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ABSTRACT
The transcription factor TWIST1 induces epithelial‐mesenchymal transition and/or escape to the oncogenic‐induced failsafe program,
facilitating the intravasation of breast cancer cells in the systemic circulation and their dissemination to the lungs. Its involvement in
breast cancer bone metastasis is unknown. To address this question, human osteotropic MDA‐MB‐231/B02 breast cancer cells were
stably transfected with a Tet‐inducible vector encoding for TWIST1, whose expression was specifically repressed in the presence of
doxycycline (dox). The intra‐arterial inoculation of transfectants expressing TWIST1 in immunodeficient mice substantially increased
the extent of osteolytic lesions in these animals, being 50% larger than that of animals bearing mock‐transfected tumors, as
determined by radiography. This difference was accompanied by a sharp reduction of the bone volume (indicating a higher bone
destruction) and a twofold increase in the tumor volume compared with mice bearing mock‐transfected tumors, as determined by
histomorphometry. Importantly, the suppression of TWIST1 expression in MDA‐MB‐231/B02 cells in the presence of dox abolished the
stimulatory effect of TWIST1 on bonemetastasis formation in vivo. Additionally, examination of the bonemarrow from untreated and
dox‐treated animals on day 7 after tumor cell inoculation, at which time there was no evidence of radiographic osteolytic lesions,
revealed that the number of tumor cell colonies that were recovered from the bone marrow of untreated mice was dramatically
increased compared with that of dox‐fed animals. In vitro, TWIST1 expression promoted tumor cell invasion and enhancedmicroRNA
10b (miR‐10b) expression, a proinvasive factor, but was dispensable for growth of tumor cells. In vivo, the repression of miR‐10b
substantially decreased the presence of TWIST1‐expressing breast cancer cells in the bonemarrow. Overall, these results establish that
TWIST1 facilitates breast cancer bone metastasis formation through a mechanism dependent of miR‐10b, which leads to increase
tumor burden and bone destruction. © 2014 American Society for Bone and Mineral Research.
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Introduction

Breast cancer is prone to metastasize to bone: around 70% to
80% of patients with advanced disease exhibit osteolytic

bonemetastases.(1) Oncemetastatic breast cancer cells are in the
bone marrow, they cannot destroy bone on their own. Instead,
they alter the functions of bone‐resorbing cells (osteoclasts) and
bone‐forming cells (osteoblasts) and hijack signals coming from
the bone matrix.(1) Specifically, metastatic breast cancer cells
enhance bone resorption and inhibit bone formation, and bone‐
derived growth factors released from resorbed bone stimulate
skeletal tumor outgrowth.(1) The realization that breast cancer
cells in the bone marrow promote skeletal destruction has led to

the use of therapies that inhibit the activity of bone‐resorbing
osteoclasts (bisphosphonates, denosumab).(2) However, these
treatments are only palliative. They do not provide a life‐
prolonging benefit to patients, and a significant proportion of
these patients with advanced breast cancer still experience bone
complications.(2) Thus, cellular and molecular mechanisms
implicated in the early dissemination of breast cancer cells in
the bone marrow need to be better understood in order to
improve current treatment modalities.

The blood of many patients with advanced breast carcinomas
contains circulating tumor cells, at least a subset of which may
extravasate and disseminate in the bone marrow.(3) These tumor
cells disseminating in the bone marrow, in all probability,
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represent the earliest sign of development of metastatic disease
in patients. Indeed, their detection in the bonemarrow correlates
with a poor clinical outcome in breast carcinomas.(4) Additionally,
a current hypothesis gaining ground is that disseminated tumor
cells in the bone marrow (and circulating tumor cells in the
blood) display a full or partial epithelial‐to‐mesenchymal
transition (EMT), leading to mesenchymal traits such as loss of
E‐cadherin–mediated cell‐cell adhesion, induction of invasive-
ness, and anchorage‐independent growth.(3,5,6) EMT can also
induce circulating and disseminating breast cancer cells to enter
into a stem cell–like state, as exemplified by the expression of
stem cell markers (such as CD44high/CD24low).(3,5,6) Interestingly,
Twist1 has been reported as a link between EMT and stemness in
breast carcinomas.(7) It is expressed in disseminated breast
cancer cells that persist in the bone marrow after chemothera-
py.(8) Yet its involvement in breast cancer bone metastasis
formation is unknown.
Twist1 is a basic helix‐loop‐helix transcription factor initially

identified as a major regulator of cell movement and tissue
reorganization during early embryogenesis.(7) However, TWIST1
is aberrantly reactivated in human cancers.(7) In clinical studies,
TWIST1 expression in primary breast tumors has been associated
with disease aggressiveness and poor survival.(9) Indeed, TWIST1
mediates escape to the oncogenic‐induced failsafe program by
preventing oncogene‐induced senescence and apoptosis, which
provides tumor cells with a growth advantage.(10) In mouse and
human breast tumor xenograft models, TWIST1 also promotes
tumor cell invasion through activation of microRNA 10b (miR‐
10b), facilitating the intravasation of breast cancer cells in the
systemic circulation and their dissemination to the lungs.(11–13)

Additionally, the prometastatic effects of TWIST1 are dependent
on the activation of a CD44‐lysyl oxidase (LOX) pathway that
stimulates TWIST1 transcription in breast cancer cells.(14) Thus,
a number of experimental findings have been gathered
demonstrating that TWIST1 expression in breast cancer is
associated with tumorigenesis and lung metastasis.
In the present study, we sought to explore the function(s) of

TWIST1 in experimental human breast cancer bone metastasis.

Materials and Methods

Cell lines, cell culture and transfection

The human B02 breast cancer cell line is a subpopulation of the
MDA‐MB‐231 cell line that was selected for the high efficiency
with which it metastasizes to bone in animals.(15) This cell
line was authenticated using short tandem repeat analysis.
The human MCF‐7 and mouse 4T1 breast cancer cell lines were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The human mammary epithelial cell (HMEC)
lines expressing the control vector pBABE‐PURO or pBABE‐PURO/
TWIST1 and characteristics of Tet‐off‐expressing B02 cells were
previously described.(11,16) The cDNA encoding the entire human
TWIST1 was amplified by PCR and inserted into the pCi‐Neo
plasmid (Promega, Charbonnieres, France) to generate the
pCi‐Neo‐Twist1. The bidirectional vector pBiL/TWIST1 was
constructed by inserting the Twist1 encoding sequence digested
by NheI/NotI from the pCi‐neo into the pBiL plasmid (Clontech).
Tet‐off‐expressing B02 cells were cotransfected with pBiL/Twist1
together with a vector conferring puromycin resistance.
Selection of the clones was obtained after growing the cells
for 2 weeks in the presence of puromycin (2mg/mL). Luciferase
induction upon doxycycline (dox) withdrawal was used to select

inducible clones among stable transfectants. Two TWIST1‐
inducible transfectants (B02‐Twist#112 and B02‐Twist#135)
and one negative control‐inducible transfectant (B02‐GFP/
bGAL) encoding for b‐galactosidase (bGAL) and luciferase
were used in the present study. Inducible transfectants were
routinely cultured in DMEM medium (Invitrogen, France)
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin (Invitrogen) at 37°C in a 5% CO2 incubator.

For the silencing of miR‐10b in B02‐Twist#135 and 4T1 cells, an
antagomiR‐10b and a negative control antagomiR were
purchased from Applied Biosystems. Both cell lines were
transfected with 50 nM of antagomiR‐10b or negative control
antagomiR using the HiPerFect transfection reagent (Qiagen,
Courtabeuf, France). These antagomiRs were incubated with
1� 106 cells for 30 minutes at 37°C in a 5% CO2 incubator.
Transfected cells were then grown in culture for 72 hours before
tumor cell inoculation to animals. The efficiency of oligonucleo-
tide delivery into these tumor cells was assessed using cell
transfection with Alexa‐fluor488‐conjugated oligonucleotides
followed by flow cytometry analysis of fluorescently‐labeled
transfected cells.

Immunofluorescence

Dox‐treated and untreated B02 transfectants were fixed in
culture wells with 2% paraformaldehyde (Sigma) in PBS for 10
minutes and permeabilizedwith 0.2% (vol/vol) saponin in PBS for
10minutes. The samples werewashedwith 10mMglycine in PBS
prior to blockage of aspecific sites with 10% (vol/vol) goat serum.
Immunodetection was performed using a mouse monoclonal
antibody against TWIST1 (Twist2C1a; Abcam; dilution 1/100)
or a rabbit polyclonal antibody against YB‐1 (Abcam; dilution
1/1,000). Following overnight incubation at 4°C, cells were
incubated for 1 hour with a secondary antibody (Alexa 488‐
conjugated goat anti‐mouse for TWIST1 and Alexa 488‐
conjugated goat anti‐rabbit for YB‐1) at a dilution of 1/1000
(Rockland, Tebu‐bio). Nuclei were labeled for 10minutes at room
temperature with 4,6‐diamidino‐2‐phenylindole (DAPI) at a
concentration of 1mg/mL in PBS. The distribution of F‐actin
was visualized after incubation of permeabilized cells for
50 minutes at room temperature with phalloidin (1/40 dilution;
Molecular Probes), according to the manufacturer’s instructions.
Cells were observed using a LMS510 laser scanning confocal
microscope (Zeiss, Le Pecq, France) with a 63� (numerical
aperture 1.4) Plan Neo Fluor objective. To prevent contamination
between fluorochromes, each channel was imaged sequentially,
using the multi‐track recording module, before merging.

Western blotting

Total protein cell extracts were lysed in radioimmunoprecipi-
tation assay (RIPA) buffer (Sigma) containing a protease
cocktail inhibitor (Roche). Nuclear and cytoplasmic proteins
were extracted from 4� 106 cells using the NE‐PER nuclear and
cytoplasmic extraction kit (Thermo Scientific), according to the
manufacturer’s instructions. Protein cell extracts were electro-
phoresed on a 4% to 12% gradient SDS‐polyacrylamide gel
(Life Technologies), then transferred onto nitrocellulose
membranes (Millipore, Billerica, MA, USA) and proteins were
probed with a primary antibody against TWIST1 (twist2C1a,
1/200 dilution; Abcam), YB1 (rabbit polyclonal antibody, 1/2000
dilution; Abcam), E‐cadherin (goat polyclonal antibody, 1/2000
dilution; R&D Systems), vimentin (rabbit polyclonal antibody,
1/1000 dilution; BioVision), b‐tubulin (Cl B‐512, 1/5000 dilution;
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Sigma) or H4 histone (mabF‐9, 1/1000; Santa Cruz Biotechnol-
ogies, Santa Cruz, CA, USA), according to the manufacturers’
instructions. After incubation with primary antibodies, mem-
branes were incubated with horseradish peroxide (HRP)‐
conjugated donkey anti‐rabbit and anti‐mouse secondary
antibodies (Amersham; 1/2000 dilution), and immunostaining
was performed with enhanced chemiluminescence (ECL)
detection system (Perkin Elmer).

Real‐time RT‐PCR

Total RNA from human breast tumor cells was extracted using
the Nucleospin RNA kit based on RNA adsorption on silica
membrane further treated by rDNAse (Macherey Nagel, Duren).
cDNA was produced from 1mg total RNA using the iScript cDNA
Synthesis Kit (Bio‐Rad, Hercules, CA, USA). Real‐time quantitative
PCR reactions were performed using a SYBR Green qPCR kit
(Qiagen, Courtabeuf, France) on a Light‐Cycler (Roche Diagnos-
tics, Mannheim, Germany). Relative gene expression levels were
normalized according to the threshold cycle (Ct) value of the
gene encoding the ribosomal protein L32 and results were
expressed as fold differences equal to 2–DDCt. In some experi-
ments, TWIST1 levels in B02 clones were expressed as copy
number/mg RNA by absolute quantification, using a standard
curve set up from 2� 1011 to 2� 102 copies. PCR reactions were
performed with the following primers: TWIST1 forward 50‐
GCAGGACGTGTCCAGCTC‐30, TWIST1 reverse 50‐CTGGCTCTTCCT-
CGCTGTT‐30; VEGF forward, 50‐AGGAGGAGGGCAGAATCAGAC‐30,
VEGF reverse 50‐TCTATCTTTCTTTGGTCTGCATT‐30; DKK1 forward
50‐TAGCACCTTGGATGGGTATT‐30, DKK1 reverse 50‐ATCCTGAGG-
CACAGTCTGAT‐30; YB‐1 forward 50‐GGAGATGAGACCCAAGGTCA‐
30, YB‐1 reverse 50‐GGTAAGCCGGCATTTACTCA‐30; LOX forward
50‐GGATACGGCATGGCTACTTC‐30, LOX reverse 50‐TTGGTCGGCT-
GGCTAAGAAAT‐30; LOXL2 forward 50‐CGGAGGATGTCGGTGTGGT‐
30, LOXL2 reverse 50‐TGGCAGTCGATGTCCGCAT‐30; CDH2 forward
50‐CCATCACTCGGCTTAATGGT‐30, CDH2 reverse 50‐ACCCA-
CAATCCTGTTCCACAT‐30; RUNX2 forward 50‐GGAGTGGACGAGG-
CAAGA‐30, RUNX2 reverse 50‐AGCTTCTGTCTGTGCTTCTGG‐30; ZEB1
forward 50‐AGCAGTGAAAGAGAAGGAATGC‐30, ZEB1 reverse 50‐
GGTCCTCTTCAGGTGCCTCAG‐30; ZEB2 forward 50‐CAAGAGGCG-
CAAACAAGC‐30, ZEB2 reverse 50‐GGTTGGCAATACCGTCATCC‐30;
SNAI1 forward 50‐TCGGAAGCCTAACTACAGCGA‐30; SNAI1 reverse
50‐AGATGAGCATTGGCAGCGAG‐30; SNAI2 forward 50‐AAGCATTT-
CAACGCCTCCAAA‐30, SNAI2 reverse 50‐GGATCTCTGGTTGTGGTAT-
GACA‐30; and RPL32 forward 50‐CAAGGAGCTGGAAGTGCTGC‐30,
RPL32 reverse 50‐CAGCTCTTTCCACGATGGCT‐30.

TaqMan microRNA assays (Applied Biosystems, Life Technolo-
gies) were used to quantify miR‐10b and RNU48 levels after
extraction by cell homogenization in TRIzol reagent (Gibco). Ten
(10) ng of total RNA were reverse‐transcribed using the
MultiScribe reverse transcriptase and 50 nM stem‐loop RT
primers specific formiR‐10b and the endogenous control RNU48.
Mature miRNAs were amplified using the TaqMan 2� universal
PCR Master Mix and miR‐10b levels were expressed as fold
differences equal to 2–DDCt.

Cell enumeration assay

Cell growth curves were done after seeding the cells (1� 104 per
well) into 12‐well plates and cultured them up to 96 hours. Cells
were harvested at various time points following trypsinization
and single‐cell suspensions were then counted by the True
Volumetric Absolute Counting technique of flow cytometry
(Partec Instruments).

Cell apoptosis assay

Cells in culture were serum‐starved for 24 hours using DMEM
medium supplemented with 0.1% (wt/vol) BSA then treated or
not treated with camptothecin (a proapoptotic drug) for 6 hours.
These cultured cells were then detached with Accutase, washed
twice with cold PBS and resuspended in Annexin V binding
buffer at a concentration of 1� 106 cells/mL, according to the
manufacturer’s instructions (BD Pharmingen). Cells in suspension
were stained with phycoerythrin (PE)‐AnnexinV and the vital dye
7‐amino‐actinomycin (7‐AAD). Early apoptotic cells will exclude
7‐AAD, whereas late‐stage apoptotic cells will stain positively,
due to the passage of the dye into the nucleus where it binds to
DNA. Cell apoptosis was measured by flow cytometry.

Cell invasion assay

Experiments were conducted in 24‐well cell culture plates with 8‐
mm‐diameter pore‐size inserts, coated with 100‐mL basement
membrane Matrigel (0.3mg/mL), as described.(17) Untreated and
dox‐treated B02 transfectants (1.6� 105 cells/mL) and control‐
and TWIST1‐expressing HMEC cells (5� 105 cells/mL) were
resuspended in culture medium containing 0.1% (wt/vol) bovine
serum albumin and 300mL of this cell suspension were loaded
into each insert (upper chamber). The chemoattractant (10% v/v
fetal calf serum) was placed in the lower chamber (750mL/well).
After a 24‐hour incubation at 37°C in a 5% CO2 incubator, inserts
were collected, the non‐invading cells were removed, and the
invading cells on the under surface of the inserts were fixed and
stained with crystal violet. Cells were then counted under a
microscope.

Animals

Four‐week‐old female Balb/c immunocompromised mice were
purchased from Charles River Laboratories (St. Germain sur
l’Arbresle, France). All procedures involving animals, including
their housing and care, the method by which they were culled,
and experimental protocols were conducted in accordance with
a code of practice established by the local ethical committee of
the University of Lyon.

Animal studies

Orthotopic tumor xenograft experiments were conducted, as
described.(17) Four‐week‐old female nude mice treated with dox
or left untreated were injected in the fat pad of the fourth
mammary gland with dox‐treated or untreated transfectants
(1� 106 cells in 50mL PBS), respectively. Tumor size was
calculated by external measurement of the width (m1) and
length (m2) of tumor xenografts using a Vernier caliper. Tumor
volume (TV) was calculated using the equation TV¼ (m1

2�m2)/2.
At the end of the protocols, mice were euthanized and tumors
were collected then prepared for immunohistochemistry.

Bonemetastasis experiments were conducted in female Balb/c
nude mice, as described.(15–18) Dox‐treated or untreated trans-
fectants (5� 105 cells in 100mL PBS) were injected into the
tail artery of anesthetized nude mice treated with dox or left
untreated, respectively. Animals received or did not receive dox in
the water supply (containing sucrose) for the duration of the
experiments. Radiographs of anesthetized animals were taken
weekly with the use of MIN‐R2000 films (Kodak, Rochester, NY,
USA) in an MX‐20 cabinet X‐ray system (Faxitron X‐ray
Corporation, Wheeling, IL, USA). Osteolytic lesions were identified
on radiographs as radiolucent lesions in the bone. The area
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of osteolytic lesions was measured using a computerized image
analysis system, and the extent of bone destruction per leg was
expressed in square millimeters. For measurement of skeletal
tumor burden, bioluminescence imaging of animals was
performed weekly using the Nightowl imaging system (Berthold,
Germany), as described.(15–18) On day 32 after tumor cell
inoculation, anesthetized mice were euthanized by cervical
dislocation after radiography and bioluminescence imaging.
For ex‐vivo bone marrow micrometastasis experiments, dox‐

treated or untreated B02 transfectants (5� 105 cells in 100mL
PBS) were injected into the tail artery of animals treated with dox
or left untreated, respectively. Alternatively, animals were
inoculated with B02‐Twist#135 or 4T1 cells transfected with
antagomiR‐10b (5� 105 cells in 100mL PBS). Animals were then
culled on day 7 after tumor cell inoculation. Hind limbs were
collected and tibias and femurs were minced then soaked in an
enzyme cocktail containing 300U/mL type‐I collagenase and
100U/mL hyaluronidase (StemCell Technologies) in DMEM
medium for 2 hours at 37°C. Lungs were minced and an enzyme
solution containing 0.25mg/mL type‐I collagenase (Sigma) was
added for 1 hour at 37°C. After incubation, cell suspensions from
bone marrow and lungs were seeded in six‐well plates and
cultured in complete medium. After 1 day of culture, B02‐
Twist#135 and 4T1 cells were placed under antibiotic selection
for 2 weeks (puromycin and 6‐thioguanine, respectively),
allowing the selective growth of antibiotic‐resistant tumor cells.
Colonies of tumor cells were then fixed, stained with crystal
violet, and counted.

Bone histology, histomorphometry, and
immunohistochemistry

Bone histology and histomorphometric analysis of bone tissue
sections were performed as described.(15–18) Histomorphomet-
ric measurements (bone volume [BV]/tissue volume [TV] and
tumor volume [TuV]/soft tissue volume [STV] ratios) were
performed in a standard zone of the tibial metaphysis, situated
at 0.5mm from the growth plate, including cortical and
trabecular bone. The BV/TV ratio represents the percentage of
bone tissue. The TuV/STV ratio represents the percentage of
tumor tissue. The in situ detection of osteoclasts was performed
on tartrate‐resistant acid phosphatase (TRAP)‐stained longitudi-
nal paraffin‐embeddedmedial sections of tibial metaphysis with
the use of a commercial kit (Sigma). Osteoclast resorption
surface was calculated as the ratio of TRAP‐positive trabecular
bone surface to the total trabecular bone surface at the tumor‐
bone interface.
For immunohistochemistry, tumor sections were incubated

with a mouse anti‐human Ki67 monoclonal antibody (DakoCy-
tomation) or a rabbit polyclonal anti‐CD31 antibody (AnaSpec)
that specifically recognize proliferative cells and blood vessels,
respectively. The mitotic index and tumor microvessel density
were quantified, as described.(18)

Osteoclastogenesis assay

Experiments were conducted as described,(16–18) with minor
modifications. Briefly, murine bonemarrow cells were cultured in
a‐MEM medium containing 10% (vol/vol) fetal calf serum
supplemented with macrophage colony‐stimulating factor
(M‐CSF) (20 ng/mL) and RANK‐L (30 ng/mL), in the presence of
conditioned medium from transfectants (20mg/mL). A low
concentration of RANKL was chosen in this study in order to
maximize potential differences between conditioned media

from B02‐Twist#135 cells expressing or not expressing TWIST1.
After 7 days, mature osteoclasts were enumerated under a
microscope on the basis of the number of nuclei (more than
three nuclei) and TRAP activity. Results were expressed as the
number of osteoclasts per well. The expression of genes involved
in osteoclast differentiation and activity was analyzed by RT‐
qPCR, as described.(19)

Cytokine array

A commercial antibody‐based protein microarray designed to
detect 23 proteins including growth factors, cytokines, and
chemokines (RayBio Human Cytokines Array 1, RayBiotech)
was used. Array membranes were incubated for 2 hours
with the conditioned medium from cultured transfected cells
(150mg/mL). After washing, membranes were incubated with a
cocktail of 23 biotinylated antibodies, and the remaining
experimental procedure was carried out following the manu-
facturer’s instructions.

Flow‐cytofluorometric analysis

Untreated and dox‐treated B02‐Twist#135 cells (1� 106 cells in
500mL PBS supplemented with 1% BSA) were stained with a
phycoerythrin‐conjugated human anti‐CD24 or a fluorescein‐
isothiocyanate‐conjugated human anti‐CD44 monoclonal anti-
body (BD Biosciences). Stained cells were then immediately
analyzed by flow cytometry (Canto II; Becton Dickinson).

Statistical analysis

All data were analyzed using StatView software (version5.0; SAS
Institute Inc, Cary, NC). Pairwise comparisons were carried out by
performing a nonparametric Mann‐Whitney U test. p values less
than 0.05 were considered statistically significant. All statistical
tests were two‐sided.

Results

Structural and functional characterization of TWIST1‐
expressing B02 transfectants

To investigate the role of TWIST1 in bone metastasis, we chose
the human osteotropic MDA‐MB‐231/B02 breast cancer cell line
(named B02 for brevity). The B02 breast cancer cell line is a
subpopulation of the MDA‐MB‐231 cancer line that was selected
for the high efficiency with which it metastasizes to bone in
animals.(15) Like many other basal breast cancer cell lines, MDA‐
MB‐231 (Supporting Fig. S1) and B02 cells did not express Twist1.
B02 cells were stably transfected with a Tet‐inducible bidirec-
tional vector encoding for TWIST1 and luciferase, whose
expression was specifically repressed in the presence of dox. A
negative control cell line was obtained by introducing a pBI‐L
bidirectional Tet‐inducible vector encoding for b‐galactosidase
and luciferase (B02‐Ctrl).(16) Two TWIST1‐inducible clones (B02‐
Twist#112 and B02‐Twist#135) were selected on the basis of a
specific TWIST1 expression upon doxwithdrawal. TWIST1 levels in
B02‐Twist#112 and #135 cells were moderate and high,
respectively (Supporting Fig. S2). B02‐Twist#135 cells expressed
2� 0.014� 108 copies/mg RNA of TWIST1, as assessed by
RT‐qPCR analysis, whereas B02‐Twist#112 cells had 3.5 fewer
copies. Analysis of B02‐Twist#135 cells by confocal microscopy
showed that TWIST1was specifically localized in the nucleus. Dox
treatment of B02‐Twist#135 cells led to an almost complete
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repression of TWIST1, as judged by both confocalmicroscopy and
immunoblotting (Fig. 1A, B).

Although B02 cells did not express TWIST1, many other genes
encoding for EMT‐inducing transcription factors, including SNAI1
(Snail), SNAI2 (Slug), ZEB1 and ZEB2, were highly expressed in
these mesenchymal cells, compared with that observed for
MCF‐7 breast cancer cells, which have an epithelial phenotype
(Supporting Table 1). Additionally, B02 cells lost the expression of
the epithelial marker E‐cadherin, whereas they expressed the
mesenchymal marker vimentin (Fig. 1C). The expression of these
transcription factors and vimentin, and the loss of E‐cadherin

likely explained the spindle‐like, fibroblastic morphology of B02
cells (not shown). This morphological change is one of the
hallmarks of an EMT. Ectopic TWIST1 expression in B02‐Twist#135
cells did not, however, further modify the morphological
appearance of these cells (not shown) and, at the molecular
level, it did not alter cadherin‐11 expression (Fig. 1C). Cadherin‐
11 is an osteoblast cadherin whose expression correlates with
the osteotropic properties of B02 cells.(20) Conversely, TWIST1
regulated the expression of zinc‐finger transcription factors. An
inverse transcriptional link between TWIST1 and SNAI1 in
MCF10A mammary epithelial cells has been suggested.(21)

Additionally, ectopic TWIST1 expression in human HMLE
mammary epithelial cells induces SNAI2 transcription.(22) In
agreement with these findings,(21,22) we observed here that
TWIST1 had a slight impact on expression of these two
transcription factors, regulating SNAI1 and SNAI2 in a negative
and positive manner, respectively (Fig. 1D). It also increased ZEB2
transcription, but not ZEB1 transcription (Fig. 1D). Compared
with parental B02 cells, TWIST1 ectopic expression did not affect
or merely modestly modulated expression of other target
genes,(23–26) such as transcription factor YB‐1 (a transcription
factor associated with breast cancer cell proliferation), Dickkopf‐1
(DKK‐1; an inhibitor of canonical Wnt signaling), vascular
endothelial growth factor (VEGF), CDH‐2 (N‐cadherin), and
RUNX‐2 (an osteoblastic transcription factor) (Fig. 1D). By contrast,
it induced a 3.5‐fold increase of miR‐10b expression in B02#135
cells (Fig. 1D). LOX, but not LOXL2 (LOX‐like 2), was modestly
repressed (Fig. 1D). In agreement with previous studies,(7) ectopic
TWIST1 expression also modestly but significantly increased
stemness traits of B02 cells, which were already CD44high/CD24low,
increasing the percentage of CD44‐positive cells from 75% to
91.4% upon dox withdrawal (Supporting Fig. S3). All of the B02
cells were CD24low, irrespective of TWIST1 expression (Supporting
Fig. S3).

We next examined whether ectopic TWIST1 expression affects
B02 breast cancer cell functions in vitro. B02‐Ctrl and B02‐
Twist#135 cells grew at a similar rate in the presence or absence
of dox, indicating that TWIST1 was not required for the
proliferation of B02 breast cancer cells, when growing in vitro
(Fig. 2A). These results were in line with the observation that
TWIST1 did not affect YB‐1 production, as determined by
immunoblotting and confocal microscopy (Fig. 2B; data not
shown). TWIST1 did not affect tumor cell apoptosis either,
whether B02‐Twist#135 cells, when deprived of serum, were
treated or not treated with camptothecin (a proapoptotic agent)
(Supporting Fig. S4). By contrast, TWIST1 ectopic expression in
B02#135 cells substantially enhanced tumor cell invasion and
promoted miR‐10b expression, when compared with B02‐Ctrl
cells (Fig. 2C, D). Furthermore, both the increased cell invasive-
ness and enhanced miR‐10b expression were abrogated in dox‐
treated B02‐Twist#135 cells (Fig. 2C,D). Thus, TWIST1 contributed
to the invasive phenotype of B02 breast cancer cells in vitro.
Similar results were obtained with immortalized HME mammary
epithelial cells where ectopic TWIST1 expression also promoted
both cell invasiveness and miR‐10b expression (Fig. 2E, F),
indicating that the proinvasive effect of TWIST1 was not
restricted to B02‐Twist#135 cells.

TWIST1 ectopic expression enhances breast cancer bone
metastasis formation

To determine whether TWIST1 plays a causal role in bone
metastasis, luciferase‐expressing B02‐Ctrl or B02‐Twist#135 cells

Fig. 1. Ectopic expression of TWIST1 in mesenchymal human B02 breast
cancer cells upregulates microRNA‐10b. (A) Representative images by
confocal microscopy showing the expression of TWIST1 (green) in
untreated [dox (�)] and doxycycline‐treated [dox (þ)] B02‐Twist#135
cells. Dox almost completely repressed the nuclear expression of TWIST1
in B02#135 cells, compared with that observed with untreated cells. DAPI
(blue) and phalloidin (red) were used as reporters for the nuclei and
cytoskeleton, respectively. (B) Mock‐transfected B02 cells (MDA‐B02‐Ctrl)
and B02‐Twist#135 cells, treated or not treated with dox, were subjected
to Western immunoblotting with antibodies against TWIST1 or H4
histone (control for equal loading). B02‐Ctrl cells do not express TWIST1.
Dox repressed TWIST1 expression in B02‐Twist#135 cells. (C) Immuno-
blotting of E‐cadherin (E‐Cadh), vimentin (VIM), cadherin‐11 (Cadh‐11),
and b‐tubulin in MCF‐7 and parental B02 breast cancer cells, and
untreated and dox‐treated B02‐Twist#135 cells. (D) Effects of TWIST1 on
target gene expression in B02 cells. Relative transcript levels are
represented as the ratios between B02‐Twist#135 and B02‐Ctrl real‐time
PCR values.
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were injected into the tail artery of immunodeficient mice.
Bioluminescence imaging of animals bearing B02‐Twist#135
tumors showed tumor take in hind limbs as early as on day 7
after tumor cell inoculation, then skeletal tumor burden
progressively increased over time (Fig. 3A). There was no

bioluminescence in organs other than bone, indicating that
ectopic TWIST1 expression did not modify the bone tropism of
B02 breast cancer cells in vivo. However, tumor take in hind
limbs of animals bearing B02‐Twist#135 tumors occurred much
earlier than that observed in animals bearing B02‐Ctrl tumors

Fig. 2. TWIST1 ectopic expression promotes invasion but is a dispensable transcription factor for the proliferation of human B02 breast cancer cells in vitro.
(A) Proliferation rates of untreated and dox‐treated mock‐transfected (B02‐Ctrl) and TWIST1‐expressing B02 cells (B02‐Twist#135). (B) Representative
images by confocal microscopy showing the expression of YB‐1 (green) in B02‐Twist#135 cells. DAPI (blue) and phalloidin (red) were used as reporters for
the nuclei and cytoskeleton, respectively. (C) Cell invasion assay. Untreated and dox‐treated B02 clones (B02‐Ctrl and B02‐Twist#135)were loaded in inserts
with a porous membrane coated with basement membrane Matrigel (upper chamber) and the chemoattractant (serum) was placed in wells of a
companion plate (lower chamber). After a 24‐hour incubation at 37°C, the non‐invading cells were removed and the invading cells on the under surface of
the inserts were fixed, stained, and counted under a microscope. �p< 0.05. (D) miR‐10b expression in untreated and dox‐treated B02‐Ctrl and B02‐
Twist#135 cells. miR‐10b expression level in untreated B02‐Ctrl cells was set to 1. Data were then expressed as a fold‐change of miR‐10b expression
compared with that observed in untreated B02‐Ctrl cells. �p< 0.05. (E, F) Same as C and D, showing the effects of TWIST1 on invasion and miR‐10b
production by immortalized humanmammary epithelial cell (HMEC) lines expressing the control vector (HMEC‐Ctrl) or TWIST1 (HMEC‐Twist1), respectively.
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(Fig. 3A). This observation suggested that the expression of
TWIST1 in B02 cells promoted tumor cell invasion in the bone
marrow microenvironment.

Radiographic analysis on day 32 after tumor cell injection
revealed that the extent of osteolytic lesions in hind limbs of

animals bearing B02‐Twist#135 tumors was increased, being
50% larger than that of animals bearing B02‐Ctrl tumors (Table 1,
Fig. 3B). Compared with B02‐Ctrl tumor‐bearing mice, there was
also a substantial increase in the extent of osteolytic lesions in
animals bearing B02#Twist‐112 tumors (Supporting Fig. S5).

Fig. 3. TWIST1 ectopic expression promotes breast cancer bone metastasis formation. (A) Upper panel: Summary of the experimental bone metastasis
protocol. B02‐Ctrl cells or B02‐Twist#135 cells [treated or not treated with doxycycline (dox)] were inoculated into female Balb/c nude mice on day 0.
Animals then received or did not receive dox in the water supply for the duration of the experiment. Animals were analyzed by bioluminescence imaging
(BLI) and radiography (RX) at scheduled intervals. Bottom panels: For BLI, representative images of animals inoculated with B02‐Twist#135 cells or B02‐Ctrl
cells were shown at different time intervals after tumor cell inoculation. These images best illustrate the effect of TWIST1 on skeletal tumor burden. (B)
Upper panels: Radiographic analysis of hind limbs from mice bearing B02‐Ctrl or B02‐Twist#135 tumors. TWIST1 expression in B02#Twist‐135 cells was
turned off by dox [dox (þ)]. Arrows indicate osteolytic lesions. Bottom panels: Goldner’s trichrome staining of tissue sections of tibial metaphysis. Bone is
stained green whereas bone marrow and tumor cells (asterisk) are stained red. All images were obtained from different mice on day 32 after tumor cell
inoculation. The images shown are examples that best illustrate TWIST1’s effects on bone destruction and tumor burden.
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Additionally, on day 24 after tumor cell injection, osteolytic
lesions in hind limbs of animals bearing B02#Twist‐135 tumors
were statistically significantly larger than those of animals
bearing B02#Twist‐112 tumors, indicating that there was a
correlation between TWIST1 expression levels in B02 cells and the
extent of bone destruction in vivo (Supporting Fig. S5). This
difference was accompanied with a sharp reduction of the BV/TV
ratio (indicating a higher bone destruction) and a twofold
increase in the TuV/STV ratio (a measure of the skeletal tumor
burden) (Table 1, Fig. 3B). Importantly, the TWIST1‐related
stimulatory effects on bone destruction and skeletal tumor
burden were abolished in dox‐fed animals, indicating that
TWIST1 expression in tumor cells was responsible for enhanced
bone metastasis formation in vivo (Table 1, Fig. 3B).
Compared with dox‐fed animals, the overall TRAP staining of

bone tissue sections of metastatic legs from untreated mice
bearing B02‐Twist#135 tumors was increased (Fig. 4A). However,
ratios of TRAP staining surfaces over bone surfaces at the tumor‐
bone interface were similar, irrespective of TWIST1 expression
(Table 1). This showed that bone destruction in metastatic legs
from animals bearing B02‐Twist1#135 tumors increased as a
function of the skeletal tumor burden; the higher the tumor
burden, the higher the bone destruction (Table 1). To further
address this question, a human cytokine antibody array was used
to measure cytokines in the conditioned medium from
B02#Twist‐135 cells, treated or not treated with dox. Several
cytokines and interleukins known to stimulate osteoclast
differentiation (MCP‐1, GM‐CSF, IL‐6, IL‐8) were produced by
these cells (Fig. 4B). Cytokine profiles produced by B02#Twist‐135
cells were, however, similar, irrespective of TWIST1 expression
(Fig. 4B). Additionally, to directly test whether ectopic TWIST1
expression in B02 cells could influence osteoclast differentiation,
we treated primarymouse bonemarrow cell cultures with RANKL
and M‐CSF, which are two hematopoietic factors both necessary
to induce osteoclastogenesis, together with the conditioned
medium of untreated or dox‐treated B02#Twist‐135 cells.
Consistent with in vivo data (Fig. 4A), the conditioned media
of B02‐Twist#135 cells treated or not treated with dox stimulated
the formation of TRAP‐positive multinucleated osteoclasts to a
similar extent (Fig. 4C). Therefore, ectopic TWIST1 expression did
not enhance the intrinsic ability of B02 cells to stimulate
osteoclast differentiation. Compared with the conditioned
medium of dox‐treated B02‐Twist#135 cells, the conditioned
medium of untreated B02‐Twist#135 cells did, however, stimu-
late osteoclast activity as judged by a twofold increase in Ctsk

expression (Fig. 4D), a gene encoding for cathepsin K, an
osteoclast‐derived cysteine protease enabling degradation of
the collagenous matrix.(1) Conversely, the expression of other
markers associated with osteoclast differentiation (eg, Trap,
Calcr, Car2) and morphology (eg, Itgb3) was not affected
(Fig. 4D). Additionally, TWIST1 in B02 cells did not modulate
osteoblast differentiation in vitro (data not shown). Hence, our
observations pointed to a specific role of TWIST1 in promoting
skeletal tumor outgrowth and osteoclast activity.

TWIST1 ectopic expression accelerates tumor
establishment but has no effect on growth rates
of breast tumors into the mammary gland

To determine whether TWIST1 affects B02 cells to form primary
tumors in vivo, B02#Twist‐135 tumor cells were injected into the
mammary fat pads of untreated or dox‐fed female nude mice.
TWIST1 expression induced a rapid tumor take in untreated
animals compared with dox‐fed animals (Fig. 5A). Untreated
B02#Twist‐135 tumor cells formed tumors within 5 to 6 weeks of
inoculation, whereas it took an additional 4 weeks for dox‐
treated B02#Twist‐135 cells to grow as palpable tumors.
However, once B02‐Twist#135 tumors were established, those
expressing TWIST1 grew at the same rate as tumors where
TWIST1 was repressed (Fig. 5A). Immunostaining of B02‐
Twist#135 tumors for Ki67 (a measure of tumor cell proliferation)
and CD31 (a measure of the microvessel density) showed,
respectively, that the proliferative index and the vascularization
of tumors were similar regardless of TWIST1 expression (Fig. 5B). In
the same vein, B02#Twist‐112 cells, which produced moderate
TWIST1 levels (Supporting Fig. S2), only modestly accelerated
tumor establishment in untreated animals, compared with that
observed in dox‐fed animals (Supporting Fig. S6). Additionally, once
tumorswere established, untreated anddox‐treated B02#Twist‐112
cells formed primary mammary tumors at similar rates (Supporting
Fig. S6). Hence, TWIST1 was not required for primary tumor growth
formation. However, TWIST1 expression levels correlated with the
onset of tumor establishment into the mammary gland.

TWIST1 promotes the engraftment of breast cancer cells
in the bone marrow through a process dependent
of miR‐10b

Because TWIST1 promoted breast tumor establishment into the
mammary fat pad of animals, we hypothesized that this

Table 1. Effects of TWIST1 Expression in B02 Breast Cancer Cells on Bone Metastasis Formation in Animals Treated or Not Treated With
Doxycycline

Radiography Histomorphometry TRAP staining

Cell line mm2/mouse p BV/TV (%) p TuV/STV (%) p OC.S/BS (%) p

B02‐Ctrl 4.1� 0.3 (n¼ 11) – 21.4� 8.1 (n¼ 11) – 41.7� 12.9 (n¼ 11) – 45.9� 22.8 (n¼ 5) –
B02‐Twist#135 8.2� 0.5 (n¼ 10) 0.01 7.7� 4.2 (n¼ 10) 0.001 72.4� 16.6 (n¼ 10) 0.0007 33.5� 6.1 (n¼ 5) NS
B02‐Twist#135þ
doxycycline

3.2� 0.4 (n¼ 5) 0.02 20.4� 2 (n¼ 5) 0.533 25.8� 16.2 (n¼ 5) 0.027 36.9� 11.4 (n¼ 5) NS

Values aremean� SD. Values of p (two sided) are for pairwise comparisonwith the control groupusing theMann‐WhitneyU test. All measurementswere
performed 32 days after tumor cell injection.
TRAP¼ tartrate‐resistant acid phosphatase; BV/TV¼bone volume‐to‐tissue volume ratio; TuV/STV¼ tumor volume‐to‐total soft tissue volume ratio; OC.

S/BS¼ active osteoclast‐resorption surface per trabecular bone surface; B02‐Ctrl¼ control B02 breast cancer cells expressing the doxycycline‐inducible
vector encoding for b‐galactosidase (Tet‐Off system); –¼not applicable (referent); B02‐Twist#135¼ B02 breast cancer expressing the doxycycline‐
inducible vector encoding for TWIST1; NS¼not significant.
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transcription factor might also facilitate the engraftment of B02
cells in the bone marrow microenvironment. To address this
question, dox‐treated or untreated B02‐Twist#135 cells were
injected into the tail artery of animals treated with dox or left

untreated, respectively, and these animals were then culled on
day 7 after tumor cell inoculation, at which time there was no
evidence of metastases, as judged by radiography. The bone
marrow was collected from the hind limbs of these animals and

Fig. 4. TWIST1 ectopic expression in B02 breast cancer cells does not affect osteoclast differentiation, but it stimulates osteoclast activity. (A) TRAP‐stained
metastatic bone tissue sections from animals treated (þ) or not treated (�) with doxycycline (dox). Osteoclasts are stained red. (B) Antibody‐based protein
microarray enabling detection of cytokines produced in the conditionedmedium from B02‐Twist#135 cells that were cultured in the presence or absence
of dox. (C) In vitro osteoclast differentiation of murine bonemarrow cells treated with M‐CSFþ RANKL in combination with the conditionedmedium from
untreated or dox‐treated B02‐Twist#135 cells. Mature osteoclasts were quantified as multinucleated (more than 3 nuclei), TRAP‐positive cells.
Representative images of mature osteoclasts are shown for each group. (D) RT‐qPCR analysis of murine osteoclasts treated with the conditioned medium
from untreated or dox‐treated B02‐Twist#135 cells. Data are representative of three separate experiments. ��p< 0.005. Calcr¼ calcitonin receptor;
Ctsk¼ cathepsin K; Trap¼ tartrate‐resistant acid phosphatase; Car2¼ anhydrase carbonic; Itgb3¼ integrin beta‐3; Mmp9¼matrix metalloprotease 9;
Atp6v¼V‐ATPase.
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placed in culture under antibiotic selection, allowing the
selective growth of antibiotic‐resistant tumor cells. The incidence
and number of colonies formed by B02 cells were then
quantified. We recovered tumor cell colonies from 4 of 5
untreated animals injected with B02‐Twist#135 cells (Fig. 6A). In
sharp contrast, under the same experimental conditions, tumor
cell colonies were recovered from the bonemarrow of 1 of 5 dox‐
fed animals. Moreover, the average number of colonies
recovered from the bone marrow of the 4 mice bearing B02‐
Twist#135 cells (89 colonies/well) was much higher than that
recovered from the single mouse bearing dox‐treated B02‐
Twist#135 cells (2 colonies/well) (Fig. 6A). This observation
strongly suggested that TWIST1 expression enhanced the
presence of B02 cells in the bone marrow.
We next undertook to determine how TWIST1 could promote

engraftment of B02 breast cancer cells in the bone marrow. The
observations that miR‐10b was upregulated by TWIST1 in B02‐
Twist#135 cells (Fig. 2D) and that miR‐10b induces breast tumor

invasion in vivo(13) led us to ask whether miR‐10b might mediate
TWIST1‐dependent engraftment of B02 cells in the bonemarrow.
We therefore silenced miR‐10b in B02‐Twist#135 cells using an
antagomiR. As assessed by RT‐qPCR, miR‐10b expression was
suppressed bymore than 70% in the presence of antagomiR‐10b
(data not shown). Transfected cells silenced for miR‐10b were
then inoculated into animals. On day 7 after tumor cell
inoculation, colonies were recovered from the bone marrow of
only 2 of 5 mice, whereas tumor cell colonies were recovered
from all of the 5 animals inoculated with control B02‐Twist#135
cells (Fig. 6B). Additionally, the average number of colonies
recovered from the bone marrow of the 2 mice bearing B02‐
Twist#135 cells silenced for miR‐10b (26 colonies/well) was much
smaller than that recovered from the 5mice bearing control B02‐
Twist#135 cells (65 colonies/well) (Fig. 6B). Hence, miR‐10b
silencing in TWIST1‐expressing B02 cells led to a substantial
reduction of the incidence and number of tumor cell colonies in
the bone marrow.

We wished to determine whether the ability of miR‐10b to
mediate engraftment of B02 cells in the bone marrow could be
extended to another breast cancer cell line (4T1) that
spontaneously metastasizes to the bone marrow and lungs in
animals. Twist1 directly regulates miR‐10b expression in 4T1
cells.(13) Mouse 4T1 cells were therefore transfected with an
antagomiR‐10b then inoculated into the tail artery of immuno-
competent mice. At day 7 after tumor cell inoculation, the bone
marrow and lung extracts of these animals were collected and
cells derived from these tissues were placed in culture under 6‐
thioguanine selection (Fig. 7A). We recovered tumor cell colonies
from the bone marrow in 3 of 5 animals inoculated with control
4T1 cells (Fig. 7B). By contrast, colonies were recovered from only
1 of 5 mice inoculated with 4T1 cells silenced for miR‐10b
(Fig. 7B). Similarly, tumor cell colonies were recovered from the
lungs in only 2 of 5 mice inoculated with 4T1 cells silenced for
miR‐10b, whereas tumor cell colonies were recovered from the
lungs of 4 of 5 mice bearing control 4T1 cells (Fig. 7C). Taken
together, these data show that miR‐10b contributes to the
engraftment of TWIST1‐expressing breast cancer cells in the bone
marrow and lungs.

Discussion

There are a number of experimental findings providing evidence
that aberrant TWIST1 reactivation in human breast cancer is
associated with tumorigenesis and lung metastasis forma-
tion.(7,9,11–13) The contribution of TWIST1 in the development
of bone metastasis in vivo was, however, unknown. In the
present study, we demonstrated that TWIST1 facilitates experi-
mental breast cancer bone metastasis formation. Specifically,
skeletal tumor outgrowth and bone destruction in metastatic
animals were both markedly increased when TWIST1 expression
in B02 breast cancer cells was turned on by dox withdrawal. In
osteolytic lesions, there is a vicious circle whereby metastatic
breast cancer cells in the bone marrow stimulate osteoclast‐
mediated bone destruction, and bone‐derived growth factors
released from resorbed bone stimulate skeletal tumor out-
growth.(1) We showed here that TWIST1 promoted this vicious
circle by enhancing skeletal tumor outgrowth, which in turn
stimulated bone destruction. It has been previously reported that
TWIST1 in PC‐3 prostate cancer cells promotes PC‐3‐mediated
osteoclast differentiation in vitro and stimulates DKK‐1 expres-
sion.(24) Here, the conditioned medium from B02 cells promoted

Fig. 5. TWIST1 ectopic expression in B02 breast cancer cells accelerates
tumor establishment in animals. (A) B02#Twist‐135 tumor cells were
injected orthotopically in female mice receiving or not receiving
doxycycline (dox) in drinking supply. TWIST1 expression in B02#Twist‐
135 cells was turned off by dox. Tumor volumes were measured with a
Vernier caliper. Inset: Logarithmic conversion of the growth curves. (B)
Ki67 and CD31 immunostaining of tissue sections of harvested B02‐
Twist#135 tumors from untreated and dox‐treated animals at weeks 8
and 12, respectively, as ameasurement of the proliferative index of tumor
cells and number of tumor‐associated blood vessels.
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osteoclast differentiation in vitro regardless of TWIST1 expres-
sion. Additionally, DKK‐1 was only modestly upregulated in
TWIST1‐expressing breast cancer cells, whereas several other
cytokines (MCP‐1, GM‐CSF, IL‐6, IL‐8) that stimulate osteoclast
differentiation were also produced by these tumor cells

irrespective of TWIST1. Yuen and colleagues(24) used a murine
macrophage cell line, RAW264.7, whereas we gave greater
importance to the use of mouse primary bone marrow cells as a
model to induce the formation of osteoclasts. The use of different
cellular models for osteoclast differentiation could account for

Fig. 6. TWIST1 expression enhanced the presence of B02 breast cancer cells in the bonemarrow. (A) Doxycycline (dox)‐treated or untreated B02#Twist‐135
cells were injected into the tail artery of animals treated with dox or left untreated. TWIST1 expression in B02#Twist‐135 cells was turned off by dox. One
week after tumor cell inoculation, the bone marrow was collected from the hind limbs of these animals and placed in culture under antibiotic selection,
allowing the selective growth of antibiotic‐resistant tumor cells. After 2 weeks in culture, tumor cell colonies recovered from the bone marrow were fixed,
stained and counted. Left‐hand panels: Each well shows outgrowth of tumor cell colonies from the bonemarrow of a single animal. There were 5 mice per
group. Right‐hand panel: Graph showing the total number of tumor cell colonies formed in the bone marrow from each mouse that received dox or was
left untreated. (B) Untreated B02#Twist‐135 cells, that were mock‐transfected or transfected with antagomiR‐10b, were injected into the tail artery of
animals. Oneweek after tumor cell inoculation, the bonemarrowwas collected from the hind limbs of these animals and placed in culture under antibiotic
selection. Remaining of the experiment was performed as described in A. Left‐hand panels: Each well shows outgrowth of tumor cell colonies from the
bone marrow of a single animal. There were 5 mice per group. Right‐hand panel: Graph showing the total number of tumor cell colonies formed in the
bone marrow from each mouse bearing B02#Twist‐135 cells that were mock‐transfected or transfected with antagomiR‐10b.
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the discrepancy between the two studies. Although TWIST1 did
not enhance the intrinsic ability of B02 cells to produce cytokines
that stimulate osteoclast differentiation, we observed a stimula-
tory effect on osteoclast activity in vitro, as judged by increased
Ctsk (Cathepsin K) expression in osteoclasts, further indicating
that TWIST1 promoted both skeletal tumor burden and bone

destruction in vivo. The effect of TWIST1 on PC3‐induced
osteolytic lesions in animals has not yet been investigated,
making any additional comparison with our experiments
difficult. Such a study would be of interest, as the role of TWIST1
in bone metastasis formation may vary according to the type of
cancer.

Fig. 7. Suppression ofmiR‐10b reduced the presence of 4T1 breast cancer cells in the bonemarrow and lungs. (A) 4T1 cells, that weremock‐transfected or
transfected with antagomiR‐10b, were injected into the tail artery of animals. One week after tumor cell inoculation, the bone marrow and lungs were
collected and cell suspensions were placed in culture under 6‐thioguanine selection, allowing the selective growth of antibiotic‐resistant tumor cells. After
2 weeks in culture, tumor cell colonies recovered from the bone marrow and lungs were fixed, stained, and counted. (B) Upper panels: Each well shows
outgrowth of tumor cell colonies from the bonemarrow of a single animal. There were 5 mice per group. Lower panel: Graph showing the total number of
tumor cell colonies formed in the bone marrow from each mouse bearing 4T1 cells that were mock‐transfected or transfected with antagomiR‐10b. (C)
Same as B for the presence of tumor cell colonies in the lungs.
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Having shown that TWIST1 promoted the development of
breast cancer osteolytic lesions, we then attempted to determine
the specific steps of bone metastasis to which TWIST1 could
contribute. Twist1 has been reported as a link between EMT, the
intravasation of breast cancer cells in the systemic circulation,
and their dissemination to the lungs.(11) Our present results
establish that TWIST1 promoted breast cancer cell dissemination
to the bone (Fig. 3A). TWIST1 expression in B02 cells did not
modify the morphological appearance of these already mesen-
chymal cells and it only modestly affected the expression of
major EMT‐inducing transcription factors (SNAI1, SNAI2, ZEB1,
and ZEB2), indicating that TWIST1 in B02 cells did not contribute
to breast cancer bone metastasis formation by promoting an
EMT. However, TWIST1 is expressed in disseminated breast
cancer cells that persist in the bone marrow after chemothera-
py,(8) suggesting this transcription factor must have some robust
EMT‐independent functions that promote the seeding, adapta-
tion, and/or survival of metastatic cells in this bone microenvi-
ronment. A current hypothesis gaining ground is that
disseminated tumor cells in the bone marrow must acquire
bone‐like properties to adapt and thrive in the bone microenvi-
ronment, a process called osteomimicry.(1,20) For example,
human bone metastatic breast cancer cells, including MDA‐
MB‐231 and B02 cells, express osteoblast‐related factors, such as
RUNX2 and CDH‐11 (cadherin‐11).(20,26) However, the expression
of RUNX2 and CDH‐11 in B02‐Twist#135 cells remained
unchanged compared with control B02 cells, suggesting that
TWIST1 did not affect osteomimicry. Additionally, TWIST1 was
not required for the proliferation of B02 cells when grown in
culture and as xenografts in vivo. TWIST1 did not modulate
tumor cell apoptosis either. These results were in agreement with
previous findings showing that suppression of Twist1 does not
affect the proliferation of 4T1 breast cancer cells in vitro and in
vivo.(11) Moreover, Twist1 depletion in 4T1 breast cancer cells
does not affect cell survival.(11) Our data may be explained by the
fact that B02 cells (and theMDA‐MB‐231 parental cell line) carry a
KRAS(G13D) mutation that leads to the constitutive phosphory-
lation of YB‐1 and extracellular signal‐regulated kinase (ERK)1/2,
which in turn endows these tumor cells with a cell growth
advantage.(27,28) This observation likely explains why TWIST1 in
B02 cells did not modulate the activity of YB‐1 (Fig. 2B), which is a
target gene.(23)

Although TWIST1 was dispensable for growth of B02 cells in
vivo, tumor establishment of TWIST1‐expressing B02 cells in the
mammary gland of animals was markedly accelerated. It has
been previously reported that ectopic TWIST1 expression in MCF‐
7 breast cancer cells stimulates VEGF production and tumor
vascularization, enhancing the establishment of MCF‐7/Twist1
tumors in the mammary gland of nude mice, when compared
with MCF‐7/control tumors.(25) TWIST1 in B02 cells did not,
however, increase the microvessel density of tumor xenografts
(Fig. 5B). Indeed, we have previously shown that B02 cells, which
do not express TWIST1, produce VEGF levels that are high enough
to ensure a correct tumor vascularization.(16) Besides accelerating
tumor establishment in the mammary gland, our results also
showed that TWIST1 markedly enhanced the incidence and
number of tumor cell colonies, whichwere recovered in the bone
marrow from animals inoculated with TWIST1‐expressing B02
cells. It is possible that TWIST1 promoted the survival of B02 cells
in the mammary gland and bone marrow. For example, TWIST1
in MCF7‐I4 and MDA‐MB‐453‐I4 breast cancer cells mediates
prosurvival and proinvasive functions, at least in part, through
the activation of the cell‐survival AKT2 kinase.(29) However, the

effects of TWIST1 on cell survival are cell‐type–specific.(10,29) In
our study, TWIST1‐mediated effects on B02 cells rather resemble
those reported on 4T1 and MDA‐MB‐231 breast cancer
cells.(11,13,30) For instance, we (this study) and others(11,13,30)

have shown that TWIST1 endowed B02, MDA‐MB‐231 and 4T1
cells with higher invasiveness in vitro, and that this TWIST1‐
dependent invasive process was associated with a robust
expression of miR‐10b, a prometastatic factor. Additionally, we
showed that TWIST1 enhanced stemness traits of B02 cells,
increasing CD44 expression. Interestingly, CD44 facilitates the
arrest of CD44‐expressingMDA‐MB‐231 cells in the bonemarrow
and the treatment of MDA‐MB‐231 cells with an anti‐CD44
antibody reduces miR‐10b production.(30,31) Additionally, we
showed that the repression of miR‐10b in TWIST1‐expressing
breast cancer cells substantially decreased the incidence and
number of tumor cell colonies recovered from the bone marrow
and lungs of animals. Hence, our results align with previous
studies(30,31) and strongly suggest that TWIST1 promotes the
seeding and colonization of breast cancer cells in the bone
marrow through, at least in part, CD44‐dependent and miR‐10b‐
dependent mechanisms.

In summary, we have provided evidence that TWIST1
enhances the presence of breast cancer cells in the bone
marrow, which in turn leads to an increase in tumor burden and
bone destruction.
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