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TRAIL-R2 promotes skeletal metastasis in a breast cancer
xenograft mouse model
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ABSTRACT
Despite improvements in detection, surgical approaches and systemic therapies,
breast cancer remains typically incurable once distant metastases occur. High
expression of TRAIL-R2 was found to be associated with poor prognostic parameters in
breast cancer patients, suggesting an oncogenic function of this receptor. In the present
study, we aimed to determine the impact of TRAIL-R2 on breast cancer metastasis.
Using an osteotropic variant of MDA-MB-231 breast cancer cells, we examine the effects
of TRAIL-R2 knockdown in vitro and in vivo. Strikingly, in addition to the reduced
levels of the proliferation-promoting factor HMGA2 and corresponding inhibition of cell
proliferation, knockdown of TRAIL-R2 increased the levels of E-Cadherin and decreased
migration. In vivo, these cells were strongly impaired in their ability to form bone
metastases after intracardiac injection. Evaluating possible underlying mechanisms
revealed a strong downregulation of CXCR4, the receptor for the chemokine SDF-1
important for homing of cancers cells to the bone. In accordance, cell migration towards
SDF-1 was significantly impaired by TRAIL-R2 knockdown. Conversely, overexpression
of TRAIL-R2 upregulated CXCR4 levels and enhanced SDF-1-directed migration. We
therefore postulate that inhibition of TRAIL-R2 expression could represent a promising
therapeutic strategy leading to an effective impairment of breast cancer cell capability
to form skeletal metastases.

membrane by their cognate ligand TRAIL [1–4]. Since
TRAIL induces cell death preferentially in tumor cells
while sparing most non-transformed cells [5, 6], TRAIL
and agonistic TRAIL-R1/-R2-specific antibodies are
currently under clinical investigation as potential
treatment strategies for different malignancies [7, 8].

INTRODUCTION
TNF-related apoptosis inducing ligand receptor
(TRAIL-R) 1 and 2, both members of the TNF receptor
superfamily, are able to induce both apoptotic and nonapoptotic signaling when cross-linked at the plasma
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Counterintuitively, a variety of tumors overexpress
these death receptors, and for some, high expression
of primarily TRAIL-R2, but also TRAIL-R1, has been
associated with a poor prognosis [9–20]. This observation
may reflect the pro-tumoral signaling of membrane-bound
TRAIL receptors in response to TRAIL present in the
tumor microenvironment. Such signaling after treatment
with recombinant TRAIL has been shown to give rise to
enhanced motility, invasion and metastatic potential of
different tumor cells [4, 21–23]. However, more critical
evaluations of immunohistochemical staining revealed
mainly intracellular distribution of TRAIL death receptors
in tumor tissues (for review see [20]). Such intracellular
locations, either in the cytoplasm or in the nucleus, have
been mainly regarded as hide-outs for these receptors,
representing a strategy for cancer cells to resist TRAILmediated apoptosis [24, 25]. Moreover, the intracellular
sequestering of TRAIL receptors could potentially
represent an escape mechanism of tumor cells from
immune surveillance.
A newly described, nuclear-specific function of
TRAIL-R2 links high intracellular receptor expression
to enhanced malignancy of tumor cells [9]. In this
cellular compartment, TRAIL-R2, acting as a negative
regulator of let-7 miRNA maturation, increases the
expression of the respective targets high mobility group
AT-hook 2 (HMGA2) and lin-28 homolog B (Lin28B),
and enhances tumor cell proliferation [9]. Thus, both
plasma membrane and nuclear TRAIL receptors, although
via entirely different mechanisms, may contribute to
tumor progression. This raises the question whether the
down regulation of TRAIL-R2 expression, instead of
its targeting by agonistic molecules, may offer a better
therapeutic option for some tumor entities.
Breast cancer incidence is on the rise and is still
the most common malignancy among women. Although
survival rates have improved over the last decades,
one third of patients relapse with distant metastases.
Approximately 70% of breast cancer patients in advanced
tumor stages will develop metastases in the skeleton,
which may cause clinically relevant morbidities such as
chronic bone pain, pathological fractures, neurological
compression syndromes or severe hypercalcemia [26,
27]. Once distant metastases occur, treatment is mainly
palliative in nature. Therefore, significant ongoing
research effort is focused on the prevention and accurate
treatment of these metastases. Different sets of genes or
proteins in tumor cells have been described to predict
metastasis to the bone or other organs, though none
exclusively satisfied expectations [28, 29]. Moreover, it
has recently been postulated that mesenchymal stromal
cells in the microenvironment of primary breast tumors
preselect carcinoma subclones with a high bone tropism
via secretion of stromal cell-derived factor 1 (SDF-1) and
insulin-like growth factor 1 (IGF-1) [30]. Interestingly,
these clones are characterized by high Src-activity, a
www.impactjournals.com/oncotarget

known predictor for bone relapse, which potentiates
pro-tumoral effects via activation of the PI3K-/AKT
pathways upon SDF-1 stimulation [31]. Once colonized
to the bone, metastatic cancer cells have the ability
to positively influence the bone-degrading activity of
osteoclasts via secretion of osteoclastogenic factors or
through interactions with mesenchymal stromal cells,
impairing physiological bone turnover. As a consequence,
large amounts of growth factors are released through the
breakdown of bone matrices which in turn promote the
growth of tumor cells resulting in a “vicious cycle”.
Immunohistochemical analyses of tissue samples
from a large cohort of breast cancer patients detected
overexpression of both TRAIL death receptors in tumor
tissue and revealed their clear prognostic clinical value
[13]. High expression of TRAIL-R1 correlated with the
presence of favorable prognostic markers (e.g. better cell
differentiation, negative lymph node status). In contrast, high
expression of TRAIL-R2 correlated with worse prognostic
markers, such as a high Ki67- index, HER2-neu status or
metastatic lymph nodes, and decreased survival [13, 14].
In the present study we therefore aimed to
evaluate the impact of constitutive high expression of
TRAIL-R2 on breast cancer cell biology in vitro and
in vivo, with particular emphasis on its role in the process
of bone metastasis. For this purpose, we utilized a highly
osteotropic, “bone seeking” variant of the breast cancer
cell line MDA-MB-231 (MDA-MB-231-BO), selected
from repeated in vivo passaging [32]. We demonstrate that
the knockdown of TRAIL-R2 in these cells down regulates
the levels of bone metastasis-related proteins HMGA2,
p-Src and C-X-C chemokine receptor 4 (CXCR4), leads to
the re-expression of E-cadherin, and dramatically impairs
the capability of cells to metastasize to the bone.

RESULTS
Knockdown of TRAIL-R2 inhibits proliferation
and migration of an osteotropic MDA-MB-231
variant in vitro
While expression of TRAIL-R2 was shown to
correlate with unfavorable prognostic markers in primary
breast tumors [13], the impact of TRAIL-R2 in the
metastatic behavior of breast cancer cells has not yet been
addressed. We therefore first compared the steady state levels
of TRAIL-R2 in the parental breast cancer cell line MDAMB-231 and its bone-seeking variant MDA-MB-231-BO.
These osteotropic cells were selected in preclinical mouse
model after repeated in vivo passages and show the skeleton
as the preferential distant site of metastases formation
after intracardial injection [32]. As expected for this more
aggressive cell line, MDA-MB-231-BO cells exhibit higher
levels of the activated kinases Src and Akt, decreased
levels of the epithelial to mesenchymal marker (EMT)
E-cadherin and increased proliferation, compared to parental
9503
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cells (Figure 1A and 1B). The levels of the mesenchymal
marker vimentin, however, were unchanged. Importantly,
the expression of TRAIL-R2 was strongly increased in
these cells. FACS analysis (Figure 1C and 1D) confirmed
the weak but significant upregulation of TRAIL-R2 at the

cell surface which coincided with an increased sensitivity
to TRAIL-induced apoptosis (Supplementary Figure 1A).
Importantly, these analyses also revealed a strong and
highly significant enhancement of total TRAIL-R2 levels.
Because FACS analyses showed no significant changes in

Figure 1: Bone metastatic phenotype of MDA-MB-231 cells is associated with higher expression of TRAIL-R2 and
enhanced proliferation. Whole cell lysates of MDA-MB-231 and their bone-seeking variant MDA-MB-231-BO were analyzed by

Western blot for the expression of depicted proteins (A). As a control for equal gel loading, ß-actin levels were analyzed. (B) Proliferation
of parental MDA-MB-231 and bone seeking variant were determined 72 h post seeding. Cell surface (non-permeabilized) and total
(permeabilized) levels of TRAIL-R1 and R2 were analyzed by FACS and quantified for the percent of cells (C) and the staining intensity
per cell (D) for each death receptor. Graphs represent average values ± SD (n = 5) (*p < 0.05, **p < 0.01, ***p < 0.001).
www.impactjournals.com/oncotarget
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the expression of TRAIL-R1, either at the cell surface or
intracellularly, these results suggest that TRAIL-R2 may
play a role in promoting breast cancer bone metastasis.
To test this hypothesis, expression of TRAIL-R2
in MDA-MB-231-BO cells was knocked down and
the resulting phenotype characterized. Modulation of
TRAIL-R2, either transiently using siRNA or stably
using two different shRNAs, showed substantial
decreases in TRAIL-R2 protein levels (Figure 2A), and
correspondingly, a decreased sensitivity to TRAIL-induced
death (Supplementary Figure 1B). Downregulation of

TRAIL-R2 was also associated with reduced levels of
p-Akt and p-Src, and increased levels of E-cadherin.
Confirming our previous results [9], knockdown of
TRAIL-R2 also led to down regulation of HMGA2 and
impaired cell proliferation (Figure 2B).
To determine potential changes in metastatic potential,
TRAIL-R2 knockdown cells were assessed for impaired
migration capacity (Figure 2C). Indeed, cells stably-expressing
TRAIL-R2-shRNA showed significant reductions in their
ability to migrate towards FCS as determined by the in vitro
trans-well migration assay in the modified Boyden chamber.

Figure 2: Knockdown of TRAIL-R2 reverses the bone-metastatic signature of MDA-MB-231-BO cells and impairs
proliferation and migration. TRAIL-R2 was either transiently (siRNA) or stably (shRNA) down regulated in MDA-MB-231BO cells. Protein levels were determined by Western blotting in whole cell lysates (A). β-actin levels were used as a loading control.
(B) Proliferation of cells with either transient (siRNA) or stable (shRNA) down regulation of TRAIL-R2 was determined by cell counting
72 h post transfection or 72 h after seeding, respectively, and graphed relative to their individual controls (n = 3). (C) TRAIL-R2 knockdown
cells (R2-shRNA) or control cells (Ctrl-shRNA) were analyzed in regard to their migration capacity towards FCS in trans-well assays.
Graphs represent average values ± SD (n = 4) (*p < 0.05, **p < 0.01, ***p < 0.001).
www.impactjournals.com/oncotarget
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Since TRAIL-R2 exists in two isoforms, we further
asked which isoform is involved in mediating these effects.
We therefore constructed expression vectors for both
TRAIL-R2 isoforms (Figure 3A). To avoid the induction
of apoptosis due to clustering of the overexpressed
death receptors, we introduced a mutation into the death
domain (DD) of TRAIL-R2 preventing its interaction with
FADD [33]. As shown in Figure 3B, TRAIL-R2 isoforms
differentially impact the expression of E-cadherin and the
phosphorylation status of Akt. Whereas overexpression
of the short TRAIL-R2-isoform led to a clear down
regulation of E-cadherin and to diminished Akt activity,
the overexpression of the long TRAIL-R2 isoform resulted
in clear upregulation of E-cadherin and no changes in

Akt activity. In contrast, both isoforms had a similar,
potentiating impact on the activity of Src and migration
capacity towards FCS (Figure 3C).

Inhibition of TRAIL-R2 impairs the bone
metastatic capacity of MDA-MB-231-BO cells
To analyze the impact of TRAIL-R2 in the process of
bone metastases formation and progression, control cells and
cells with reduced expression of TRAIL-R2 were injected
intracardially into SCID-beige mice and subsequent tumor
development was monitored by bioluminescent imaging
(Figure 4A). Knockdown of TRAIL-R2 substantially
decreased the formation of metastases. While 73% of

Figure 3: Overexpression of TRAIL-R2 modulates the bone metastatic signature and enhances cell migration. MDA-

MB-231 cells were stably transfected with the expression vectors coding for the long (R2-long) or short (R2-short) isoforms of TRAIL-R2,
both carrying a point mutation in the death domain, or with an empty vector (pCR3.1) (A). Protein levels were determined by Western
blotting in whole cell lysates (B). β-actin levels were used as a loading control. Cells were also assessed for cell migration towards FCS
(C). Graphs represent average values ± SD (n = 4) (**p < 0.01, ***p < 0.001).
www.impactjournals.com/oncotarget
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Figure 4: Knockdown of TRAIL-R2 impairs the formation of bone metastasis in vivo. Control (Ctrl-shRNA) and TRAIL-R2

knockdown cells (R2-shRNA-1) were intracardially-injected and monitored weekly by bioluminescence imaging (A). From bioluminescent
imaging, percent of mice forming metastases (B), average number of tumors per mice (C) and average tumor area (D) were assessed.
In vivo MRI and ex vivo HE-stained histological sections (E and F) were used to confirm that bioluminescent signals originated within the
bone and not in the surrounding soft tissue. Graphs represent average values ± SD (n = 12) (**p < 0.01).
www.impactjournals.com/oncotarget
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mice injected with control-shRNA cells developed bone
metastases, only 30% of mice injected with TRAIL-R2shRNA-1 showed detectable bone lesions after reaching the
ethical endpoint of 5 weeks (Figure 4B). In addition, mice
injected with TRAIL-R2-shRNA-1 cells showed a significant
reduction in the average number of tumors per mouse
(Figure 4C), as well as a reduction in the average tumor area
assessed by bioluminescent signal (Figure 4D), relative to
mice injected with control-shRNA cells. Bioluminescent

signal observed in the knee region was confirmed to originate
from lesions within the bone, and not in the surrounding soft
tissue, in vivo using magnetic resonance imaging (MRI) and
ex vivo by histological analyses (Figure 4E and 4F)
To evaluate the magnitude of bone destruction in
response to invasive tumor cell growth, mice were subjected
to weekly micro-computed tomography (micro-CT)
scans to monitor changes in bone mineral density (BMD)
(Figure 5A). Tumor-burdened tibiae showed severe

Figure 5: TRAIL-R2 status does not affect osteolysis in MDA-MB-231-BO-derived bone lesions. Tumor-burdened mice

were imaged weekly by in vivo micro-CT. Baseline and follow-up scans were registered (A) and relative changes in BMD values were
quantified (B). Histological sections were stained for TRAP activity and imaged (C). Images show a representative image of Ctrl-shRNA
injected mice and TRAP stained images for both hind limbs which developed tumors in the R2-shRNA group. Graphs represent average
values from tumor-burdened limbs ± SD.
www.impactjournals.com/oncotarget
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osteolysis compared to baseline scans, irrespective of
the TRAIL-R2 expression status (Figure 5B). To confirm
these data post mortem, tartrate-resistant acid phosphatase
(TRAP) staining on tumor-bearing bone sections was
performed to visualize osteoclast activity. Consistent with
micro-CT results, no notable differences were detected in
terms of osteoclast activation (Figure 5C), indicating that
the intraosseus growth of breast cancer metastases was not
dependent on TRAIL-R2 expression levels.

role of this particular member of the death receptor family
in the malignancy of breast cancer cells, particularly
in their capacity to metastasize to the bone. The clear
upregulation of TRAIL-R2 levels in bone-seeking MDAMB-231-BO cells, as compared with parental cells,
suggests a potential relevance of TRAIL-R2 in the process
of bone metastasis formation and/or progression.
In agreement with our previous data for the parental
cell line MDA-MB-231, as well as for other tumor cell
lines [9], knockdown of TRAIL-R2 resulted in decreased
expression of HMGA2, and correspondingly, decreased
proliferation. These effects were accompanied by the
upregulation of the EMT marker E-cadherin and impaired
cell migration. In vivo, knockdown of TRAIL-R2 drastically
inhibited initial bone metastasis formation, reducing both
the frequency and number of formed metastases. However,
once tumors were established, no noticeable differences
in tumor-associated bone loss or osteoclast activity were
observed. Thus, we hypothesize that knockdown of
TRAIL-R2 inhibits bone homing and early colonization to
the bone marrow, rather than tumor growth within the bone
marrow niche. Once these cells begin to grow in the bone
marrow and enter the “vicious cycle” of bone degradation
by osteoclasts, leading to stimulation of tumor cell activity
via the release of growth factors from the bone matrix,
inhibition of TRAIL-R2 expression shows a less profound
effect on tumor progression.
EMT, with downregulation of E-cadherin expression
as a hallmark [35], is regarded as a prerequisite for the
initiating steps of the metastatic cascade involving
detachment of the cells from the primary tumor,
intravasation, survival in the circulation, extravasation
and early colonization by the establishment of the dormant
micrometastases in the microenvironment of the distant
organ. For successful development of macrometastases
in this secondary tumor site, however, the necessity for
the switch back to the epithelial phenotype (mesenchymal
to epithelial transition) (MET) was postulated for bone
colonization by metastatic breast cancer cells [28].
Consistent with this model, and with well documented
changes in skeletal metastasis of MDA-MB-231 cells by
modulation of E-cadherin [36], knockdown of TRAIL-R2
cells in the osteotropic variant of these cells, which
resulted in an upregulation of E-cadherin, dramatically
impaired their bone metastatic capacity.
Along with a general impairment in cell migration,
the knockdown of TRAIL-R2 expression also resulted
in reduced migration towards the bone marrow-derived
cytokine SDF-1. SDF-1 is regarded as the key cytokine
driving bone chemoattractance of breast cancer cells.
Interestingly, SDF-1-responsive osteotropic tumor cells
seem to be pre-selected in the primary tumor by SDF-1
produced by mesenchymal cells present in the primary
tumor stroma [30]. The observed inhibition of SDF-1induced migration of TRAIL-R2 knockdown cells was
most likely due to the significantly decreased levels of

TRAIL-R2 regulates cellular responsiveness to
bone-secreted chemoattractants
We found that inhibition of TRAIL-R2 expression in
osteotropic breast cancer cells dramatically reduced their
capability to form skeletal metastases after intracardiac
injection. However, once established, the metastatic
growth, as well as the osteolytic activity, was independent
of the TRAIL-R2 expression status. This strongly suggests
a role for TRAIL-R2 in the regulation of the bone homing
capacity of these cells. To test this hypothesis, cells were
analyzed for their ability to migrate towards SDF-1, a
major bone marrow-secreted chemoattractant for metastatic
cancer cells [34]. Using an in vitro migration assay in the
modified Boyden Chamber, we found that knockdown of
TRAIL-R2 indeed significantly decreased the migration
capacity of the cells towards SDF-1 (Figure 6A).
Searching for the mechanism explaining this
phenomenon, we analyzed the plasma membrane and
overall expression levels of the receptor for SDF-1,
CXCR4, in control and TRAIL-R2-knockdown cells.
For this purpose, non-permeabilized and permeabilized
cells were stained for TRAIL-R2 and CXCR4, along with
epidermal growth factor receptor (EGFR), frequently
expressed at high levels in metastatic breast cancer cells,
and TRAIL-R1 (Figure 6B). Along with significant
reductions in TRAIL-R2, TRAIL-R2-knockdown cells
also showed significant reductions in the percent of cells
stained and intensity of staining per cell observed for
CXCR4 (Figure 6C and 6D, Supplementary Table 1).
This decrease was specific for CXCR4, as no significant
changes were observed for TRAIL-R1 or EGFR.
Importantly, while EGFR remained unchanged,
overexpression of either TRAIL-R2-short or TRAIL-R2long isoform in parental MDA-MB-231 cells strongly
and specifically enhanced the plasma membrane and
overall expression levels of CXCR4 as shown by FACS
analyses (Figure 7A and 7B, Supplementary Table 2). In
accordance, overexpression of either isoform resulted in
strongly enhanced migration towards SDF-1 (Figure 7C).

DISCUSSION
Prompted by the observations that high intracellular
expression of TRAIL-R2 correlates with poor clinical
prognostic parameters [13, 14], we set out to explore the
www.impactjournals.com/oncotarget
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Figure 6: Knockdown of TRAIL-R2 in MDA-MB-231-BO cells downregulates the expression of CXCR4 and inhibits
migration towards SDF-1. Control (Ctrl-shRNA) and TRAIL-R2 knockdown cells (R2-shRNA-1 or R2-shRNA-2) were analyzed in regard to
their migration capacity towards SDF-1 in a trans-well assay (A). Expression of TRAIL-R1, TRAIL-R2, CXCR4 and EGFR was assessed by flow
cytometry on non-permeabilized and permeabilized cells (B) and percent of stained cells (C), as well as staining intensities per cell (D), relative to
non-specific antibody controls, were quantified. Graphs represent average values ± SD. (A: n = 4, B-D: n = 3) (*p < 0.05, **p < 0.01 ***p < 0.001).
www.impactjournals.com/oncotarget
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Figure 7: Overexpression of TRAIL-R2 in MDA-MB-231 cells upregulates the expression of CXCR4 and enhances migration
towards SDF-1. Expression of TRAIL-R2, CXCR4 and EGFR in control cells (pCR3.1) and cells overexpressing the long (R2-long) or short
(R2-short) isoforms was assessed by flow cytometry in non-permeabilized and permeabilized cells and percent of stained cells (A) and staining
intensities per cell (B), relative to non-specific antibody controls, were quantified. (C) Cells were analyzed in regard to their migration capacity
towards SDF-1 in a trans-well assay. Graphs represent average values ± SD. (A–B: n = 3, C: n = 4) (*p < 0.05, **p < 0.01 ***p < 0.001).
www.impactjournals.com/oncotarget
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CXCR4 in these cells, previously shown to play a critical
role in breast cancer metastasis [29, 37]. Importantly,
recent meta-analysis validated CXCR4 as a prognostic
marker for breast cancer [38] and demonstrated the
association of high CXCR4 expression with lymph node
status, distant metastasis, and poor overall and disease
free survival. Although the mechanism of TRAIL-R2mediated regulation of CXCR4 expression is currently
unknown, it is likely that its nuclear function as a regulator
of let-7 maturation [9] may play a role. This hypothesis is
supported by recent data which demonstrate that let-7, due
to its ability to decrease the levels of HMGA2 resulting
in the down regulation of CXCR4, inhibits the formation
of breast cancer bone metastases [39]. However, since
tumor cells may produce and secrete their own TRAIL,
we cannot rule out the role of plasma membrane-bound
TRAIL-R2, which is known to induce signaling pathways
promoting cell invasion and metastasis following TRAIL
treatment [42]. Further in vitro and in vivo experiments
performed in the presence of agents neutralizing
endogenous (tumor cell-derived or mouse) TRAIL will
help to understand the cellular function of TRAIL-R2
in its different cellular compartments as a promoter of
skeletal metastasis of breast cancer cells.
Besides HMGA2 and CXCR4, the expression of
several other genes have also been shown to be important
in the bone metastatic phenotype of cancer cells [39,
40]. Analysis of protein levels between control cells and
TRAIL-R2-knockdown cells detected decreased levels of
p-Src and p-Akt. Both factors have been shown to play a
major role in early colonization of breast cancer cells to
the bone matrix [28, 31]. Zhang et al hypothesized that
Src-activity potentiates pro-tumoral SDF-1 signaling via
enhancement of the PI3K/Akt-pathway [31].
However, several important questions remain
open. First, the majority of breast cancer patients bearing
skeletal metastases suffer from estrogen and progesterone
receptor-positive cancer. Therefore, further studies are
needed to evaluate the impact of TRAIL-R2 in these
more common types of breast cancer cells. Second, it
cannot be ruled out that, in addition to the novel protumorigenic, nuclear TRAIL-R2 function, the previously
described pro-tumorigenic plasma membrane TRAIL-R2
signaling may also contribute to the observed effects.
Immunohistological studies have revealed a correlation of
high intracellular expression of TRAIL-R2, and coinciding
almost undetectable plasma membrane expression,
with worse patient prognosis. Careful re-evaluation
of the histopathological data in respect to intracellular
localization of this receptor and its correlation with clinical
parameters will help to evaluate the role of each particular
TRAIL-R2 population in bone metastasis of breast cancer
cells. Recent discoveries of the novel TRAIL-R2 function
as a regulator of miRNA-maturation in the nucleus [9],
and as ER-stress-mediated, ligand-independent inducer
of apoptosis in the cytoplasm [41], strongly demands
www.impactjournals.com/oncotarget

further studies on the role of TRAIL death receptors in
non-canonical localizations, and in particular, on the
mechanisms of its intracellular trafficking.
Importantly, our overexpression experiments
revealed potentially differential and also overlapping
functions of short and long TRAIL-R2 isoforms. Whereas
overexpression of the short TRAIL-R2 isoform led to the
downregulation of E-cadherin, overexpression of the long
isoform clearly upregulated its cellular levels. However,
both isoforms consistently upregulated the expression
of CXCR4, potentiated the activity of Src and strongly
enhanced cell migration. Further work is required to fully
understand how these different isoforms differentially
affect levels of these proteins.
In summary, we have uncovered a surprising
mechanistic relevance of TRAIL-R2 in the metastatic
behavior of breast cancer cells. We show that knockdown
of TRAIL-R2 leads to a down regulation of HMGA2,
p-Src, p-Akt and CXCR4 and increased expression of
the epithelial marker E-cadherin. These cellular changes
translate to a strongly diminished occurrence of skeletal
metastases in vivo, and in turn may explain the correlation
of TRAIL-R2 expression with unfavorable prognostic
parameters in clinical breast cancer samples [13]. Our
results suggest that targeted therapies aimed at decreasing
the levels of TRAIL-R2 in primary breast carcinomas
and/or circulating tumor cells may represent a promising
therapeutic strategy for reducing the risk of breast cancer
patients to relapse with bone metastases. In addition,
future studies may reveal TRAIL-R2 status to have a
prognostic or predictive marker for high risk patients of
developing skeletal events.

MATERIALS AND METHODS
Cell lines, culture conditions and generation of
stable clones
The bone-seeking variant of MDA-MB-231 breast
cancer cells MDA-MB-231-BO was kindly provided by
Gabri van der Pluijm (Leiden University Medical Center,
Netherlands). These cells were isolated from murine
tibia metastases after repeated in vivo passages following
intracardial injections of cell populations resulting in a
cell clone with the capability to metastasize to the bone at
high frequencies [32]. Cells were cultured in RPMI 1640
media supplemented with 10% FCS, 1 mM GlutaMAX
and 1 mM sodium pyruvate (LifeTechnologies, Darmstadt,
Germany). For transient knockdown of TRAIL-R2, cells
were transfected with On-Targetplus® smart pool siRNAs
L-004448–00 (Thermo Scientific Dharmacon, Epsom,
UK) using Lipofectamine2000 (Life Technologies). As a
control, On-Targetplus® non-targeting pool D-001810–10
was used (Thermo Scientific Dharmacon). To obtain
clone pools with stable knockdown of TRAIL-R2, cells
were transduced with the GIPZ lentiviral shRNAmir
9512
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Animal experiments

vectors for TRAIL-R2 and non-silencing control (Open
Biosystems, Germany; CloneID: TRAIL-R2-shRNA-1:
V2LHS_16711, TRAIL-R2-shRNA-2: V3LHS_328891)
and selected with 1 μg/ml puromycin.
Isoforms of TRAIL-R2, were generated
from full length TRAIL-R2 cloned in the pCR3.1
vector (kindly provided by Pascal Schneider,
University of Lausanne, Switzerland using primers
CCTGGGAGCCGCTCATGGCGAAGTTGGGC
CTCATGGAC (introducing a point mutation in the
DD),
CATCGAATGTGTCCACAAAGAATCA
GGCATCATCATAG (R2-short) and the QuickChange
II site-directed mutagenesis kit (Agilent Technologies,
La Jolla, CA, USA) as outlined by the manufacturer. All
constructs were verified by sequencing.

5–6 week old female, SCID Beige mice were
purchased from Charles River (Wilmington, MA).
All animals were kept in a temperature and humiditycontrolled environment with a 12 h light/dark cycle and
access to food and water ad libitum. Experiments were
carried out in accordance with local authorities (V312–
7224.121(75–5/12)). Mice were anesthetized with
intra-peritoneal injection of 80 mg/kg ketamine (Aveco
Pharmaceutical, IA) and 0.5 mg/kg dorbene (Pfizer, Berlin,
Germany). 1.4x105 MDA-MB-231-BO stably transfected
cells with control shRNA or shRNA-1 against TRAIL-R2
were suspended in 100 μl 1X PBS and injected into the
left ventricle of anesthetized animals under sonographic
guidance (n = 15/group).

Protein expression studies

In vivo imaging

Whole cell lysates (10 μg per lane) were analyzed
by Western blotting as previously described [43]. Primary
antibodies used were purchased from: ProScience/Axxora,
Lörrach, Germany (anti-TRAIL-R2); Cell Signaling,
Schwalbach, Germany (HMGA2, p-Src, Src, p-Akt, Akt, );
R&D systems, Minneapolis, MN, USA (E-cadherin); SigmaAldrich, St. Louis, MO, USA (β-actin).
Protein levels were additionally assessed using
FACS analysis. Briefly, 5 × 104 cells were seeded in
96-well plates and non-permeabilized or fixed and
permeabilized (1% formalin, 30 min, 4oC, washing, 0.1%
Tween, 30 min, 4oC, 2x washing) cells were incubated for
30 min at 4oC with primary antibodies against CXCR4
(BD Bioscience, San Jose, CA, USA), EGFR (AnaSpec
Inc, Fremont, CA, USA), TRAIL-R2 or TRAIL-R1
(HS201 and HS101 both kindly provided by Henning
Walczak, Imperial College, London). After washing
(PBS, 1% BSA), cells were incubated with APClabeled secondary antibody (Jackson ImmunoResearch,
Newmarket, UK) (30 min, 4oC). Analysis was performed
with a FACS Calibur and the CellQuest program (BD
Bioscience).

Anesthetized mice received 150 mg/kg D-luciferin
substrate (Sigma-Aldrich, Munich Germany) injected
into the intra-peritoneal space after administration of
anesthesia. Dorsal and ventral views were imaged weekly
for all mice using the NightOwl planar imaging system
(Berthold Technologies, Bad Wildbad, Germany). Tumor
bioluminescence was quantified using the Indigo software.

Magnetic resonance imaging
Magnetic resonance imaging (MRI) measurements
were performed at a magnetic field strength of 7 T
(ClinScan, Bruker Biospin, Ettlingen, Germany) using
a 4-channel phased-array coil for signal reception and a
birdcage resonator (inner diameter 70 mm) for excitation
(Bruker Biospin). T2-weighted images were obtained
by a 2D-turbo-spin-echo sequence (TR/TE 3430/8.9 ms,
4 echoes, resolution 130 x 130 μm, slice thickness
300 μm, 30 slices) and oriented parallel and perpendicular
to the mouse leg. Proton density weighted images were
acquired by a spoiled 3D-gradient-echo sequence (TR/TE
30/ 1.1 ms, flip angle 5°, matrix size 192 x 108 x 192) with
a spatial resolution of 130 x 130 x 140 μm3.

Proliferation and migration assays
To compare cell proliferation, 2.0 × 105 cells were
seeded in 6-well plates and grown for 72 h. Cells were
detached with Accutase® (GE Healthcare, Little Chalfont,
UK), then counted using an automated cell counter
(Cellometer Auto T4; Nexcelom Bioscience, Lowrence,
USA). To study cell migration, 24-well plate inserts with
8.0 μm pore size polycarbonate membranes (Corning
Incorporation, NY, USA), were seeded with 2 × 105 cells.
Prior to seeding, cells were starved for 24 h in medium
with FCS reduced to 0.5%. The lower chamber was filled
with medium containing either 10% FCS or 100 ng/ml
SDF-1α (Peprotech, Hamburg, Germany). After 21 h,
trans-migrated cells were counted.
www.impactjournals.com/oncotarget

Micro-CT analysis
Changes in tibial BMD resulting from tumor
formation were quantified by in vivo micro-computed
tomography (micro-CT) as previously described [44].
Anesthetized mice were placed in full-body holders and
the tibiae aligned by visual inspection. Weekly scans
were made using a vivaCT 40 micro-CT (ScancoMedical,
Brüttisellen, Switzerland) at an isotropic voxel size of
19 μm (70 kVp, 114 μA, 250 ms integration time, 1000
projections on 180° 2048 CCD detector array, cone-beam
reconstruction). A 140-slice (2.45 mm) volume of interest
(VOI), beginning at the most proximal slice of the tibial
9513
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epiphysis and extending into the metaphyseal region
was defined in the baseline scan of each animal using an
automated method to draw contours around the periosteal
surface [45]. Baseline VOIs were transferred to the
follow-up scans using an image registration approach to
insure analysis of consistent VOIs at each time point [45].
BMD within the VOI was calculated from the greyscale
micro-CT images (Image Processing Language v5.15,
ScancoMedical, Brüttisellen, Switzerland).

3. Walczak H, Degli-Esposti MA, Johnson RS, Smolak PJ,
Waugh JY, Boiani N, Timour MS, Gerhart MJ,
Schooley KA, Smith CA, Goodwin RG, Rauch CT.
TRAIL-R2: a novel apoptosis-mediating receptor for
TRAIL. The EMBO journal. 1997; 16:5386–5397.
4. Azijli K, Weyhenmeyer B, Peters GJ, de Jong S,
Kruyt FAE. Non-canonical kinase signaling by the death
ligand TRAIL in cancer cells: discord in the death receptor
family. Cell Death Differ. 2013; 20:858–868.
5. Ashkenazi A, Pai RC, Fong S, Leung S, Lawrence DA,
Marsters SA, Blackie C, Chang L, McMurtrey AE,
Hebert A, DeForge L, Koumenis IL, Lewis D, Harris L,
Bussiere J, Koeppen H, et al. Safety and antitumor activity
of recombinant soluble Apo2 ligand. The Journal of clinical
investigation. 1999; 104:155–162.

Histology
Tibiae containing metastases detectable by
bioluminescence were collected and fixed in 10% PBSbuffered formalin for 1 week and subsequently decalcified
in PBS-buffered 0.5 M EDTA. Limbs were washed in
water, embedded in paraffin and 5 μm sections were
prepared. Slices were stained with H&E to distinguish
tumor cells from normal bone marrow. To visualize
osteoclasts, sections were stained for TRAP activity [46].

6. Walczak H, Miller RE, Ariail K, Gliniak B, Griffith TS,
Kubin M, Chin W, Jones J, Woodward A, Le T, Smith C,
Smolak P, Goodwin RG, Rauch CT, Schuh JC, Lynch DH.
Tumoricidal activity of tumor necrosis factor-related apoptosis-inducing ligand in vivo. Nature medicine. 1999; 5:157–163.
7. Micheau O, Shirley S, Dufour F. Death receptors as targets in cancer. British journal of pharmacology. 2013;
169:1723–1744.

Statistical analyses
All statistical analyses were conducted using Prism
(version 5, GraphPad Software, CA). Comparison between
groups was made using unpaired t-tests. P values of < 0.05
were considered to be statistically significant.

8. Lemke J, von Karstedt S, Zinngrebe J, Walczak H. Getting
TRAIL back on track for cancer therapy. Cell Death Differ.
2014; 21:1350–1364.
9. Haselmann V, Kurz A, Bertsch U, Hubner S, OlempskaMuller M, Fritsch J, Hasler R, Pickl A, Fritsche H,
Annewanter F, Engler C, Fleig B, Bernt A, Roder C,
Schmidt H, Gelhaus C, et al. Nuclear death receptor TRAIL-R2 inhibits maturation of let-7 and promotes proliferation of pancreatic and other tumor cells.
Gastroenterology. 2014; 146:278–290.
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