
that cyclophosphamide increases the expression of HIF-1a
in the tumour cells.

In lung-metastatic tumours, no specific signal of HIF-1ua
was detected at the 8th week after tumour cell injection in
all groups, implying the level of HIF-1a in lung-metastatic
MDA-MB-231 cancer was very low or undetectable. The mean
MVD was 113.11 +27.71 (mean + SEM) in the control group,
and 86.11+3.82 in the Rapa-treated group, respectively. It
showed a decline of MVD in the Rapa-treated group, but there
was no statistical difference between this group and the con-
trol group, implying that there was a HIF-la-independent
mechanism involved in the angiogenesis of lung-metastatic
MDA-MB-231 breast cancer in our model. In orthotopic mam-
mary tumour rapamycin’s down-regulation of high expres-
sion of HIF-lo was accompanied by tumour growth
inhibition, while lung-metastatic tumour with low level of
HIF-1a did not respond to rapamycin treatment. This result
suggested that HIF-1a down-regulation might play an impor-
tant role in Rapa-therapy alone, but might not in Rapa-Cyclo
combination.
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4, Discussion and conclusions

The establishment of mouse models with luciferase-transfec-
ted MDA-MB-231 breast cancer cells in combination with
bioluminescent imaging provides a method for rapid,
non-invasive and quantitative analysis of tumour biomass
and metastasis. Using this preclinical model we demonstrate
that (1) Orthotopic MDA-MB-231 breast cancer is highly sensi-
tive to rapamycin therapy, as rapamycin decreases prolifera-
tion, increases apoptosis of cancer cells and reduces tumour
vascularity. (2) The same cancer cells that metastasised to
the lungs appeared to be resistant to rapamycin mono-
therapy, similar to their response to rapamycin in vitro. (3)
HIF-1o down-regulation might be a mechanism of the anti-tu-
mour effect of rapamycin on orthotopic MDA-MB-231 breast
cancer. (4) The combination of rapamycin with cyclophospha-
mide has a stronger inhibiting effect on MDA-MB-231 breast
cancer growth in mouse and reverses the rapamycin resis-
tance of lung-metastatic MDA-MB-231 cancer. (5) High-dosage
(5 mg/kg) of rapamycin alone promoted the metastasis of
MDA-MB-231 breast cancer in orthotopic model, which
according to the best of our knowledge is the first in vivo
experimental evidence of such effect of rapamycin.

The human MDA-MB-231 cell line is resistant to rapamycin
treatment in vitro because it has some common features that
contribute to its rapamycin-resistant molecular mechanism,
including low activity of Akt, high level of phospholipase D
(PLD),?* negative oestrogen receptor, and low expression of
Her2. However, as shown in our study, the response of
MDA-MB-231 cell line to rapamycin in vivo was more compli-
cated: the tumour growth was significantly inhibited under
the mammary fat pads but not in the lungs, indicating that
the microenvironmental difference between the mammary
fat pads and lungs may influence the response of tumour
cells to rapamycin therapy.

Cancer cells commonly experience hypoxia due to their fast
growth. Hypoxia, in turn, leads to HIF-1a up-regulation, which
facilitates oxygen delivery to cancer cells and helps them
adapt to oxygen deprivation by activating genes that control
glucose uptake, metabolism, angiogenesis, erythropoiesis, cell
proliferation and apoptosis. Therefore, under hypoxic condi-
tions, HIF-1a plays a facilitating role in tumour progression
and its level may determine the severity of cancer progression.
In many types of cells, PI3 kinase/Akt signalling regulates HIF
activity in an mTOR-dependent manner,?® and HIF-1« is also
known to be sensitive to rapamycin treatment.?* In our breast
cancer orthotopic models, MDA-MB-231 cells grew in mam-
mary fat pad where there is a relatively lower concentration
of oxygen and less vasculature. The high expression of HIF-
1o in these cancer sites was reduced by rapamycin treatment,
indicating that a decrease in HIF-1a level was accompanied by
a significant inhibition of tumour growth.

Unlike mammary fat pad, the environment in the lungs is
rich in oxygen and microvasculature, which may fulfill the
metabolic requirements of tumour growth. This oxygen-rich
environment is similar to in vitro cell culture, where it was
found that the cell line is resistant to rapamycin. An environ-
ment rich in oxygen inhibits the expression and promotes ra-
pid degradation of HIF-1a.>®> Our immunohistochemistry

results show that HIF-1a is at an undetectable level in the
metastatic cancer region in the lungs at 8 weeks after cancer
cell implantation in the metastastic model. Since HIF-1ua
expression is lower in the lungs than in the mammary fat
pad, rapamycin, which suppresses cancer cell growth partly
through the inhibition of HIF-1a, would have a less therapeu-
tic effect in the lungs (an oxygen-rich environment) than in
the mammary environment. A previous study of kidney can-
cer by Thomas and colleagues suggested that HIF-1a level
determines sensitivity of renal cancer cells to inhibition of
mTOR (CCI-779)."® When the level of VHL protein in the kid-
ney, which promotes the HIF-1a by encoding E3 ligase, is re-
duced by VHL shRNA, levels of HIF-1a and HIF-2a increase
in the kidney cancer cells, resulting in a more rapid prolifera-
tion of the cancer cells and an increase in the sensitivity of
these cells to CCI-779. Rapamycin monotherapy failed to inhi-
bit the growth of lung-metastatic MDA-MB-231 cancer. On
one hand, the change of oxygen-microenvironment can alter
the level of HIF-1¢, which influences the response of breast
cancer to rapamycin treatment. On the other hand, oxygen
and nutrient can modulate mTOR signalling, which, in turn,
likely affects the effect of rapamycin. In addition, it is possible
that there are other mechanisms by which tumour cells rap-
idly proliferate under vessel-rich conditions when HIF-1a is
inhibited or knocked out. Blouw and colleagues also found
that the growth of HIF-1a knockout astrocytoma is faster in
the vascular-rich brain parenchyma than in the vessel-poor
subcutaneous (s.c.) environment.?® Therefore, the resistance
mechanism to rapamycin therapy is very complex and war-
rants further investigation.

As a single agent, rapamycin’s efficacy is limited because it
promotes Akt signalling by a feedback activation of the
IRS-PI3K pathway and shifts the equilibrium towards the
mTOR-GRL-rictor complex.”® We combined rapamycin with
cyclophosphamide to treat MDA-MB-231 breast cancer and
demonstrated that the combination not only dramatically sup-
pressed both primary and metastatic tumour growth and pre-
vented tumour metastasis, but also reversed the resistance of
lung-metastatic cancer to rapamycin monotherapy and pro-
longed the survival of the tumour-bearing mice.

In our study the mice that received combination therapy
had much less tumour size and Luc-signal intensity than
those in the control group and the groups received either
rapamycin or cyclophosphamide alone. This much increased
tumour inhibitor effect of rapamycin and cyclophosphamide
may be due to the reason that the two drugs primarily en-
hance each other in inhibiting proliferation and inducing
apoptosis. This additive effect was observed in both ortho-
topic and lung-metastatic models and was more prominent
in the latter model, probably because the rich vasculature
of the lungs enhances drug delivery. Our data also showed
that the combination treatment did not have an increased
anti-angiogenesis effect compared with monotherapy, prob-
ably for the reason that cyclophosphamide elevated the
expression of HIF-1o in tumour cells. Therefore, a decrease
of MVD might not contribute to the anti-cancer effect in
the groups that received the combination therapy. Previous
studies demonstrated that RAD001, a mTOR inhibitor, can
make cancer cells more sensitive to the effect of DNA-
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damaging drugs through p21 translation.® A recent study
demonstrated that the combination of letrozole with cyclo-
phosphamide significantly reduced both PI3K/pAKT and
phospho-mTOR expression.?” In the study, no changes in
PAKT level were observed in patients treated with letrozole
only, whereas a significant decrease of pAKT level was ob-
served in the group that received combined treatment. The
interaction between rapamycin and cyclophosphamide
might also involve p21 translation and AKT phosphorysa-
tion. In our study, we found that rapamycin can persistently
induce Akt activation, while cyclophosphamide can prevent
this feedback activation of Akt. This might be one mecha-
nism by which the combination strategy enhances the
anti-tumour effect of rapamycin. Guba and colleagues pro-
posed that it is critical to control the dosage of rapamycin
to achieve optimal antiangiogenic effect for cancer treat-
ment.?® They found that higher levels (4.5 mg/kg/3 d bolus)
of rapamycin did not improve its inhibitory effect on CT-26
colon adenocarcinoma. When we examined rapamycin’s
growth inhibitory effect at low (1.5 mg/kg) and high dose (5
mg/kg) on orthotopic MDA-MB-231 breast cancer, we found
that high dose did not significantly improve anti-tumour re-
sponse, which was consistent with Guba’s study.® Further-
more, as it was shown in our in vivo data, high dosage of
rapamycin had the side-effect of promoting migration of
MDA-MB-231 cells to form a new tumour colony. Therefore,
in addition to identifying the drug sensitivity, we also need
to determine the optimal dosage of rapamycin as a breast
cancer therapy.

Beside intrinsic properties of tumour cells, external micro-
environment of tumour growth might induce changes of
some intracellular proteins such as HIF-1a in mammary and
lung environment, leading to an alteration in drug resistance.
The combination of rapamycin with cyclophosphamide had a
stronger anti-tumour effect because they mutually enhance
each other by promoting apoptosis and inhibiting tumour cell
proliferation. It is likely that the combination therapy has a
‘doubling’ effect in modulating the PI3k/Akt and mTOR path-
way, although more studies are needed to further elucidate
the detailed mechanisms. This combination regimen may of-
fer a promising therapy for breast cancer, especially for TN
and rapamycin-resistant types of breast cancer.

As an in vivo imaging technique, bioluminescent imaging
is quantitative and highly sensitive, making it well suited to
study tumour development and metastasis.”®> The system
we used in this work, however, can only acquire 2D planar
images of the animals. It cannot pinpoint the location of the
luciferase-transfected cells and the readout is affected by
many factors like light attenuation and scattering in tissue.*
Therefore, careful design of experiments and analysis of the
quantitative data are required. Despite these limitations, bio-
luminescent imaging is well suited for oncology studies for its
high throughput and capability to monitor dynamic pro-
cesses, especially in monitoring metastasis, in which it is of-
ten not known a priori the location of tumour migration. In
combination with other imaging modalities like MRI and mi-
cro PET/CT, one can acquire both anatomic and dynamic
information, thus leading to a better understanding of tumo-
urigenesis and its response to treatment.
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