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Abstract: Breast cancer is the second-leading cause of oncology-related death in US women. Of all invasive breast 
cancers, patients with tumors lacking expression of the estrogen and progesterone hormone receptors and over-
expression of human epidermal growth factor receptor 2 have the poorest clinical prognosis. These referred to as 
triple-negative breast cancer (TNBC) represent an aggressive form of disease that is marked by early-onset metasta-
sis, high tumor recurrence rate, and low overall survival during the first three years post-diagnosis. In this report, we 
discuss a novel model of early-onset TNBC metastasis to bone and lungs, derived from MDA-MB-231 cells. Breast 
cancer cells injected intravenously produced rapid, osteolytic metastases in long bones and spines of athymic nude 
mice, with concurrent metastasis to lungs, liver, and soft tissues. From the bone metastases, we developed a highly 
metastatic luciferase-tagged cell line variant named MDA-231-LUC Met. In this report, we demonstrate that the Akt/
mTOR/S6K1 axis is hyperactivated in these cells, leading to a dramatic increase in phosphorylation of S6 ribosomal 
protein at Ser235/236. Lastly, we provide evidence that inhibition of the furthest downstream kinase in the mTOR 
pathway, S6K1, with a highly specific inhibitor PF-4708671 inhibits cell migration, and thus may provide a potent 
anti-metastatic adjuvant therapy approach. 
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Introduction 

Breast cancer is a group of malignancies that 
arise in mammary ducts and lobules through 
acquisition of a series of genetic mutations. It 
is characterized by an uncontrolled prolifera-
tion of malignant cells that over time can 
degrade the basement membrane, invade 
neighboring tissues and gain the potential to 
spread to distant organ sites, such as lungs, 
liver, brain, and bone. In the clinic, invasive 
breast cancers are routinely screened for over-
expression of human epidermal growth factor 
receptor 2 (HER2) and expression of estrogen 
receptor (ER) and progesterone receptor (PR). 
Therapies are then assigned based on the can-
cer’s molecular profile. Breast cancers that test 
negative for all three markers are known as the 
triple-negative breast cancers (TNBC). Together, 
TNBC represents an aggressive form of the dis-

ease that is marked by a high recurrence rate 
and low overall survival during the first three 
years post-diagnosis [1-4]. During this time, 
TNBC patients are frequently diagnosed with 
metastases to visceral organs or to the bone [3, 
5]. Of all metastatic events, bone metastases 
are the most common [6-8], and brain and bone 
metastases are the most debilitating [9]. 
Recent evidence indicates that 44-67% of 
TNBC patients will develop bone metastasis, 
versus 43% who develop metastasis to all other 
non-osseous organs combined [10, 11]. 
Moreover, since TNBC patients frequently 
develop therapeutic resistance and rapid dis-
ease relapse, metastatic complications pose a 
great risk for this group of individuals [4]. 

Bone metastases are clinically difficult to treat 
in part because they are difficult to model for 
research purposes [12]. Using syngeneic xeno-
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graft models, metastases to multiple organ 
sites can be achieved. For instance, injection of 
mouse mammary cancer 4T1, TM40D, or 
66c14 cells into the mammary fat pad gives 
rise to distant metastases in a variety of tis-
sues, such as the brain, liver, lungs, kidneys, 
and bone [13, 14]. However, concerns exist in 
the ability of mouse mammary cancer models 
to mirror the metastatic process in humans. 
Most human breast cancer cell lines do not 
metastasize to bone from an orthotopic loca-
tion, necessitating use of experimental metas-
tasis models. Specifically, to attain bone metas-
tasis, human breast cancer cells are injected 
into the left ventricle of the heart [15, 16]. 
Despite its difficulty of execution and high ani-
mal mortality rate, intracardiac injection meth-
od is still the primary approach used to eluci-
date mechanisms of bone metastases [17-21]. 
Compared with intracardiac injections, intro-
duction of breast cancer cells through a lateral 
tail vein is a less technically challenging model 
that produces overt lung metastasis [14]. 

Our current study stems from an observation 
that parental, genetically unmodified MDA-
MB-231 (hereinafter referred to as MDA-231) 
breast cancer cells [22, 23] are capable of 
forming a small number of bona fide bone 
metastases when injected intravenously 
through the lateral tail vein (iv) into athymic 
nude mice. Using this model, we derived an 
MDA-231 variant we termed MDA-231-LUC-
Met, a luciferase-tagged cell line that is highly 
metastatic to both bone and lungs when admin-
istered intravenously through the tail vein. 
Importantly, and unlike similar approaches 
employed previously [18, 19], MDA-231-LUC-
Met cells are not single cell clones. Additionally, 
our model does not enrich for metastases at a 
single anatomical site, but rather 100% of mice 
injected with the MDA-231-LUC-Met cell line 
presented with metastases to lungs, bone, 
liver, and other organs. Therefore, this cell line 
can potentially serve as a valuable resource for 
studying multiple organ metastases including 
bone metastasis in TNBC, using a simple intra-
venous method of administration. 

To identify signaling pathways that confer MDA-
231-LUC-Met cells with increased metastatic 
potential, we used an unbiased kinase array 
approach to capture a partial molecular profile 
of these tumor cells. Using this approach, we 

detected a dramatic increase in phosphoryla-
tion of the ribosomal protein S6 (RPS6), which 
eventually led us to identify the S6K1 kinase as 
one of the primary mediators of migration and 
invasion in MDA-231-LUC-Met cells. S6K1 is 
best known as the mTORC1 effector kinase 
that phosphorylates RPS6 at Ser235/236, 
although it is now known to have several other 
substrates as well [24]. Phosphorylation of 
S6K1 at Thr389 by mTOR is a precursor for sub-
sequent phosphorylation at Thr229 by PDK1, 
resulting in maximal activation of S6K1 [25, 
26]. Phosphorylation at the Thr389 site most 
closely reflects the activated state of S6K1 
[27]. In breast cancer, many studies have 
showed that phosphorylation of S6K1 is a 
marker of poor patient prognosis, and its 
knockdown leads to inhibition of proliferation 
and invasion [28, 29]. 

In this study, we find that in MDA-231-LUC-Met 
cells, pharmacological inhibition of S6K1 activ-
ity greatly reduced migration and invasion of 
these cells. In accordance with other studies 
implicating a role for mTOR and S6K1 in cell 
motility and metastasis, our study supports the 
idea that S6K1 is an important regulator of can-
cer cell migration, invasion, and ultimately 
metastasis, as an extension of our in vitro 
observations. Hence, targeting S6K1 in an 
adjuvant setting by small-molecule inhibitors 
could offer a promising avenue for prevention 
of distant metastases and improving prognosis 
for patients with TNBC. Our study lends support 
to the ongoing effort by pharmaceutical compa-
nies to develop S6K1 inhibitors and dual S6K1/
Akt inhibitors for the treatment of different 
types of primary and metastatic cancers.

Methods and materials

Cell lines and culture 

MDA-MB-231 human breast cancer cell line 
was obtained from Dr. Patricia Steeg at the 
National Cancer Institute (described in [22, 
23]) and from American Type Culture Collection 
(Manassas, VA). Cells were cultured in 
Dulbecco’s-modified Eagle’s medium mixed 1:1 
(v:v) with Ham’s F-12 medium (DMEM/F12, 
Invitrogen, Carlsbad, CA) supplemented with 
10% fetal bovine serum (FBS, Atlanta 
Biologicals, Lawrenceville, GA). Neither antibi-
otics nor anti-mycotics were used. All cell lines 
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Figure 1. MDA-231 cells form a low percentage 
of bona fide bone metastasis following intra-
venous route of cell delivery. A. X-Ray imaging 
revealed severe osteolysis of lumbar spine, fe-
mur, and tibia within 3-6 weeks post-inoculation 
of MDA-231 or MDA-231-LUC cells (arrows). B. 
Histological (Hematoxylin & Eosin) examination 
of lung and bone tissues collected at necropsy 
confirmed presence of metastatic foci at these 
sites. C. Longitudinal study of 15 animals in-
jected with 1×106 MDA-231-LUC cells. Evidence 
of bone metastasis was detected as early as 1 
week (arrows), while lung metastases were de-
tected around week 3 (stars) post-injection. D. 
A limiting-dilution experiment of 105, 2.5×105, 
5×105, or 106 cells injected iv. E. MDA-231 cells 
obtained from NCI, but not from ATCC, can form 
metastatic lesions through iv injection model.

were routinely tested and found to be negative 
of Mycoplasma spp. contamination. Cells were 
routinely passaged using 0.2 mmol/L EDTA in 
Ca2+-free, Mg2+-free, and NaHCO3-free Hank’s 
balanced salt solution (HBSS, Invitrogen). Cell 
lines were validated by STR DNA fingerprinting 
using the AmpFlSTR Identifiler kit according to 
manufacturer instructions (Applied Biosy-s 
tems). The STR profiles were compared to 
known ATCC fingerprints (ATCC.org), to the Cell 
Line Integrated Molecular Authentication data-
base (CLIMA) version 0.1.200808 (Nucleic 
Acids Research 37: D925-D932 PMCID: PMC- 
2686526) and to the MD Anderson fingerprint 
database. The STR profiles matched known 
DNA fingerprints or were unique. Stable lucifer-

ase expression was achieved by lentiviral infec-
tion with particles carrying firefly luciferase/
green fluorescent protein fusion gene, followed 
by two rounds of cell sorting by fluorescence 
activated cell sorter (FACS). 

Western blot 

Briefly, cells were lysed in RIPA buffer (25 mM 
Tris-HCL pH 7.6, 150 mM NaCl, 1% NP-40, 1% 
sodium deoxycholate, and 0.1% SDS, supple-
mented with protease and phosphatase inhibi-
tors), and protein concentrations approximated 
with BCA assay (Pierce, Rockford, IL). Cell 
lysates were resolved on precast 4-15% SDS-
PAGE (BioRad, Hercules, CA) under constant 
voltage conditions. Gels were blotted onto 
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Figure 2. MDA-231-Met cells exhibit enhanced tumorige-
nicity. A. An experimental model to establish MDA-231-
Met cell lines. B. Injection of 1×106 MDA-231-LUC-Met 
cells (n=15 mice) intravenously into nude mice results 
in a significantly higher mortality rate as compared to 
MDA-231-LUC cells (n=15 mice). Data are representa-
tive of two independent experiments. Log-rank Mantel-
Cox test, *p<0.05. C. MDA-231-LUC-Met cells (n=4 
mice) grow significantly faster and form larger tumors in 
an orthotopic tumor model, as compared to MDA-231-
LUC cells (n=4 mice). Tumors for tumor weight analysis 
were excised at 14 days post-injection. Data shown are 
from a single experiment and are representative of two 
independent experiments. Unpaired T-test, *p<0.05.

PVDF membrane and blocked in 5% non-fat dry 
milk. Membranes were incubated in primary 
antibody overnight at 4°C. Following incubation 
with the secondary antibody, membranes were 
developed using chemiluminescent substrate 
kit (Pierce). Signal was detected by exposing 
membranes to X-Ray film. Band intensity was 
analyzed by densitometry using NIH ImageJ 
software, and all experiments were done in 
triplicate. 

In vivo xenograft assays 

Athymic nude mice 3-4 weeks old (Swiss nu-nu/
Ncr) were purchased from the MD Anderson 
breeding core facility and housed under sterile 
conditions. All animal experiments were per-

formed in accordance with IACUC regulations 
under MDACC-approved protocol. Briefly, cells 
were counted and re-suspended in HBSS for 
injection into mice. For mammary fat pad injec-
tions, 1×106 cells in final volume of 50 μl were 
injected. Tumors were measured (length×width) 
twice per week with manual calipers for 3 
weeks. Mean tumor diameter was calculated 
using [square root of (length×width)] equation. 
For intravenous (tail vein) injections, 1×106 
cells in final volume of 200 μl were injected, 
unless indicated otherwise. Mice injected with 
cells stably expressing luciferase were moni-
tored by weekly bioluminescence imaging on 
Xenogen IVIS (Caliper, Waltham, MA), and bone 
lesions were confirmed by X-Ray. 
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Figure 3. MDA-231-Met cells are highly invasive, but exhibit similar proliferation rate as compared to parental MDA-
231 cells. A. MTT assay comparing proliferation of MDA-231-LUC and MDA-231-LUC-Met cells. Data are representa-
tive of two independent experiments performed in triplicate. B. Adhesion of MDA-231-LUC and MDA-231-LUC-Met 
cells to different types of extracellular matrix was measured. Data shown are mean ± SEM. T-test, *p<0.05. C. MDA-
231-LUC and MDA-231-LUC-Met cells were grown to confluence. The monolayer was then scratched, and wound-
healing ability assessed at 24 hours post-wounding. D. Same number of MDA-231-LUC and MDA-231-LUC-Met cells 
were plated under 3D conditions in Matrigel. To quantify proliferation, Matrigel was digested and cell number count-
ed using hemacytometer. Data shown are mean ± SEM. Data are representative of three independent experiments 
performed in triplicate. T-test, *p<0.05. E. Migration of the same number of MDA-231-LUC and MDA-231-LUC-Met 
cells suspended in serum-free media was assayed at 18 hours post-plating. Migrated cells were photographed at 
low magnification and manually counted. Data shown are mean ± SEM. Data are representative of two independent 
experiments done in triplicate. T-test, *p<0.05. F. Invasion of MDA-231-LUC and MDA-231-LUC-Met cells through 
collagen I-coated membrane was assayed at 72 hours. Data are representative of triplicate experiments. G. Invasion 
of MDA-231-LUC and MDA-231-LUC-Met cells through Matrigel-coated membrane was assayed at 48 hours. Invaded 
cells were stained with crystal violet, photographed at a low magnification, lysed, and dye absorbance measured. 
Data shown are mean ± SEM. Data are representative of triplicate experiments. T-test, *p<0.05.

Immunohistochemistry

Matched pairs of human primary breast cancer 
and corresponding metastatic tumors were 

stained for phospho-S6 (Cell Signaling, 
Danvers, MA). Staining intensity and the num-
ber of cells exhibiting positive staining was 
analyzed by DAKO image analysis software 
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Figure 4. High S6K1 activity marks metastatic 
breast cancer cells. Cells growing under 2D con-
ditions in culture or 14-day-old primary tumors 
grown in nude mice were lysed. Equal amount 
of protein was hybridized to antibody-spotted 
membrane (A) or resolved by SDS-PAGE and 
membranes hybridized with indicated antibod-
ies (B). Data in panel B are representative of 
tumors collected from several mice. (C) Same 
number of MDA-231-LUC and MDA-231-LUC-Met 
cells were plated under 3D conditions in matri-
gel. After 5 days of culture, cells were fixed and 
immunostained with indicated antibodies (green 
color: beta1 integrin, blue color: DAPI nuclear 
stain) and scanned by 3D confocal imaging. Bar 
graphs represent the average pS6 intensity and 
percent cells staining positively for S6/pS6 in 
eight individual z-stack slices (mean ± SEM). T-
test, *p<0.0001. Data are representative of two 
independent experiment performed in triplicate.

(Carpinteria, CA) in 10 randomly chosen fields 
for each slide. Images were taken using 
CarlZeiss inverted Stemi 2000-C microscope 
(Axiovision software package). Data shown are 
mean ± SEM. All experiments were performed 
under the Institutional Review Board-approved 
protocol. 

MTT assay

Cells were seeded in quadruplicate for each 
condition, in a 96-well plate. At set time points, 
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl 
tetrazolium bromide) solution (Sigma-Aldrich, 
St. Louis, MO) was added to wells and incubat-
ed at 37°C for 4 hours. MTT solution was then 
removed and DMSO was added to solubilize 
formazan dye. Absorbance at 540 nm was 
measured using a Synergy H4 microplate read-
er (BioTek, Winooski, VT). 

Adhesion assay 

Cell adhesion kit was purchased from Millipore 
(Billerica, MA). The assay was carried out as per 
the manufacturer’s recommendations and as 
previously described [30]. 

Wound healing assay

Same number of cells were plated in triplicate 
onto 6-well plates and allowed to grow to con-
fluence. Cell monolayer was scratched with a 
pipette tip to create a “wound”, and wound clo-
sure was examined after 24 hours. 

3D Matrigel mammosphere assay

Growth factor-reduced Matrigel was purchased 
from BD Biosciences (San Jose, CA). The assay 
worked reproducibly when Matrigel protein con-
centration was over 9 mg/ml. Experiments 
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Figure 5. Targeting S6K1 with PF-4708671 inhibitor strongly inhibits cell migration and invasion without affect-
ing their proliferation. A. MDA-231-LUC-Met cells were treated with 5 uM or 10 uM PF-4708671. Cell proliferation 
was measured after 24 hours. Data shown are mean ± SEM. B. Cells were treated for 24 hours with indicated 
concentrations of the drugs. Rapamycin treatment served as positive control for inhibition of S6 phosphorylation. 
Lysed samples were resolved by SDS-PAGE and membranes hybridized with indicated antibodies. C. Migration of 
MDA-231-LUC-Met cells suspended in serum-free media with or without S6K1 inhibitor treatment was assayed at 
24 hours post-plating. Crystal violet was extracted from migrated cells and absorbance was measured. Data shown 
are mean ± SEM. Data are representative of two independent experiments performed in triplicate. T-test, *p<0.05. 
D. Cells were plated in 3D Matrigel as before and treated once on day 0 with 5 uM PF-4708671. Data shown are 
mean ± SEM. Data are representative of three independent experiments done in triplicate. E. Matched primary 
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were carried out as previously described [31, 
32], and were performed in triplicate. For immu-
nocytochemistry, cells growing in 3D cultures 
were fixed with 4% paraformaldehyde and 
stained for S6 and phospho-S6 (Cell Signaling, 
Danvers, MA). Cells were examined on CarlZeiss 
LSM 710 confocal microscope with ZEN 2009 
software. 

Migration assay

Transwell inserts (8 um pore size) were pur-
chased from BD Biosciences (San Jose, CA). 
Tumor cells were suspended in serum-free cul-
ture media, and culture media supplemented 
with 10% FBS was used as a chemoattractant. 
All experiments were performed in triplicate. 

Collagen I invasion assay

Collagen I invasion assay kit was purchased 
from Millipore (Billerica, MA) and assays carried 
out as per the manufacturer’s protocol.

Matrigel invasion assay 

Transwell inserts pre-coated with Matrigel were 
purchased from BD Biosciences (San Jose, CA). 
Tumor cells were suspended in serum-free cul-
ture media, and culture media supplemented 
with 10% FBS was used as a chemoattractant. 
Assays were carried out as per the manufac-
turer’s instructions and performed in triplicate. 

Kinase array

PathScan Receptor Tyrosine Kinase signaling 
antibody array kit (cat. #7982) was purchased 
from Cell Signaling (Danvers, MA) and was uti-
lized as per manufacturer’s instructions. To pre-
pare tumor lysates, snap-frozen tumor tissues 
were lysed in the lysis buffer provided with the 
kit, followed by sonication. Protein concentra-
tion was assayed, and equal amount of total 
protein was loaded for each sample. To deter-
mine spot intensity, doublet spots for each tar-
get protein were scanned by ImageJ software. 

Statistical analysis 

Statistical analyses were performed using 
Student’s T-test unless indicated otherwise 
and p<0.05 was deemed significant.

Results

Intravenous injection of MDA-MB-231 cells 
results in a low percentage of bone metastasis 
in addition to lung metastasis

We recently observed that following an intrave-
nous injection of 1×106 MDA-231 cells into 
athymic nude mice, a low percentage of ani-
mals developed rapid and very aggressive bone 
metastasis. This finding was entirely unexpect-
ed, as MDA-231 has been used in experimental 
metastasis assays for decades, and yet the 
only reported outcome of such studies was 
lung metastasis [21, 33, 34]. Although we sus-
pected that these large tumors were bone 
metastases because many animals conse-
quently developed hind leg paralysis, we con-
firmed that these animals exhibited osteolysis 
typically associated with breast cancer bone 
metastasis. As X-Ray images revealed, most 
animals affected by bone metastasis in this 
model show evidence of severe osteolysis of 
the lumbar spine, though some also developed 
osteolytic fractures of femur or tibia (Figure 1A, 
arrows). The presence of metastatic lesions in 
lungs and bones of these mice was further con-
firmed by immunohistochemical (IHC) staining 
(Figure 1B). 

As shown by bioluminescence imaging in Figure 
1C, immediately following the intravenous tail 
vein injection of luciferase-tagged MDA-231 
cells, bioluminescent signal was restricted to 
the lungs (Figure 1C, upper panel). One week 
later, bioluminescence was detected in the 
spine and hind legs of some animals (Figure 
1C, middle panel), whereas lung biolumines-
cence did not begin to reappear until week 3 
(Figure 1C, lower panel). These data suggest 
that MDA-231 cells are heterogeneous and 
may contain a clonogenic cell population capa-
ble of establishing rapid bone metastasis asso-
ciated with aggressive TNBC disease progre- 
ssion. 

To determine frequency of cells within the 
parental MDA-231 cell population that were 
capable of forming bone metastases, we per-
formed a limiting dilution-type animal experi-
ment, where different numbers of cells were 

and metastatic breast cancer tumor samples collected from the same patient (n=4 patients) were analyzed by im-
munohistochemistry for expression of S6 protein phosphorylated on Ser235. Data were quantified by analyzing 10 
independent fields per section and shown as mean ± SEM. T-test, *p<0.001.
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injected intravenously in the same total volume 
of diluent. The results indicate that the frequen-
cy of cells capable of forming rapid bone metas-
tasis was about 1 in 0.5-1×106 cells (Figure 
1D). Finally, there are many MDA-231 cell line 
variants, but not every variant we tested had 
the same characteristics of in vivo behavior. As 
shown in Figure 1E, with the exception of MDA-
231 cells from ATCC, all other MDA-231 vari-
ants tested exhibited similar metastatic behav-
ior. Furthermore, all cells were subjected to 
“finger printing” analysis based on a 9-allele 
pattern (see Materials and Methods) and all 
were identified as “MDA-MB-231” cells, match-
ing ATCC profile. These data confirm what many 
others had already described: the MDA-231 cell 
line is highly heterogeneous [17, 19, 35, 36]. 
Our results also suggest that there may exist a 
subpopulation of highly aggressive cells capa-
ble of forming rapid bone metastasis.

Isolation and characterization of MDA-231-
LUC-Met cells that exhibit enhanced tumori-
genic and metastatic potential

Based on our hypothesis that the rapid bone 
metastasis we observed were formed by a clo-
nogenic subpopulation of cells present in the 
parental MDA-231 cell line, we then proceeded 
with isolation and characterization of this sub-
population. We followed the experimental pro-
cedure outlined in Figure 2A: MDA-231 cells 
stably expressing luciferase (MDA-231-LUC) 
were injected intravenously through the tail 
vein and animals were monitored for develop-
ment of bone metastasis. We then used a nee-
dle biopsy procedure to aspirate cells from a 
metastatic bone tumor and expanded them in 
culture. We chose not to follow the same proce-
dure for isolation of cells from lung metastasis 
because these studies had been done previ-
ously by others [35]. Upon cell expansion in 
vitro, newly isolated MDA-231-LUC-Met cells 
were subjected to cytologic “fingerprinting” and 
karyotyping to ensure absence of contaminat-
ing mouse cells. We found MDA-231-LUC-Met 
cells to be negative of mouse stroma contami-
nation and to exhibit gene clustering that 
matched the MDA-MB-231 profile from ATCC 
(data not shown). 

Upon in vivo cell line comparison, we found the 
newly isolated MDA-231-LUC-Met cells to be 
more tumorigenic and metastatic than their 
parental MDA-231-LUC counterparts. Animals 

injected with MDA-231-LUC-Met cells died 
more rapidly than those injected with MDA-231-
LUC cells (median survival 60 vs. 80 days, 
respectively, Figure 2B). Moreover, over a 120-
day experiment, animals injected with MDA-
231-LUC-Met cells exhibited a higher incidence 
of bone metastasis, as well as lung metastasis 
(Figure 2B). Hence, we conclude that MDA-231-
LUC-Met cells retain their heterogeneity and 
maintain ability to colonize both bone and lung 
in this experimental metastasis model. 

To further characterize these cells, we per-
formed an orthotopic mammary fat pad injec-
tion experiment. Interestingly, we found that 
while injection of MDA-231-LUC-Met cells 
resulted in accelerated tumor growth and larg-
er tumor size when compared to MDA-231-LUC 
cells (Figure 2C), in vitro proliferation of these 
cell lines was indistinguishable (Figure 3A). 
Additionally, there were only minor (12-20%) dif-
ferences in adhesion of these cells to various 
types of extracellular matrix (Figure 3B), and no 
appreciative differences in colony formation, 
anchorage-independent growth, and wound-
healing assays (data not shown and Figure 3C). 

A recent shift in opinion of usefulness of in vitro 
assays points in the direction of three-dimen-
sional (3D) assays as being more representa-
tive of in vivo cell behavior, as compared to 
cells grown on plastic in 2D. Hence, when we 
tested behavior of MDA-231-LUC and MDA-
231-LUC-Met cells in 3D Matrigel culture, we 
observed two distinct phenotypes that corre-
late with our in vivo findings: in 3D, MDA-231-
LUC-Met cells were highly invasive and prolifer-
ated at a higher rate, when compared to 
MDA-231-LUC cells (Figure 3D). Their enhanced 
invasive ability was further confirmed in Boyden 
chamber-type assays, with similar results 
obtained with uncoated membranes or mem-
branes coated with Collagen I or Matrigel 
(Figure 3E-G). Together, these data indicate 
that MDA-231-LUC-Met cells are highly invasive 
and proliferate at a higher rate when grown in 
the presence of extracellular matrix, all of which 
may attribute to their enhanced metastatic 
potential. 

Kinase array reveals hyper-activation of the 
Akt/mTOR/S6K1 axis in MDA-231-LUC-Met 
cells 

In order to elucidate a potential molecular 
mechanism responsible for accelerated MDA-



TNBC bone metastasis model

370 Am J Transl Res 2014;6(4):361-376

231-LUC-Met metastasis and to determine 
“druggable” protein targets, we subjected cell 
lysates collected from cells grown in 2D in vitro 
culture and lysates of primary orthotopic 
tumors to a phospho-kinase antibody array. We 
chose to utilize this type of array because 
majority of anti-cancer drugs already in the clin-
ic or undergoing pre-clinical testing are kinase 
inhibitors. As expected, MDA-231-LUC and 
MDA-231-LUC-Met cells grown under 2D condi-
tions exhibited few differences in activation of 
kinase pathways (Figure 4A, left panel). This 
supports our earlier conclusion that MDA-231-
LUC-Met cells exhibit behavioral differences 
only in the presence of extracellular matrix or 
within a tumor microenvironment that provides 
additional growth factors or cytokines that acti-
vate specific signaling pathways within these 
cells (Figure 3D-G). We then tested lysates pre-
pared from freshly collected primary tumors 
formed by these two cell lines (Figure 4A, right 
panel). Surprisingly, we only observed one 
major difference in activation of kinase path-
ways between these two cell lines: a 9-fold 
elevation in phosphorylation of Ser235/236 of 
RPS6 (Figure 4A). This led us to ask if either of 
the two upstream kinases, p90RSK or p70S6K 
that can phosphorylate RPS6 at Ser235/236, 
are hyper-activated in these tumor cells. 
Interestingly, only phosphorylation at Thr389 of 
S6K1 was elevated in these tumors (Figure 
4B). Moreover, we observed that Akt signaling 
upstream of mTORC1 and S6K1, but not 
ERK1/2 signaling upstream of RSK, was elevat-
ed in these tumor lysates (Figure 4A, bar 
graph). Phosphorylation of another target of 
mTORC1, 4EBP1, was also elevated in tumors 
formed by the MDA-231-LUC-Met cells (Figure 
4B). Together, these results indicated hyper-
activation of the Akt/mTORC1/S6K1 pathway 
leading to a marked enhancement in phosphor-
ylation of the ribosomal protein S6 at 
Ser235/236. 

To validate the kinase array data we obtained 
from tumor lysates, we asked whether phos-
phorylation of ribosomal protein S6 was also 
elevated in MDA-231-LUC-Met cells grown in 
vitro under 3D Matrigel conditions. As shown in 
Figure 4C, confocal imaging revealed enhanced 
S6 phosphorylation in MDA-231-LUC-Met cells 
grown under 3D conditions. Confocal analysis 
also indicated that majority of MDA-231-LUC-
Met cells stained positive for phospho-S6, 
while its expression in parental MDA-231-LUC 

cells was heterogeneous and few cells exhibit-
ed strong staining intensity. This indicates that 
the MDA-231-LUC-Met variant line is enriched 
in cells that display hyper-activation of the 
mTOR/S6K1 pathway upstream of RPS6. 

Various studies have described the role of 
mTOR in cell motility, specifically through acti-
vation of S6K1 and 4EBP1 [37]. To determine 
the functional importance of S6K1 in the meta-
static properties of MDA-231-LUC-Met cells, we 
treated parental or metastatic cells with 
PF-4708671, a selective small molecule inhibi-
tor of S6K1. As shown in Figure 5A, treatment 
of MDA-231-LUC-Met cells with 5 or 10 µM con-
centration of PF-4708671 for 24 hours was not 
cytotoxic. At the same time, treatment of cells 
with 5 and 10 µM PF-4708671 resulted in 
decreased phosphorylation of S6 (Figure 5B). 
In a Boyden chamber migration assay, treat-
ment of MDA-231-LUC-Met cells with 
PF-4708671 for 24 hours inhibited cell migra-
tion by up to 40% (Figure 5C). Interestingly, 
treatment of cells grown in 3D Matrigel culture 
with PF-4708671 yielded even more dramatic 
results: migration of MDA-231-LUC-Met cells 
was inhibited by 86.7% (Figure 5D). Together, 
these data indicated that targeting S6K1 activ-
ity might be beneficial in an adjuvant setting to 
prevent metastasis. To this end, we then vali-
dated clinical importance of S6K1 activation in 
the context of breast cancer metastasis. We 
stained 8 paired (primary and metastatic tis-
sues collected from the same patient) breast 
cancer samples collected from primary and 
metastatic tumors for RPS6 Ser235/236 phos-
phorylation. As shown in Figure 5E, both the 
intensity and percentage of phospho-S6 posi-
tive cells were significantly increased in 3/4 
cases of human metastatic breast cancer, as 
compared to their matched primary tumors. As 
is the case with parental (MDA-231-LUC) and 
metastatic (MDA-231-LUC-Met) cell lines grown 
under 3D conditions (Figure 4C), there was a 
3-fold difference in the percentage of phospho-
S6 positive cells present in metastatic tumors 
(Figure 5E). We believe these data indicate that 
there may be a clonogenic population of highly 
metastatic, S6K1-activated cells responsible 
for early TNBC relapse. 

Discussion

Cancer metastases remain an important health 
issue to most individuals affected by the dis-
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ease. In breast cancer, patients diagnosed with 
an early-stage, non-invasive disease have an 
excellent 5-year survival rate of over 98%, 
which plummets to under 25% upon diagnosis 
of distant metastases [http://seer.cancer.gov/
csr/1975_2010/]. Moreover, current therapeu-
tic approaches in the metastatic breast cancer 
setting are palliative and no curative strategies 
have been approved at this time. Consequently, 
patients with distant metastases are subject to 
long-term, chronic disease management. Mul- 
tiple hypotheses exist as to why metastases 
treatment is lagging, including existence of rel-
atively few effective animal models of metasta-
sis to study the disease progression in a 
research setting [12], molecular changes that 
occur within the metastatic tumor landscape 
[38], and ineffective clinical trial design that 
negatively selects against potential anti-meta-
static therapeutic agents [39, 40]. 

Our current report describes a new mouse 
model of breast cancer metastasis, which 
allows study of concurrent skeletal metastases 
and metastasis to lungs, liver, and other soft 
tissues in immunocompromised athymic mice. 
The major advantages of this model as com-
pared to other models of breast cancer metas-
tasis to bone are ease of execution of tail vein 
injections, utilization of relatively inexpensive 
athymic nude mice, and rapid disease onset. 
Specifically, while injection of breast cancer 
cells into the left ventricle of the heart is a high-
ly reproducible, well-established model of bone 
metastasis, it is also technically challenging 
and may result in high animal mortality associ-
ated with the procedure itself [41]. At the same 
time, intracardiac injection of cells produces 
metastasis mostly to bone and brain within 4-6 
weeks, but infrequently to the lungs and other 
soft tissues [12, 13]. Moreover, use of the intra-
cardiac injection model requires deep anesthe-
sia, which could further decrease animal sur-
vival. Conversely, our model is easily executed; 
cells could be injected rapidly without use of 
the anesthesia, and with low potential mortality 
rate. In addition, in this study we show that the 
intravenous injection of MDA-231-LUC-Met 
cells produces rapid metastases to bone and 
soft tissues within the same cohort of animals, 
which should provide a valuable resource for 
expedited testing of potential anti-metastatic 
therapeutics. 

The second advantage of this model is use of 
well-characterized athymic nude mice as recipi-

ents of the highly metastatic MDA-231-LUC-
Met cells. Recent advances in derivation and 
characterization of new genetic backgrounds of 
immunocompromised mice have allowed for 
establishment of hybrid “humanized” mouse 
models to study the behavior of human cancer 
cells in the human bone microenvironment [15, 
42, 43], while other models looked for sponta-
neous metastases to bone from orthotopically 
injected tumor cells [44]. Yet, the major disad-
vantage of these models lies in the astronomi-
cal cost of the highly immunosuppressed mice 
used in these studies, such as the non-obese 
diabetic severe combined immunodeficient 
(NOD/SCID) and NOD/SCID gamma (NSG) mice, 
which typically cost around three times as 
much as the athymic nude mice. Together, we 
believe use of the less expensive animals will 
provide private investigators more freedom in 
testing their hypotheses aimed at reducing 
metastatic breast cancer morbidity and 
mortality. 

Finally, our model provides great scientific flex-
ibility to modulate gene expression in low meta-
static MDA-231-LUC and highly metastatic 
MDA-231-LUC-Met clones. As we have charac-
terized both the time to metastases onset and 
the pattern of anatomical metastasis distribu-
tion, this model will provide a useful tool for 
investigators interested in comparing a particu-
lar gene’s role on metastases onset and/or 
their specific anatomical “homing” capacity. 

Although we only utilize a single cell line, the 
MDA-MB-231, which has already been exten-
sively studied by many others in the context of 
bone metastasis [12, 18, 19], our model still 
holds potential to elucidate additional molecu-
lar mechanisms that underlie metastasis. For 
instance, even though bone-homing MDA-231 
cells have been characterized and a bone 
metastasis signature established [18, 19], 
there are several clinical reports that identify 
discordance between the gene signature iden-
tified through the animal models and the gene 
signature that exists in breast cancer patients 
[45-47]. Moreover, therapeutic interventions 
derived from such studies have not shown sig-
nificant benefit for patients suffering from 
breast cancer metastases [48, 49]. These data 
suggest that perhaps not all potential predic-
tors of bone metastases had been identified to 
date. We hope that this model will be useful in 
providing better characterization of primary 
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tumors and their propensity for forming 
metastasis.

In terms of identification of potentially “targe-
table” proteins by our model, we identified that 
the kinase S6K1 is highly important in these 
metastatic breast cancer cells. We further 
showed that pharmacological inhibition of 
S6K1 function exerts an inhibitory effect on 
tumor cell migration. Although S6K1 is directly 
downstream of a well-known mTORC1 complex 
with strong ties to metastasis regulation, to 
date, few reports have attempted to delineate 
specific S6K1 functions related to metastasis. 
S6K1 has previously been implicated in breast 
cancer progression: its mRNA and protein lev-
els are highly elevated in primary breast can-
cers and correlate with poor patient survival 
[29, 50, 51]. Moreover, a recent study showed 
that inhibition of S6K1 kinase activity in TNBC 
leads to decreased local tumor relapse, where-
as modulation of mTORC1 function with clinical-
ly-approved rapalogs did not yield similar 
results [52]. In accordance with our results that 
S6K1 function was highly elevated in the inva-
sive breast cancer cells, Segatto et al. conclud-
ed that S6K1 function was required for cell sur-
vival within the tumor microenvironment and 
subsequent tumor re-growth [52]. In addition, 
S6K1 copy number gain significantly correlates 
with increased risk of distant recurrence in 
breast cancer patients [53]. 

In vitro studies have showed that S6K1 is a 
mediator of cell motility in response to a variety 
of growth factors such as EGF, HGF and IGF-1 
[54-56]. In addition to changes in Akt and S6 
phosphorylation, the kinase array that we per-
formed on tumor samples from MDA-231-LUC-
Met cells also showed an increase in phosphor-
ylation of EGFR, HER2 and RET. There is an 
indication that EGFR function and breast can-
cer metastasis to bone and brain are linked, 
and it is now known that high expression of RET 
inversely correlates with metastasis-free sur-
vival in breast cancer [57-59]. Since the ErbB 
and RET receptors are upstream of PI3K-Akt, it 
is plausible that hyper-activation of the Akt/
mTOR/S6K1 axis is prompted by activation of 
these receptors by their ligands in the tumor 
microenvironment [60, 61]. So far, EGFR inhibi-
tion has showed only limited promise in the 
treatment of metastatic TNBC, possibly due to 
alterations in components of signaling path-
ways downstream of EGFR, such as KRAS 

mutation or loss of PTEN [62]. The only way to 
overcome this problem is to identify ‘druggable’ 
targets that are further downstream in these 
pathways. 

In conclusion, our model described in this 
report and previous models of breast cancer 
bone metastasis all converge upon the mTORC1 
pathway as the major signaling transduction 
node responsible for controlling metastasis 
[29, 63]. Consequently, clinical benefits of 
inhibitors to mTORC1 and PI3 kinases, all act-
ing directly upstream of the S6K, were highly 
anticipated in metastatic breast cancer. Yet, to 
date, those inhibitors have proved ineffective 
[64-66]. Pharmaceutical companies have 
recently showed interest in the development of 
S6K inhibitors and dual S6K/Akt inhibitors, 
with several of these products currently in the 
pipeline [24]. An ATP-competitive S6K inhibitor 
from Eli Lilly, LY2584702 tosylate, did not per-
form satisfactorily in a Phase Ib clinical trial 
[67]. XL418 from Exelixis was the first dual 
S6K/Akt inhibitor to enter clinical trial for solid 
cancers in 2007. However, the trial was sus-
pended due to low drug exposure [24]. Another 
dual S6K/Akt inhibitor MSC2363318A devel-
oped by EMD Serono is currently entering 
Phase 1 clinical trial for advanced malignan-
cies [http://clinicaltrials.gov/]. Based on our 
data and the data described in [52], we pro-
pose that patients who exhibit the activation of 
S6K1 or high S6 phosphorylation in their pri-
mary tumors might be at a greater risk for 
developing local relapse and/or distant metas-
tases. Hence, early treatment of these patients 
with S6K inhibitors in combination with the 
standard of care might provide a significant 
clinical benefit and prolong their disease-free 
survival. 
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