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Abstract
Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) induces apoptosis in some but not
all breast cancer cell lines. Breast cancers can be divided into those which express the estrogen (ER)
and progesterone (PR) receptors, those with HER-2 amplification, and those without expression of
ER, PR, or HER-2 amplification (referred to as basal or triple-negative breast cancer). We tested a
panel of 20 breast cancer cell lines representing the different types of breast cancer to evaluate if the
molecular phenotype of the breast cancer cells determined their response to TRAIL. The most striking
finding was that eight of eleven triple-negative cell lines are sensitive to TRAIL-mediated apoptosis.
The eight TRAIL-sensitive triple-negative cell lines have a mesenchymal phenotype while the three
TRAIL-resistant triple-negative cell lines have an epithelial phenotype. Two of five cell lines with
HER-2 amplification were sensitive to TRAIL and none of the five ER positive cell lines were
sensitive. RNAi-mediated knockdown of TRAIL receptor expression demonstrated that TRAIL
Receptor 2 (TRAIL-R2) mediates the effects of TRAIL, even when both TRAIL-R1 and TRAIL-R2
are expressed. Finally, inhibition of EGFR, expressed in both TRAIL-sensitive and TRAIL-resistant
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triple-negative breast cancer cell lines, using a small molecule tyrosine kinase inhibitor (AG1478)
enhanced TRAIL-induced apoptosis in TRAIL-sensitive cell lines but did not convert resistant cells
into TRAIL-sensitive cells. Together, these findings suggest that a subset of triple-negative breast
cancer, those with mesenchymal features, may be the most likely to benefit from TRAIL targeted
therapy. These findings could form the basis to select breast cancer patients for clinical trials of
TRAIL-R2 ligands.
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Introduction
Activation of the death receptors by the tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) has been shown to induce apoptosis selectively in a variety of cancer cell lines
including breast cancer cell lines, but not in normal cells [1–3]. Also, animal studies have
shown that TRAIL can induce regression of cancer xenografts without toxicity to normal
tissues [3]. The selective induction of apoptosis in cancer cells, but not in normal cells, has
prompted clinical studies of TRAIL and agonistic antibodies as cancer therapy. However, we
have shown previously that the majority of breast cancer cell lines are resistant to TRAIL-
mediated apoptosis [1]. In fact, of the breast cancer cell lines we tested for TRAIL sensitivity,
only the MDA-MB-231 breast cancer cell line is sensitive to TRAIL-induced apoptosis [1].
Studies in breast cancer cell lines have failed to identify clearly the major determinants of
TRAIL sensitivity.

Breast cancer is a heterogeneous group of diseases. Approximately 60–70% of breast cancers
express estrogen receptors (ER) and/or progesterone receptors (PR) and approximately 20–
30% of breast cancers have amplified HER-2 and express high levels of the HER-2 protein
[4]. Molecularly targeted therapies that inhibit the estrogen pathway or that target amplified
HER-2 are effective in the treatment of breast cancer in patients whose tumors express these
targets [4]. In approximately 15–20% of patients with breast cancer, the tumors do not express
ER or PR and do not have amplification of HER-2 [4]. These tumors are called triple-negative
breast cancer and patients with these tumors have a poor prognosis [4]. There is no clinically
validated, molecularly targeted therapy for these patients and they can be treated only with
chemotherapy [4]. Thus, identification of novel, molecularly targeted therapies for triple-
negative breast cancer would be of great benefit.

In the work presented here, we investigated whether the molecular phenotype of breast cancer
determined the response to TRAIL-induced apoptosis. We found that triple-negative breast
cancer cells, and particularly those with mesenchymal features, are preferentially killed by
TRAIL. Further, we found that TRAIL-induced apoptosis is mediated predominantly by
TRAIL Receptor 2 (TRAIL-R2).

Materials and methods
Cell lines

The AU565, BT474, BT549, HCC38, HCC1500, HCC1954, MB231, MB436, MB453,
MB468, MCF7, SKBR3, T47D, and ZR75-1 cell lines were obtained from ATCC (Manassas,
VA, USA). BT20, HCC1937, HS578T, and MB157 were obtained from Reinhard Ebner
(Avalon Pharmaceuticals; Germantown, MD, USA). SUM149 and SUM159 were obtained
from Steve Ethier (Karmanos Cancer Institute, Detroit, MI, USA). All cell lines were grown
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in RPMI 1640 supplemented with 10% fetal calf serum, 100 units/ml of penicillin, and 100
units/ml of streptomycin.

Cell culture and MTS assays
The GST-TRAIL construct and the isolation of recombinant GST-TRAIL fusion protein have
been previously described [1]. The GST-TRAIL protein (at 0.5mg/mL in culture media) was
stored at −70°C in aliquots until used. TRAIL-mediated cytotoxcity was assessed by the MTS
assay using Cell Titer 96® AQueous One Solution Cell Proliferation Assay (Promega,
Madison, WI, USA ) as previously described [5]. All MTS measurements were done in
replicates of six wells and each experiment was carried out at least three times. Results are
given as the mean +/− the standard error of the mean (SE) for at least three independent
experiments.

The tetra-peptide pan-caspase inhibitor Z-VAD-fmk (Biomol International, Plymouth
Meeting, PA) was resuspended in DMSO at a concentration of 10 mM. Z-VAD-fmk was added
to cells at a final concentration of 30 μM 30 min prior to any treatments. Control cells were
incubated with DMSO at the same concentration as Z-VAD-fmk-treated cells. Cell viability
was analyzed by the MTS assay after 16 h incubation with TRAIL.

The EGFR tyrosine kinase inhibitor AG1478 (EMD Biosciences, San Diego, CA) was
reconstituted in DMSO (Sigma-Aldrich Co., St. Louis, MO) at 10 mM. Cells were incubated
with the inhibitor or an equivalent amount of DMSO at a final concentration of 30 μM for 4 h
prior to addition of TRAIL.

Apoptosis and caspase assays
Apoptosis was assessed in TRAIL-treated cells using the Cell Death Detection ELISAplus kit
(Roche Diagnostic Corp, Indianapolis, IN). Briefly, 105 cells were plated in 6 well plates and
allowed to adhere overnight. TRAIL was added at 1 μg/ml for 4 h after which media was
removed and cells were lysed with 200 μl of lysis buffer following the instructions supplied
with the kit. Mono- and oligonucleosomes in the cytoplasmic fraction of cell lysates, indicative
of fragmented DNA, were measured using the protocol supplied with the kit.

Caspase activation by TRAIL was assessed using the Caspase-Glo® 3/7 Assay Kit (Promega,
Madison, WI, USA). 1×104 cells were plated in 96 well microtiter plates, allowed to adhere
overnight, and then treated with TRAIL at the indicated concentrations for 4 h. Cells were
lysed and caspase activity was measured in the cell lysates using the protocol supplied with
Thermo kit. Luminescence was measured on a LabSystems Fluoroscan Ascent Fluorometer
(Thermo LabSystems, Milford, MA, USA).

Isolation and analysis of protein lysates
Cells (8–10 ×105) were plated onto 20 cm diameter tissue culture dishes and grown to 60–80%
confluence. Cell lysates were prepared and immunoblots performed as previously described
[1]. The following rabbit polyclonal antibodies were used for immunoblotting: anti-caspase-3
(#9662; Cell Signaling, Danvers, MA, USA); anti-EGFR (#2232; Cell Signaling, Danvers,
MA, USA); anti-ErbB-2 (#RB-103-P; Lab Vision Corp. Neomarkers, Freemont, CA, USA);
anti-TRAIL-R1 (#556554; BD Pharmingen, San Diego, CA, USA); and anti-TRAIL-R2
(#2019; ProSci, Poway, CA, USA). The following mouse monoclonal antibodies were used
for immunoblotting: anti-caspase-8 (#05-477; Upstate Biotechnology, Lake Placid, NY, USA);
anti-E-cadherin (#610181; BD Transduction Laboratories, San Jose, CA, USA); anti-estrogen
receptor (#MS-1071; Lab Vision Corp. Neomarkers, Freemont, CA, USA); anti-tubulin
(#T9026; Sigma, St. Louis, MO, USA); anti-TRAIL-R3 (#SC-65309; Santa Cruz
Biotechnology, Santa Cruz, CA, USA); anti-TRAIL-R4 (#SC-65310; Santa Cruz
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Biotechnology, Santa Cruz, CA,USA); anti-vimentin (#550513; BD Pharmingen, San Diego,
CA, USA). Rabbit polyclonal anti-moeisin antibody was graciously provided by Dr. Steven
Shaw. Mouse monoclonal anti-EGFR (#GR01; EMD Biosciences, San Diego, CA, USA) was
used to immunoprecipitate the EGFR. HRP-conjugated mouse monoclonal anti-
phosphotyrosine (#16-184; Upstate Biotechnology, Lake Placid, NY) was used to evaluate
EGFR tyrosine phosphorylation in EGFR precipitates.

RNA interference (RNAi)
siRNAs were purchased from Dharmacon (Lafayette, CO, USA) for TRAIL-R1 (ON-
TARGETplus SMARTpool #L-008090-00), TRAIL-R2 (ON-TARGETplus SMARTpool
#L-004448-00), vimentin (ON-TARGETplus SMARTpool #L-003551-00), moesin (ON-
TARGETplus SMARTpool #L-011732-00), E-cadherin ON-TARGETplus SMARTpool
#L-003877-00), and a non-targeting siRNA control pool(ON-TARGETplus SMARTpool
control #D-001810-10). Cells were transfected in solution with siRNA at a final concentration
of 50 nM. The stock siRNA at 20 μM was diluted into 3.5 ml RPMI media and incubated at
room temperature for 10 min in 50 ml tubes. 49 μl of Oligofectamine (Invitrogen Corp,
Carlsbad, CA, USA) was added to the siRNA and incubated at room temperature for 15 min.
3.5 ml of cells at 2×105/ml in RPMI supplemented with 10% FCS (without antibiotics) were
added to the siRNA/Oligofectamine solution, mixed, and then 100 μl of the solution was plated
in each of 60 wells in a 96 well tissue culture plate. The remaining transfection mixture was
plated in 6 well plates for protein analysis. TRAIL was added to the 96 well plates at 48 h post-
transfection and MTS reagent was added at 72 h post-transfection for viability measurements.
Cells plated in the 6 well plates were harvested for protein analysis at 72 h post-transfection
as described above.

Microarray analysis
Published microarray data representing 51 breast cancer cell lines [6] were downloaded from
the caArray website (http://caArray.nci.nih.gov). All analyses were performed using software
from the Bioconductor project [7]. Raw CEL files were normalized using RMA from the affy
software package (http://www.bioconductor.org). Genes significantly correlated with TRAIL
sensitivity (measured at 1 μg/ml) were chosen by linear regression using the Limma
Bioconductor package [8]. For plotting, TRAIL-sensitive cell lines were defined as having an
IC50 ≤ 1 μg/ml. P-values were corrected for multiple comparisons [9].

Statistics
Statistical comparison of mean values was performed using the paired and unpaired
Student’s t-tests. Associations between TRAIL sensitivity and phenotype, molecular
classification based on array, or protein expression data were analysed by Pearson’s Chi-
squared test with Yates’ continuity correction using the R statistics
(http://www.R-project.org). All p-values are two tailed.

Results
TRAIL preferentially kills triple-negative breast cancer cells with mesenchymal features

Previous work has found that most breast cancer cell lines are resistant to TRAIL-mediated
toxicity [1]. However, only a limited number of breast cancer cell lines have been tested
systematically for TRAIL sensitivity. To correlate the phenotype of the cancer cells with
TRAIL sensitivity, we treated a panel of 20 breast cancer cell lines with TRAIL (Fig. 1a, b).
These cell lines represented the three major classifications of breast cancer: ER positive, HER-2
amplified, and triple-negative cancers (Fig. 1c). One cell line, BT454, expresses both ER and
amplified HER-2 (Fig. 1c, lanes 5 and 13). Expression of ER and HER-2 for all of these cell
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lines is consistent with the phenotype of the original tumors and with previously published
data (http://www.atcc.org and [10,11]). Published data have demonstrated that PR was
expressed in several of the ER positive cell lines but was not expressed in any of the ER negative
cell lines (http://www.atcc.org and [6]). Ten of the cell lines showed significant toxicity over
the range of TRAIL concentrations tested (Fig. 1a, b). The most striking result is that eight of
eleven triple-negative breast cancer cell lines were sensitive to TRAIL-induced toxicity (Fig.
1a, 1b). The IC50 for the sensitive triple-negative cell lines ranged from 16–250 ng/ml. Also,
TRAIL induced significant toxicity in two of the five HER-2 amplified cell lines tested
(HCC1954 and AU565). The IC50 for these cell lines (~1000 ng/ml) was higher than the IC50
in the triple-negative breast cancer cell lines. None of the five ER expressing cell lines were
inhibited by TRAIL by more than 10–15% (this includes the BT474 cell line which is both ER
positive and HER-2 amplified).

To assess if the growth inhibition measured in the MTS assays described in Fig. 1 was due to
apoptosis, an assay to measure DNA fragmentation was performed (Fig. 2a). The TRAIL-
sensitive triple-negative cell lines (HS578T, MB157, and MB231) showed >10 fold increase
in the amount of fragmented DNA upon treatment with TRAIL (Fig. 2a). In contrast, the
TRAIL-resistant triple-negative cell line, BT20, showed only an ~3 fold increase in fragmented
DNA (consistent with the modest growth inhibition shown in Fig. 1). The increased DNA
fragmentation seen in the sensitive cell lines was statistically greater than that seen in the BT20
cell line. TRAIL induces apoptosis by a caspase-dependent mechanism [12]. Treatment of
TRAIL-sensitive cells (HS578T, MB157, and MB231) results in approximately a 12–14 fold
increase in caspase activity (Fig. 2b). In contrast, the relatively TRAIL-insensitive BT20 cell
line showed significantly less activation of caspases upon TRAIL treatment (Fig. 2b).
Inhibition of caspase activation using the pan-caspase inhibitor, Z-VAD-fmk, markedly
reduced the toxicity of TRAIL in both the TRAIL-sensitive and relatively TRAIL-insensitive
cell lines (Fig. 2c). Together, the results demonstrate that the growth inhibition of the cells by
TRAIL shown in the MTS assay is due to caspase-mediated apoptosis.

TRAIL-induced apoptosis is mediated by TRAIL-R2
To determine if expression of TRAIL receptors accounts for the differences in sensitivity to
TRAIL-induced apoptosis, we analyzed protein expression of the agonist TRAIL receptors.
There was no correlation between TRAIL sensitivity and expression of the death-inducing
TRAIL receptors (TRAIL-R1 and TRAIL-R2) (Fig. 3a). Since the expression of TRAIL-R1
and TRAIL-R2 did not clearly correlate with TRAIL sensitivity, selective knockdown of each
receptor using siRNA was performed to see which receptor(s) mediates TRAIL-induced
apoptosis. We first tested MB231 as this cell line expresses high levels of TRAIL-R1 and
TRAIL-R2 (Fig. 3a). The loss of TRAIL-R2 inhibited the toxic effects of TRAIL over a wide
range of TRAIL concentrations while loss of TRAIL-R1 had little or no effect (Fig. 3b). Loss
of both TRAIL-R1 and TRAIL-R2 was similar to loss of TRAIL-R2 alone (Fig. 3b). Similar
results were obtained in two additional triple-negative cell lines (MB157 and HCC38) and in
a TRAIL sensitive HER-2 amplified cell line (HCC1954) (Fig. 3c). Thus TRAIL-R2 is the
predominant mediator of the effects of TRAIL in breast cancer cells.

No correlation was found between TRAIL sensitivity and expression of the TRAIL decoy
receptors (TRAIL-R3 and TRAIL-R4), c-FLIP, caspase 8, or caspase 3 (Fig. 3d). Similarly,
cDNA expression profiling revealed no correlation between TRAIL sensitivity and expression
of any genes implicated as regulators of the TRAIL pathway including TRAIL-R1, TRAIL-
R2, TRAIL-R3, TRAIL-R4, cFLIP, caspases, Bcl2 family members, IAPs, and survivin (data
not shown).
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Mesenchymal markers predict TRAIL sensitivity in triple-negative cell lines
Recent work has classified 51 breast cancer cell lines based on transcriptional profiling [6]. In
that work, breast cancer cell lines could be classified into two main groups, luminal and basal.
The basal group was further subdivided into basal “A” (BaA) and basal “B” (BaB) groups. The
BaB cell lines were distinguished based on expression of mesenchymal markers such as the
cytoskeletal protein vimentin. In the published paper, the hormone receptor positive cell lines
all clustered with the luminal cells. The HER-2 amplified cell lines were divided between the
luminal and BaA groups. The triple-negative cell lines were divided between the BaA and BaB
groups, with the majority of triple-negative cell lines classified as mesenchymal or BaB. Based
on this work, we found that all of the TRAIL-sensitive triple-negative cell lines we tested are
classified as BaB or mesenchymal cells (shown in black in Fig. 1a and gray in Fig. 1b). In
contrast, the three TRAIL-resistant triple-negative cell lines are classified as epithelial or BaA
(shown in green in Fig. 1a, b).

To identify determinants of TRAIL-sensitivity, we sought to define the genes most highly
correlated with TRAIL sensitivity using the published cDNA microarray data (Fig. 4a,
Supplemental Table 1, and [6]). Using these genes to visualize the gene expression pattern,
this analysis clustered the eight TRAIL-sensitive triple-negative cell lines together in one arm
of the dendogram (Fig. 4a, shown in blue on the upper left side of the dendogram). Strikingly,
the eight TRAIL-sensitive triple-negative breast cancer cell lines clustered together with other
triple-negative cell lines that have a mesenchymal (or BaB) gene expression profile (Fig. 4a
and [6]). Interestingly, the immortalized, but non-transformed MCF10A cell line clusters with
the mesenchymal (or BaB) cell lines by this analysis and is TRAIL-sensitive ([1] and data not
shown). The TRAIL-resistant cell lines clustered together with the BaA and luminal cell lines
from the published analysis (Fig. 4a, right side of dendogram). This group included all of the
ER positive cell lines and the TRAIL-resistant HER-2 amplified cell lines. The two TRAIL-
sensitive HER-2 amplified cell lines (HCC1937 and AU565) are clustered with the TRAIL-
resistant cells by this analysis (Fig. 4a, right side of dendogram). Importantly, the TRAIL-
resistant triple-negative breast cancer cell lines were identified as BaA cell lines in the previous
work and cluster with the resistant cells in our analysis (Fig. 4a, shown in red on the upper
right side of the dendogram). A number of cell lines that we did not test that cluster with the
resistant cells have been reported as TRAIL-resistant [2]. This includes the ER positive cell
line SUM52 and the HER-2 amplified cell lines SUM185, SUM190, and SUM225 [2].

Based on the mRNA expression analysis, vimentin was expressed in nine of the 10 TRAIL-
sensitive cell lines (Fig. 4a, arrow). These included all of the triple-negative cell lines that
cluster with the mesenchymal group and one of the HER-2 amplified cell lines. Vimentin
expression is high in mesenchymal cells and low in epithelial cells [13]. In contrast, E-cadherin
is expressed at high levels in epithelial cells and at low levels in mesenchymal cells [13]. To
confirm the cDNA microarray data, we performed immunoblots to examine protein expression
of vimentin and E-cadherin in the 20 cell lines. Six of eight of the TRAIL-sensitive triple-
negative cell lines express high levels of vimentin protein and low levels of E-cadherin protein
- consistent with a mesenchymal phenotype (Fig. 4b, lanes 18–23). One of the TRAIL-sensitive
triple-negative cell lines (HCC38) expresses high levels of both vimentin and E-cadherin
proteins (Fig. 4b, lane 17). Only one TRAIL-sensitive triple-negative cell line (SUM149) does
not express vimentin protein and has high levels of E-cadherin (Fig. 4b, lane 24). In contrast,
all of the TRAIL-resistant triple-negative cell lines express high levels of E-cadherin and no
vimentin, consistent with an epithelial phenotype (Fig. 4b, lanes 10–12, 16). Within the triple-
negative breast cancer cell lines, seven of seven that express vimentin protein are TRAIL-
sensitive and three of four cell lines that do not express vimentin protein are TRAIL-resistant.
Thus, within the triple-negative breast cancer cell lines, mesenchymal features (in particular
vimentin expression) are strong predictors of TRAIL sensitivity. All of the TRAIL-resistant
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ER positive cell lines express high levels of E-cadherin and no vimentin protein (Fig. 4b, lanes
1–5, 14–15) The HER-2 amplified cell lines do not express vimentin protein, including the two
TRAIL-sensitive HER-2 amplified cell lines (Fig. 4b, lanes 5–9, 15). The expression of E-
cadherin is more variable in these HER-2 amplified cell lines but does not correlate with TRAIL
sensitivity (Fig. 4b, lanes 5–9, 15).

To test if vimentin or E-cadherin proteins are mechanistic determinants of sensitivity or
resistance to TRAIL, respectively, we used specific siRNAs to knock down the expression of
each of these molecules and tested the effect on TRAIL-induced toxicity (Fig. 4c, d). Loss of
vimentin did not decrease the effect of TRAIL in the sensitive MB231 cells nor in MB157 cells
(Fig. 4c). Loss of E-cadherin did not increase the sensitivity to TRAIL in the resistant HCC1937
cells and BT20 cells (Fig. 4d). Also, reintroduction of E-cadherin into the TRAIL-sensitive
MB231 cell line did not alter the sensitivity to TRAIL (data not shown).

Recently moesin protein expression has been identified as a marker of triple-negative breast
cancers by immunohistochemical analysis of primary tumors and cell lines [14,15]. We
therefore measured moesin expression by immunoblot in the cell lines. Expression of moesin
was seen in all of the TRAIL-sensitive triple-negative breast cancer cell lines and in one of the
two TRAIL-sensitive HER-2 amplified cell lines (Fig. 4b, lanes 8, 13, 17–24). Thus, nine of
ten TRAIL-sensitive cell lines express moesin protein. Only three of the ten TRAIL–resistant
cell lines (HCC1500, BT20, MB468) express moesin (Fig 4b, lanes 4, 11, 12 and 16). Thus,
moesin expression is also correlated with TRAIL sensitivity. However, siRNA knockdown of
moesin expression in TRAIL-sensitive MB231 and HS578T cells did not decrease the effects
of TRAIL in these cells (Fig. 4e).

Together, these data suggest that vimentin expression, E-cadherin expression, and moesin
expression may be markers of TRAIL sensitivity but do not regulate TRAIL sensitivity. Using
Pearson’s Chi-squared test with Yates’ continuity correction TRAIL-sensitivity was strongly
associated with mesenchymal classification on microarray (p-value = 0.0014), vimentin
expression (p-value = 0.005), and moesin expression (p = 0.02). Triple-negative classification
(based on the lack of hormone receptors and lack of amplification of HER2) showed a
borderline significant association with TRAIL-sensitivity (p-value = 0.07). E-cadherin
expression showed a borderline significant statistical association with TRAIL resistance (p-
value = 0.07).

Inhibition of EGFR increases TRAIL-sensitivity in mesenchymal but not in epithelial triple-
negative breast cancer cells

EGFR expression is another marker of triple-negative breast cancer cells [16,17]. All of the
triple-negative breast cancer cell lines we examined express high levels of EGFR (Fig. 5a).
Previous reports have described EGFR activity promoting resistance to TRAIL and EGFR
inhibition increasing sensitivity to TRAIL [18–20]. Thus, we investigated whether inhibition
of the EGFR by a small molecule tyrosine kinase inhibitor (AG1478) enhances TRAIL-
mediated apoptosis in triple-negative breast cancer cells. This inhibitor is a relatively selective
inhibitor of EGFR and has an ~10,000 fold lower IC50 for EGFR compared to other related
tyrosine kinases such as Her2 [21]. The MB231 cell line is TRAIL-sensitive, but the addition
of AG1478 results in maximal toxicity at significantly lower doses of TRAIL (Fig. 5b, left
panel). The TRAIL-resistant MB468 cell line expresses high levels of EGFR and growth of
this cell line is significantly inhibited by AG1478 (Fig. 5b, right panel). However, the
combination of AG1478 and TRAIL in the MB468 cell line did not result in significantly
increased toxicity compared to AG1478 alone (Fig. 5b, right panel). These experiments were
performed in the absence of exogenous EGF ligand. To test whether the EGFR is active in the
absence of exogenous ligand, the EGFR was immunoprecipitated and immunoblotted with
anti-phosphotyrosine antibody. In both MB231 and MB468, there was detectable EGFR
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activity in the absence of exogenous ligand that is inhibited by incubation with AG1478 (Fig.
5c). We then tested the ability of AG1478 to enhance TRAIL sensitivity in a panel of cells
including the EGFR negative cell line (ZR75), the three TRAIL-resistant, EGFR-expressing
epithelial triple-negative breast cancer cell lines (HCC1937, BT20, and MB468), and several
of the TRAIL-sensitive, EGFR-expressing mesenchymal triple-negative breast cancer cell
lines (HCC38, HS578T, MB157, MB231, and SUM149) (Fig. 5d). The combination of TRAIL
and AG1478 was significantly more toxic to mesenchymal triple-negative breast cancer cells
than either agent alone (compare black bars in Fig. 5d to white or striped bars). This was true
over a wide range of TRAIL concentrations and was due to an increase in caspase-mediated
apoptosis (data not shown). Importantly, the combination of TRAIL and AG1478 was not
significantly more toxic to the epithelial triple-negative cell lines than AG1478 alone (Fig. 5d;
HCC1937, BT20, MB468). This was observed over a wide range of doses of both TRAIL and
AG1478 (Fig. 4b and data not shown). The addition of AG1478 to TRAIL did not induce
significantly more toxicity in EGFR-negative cells such as ZR75 (Fig. 5d).

Discussion
The results presented here using breast cancer cell lines identify differential sensitivity to
TRAIL-mediated apoptosis based on the molecular phenotype of the breast cancer cells. The
majority of triple-negative breast cancer cell lines, and particularly all of those with a
mesenchymal phenotype, are TRAIL-sensitive (Fig. 1, 4). The three TRAIL-resistant triple-
negative breast cancer cell lines do not have a mesenchymal phenotype, both based on our
expression analysis of vimentin and E-cadherin and the published cDNA microarray expression
data (Fig. 4b and [6]). Of note, two of the three TRAIL-resistant triple-negative breast cancer
cell lines (MB468 and BT20) have amplification of the EGFR and thus may represent a unique
subset of triple-negative breast cancers [22,23].

The mesenchymal cytoskeletal protein, vimentin, was expressed predominantly in the majority
of the TRAIL-sensitive triple-negative cell lines. The expression of vimentin protein is highly
predictive of TRAIL-sensitivity among the triple-negative breast cancer cell lines (seven of
seven vimentin protein positive cell lines were TRAIL-sensitive). In contrast, only one of the
four triple-negative breast cancer cell lines that do not express vimentin protein is sensitive to
TRAIL-induced apoptosis (i.e., SUM149). This cell line expresses vimentin mRNA and
clusters with the mesenchymal cell lines by transcriptional profiling (Fig. 4a and [6]).

While previous transcriptional profiling data has identified triple-negative breast cancer cell
lines with a mesenchymal phenotype, this classification has not been identified in
transcriptional profiling of primary breast cancer samples [6,24,25]. The reason for this
discrepancy is not clear. These mesenchymal cell lines may represent a transformation that
occurs in culture due, for example, to the lack of interactions with the tumor stroma.
Alternatively, these cells may be a minor population that is better able to grow under cell culture
conditions. However, immunohistochemical analysis of primary tumors has identified tumors
in which the cancer cells express vimentin [17,26,27]. In the largest study (>2000 samples),
approximately 14% of breast tumors expressed vimentin in the tumor cells [27]. Also, in this
study, 35% of the ER negative tumors were vimentin positive [27]. The enrichment of
vimentin-positive tumors among the ER negative tumors is consistent with vimentin expression
in triple-negative tumors. However, this work did not simultaneously characterize HER-2
amplification and so the tumors can not be accurately classified as triple-negative [27]. Two
small studies demonstrated vimentin expression in 17 of 18 and 4 of 11 triple-negative breast
cancer samples [17,26]. In one of these studies, all of the samples had been classified as basal-
type tumors by microarray analysis and the vimentin staining observed was strong and diffuse
in the tumors [17]. Thus, vimentin-positive triple-negative tumors are a clinical entity and not
a cell culture artifact.
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Recently moesin has been identified as a marker of triple-negative breast cancer cells in primary
breast cancer samples and breast cancer cell lines [14,15]. This protein is a member of the
ezrin, radixin, moesin family of proteins which play important roles in cytoskeletal function,
cell adhesion, and motility [28]. In our work, moesin protein was expressed in all of the
mesenchymal TRAIL-sensitive triple-negative cell lines and in one of the two TRAIL-
sensitive HER-2 amplified cell lines. Thus 9 of 10 TRAIL-sensitive cell lines express moesin
- making moesin a potential biomarker for TRAIL sensitivity.

Together, these data suggest that characterization of vimentin and moesin expression by
immunohistochemistry may be useful biomarkers for TRAIL sensitivity. Measurements of
vimentin and moesin mRNA and/or protein expression could be incorporated readily into future
clinical trials of TRAIL agonists to investigate whether these proteins have predictive value
for TRAIL response in patients with breast cancer.

The mechanism underlying the differential TRAIL sensitivity of the mesenchymal triple-
negative breast cancer cell lines is unknown. siRNA knockdown experiments indicate that
while vimentin, moesin, and E-cadherin protein expression are predictive of TRAIL sensitivity
or resistance, they do not regulate TRAIL function (Fig. 4c, d, e). Recent analysis in pancreatic
cancer, colorectal cancer, non-small-cell lung cancer, and melanoma cell lines has identified
low expression of O-glycosylation genes as a potential mechanism of TRAIL-resistance [29].
However our gene expression analysis did not find a correlation between the genes described
in that work for O-glycosylation and TRAIL sensitivity in the breast cancer cell lines
(unpublished observation). Our analysis of gene expression identified 77 genes that classified
the cell lines into two clusters based on TRAIL sensitivity. None of these genes have been
implicated as regulators of TRAIL activity (Fig. 4a). Several of the genes that are expressed
at a higher level in the TRAIL-sensitive triple-negative cell lines have been described
previously in breast cancer. For example, the receptor tyrosine kinase Axl, also preferentially
expressed in the mesenchymal breast cancer cells (Fig. 4a and [30]), has been implicated in
angiogenesis and in breast cancer tumorigenesis [31]. The membrane protein EMP3 was found
highly expressed in the mesenchymal cell lines but its function is unknown [32]. PROCR has
been described as expressed in breast cancer cells with a “stem cell” phenotype [33].
Interestingly, the mesenchymal breast cancer cell lines have characteristics consistent with
putative breast cancer “stem cells” (e.g., high CD44 and low CD24 expression) (Fig. 4a and
[6]). A role for these proteins in TRAIL activity has not been studied.

We also investigated inhibition of the EGFR as a means to overcome TRAIL resistance in the
epithelial triple-negative breast cancer cell lines. EGFR is frequently expressed in triple-
negative breast cancer and we found that it was expressed in all of the triple-negative breast
cancer cell lines tested whether they are TRAIL-sensitive or resistant ([16,17] and Fig. 5a).
While we found that EGFR inhibition can enhance TRAIL-mediated apoptosis in EGFR-
expressing breast cancer cells that are already sensitive to TRAIL (i.e., the mesenchymal triple-
negative breast cancer cell lines), EGFR inhibition does not overcome the resistance in the
epithelial triple-negative breast cancer cell lines (Fig. 5b and d).

The patients with triple-negative breast cancer have no clinically validated molecularly targeted
therapies and have a poor prognosis relative to those patients having other breast cancer
subtypes [4]. The data here provide a strong rationale for testing TRAIL receptor agonists in
this population - especially those with tumors that have mesenchymal features (i.e., vimentin
expression). In addition, combination of EGFR inhibitors with TRAIL may be particularly
effective for the treatment of triple-negative breast cancers with mesenchymal features.

HER-2 amplified tumors represent a second population that may be sensitive to TRAIL.
However, only two of five cell lines tested here with HER-2 amplification are sensitive to
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TRAIL-induced apoptosis and three additional lines reported in the literature are resistant to
TRAIL [2]. In addition, the IC50 in these cell lines is higher than the IC50 in the sensitive
triple-negative cell lines (Fig. 1). These cell lines cluster with the resistant cell lines by
transcriptional profiling and they do not express the vimentin protein (Fig. 4). Thus, they do
not have mesenchymal markers. One of the TRAIL-resistant HER-2 amplified cell lines
(BT474) also expresses ER, and all of the ER-positive cell lines tested are resistant to TRAIL-
mediated apoptosis (Fig. 1). Thus, ER expression appears to identify TRAIL-resistant cell lines.
It is not clear what distinguishes the other TRAIL-resistant HER-2 amplified cell lines from
the two TRAIL-sensitive HER-2 amplified cell lines. Interestingly, our previous work suggests
that TRAIL-induced apoptosis could be enhanced in the resistant cell lines with HER-2
amplification (e.g., SKBR3 and MB453) when TRAIL was combined with trastuzumab pre-
treatment [5]. Thus, tumors with HER-2 amplification may benefit from combined molecularly
targeted therapies of TRAIL and trastuzumab.

Expression levels of TRAIL receptors do not predict whether a cell will be sensitive or resistant
to TRAIL (Fig. 3). TRAIL agonists which target both TRAIL receptors and those which
selectively target either TRAIL-R1 or TRAIL-R2 are currently in phase I and phase II clinical
trials. Previous work has demonstrated that TRAIL induces apoptosis predominantly via
TRAIL-R1 in some tumors and via TRAIL-R2 in others [34–36]. Using RNAi to selectively
reduce expression of either TRAIL-R1 or TRAIL-R2, our data indicate that TRAIL-R2 is the
predominant death-inducing receptor in the sensitive breast cancer cell lines (in both the
TRAIL-sensitive triple-negative and HER-2 amplified cells (Fig. 3b, c). Thus, agonists that
activate both TRAIL-R1 and TRAIL-R2 or those that selectively activate TRAIL-R2 (but not
those that selectively activate TRAIL-R1) should be tested in breast cancer patients.

Overall, our work suggests that TRAIL receptor agonists will have differential effects on breast
cancer tumors with different molecular phenotypes. This work suggests that patients with
triple-negative tumors with mesenchymal features, a group of patients with a poor prognosis,
are most likely to benefit from TRAIL receptor agonists. Importantly, these data provide a
basis for designing clinical studies using these agents in triple-negative breast cancer patients.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
TRAIL-induced toxicity in breast cancer cell lines. (a) Cell lines were incubated with TRAIL
at the indicated concentrations for 16 h. Cell viability was measured by the MTS assay. The
data represent mean growth inhibition as a percentage of untreated cells for three experiments
with each cell line. Percentage growth inhibition was calculated as [1-(MTS reading in treated
cells/MTS reading in control cells)] X 100. Black lines represent mesenchymal triple-negative
cell lines, green lines represent epithelial triple-negative cell lines; blue lines represent HER-2
amplified cell lines, and red lines represent ER positive cell lines (see text for discussion). The
horizontal dashed line indicates 50% growth inhibition. (b) The data from the dose curve of
TRAIL toxicity with each cell line at the highest TRAIL concentration (1 μg/ml) is replotted
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with the cells grouped by phenotype as indicated along the top of the graph and color coded
as above. The data represent mean growth inhibition +/− SE as a percentage of untreated cells
for three experiments with each cell line calculated as above. The dashed line indicates 50%
growth inhibition. (c) Lysates prepared from the cell lines shown above were immunoblotted
for expression of ER and HER-2 as indicated to the right of the panels. ER expressing (ER+),
HER-2 amplified (Her-2+), and triple-negative cells (TN) are indicated along the top of the
blot. The lysates were run on two separate gels. BT474 was run on the second gel as an internal
positive control for ER expression and HER-2 amplification. Tubulin is included as a loading
control. MW is indicated in kDa to the left of the panels.
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Fig. 2.
TRAIL induces caspase dependent apoptosis in breast cancer cells. (a) Apoptosis was
measured in cells treated with or without 1 μg/ml of TRAIL for 4 h using the Cell Death
Detection ELISAplus kit as described in the methods. The apoptosis index was calculated as
[ELISA reading in the presence of TRAIL/ELISA reading in untreated cells] for each cell line.
Data represent the mean apoptosis index +/− SE for four experiments with each cell line. The
p values for the apoptosis index of the TRAIL-sensitive cells compared by two tailed t-tests to
the apoptosis index of the BT-20 cell line are shown above the bars. (b) Caspase activation
was measured in cells treated with or without TRAIL (1 μg/ml) for 4 h using the Caspase-Glo®
3/7 Assay Kit. Data represent the mean fold increase in caspase activity +/− SE for three
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experiments compared to untreated cells in the indicated cell lines. The p values for the increase
in caspase activation in the TRAIL-sensitive cells compared by two tailed t-tests to the increase
in caspase activation in the BT-20 cell line are shown above the bars. (c) Cells were
preincubated with the caspase inhibitor Z-VAD-fmk (Z-VAD) and then treated with or without
TRAIL. Cell viability was measured by an MTS assay. The data represent mean growth
inhibition as a percentage of untreated cells of three experiments +/− SE in each cell line.
Percentage growth inhibition was calculated as above. The p values comparing the MTS assay
results in the presence and absence of Z-VAD-fmk by two tailed t-test are shown above the
bars.
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Fig. 3.
Expression and functional analysis of TRAIL pathway components in cell lines. Lysates
prepared from the cell lines tested for TRAIL sensitivity in Fig. 1 were immunoblotted for
expression of the proteins as indicated to the right of the panels. (a) Expression of TRAIL-R1
and TRAIL-R2 in the cell lines. ER expressing (ER+), HER-2 amplified (Her-2+), and triple-
negative cells (TN) are indicated along the top of the blot. Cell lines marked with an asterisk
were sensitive to TRAIL-induced cell death. The lysates were run on two gels. As internal
controls on the immunoblots, at least one representative cell line from each phenotype was run
on each gel (HS578T on the left panels and MCF7, BT474, and BT20 on the right panel). (b)
MB231 was transfected with siRNA targeting TRAIL-R1 (TR1), TRAIL-R2 (TR2), both (TR1
+TR2) or a nontargeting siRNA control. Transfected cells were assessed for TRAIL sensitivity
over a wide range of TRAIL doses using an MTS assay as in Fig. 1. Data are the mean +/− SD
for a representative experiment. Degree of protein knock down is shown in the immunoblot to
the right. (c) MB231, MB157, HCC38 and HCC1954 were transfected with siRNA as above
and assessed for TRAIL-sensitivity by MTS assay. Data are the mean +/− SD for a
representative experiment in each cell line showing only the highest dose of TRAIL (1 μg/ml).
Degree of protein knock down is shown in the immunoblot below the MTS data for each cell
line. (d) Expression of TRAIL-R3, TRAIL-R4, caspase 8, and caspase 3 for representative
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TRAIL-resistant and TRAIL-sensitive cell lines. ER expressing (ER+), HER-2 amplified
(Her-2+), and triple-negative cells (TN) are indicated along the top of the blot. Cell lines marked
with an asterisk are sensitive to TRAIL-induced cell death. Tubulin is included as a loading
control and MW is indicated in kDa to the left of the panels.
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Fig. 4.
Triple-negative breast cancer cells with a mesenchymal phenotype are sensitive to TRAIL.
(a) Supervised clustering analysis, performed with the most significant genes after regression
analysis, of the microarray gene expression data are shown for the cell lines tested for TRAIL
sensitivity along with additional cell lines. In this analysis we included the 20 breast cancer
cell lines we tested for TRAIL sensitivity as well as the MCF10A cell line and found a set of
77 unique genes (83 probesets) that had a false discovery rate less than 2%. These genes were
used to cluster the data for all of the cell lines analyzed in the previous study. Cell lines are
shown along the top of the figure. The color bar indicates TRAIL-sensitive cells in blue,
TRAIL-resistant cells in red, and untested cells in yellow. Genes are listed to the right of the
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figure. Red color indicates expression greater than the average expression for the entire sample
set and green color indicates expression lower than the average for the entire sample set. The
color key is shown in the upper right. (b) Protein expression in cell lines. Lysates prepared
from the cell lines tested for TRAIL sensitivity in Fig. 1 were immunoblotted for expression
of the proteins as indicated to the right of the panels. ER expressing (ER+), HER-2 amplified
(Her-2+), and triple-negative cells (TN) are indicated along the top of the blot. Mesenchymal
triple-negative and epithelial triple-negative phenotypes are indicated along the top of the blots.
Cell lines marked with an asterisk are sensitive to TRAIL-induced cell death. The cell lysates
were run on two separate gels. As internal controls on the immunoblots, at least one
representative cell line from each phenotype was run on each gel (HS578T on the left panel
and MCF7, BT474, and BT20 on the right panel). Tubulin is included as a loading control.
MW is indicated in kDa to the left of the panels. (c) The TRAIL-sensitive triple-negative cell
lines MB231 and MB157 were transfected with siRNA targeting vimentin or a nontargeting
siRNA control. Transfected cells were assessed for TRAIL sensitivity over a wide range of
TRAIL doses using an MTS assay as in Fig. 1. Data are the mean +/− SD for a representative
experiment. Degree of protein knock down is shown in the immunoblots within each panel.
(d) TRAIL-resistant triple-negative cell lines, HCC1937 and BT20, were transfected with
siRNA targeting E-cadherin or a nontargeting siRNA control. Transfected cells were assessed
for TRAIL sensitivity over a wide range of TRAIL doses using an MTS assay as in Fig. 1.
Data show only the highest TRAIL concentration (1 μg/ml) and are the mean +/− SD for a
representative experiment. Degree of protein knock down is shown in the immunoblots below
the graph. (e) TRAIL-sensitive triple-negative cell lines, MB231 and HS578T, were transfected
with siRNA targeting moesin or a nontargeting siRNA control. Transfected cells were assessed
for TRAIL sensitivity over a wide range of TRAIL doses using an MTS assay as in Fig. 1.
Data are the mean +/− SD for a representative experiment. Degree of protein knock down is
shown in the immunoblots within each panel.
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Fig. 5.
EGFR inhibition enhances TRAIL sensitivity in mesenchymal triple-negative cell lines. (a)
Expression of EGFR was measured in one ER+ cell line (ZR75) and in the triple-negative cell
lines by immunoblot. Tubulin is included as a loading control. MW is indicated in kDa to the
left of the panels. (b) MB231 or MB468 cells were preincubated with AG1478 (30 μM) or
vehicle for 4 h and then assessed for TRAIL sensitivity over a wide range of TRAIL doses
using an MTS assay as in Fig. 1. Data are the mean +/− SD for a representative experiment.
(c) The EGFR was immunoprecipitated from MB231 and MB468 cells that had been incubated
with AG1478 (30 μM) or vehicle for 4 h and immunoblotted for phosphotyrosine (pTyr) or
total EGFR as indicated. (d) Cell lines were preincubated with AG1478 (30 μM) for 4 h and
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then assessed for TRAIL sensitivity over a wide range of TRAIL doses using an MTS assay
as in Fig. 1. Data are the mean +/− SE for at least three experiments with each cell line. Results
are shown for TRAIL at 100 ng/ml.
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