
Abstract. Background/Aim: One of the major problems in
breast cancer treatment is pharmacoresistance. Therefore,
exploration of treatment alternatives is of clinical relevance.
The present work focused on tumor cell-inhibiting effects of
a combination of tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) and all trans retinoic acid (ATRA)
in breast cancer cells. Materials and Methods: Breast cancer
cell lines (BT-20, BT-474, MDA-MB-231, MDA-MB-436,
MDA-MB-453, MCF-7, SKBR3, T47D, ZR-75-1) and the
mammary epithelial cell line MCF-10A were treated with
TRAIL and ATRA alone and in combination. Cell viability
was assessed via 3-(4,5)-dimethylthiahiazo(-z-yl)-3,5-di-
phenytetrazoliumromide (MTT) assay, the potential of cell
colony formation via clonogenic assay, cell death induction
via cell-cycle analysis by fluorescence-activated cell sorting
(FACS), terminal deoxynucleotidyltransferase-mediated UTP
nick end labeling (TUNEL) assay and Cell death detection
ELISAPLUS, expression of apoptosis and TRAIL pathway
proteins via western blot and cell surface expression of
TRAIL receptor 1 (DR4) via FACS analysis. Results: TRAIL
and ATRA evoked synergistic inhibition of breast cancer cell
viability based on cytostatic and cytotoxic mechanisms. This
correlated with augmented fragmentation of nuclear DNA,
up-regulation of TRAIL receptor, down-regulation of cyclin
D1 and enhancement of caspase activity. MCF-10A cells

were merely slightly susceptible to TRAIL and ATRA.
Conclusion: The cytostatic and cytotoxic effects of the
combination of TRAIL and ATRA are tumor cell-selective.

Resistance to cytostatic or targeted therapies is a frequently
encountered issue in breast cancer (1-3). For instance, tumor
progression due to resistance is the main cause of fatal outcome
in metastatic breast cancer. Hence, exploration of alternative
treatment algorithms is of eminent clinical relevance (1). 

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is known to induce apoptosis of tumor cells
selectively, whereas its cytotoxicity toward non-transformed
cells is low to moderate. The potential of TRAIL as an
anticancer agent has, therefore, been clinically tested (2-4).
TRAIL ligates death domain-containing cell surface receptors
called TRAIL receptor 1 (death receptor 4/DR4) and TRAIL
receptor 2 (death receptor 5/DR5) (3). Despite promising
results showing that TRAIL induced apoptosis of tumor cells,
about 50% of tumor cell cultures displayed resistance to
TRAIL-mediated cell death (3, 4). Interestingly, up-regulation
of DR4, DR5 and pro-apoptotic B-cell lymphoma 2 (BCL2)
family proteins, as well as down-regulation of anti-apoptotic
BCL2 family proteins and inhibitors of apoptosis in TRAIL-
resistant tumor cell lines correlated with sensitization to
TRAIL-induced apoptosis (3-6). 

The term retinoids comprises polyisoprenoids of the
vitamin A group. The derivative all trans retinoic acid
(ATRA) acts as an activator of transcription and thereby
regulates proliferation, differentiation and apoptosis (7-10).
Furthermore, retinoids have proven potential in the
secondary prevention of breast cancer and in the treatment
of acute promyelocytic leukemia (11-14). Retinoids exert
their functions mainly through ligation of nuclear receptors
known as retinoic acid receptors (RARs) and retinoid X
receptors (RXRs). Retinoid receptors reside at so-called
retinoic acid response elements (RARE) present in regulatory
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regions of retinoid target genes (10, 12, 15). One mechanism
by which retinoids display their anticancer effects is through
regulation of gene products involved in apoptosis induction
(8, 16-21). For instance, retinoids modulate components of
the TRAIL signal transduction pathway and therefore
sensitize tumor cell lines to TRAIL-induced apoptosis
through up-regulation of DR4 and DR5, augmentation of
caspase activity, augmentation of BCL2-associated X protein
(BAX) translocation to the mitochondrial membrane,
cytochrome c release, as well as down-regulation of BCL2
and B-cell lymphoma-extra large (BCL-xl) (18, 20-25).
Given this apparent convergence of TRAIL and retinoid
signaling pathways at the level of TRAIL receptors, BCL2
family proteins and caspases, we assumed a mutual
augmentation of TRAIL- and retinoid-induced cytotoxicity. 

This study aimed to explore and characterize tumor cell-
inhibiting effects of a combination of TRAIL and ATRA in
in vitro breast cancer models. 

Materials and Methods

Substances. ATRA was purchased from Sigma-Aldrich (Munich,
Germany) and dissolved in ethanol at a concentration of 10 μM.
Recombinant human TRAIL (R&D Systems, Minneapolis, MN,
USA) was dissolved in sterile phosphate-buffered saline (PBS) at a
concentration of 50 μg/ml. All stock solutions were stored at –80˚C
and then further diluted to appropriate concentrations with medium
before use.

Cell lines and cell culture. Human breast cancer cell lines BT-20,
BT-474, MDA-MB-231, MDA-MB-436, MDA-MB-453, MCF-7,
SKBR3, T47D, ZR-75-1 and the human mammary gland cell line
MCF-10A were purchased from the American Type Culture
Collection (Rockville, MD, USA). Cell lines were maintained in
RPMI-1640 medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (P/S). SKBR3 cell line was
cultured in McCoy’s 5A medium with 10% FBS and 1% P/S. MCF-
10A cells were cultured in mammary epithelial cell growth medium
(MEGM) with 20% FBS, 4 mmol/l glutamine, 52 μg/ml bovine
pituitary extract, 0.5 μg/ml hydrocortisone, 10 ng/ml human
epidermal growth factor, 5 μg/ml insulin and gentamycin/
amphotericin B 1000 Mix. All cell lines were grown in a humid
atmosphere at 37˚C with 5% CO2. The cell lines used for this study
as well as their respective receptor status are listed in Table I.

3-(4,5)-Dimethylthiazo(-z-yl)-3,5-diphenytetrazolium bromide
(MTT) cell viability assay. MTT assay was used to measure cell
proliferation as previously described (26). Breast cancer cells were
seeded into a 96-well plate at a density of 4×104 to 8×104 cells per
well. After an adhesion period of 24 h, cells were washed with PBS,
the medium was changed and cells were exposed to TRAIL (2.5-80
ng/ml), ATRA (0.025-1.6 μmol/l) or the combination of TRAIL and
ATRA (in the same concentration ranges) in culture medium. After
incubation for 4-5 days, MTT reagent (Sigma-Aldrich, St. Louis,
MO, USA) was added to each well and cells were incubated for
another 4 h. The reaction was stopped with 0.01 N hydrochloric acid
in 10% sodium dodecyl sulfate solution overnight and the

absorbance was measured at 512 nm on an ELISA reader (anthos
ht2; Anthos Microsystems, Friesoythe, Germany). Cell viability of
the treated cell cultures was assessed as percentage of the untreated
control cell culture.

Clonogenic assay in suspension culture. The effect of ATRA in
combination with TRAIL on clonogenic growth of breast cancer
cells was determined by clonogenic assay in suspension culture.
MCF-7, ZR-75-1 and SKBR3 cells were grown in culture medium
in 24-well plates at an initial density of 400-7,000 cells per well
without growth factors. TRAIL (2.5, 5.0 or 20.0 ng/ml), ATRA (7.5,
10.0 or 25.0 μmol/l) or their combination (at equal concentrations)
were added after a 24-h period of adherence and medium change.
After incubation for 7 (MCF-7) or 14 (SKBR3, ZR-75-1) days, cell
colonies were visualized by Quick stain (Merck, Darmstadt,
Germany) and photographed. During the 14-day incubation period,
medium change and addition of TRAIL, ATRA or their combination
at the same concentrations as before was carried out after 7 days.

Cell cycle analysis. For cell death analysis, treated cells were harvested
and fixed in 70% ethanol at 4˚C for 30 min. Cells were washed twice
with PBS and stained with propidium iodide (0.1 mg/ml) for 2 h at
37˚C. Cell death analysis was performed on a FACSCalibur flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) as described
previously (26). Cell death was defined as the proportion of cells in
the sub-G1 phase of the cell cycle.

Terminal deoxynucleotidyltransferase-mediated UTP nick-end
labeling (TUNEL) assay. Cell cultures were seeded in 12-well plates
at a density of 3.5×105 cells per well. After an adhesion period of
24 h, cells were washed with PBS, the medium was changed and
cells were exposed to TRAIL (40 ng/ml), ATRA (0.4 μmol/l) or the
combination of TRAIL and ATRA (at the same concentrations) in
culture medium. After incubation for another 24 h, cells were
harvested and aliquots of 6,000 cells in 200 μl medium were
established. A standardized volume was then cytospun onto glass
slides. The air-dried slides were then incubated in fresh fixation
reagent for 1 h, washed with PBS and incubated in a humid
chamber on ice. After a treatment with ice-cold permeabilization
reagent, slides were again washed with PBS twice. DNA strand
breaks in apoptotic cells were identified by TUNEL technique using
an in situ Cell Death Detection Kit (Roche, Basel, Switzerland)
following the instructions of the manufacturer. Evaluation of DNA
fragmentation was carried out using a fluorescence light microscope
with a detection wavelength of 515 to 565 nm.

Cell death detection ELISAPLUS. Cell cultures were seeded in 96-
well plates at a density of 5000 cells per well. After an adhesion
period of 24 h, cells were washed with PBS, medium was changed
and cells were exposed to TRAIL (5 ng/ml), ATRA (0.05 μmol/l) or
the combination of TRAIL and ATRA (at the same concentrations)
in culture medium. After incubation for another 5 days, plates were
centrifuged, the medium was removed and apoptotic cell death was
determined using cell death detection ELISAPLUS kit (Roche)
according to the manufacturer’s recommendations with
modifications (27). Briefly, after lysis and centrifugation, cell
lysates were incubated with biotin-labelled anti-histone and with
peroxidase-labelled antibodies to DNA in a streptavidin-coated
microtiter plate for 2 h at room temperature. After incubation,
peroxidase substrate was added, the plate was incubated at room
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temperature for about 10 min and the peroxidase activity was
determined by anthos ht2 ELISA reader at a detection wavelength
of 405 nm. Data are presented as fold increase of optical density
compared to the untreated control.

Western blot. Breast cancer cells were seeded in petri dishes of 
10 cm diameter and grown to 85% confluence. The medium was then
changed and cells were treated with TRAIL (2.5-10.0 ng/ml), ATRA
(0.025-0.5 μmol/l) and their combination (at the same concentration
ranges) for 5 days. After incubation, cells were harvested and
incubated in 90% Phosphosafe Lysis Buffer (Novagen, Darmstadt,
Germany) and 10% Complete Protease Inhibitor (Roche) Protein
concentrations of cell lysates were assessed using the BCA protein
assay kit (Thermo Fisher Scientific, Waltham, MA, USA). The
following antibodies were purchased from Santa Cruz (Heidelberg,
Germany): myeloid cell leukemia 1 (MCL1), BCL2, BCL2
homologous antagonist/killer (BAK), survivin, cyclin D1, DR5, and
β-actin. The following antibodies were bought from Cell Signaling
(Danvers, MA, USA): truncated BH3-interacting domain death
agonist (t-BID), poly ADP-ribose polymerase 1 (PARP) and caspase-
3. Horseradish peroxidase-labeled anti-mouse IgG, anti-rabbit IgG
and anti-goat IgG from Santa Cruz were used as secondary
antibodies. Primary antibodies were diluted from 1:200 to 1:5,000.
Western blot analysis was performed as described previously (26).

Determination of cell surface DR4 expression by flow cytometry.
After incubation with TRAIL (25 and 50 ng/ml), ATRA (1 μmol/l) or
the combination of TRAIL and ATRA (at the same concentrations),
breast cancer cells were trypsinized, washed once with PBS with 1%
bovine serum albumin and 25 mM EDTA. Cells were then
resuspended in 100 μl PBS, incubated with 20 μl of phycoerythrin-
conjugated DR4 antibody or isotype control antibody (eBioscience,
Affymetrix, Santa Clara, CA, USA) on ice for 25-30 min. The cells
were washed again with cold PBS, suspended, filtered through FACS
filter tubes before analysis and measured with a FACSCalibur flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).

Statistical analysis. All numerical data are reported as average
values±standard deviation. All data represent the results of at least
three independent experiments. Groups of data were compared by
means of Student’s t-test (p-values were adjusted for multiple testing).
Synergistic and additive effects on cell proliferation resulting from
the combination of TRAIL and ATRA were assessed according to the
Chou and Talalay principle of dose–effect relationship (28) and
analyzed by means of Calcusyn software (Biosoft, Great Shelford,
Cambridge, UK). Briefly, the dose–effect curve for each agent alone
was determined based on the experimental observations of MTT
assay using the median effect principle. The combination index (CI)
for each experimental combination was then calculated according to
the following equation:

here (D)1 and (D)2 represent the doses of drug 1 and drug 2 that have
x effect when used in combination. (Dx)1 and (Dx)2 were the doses
of drug 1 and drug 2 when used alone. A value of CI of 1 indicates
additive effects; CI<1 indicates an effect greater than (synergism)
and CI>1 less than (antagonism) the expected additive effect.

Results

TRAIL and ATRA sensitivity is cell type-dependent. As a basis
for the exploration of combination effects, breast cancer cell
lines of different morphologies ranging from mesenchymal-
like to epithelial-like phenotypes, as well as nonmalignant
mammary epithelial cells, were examined for their sensitivity
to TRAIL and ATRA as single agents. In accordance with the
results reported by Rahman et al. (5), cell proliferation
experiments by the MTT assay showed that triple-negative
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Table I. Characteristics of cell lines used in this study. Data were obtained from the respective ATCC (American Type Culture Collection) data
sheets and from (5, 6, 39, 62-6861-67).

Cell type                      Cellline        Morphology                      DR                                   RAR                                RXR                           Tissue-specific 
                                                                                                                                                                                                                       characteristics
                                                                                       4            5              α              β              γ             α              β              γ                           

Breast cancer                MCF-7              Ep/Lu             ++           +             ++            l              +            ++             +             l            ER+, HER2/neu*
                                       T47D               Ep/Lu              +            +             ++            l              +             +              +             l            ER+, HER2/neu*
                                    ZR-75-1            Ep/Lu              +            +             ++             +                              +                                            ER+, HER2/neu*
                                     SKBR3             Ep/Lu              +            +             ++            l              +             +                                            ER−, HER2/neu↑
                                     BT-474             Ep/Lu              +            +              +             l              +                                                            ER+, HER2/neu↑
                                      BT-20              Ep/Ba              +            l              +             l              +             +              +             l            ER−, HER2/neu*
                               MDA-MB-231         Mes               ++          ++            l              +              +             +                                            ER−, HER2/neu*
                               MDA-MB-436         Mes                +            +                                                                                                            ER−, HER2/neu*
                               MDA-MB-453       Ep/Lu              −            +                                                                                                            ER−, HER2/neu↑
Mammary gland        MCF-10A           Ep/Ba              +            +              +                                              +                                            ER−, HER2/neu−

Ep: Epithelial, Lu: luminal, Ba: basal, Mes: mesenchymal, ER: estrogen receptor, PR: progesterone receptor, HER2/neu: human epidermal growth
factor receptor 2, + expressed, ++ highly expressed, − not expressed, l beneath detection threshold, *moderately expressed, ↑ highly expressed
due to gene amplification. 



breast cancer cell lines with a mesenchymal phenotype such
as MDA-MB-436 and MDA-MB-231 were particularly
highly sensitive to TRAIL, whereas the triple-negative, but
epithelial cell line BT-20, as well as estrogen receptor (ER)α-

expressing epithelial MCF-7, T47D and ZR-75-1 cell lines
were highly resistant. The epithelial but human epidermal
growth factor receptor 2 (HER2) –amplified cell lines showed
different susceptibilities: whereas BT-474 was as resistant as
the ERα-positive epithelial cell lines, SKBR3 was slightly to
moderately sensitive (Figure 1A).

Correlations between breast cancer phenotype and retinoid
susceptibility showed a partially inverse pattern: triple-negative
and mesenchymal cell lines MDA-MB-436 and MDA-MB-231
with high TRAIL sensitivity were highly resistant towards
retinoids, whereas the TRAIL-resistant ERα-expressing
epithelial T47D and ZR-75-1 cells displayed relatively high
response to retinoid (Figure 1B). However, MCF-7 was
resistant. From the HER2-overexpressing epithelial cell lines
investigated, BT-474 was also resistant to and SKBR3 was
susceptible to retinoids. Interestingly, nonmalignant MCF-10A
epithelial cells derived from the mammary gland were resistant
to TRAIL as well as to retinoids.

In summary, breast cancer cell lines were categorized as
follows: a TRAIL-sensitive and retinoid-resistant subgroup,
comprising triple-negative cell lines of mesenchymal
phenotypes such as MDA-MB-436 and MDA-MB-231; a
TRAIL-resistant and retinoid-sensitive subgroup, comprising
the ERα-expressing cell lines of epithelial phenotypes T47D
and ZR-75-1. SKBR3 may be classified as moderately
sensitive towards both agents. In addition, the category of cell
lines resistant towards both agents consisted of BT-474 and
the nonmalignant mammary epithelial cell line MCF-10A.

Cell type-specific synergism of TRAIL and ATRA
combination on inhibition of proliferation. In order to
identify a possible combinatory effect of TRAIL and ATRA
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Table II. IC50 values for TRAIL and ATRA alone and in combination in
breast cancer cell lines. For each substance combination, the
combination index (CI) is also listed. Cell lines were incubated with
increasing concentrations of TRAIL, ATRA or their combination.
Dependent on the cell line, maximum concentrations for TRAIL were
20-80 ng/ml and for ATRA 100-1,000 nmol/l. IC50 and CI values were
calculated from the MTT data via CalcuSyn software. IC50: inhibitory
concentration 50, TRAIL: tumor necrosis factor-related apoptosis-
inducing ligand, ATRA: trans retinoic acid.

                                               IC50                         

                        TRAIL         ATRA         TRAIL (ng/ml) +            CI
                        (ng/ml)           (nM)               ATRA (nM)

MCF-7               3187           6×1012               344/4300                   0.1
T47D                  462              3847                   27/135                     0.1
SKBR3                28                454                      2/20                       0.1
BT-474             6×105               ∞                   290/19346             4.7×10–4
MB-453               32               4272                 118/2352                   4.3

Figure 1. Breast cancer cell lines have different sensitivities to ATRA
and TRAIL treatment. A: The indicated cell lines were treated with 2.5,
5, 10, 20, 40 ng/ml TRAIL in 96-well plates. After 96 h, cell viabilities
were assessed by MTT assay. Data are means±SDs of triplicate
determinations. B: The indicated cell lines were treated with 0.05, 0.1,
0.2, 0.4, 0.8 µmol/l ATRA in 96-well plates. After 96 h, cell viabilities
were assessed by MTT assay. Data are means±SDs of triplicate
determinations. TRAIL: tumor necrosis factor-related apoptosis-
inducing ligand, ATRA: trans retinoic acid.



on cell viability, MTT assay was performed. Firstly, the 50%
inhibitory concentration (IC50) values for the single agents
were determined for each cell line. Based on cell line-
specific IC50 values, individual dilution series of

exponentially increasing concentrations were established for
the combination regimen. Figure 2 shows the dose-dependent
reduction of cell viability in MCF-7, T47D, SKBR3, BT-474
and MDA-MB-453 breast cancer cells for TRAIL, ATRA
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Figure 2. The combination of TRAIL and ATRA displays synergistic
effects in reducing breast cancer cell viability. The indicated cell lines
were treated with TRAIL alone, ATRA alone and their respective
combinations in 96-well plates. After 96 h, cell viability was assessed
by MTT assay. Data are means±SDs of six single determinations,
respectively. TRAIL: tumor necrosis factor-related apoptosis-inducing
ligand, ATRA: trans retinoic acid.



and their combination. In MCF-7, T47D and SKBR3
cultures, inhibition of cell proliferation by the combination
regimen was more than additive as confirmed by the
combination index (CI) for the respective IC50 values of
around 0.1 (Table II). In fact, these results indicate that IC50
values for retinoids are eminently reduced by combination
with TRAIL. Under these conditions, IC50 values for ATRA
in T47D and SKBR3 cells were 3.6% and 4.3% of the values
calculated for the respective mono-regimen. Conversely, it
was also observed that the combination of TRAIL and ATRA
reduced the IC50 values for TRAIL to 11.1%, 5.9% and 7.1%
of the initially calculated value for TRAIL monotherapy in
MCF-7, T47D and SKBR3 cultures (Table II).

The reduction in cell viability at the highest concentration
of the TRAIL and ATRA combination was 37% for MCF-7,
51% for T47D and 77% for SKBR3 cells. In contrast, BT-
474 and MDA-MB-453 cells were not susceptible to a
combination effect (Figure 2D and E). The CI for the IC50
of TRAIL and ATRA combination when applied to MDA-
MB-453 cells indicates antagonism. In contrast, the
calculated CI for this regimen in BT-474 cells indicates
synergism, but the calculated concentration particularly for
ATRA at the IC50 was exceedingly high. However, in MDA-
MB-231 cells, which are known to be TRAIL-sensitive, no
further augmentation of inhibition of proliferation was
achieved by simultaneous addition of ATRA and TRAIL
(data not shown). Interestingly, in MCF-10A cell cultures, a
reduction in cell viability after combinational incubation with
TRAIL and ATRA was not obvious even at comparatively
high concentrations (respective IC50 values were not reached
for TRAIL doses up to 320 ng/μl and for ATRA doses up to
3.2 μmol/l).

In summary, these results suggest that the combination of
TRAIL and ATRA reduces cell viability in a certain subset
of epithelial breast cancer cells in vitro.

TRAIL and ATRA-induced inhibition of proliferation is based
on cytotoxic and cytostatic mechanisms. To explore whether
the combinatory effect of TRAIL and ATRA on cell cultures
as a whole is also reproducible on the single-cell level, we
investigated clonal proliferation in the presence and absence
of these agents by clonogenic assay. In MCF-7 and SKBR3
cells, even application of these compounds as single agents
led to a reduction of the number, diameter and cell density
of respective colonies, indicating both cytostatic and
cytotoxic mechanisms. Moreover, the TRAIL and ATRA
combination clearly augmented these inhibitory effects in
comparison to single-agent treatment. In ZR-75-1 cells,
similar tendencies were clear (Figure 3).

These data reveal that the inhibition of cell proliferation
in breast cancer cultures by TRAIL, ATRA and their
combination is based on both cytostatic and cytotoxic
processes.

Enhancement of cell death induction by a combination of
TRAIL and ATRA in breast cancer cells. TRAIL is a potential
cancer therapeutic cytokine with the ability to preferentially
induce apoptosis of transformed or malignant cells.
However, this apoptosis-inducing effect is attenuated in some
cancer cell lines upon TRAIL treatment due to intrinsic
resistance. Cell-cycle analysis by flow cytometry was used
to investigate whether combination with ATRA enhances
apoptosis of TRAIL-treated breast cancer cells.

By determining the fraction of sub-G1 phase cells, adding
ATRA to TRAIL treatment synergistically augmented
apoptosis as compared to exposure to TRAIL alone in three
breast cancer cell lines, MCF-7, T47D and SKBR3, for
which relatively low to moderate sensitivity to TRAIL was
observed. The fraction of cells in the sub-G1 phase in
cultures treated with ATRA and TRAIL compared to those
treated with TRAIL alone was 31.53% versus 11.83% for
T47D, 46.50% versus 4.42% for MCF-7 and 74.28% versus
52.37% for SKBR3 (Figure 4A). 

These results were confirmed by two further methods
detecting correlates for apoptosis induction in SKBR3 cells:
TUNEL assay, which assesses nuclear (in situ) DNA
fragmentation and Cell Death Detection ELISAPLUS, which
assesses the amount of cytoplasmic oligonucleosomes (Figure
4B and C). As indicated in Figure 4B, even application of
TRAIL and ATRA as single agents resulted in augmentation
of nuclear fluorescence in SKBR3 cells compared to the
untreated control, indicating an increased fragmentation of
nuclear DNA as a reflection of apoptosis induction. Moreover,
nuclear fluorescence was further enhanced through
simultaneous incubation with both agents in comparison to
single agents, suggesting an increase of apoptosis induction
by the combination of TRAIL and ATRA. As indicated for
nuclear DNA fragmentation, TRAIL and ATRA also induced
an increase of nucleosome enrichment in supernatants of
SKBR3 cytoplasm, whose extent was only slight in cultures
treated with single agents (Figure 4C). However, after
adjustment for multiple testing, the p-values for the differences
between the single-agent and the combination treatments were
slightly below the accepted level of significance. 

Based on the findings that the combination of TRAIL and
ATRA cooperatively caused cell death in vitro, the underlying
mechanisms were investigated, especially focusing on diverse
components and pathways of apoptosis induction. Western
blot analysis was performed on whole-cell lysates of treated
and untreated SKBR3 cells (Figure 5). These analyses
revealed TRAIL- and ATRA-induced augmentation of
cleavage of the caspase-3 substrate PARP, as well as a
TRAIL-induced augmentation of cleaved caspase-3.
Moreover, the combination of TRAIL and ATRA resulted in
a slightly further augmentation of PARP and caspase-3
cleavage. Furthermore, ATRA induced reduction of the anti-
apoptotic proteins survivin and BCL2, whereas no further
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decrease was observed in cultures simultaneously treated with
ATRA and TRAIL. TRAIL alone and in combination with
ATRA induced reduction of the anti-apoptotic protein MCL1.
However, there was no indication for an additive or a
synergistic effect. Incubation with ATRA alone as well as in
combination with TRAIL also resulted in increased amounts
of the pro-apoptotic BCL2 family members t-BID and BAK.
Again, no further effect was seen upon addition of ATRA.
Finally, ATRA as a single-agent induced down-regulation of
the proliferation-initiating cell-cycle component cyclin D1
and simultaneous incubation with TRAIL led to a further
decrease in the amount of cyclin D1 protein. These results
allow the suggestion that ATRA may enhance TRAIL-induced
apoptosis by up-regulation of pro-apoptotic (t-BID and BAK)
and down-regulation of anti-apoptotic (survivin and BCL2)
TRAIL signaling pathway components. Furthermore, our data
show that ATRA alone, as well as in combination with

TRAIL, exerts inhibitory effects on SKBR3 cell proliferation
at least in part by down-regulating cyclin D1 and thereby
decelerating cell-cycle progression. 

ATRA enhances TRAIL-induced apoptosis, at least in part,
through up-regulation of death receptors. In vitro studies
demonstrated that retinoids enhance TRAIL-induced
apoptosis in tumor cell lines of different entities such as
prostate, lung, ovarian and head and neck cancer, as well as
Ewing sarcoma. These investigations also revealed an
association of these effects with retinoid induced up-
regulation of death receptors (20, 22). Accordingly, the effect
of ATRA treatment on the amounts of apoptosis-inducing
TRAIL receptors DR4 and DR5 in SKBR3 cells was
determined by FACS and western blot analyses.

ATRA alone increased the proportion of DR4-positive
cells significantly from 9.26% in vehicle-treated cultures to
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Figure 3. Colony formation of breast cancer cell lines is dependent on treatment with TRAIL, ATRA or their combination in comparison to an untreated
control. ZR-75-1, SKBR3 and MCF-7 cell lines were seeded in 12-well plates, treated with the outlined concentrations of TRAIL, ATRA and their
combination and fixed and visualized by Quick stain. TRAIL: tumor necrosis factor-related apoptosis-inducing ligand, ATRA: trans retinoic acid.
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Figure 4. Continued



12.68% in ATRA-treated cultures, indicating that even ATRA
alone enhances cell-surface DR4 expression. Similarly,
enhanced DR4 expression was found in SKBR3 cells
exposed to the combination of TRAIL and ATRA in
comparison to cells treated with TRAIL alone (Figure 6A). 

Analysis of SKBR3 whole-cell lysates by western blot
revealed up-regulation of DR5 protein in cultures
simultaneously treated with TRAIL and ATRA in comparison
to cells treated with only TRAIL or ATRA (Figure 6B). 

Together, these results indicate that ATRA enhances
TRAIL-induced cytotoxicity, possibly by inducing DR4 and
DR5 expression in breast cancer cell lines, triggering
subsequent death receptor-mediated intracellular apoptosis.

Discussion

In this study, the cytotoxic potential of TRAIL and ATRA was
evaluated. Initial investigations revealed that triple-negative

cell lines with a mesenchymal phenotype in particular
displayed high sensitivity to TRAIL, whereas cell culture
models with an epithelial phenotype were commonly resistant
or only moderately sensitive. These findings were consistent
with a series of studies already published (5, 29-36).
Concerning sensitivity of breast cancer cells to retinoids, it has
been proposed that ERα as well as RARα expressing cell lines
were particularly highly sensitive. The present study shows
that ERα-positive cell lines were among the ATRA-responsive
as well as the ATRA-resistant groups of breast cancer cell
lines. ERα-negative cell lines with high ATRA sensitivity were
also found. Accordingly, it has been reported that the ERα-
negative SKBR3 and Hs578T cell lines were highly retinoid
responsive (8, 16, 17, 37-41); these cell lines displayed high
RARα expression. Our experiments also revealed that a
proportion of epithelial cell lines with known high RARα
expression were also highly ATRA responsive. Consistently,
another study identified RARα as the principal mediator of
ATRA responsiveness in breast cancer (42). However, we also
found two epithelial RARα -positive cell lines to be resistant
to ATRA treatment. The two mesenchymal cell lines MDA-
MB-231 and-436 were also resistant. Taking all results into
account, we hypothesize that epithelial breast cancer cell lines
in particular, but not all, may be sensitive to retinoid treatment
and that expression of RARα may be one, but not the sole,
predictive marker for retinoid sensitivity.

Retinoids are known for their potential in cancer
prevention and induction of differentiation processes as well
as for antiproliferative and pro-apoptotic pathways in already
transformed cells (43). Our results showed that a relevant
growth-inhibitory effect in breast cancer cells requires an
ATRA concentration of 0.1 to 0.5 μmol/l for moderately
sensitive cell lines and concentrations in the micromolar
range for rather resistant cell lines (Table II, Figures 1 and
2). Other studies also stated concentrations in at least the
micromolar range (17, 44-47). Plasma retinoid
concentrations measured for the maximum tolerated doses in
clinical studies ranged from 0.6 μM to 47 μM depending on
whether administration was oral or intravenous (48-52). 

Notably, we observed a relevant reduction of IC50 values
for a subset of epithelial breast cancer cell lines after
combining ATRA with TRAIL. Taken together, our data
indicate a mutual enhancement of growth-inhibiting effects.
Therefore, we conclude that the doses of TRAIL and ATRA
when administered in combination may be reduced and that
this may lead to a lower level of systemic toxicity compared
to the respective single-agent application. 

Death receptors are known to be broadly expressed in
malignancies and non-transformed tissues (53). However, it
has been shown that death receptor up-regulation as well as
application of TRAIL in combination with chemotherapeutics
resulted in a sensitization of non-transformed cells toward
ligand-induced apoptosis (54, 55). With regard to systemic
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Figure 4. The combination of TRAIL and ATRA synergistically induces
apoptosis in ATRA-sensitive breast cancer cell lines. A: T47D, MCF-7,
and SKBR3 cells were treated with TRAIL (10 ng/ml), ATRA 0.5 µM or
the combination of TRAIL and ATRA, respectively, for 48 h. Cells were
fixed in 70% ethanol and stained with propidium iodide. The proportion
of cells in the sub-G1 phase was determined by flow cytometry. The x-
axes indicate the DNA content. The y-axes indicate the cell count. B:
SKBR3 cells were seeded in 24-well plates, treated with the indicated
concentrations of TRAIL, ATRA or their combination for 24 h, then
analyzed by the TUNEL assay. Untreated cells served as negative control,
DNAse-treated cells as positive control. C: SKBR3 cell were seeded in
96-well plates and incubated with 5 ng/ml TRAIL, 50 nmol/l ATRA or
their combination for 4 days. Quantification of cytoplasmic nucleosomes
was carried out by Cell Death Detection ELISAPLUS. Nucleosome
enrichment values were normalized to the control and to the average cell
count in the respective probes. TRAIL vs. TRAIL+ATRA, p=0.0258;
ATRA vs. TRAIL+ATRA, p=0.0271. Level of significance (adjusted to
multiple testing): α/2=0.0250. TRAIL: tumor necrosis factor-related
apoptosis-inducing ligand, ATRA: trans retinoic acid.



toxicity, we evaluated growth-inhibitory effects of TRAIL,
ATRA and their combination on MCF-10A cell cultures and
observed an at best low responsiveness to TRAIL and
resistance to ATRA. IC50 values were not reached for TRAIL
doses up to 320 ng/μl and for ATRA doses up to 3.2 μmol/l
(data not shown). This is in accordance with findings of Sun
et al.: whereas a combination of TRAIL and the synthetic
retinoid CD437 induced apoptosis of non-small cell lung
cancer cells, it had no cytotoxic effect on normal pulmonary
epithelial cells (20). Therefore, we assume a low susceptibility
of normal tissues to the effects of TRAIL and ATRA
combination. 

As TRAIL is known to induce apoptosis and ATRA is
described as a differentiation-inducing agent, we expected
cytotoxic as well as cytostatic effects of their combination
(11-14). Indeed, clonogenic assay revealed smaller and also
fewer colonies of SKBR3 and MCF-7 cells (Figure 3).
Moreover, the the fraction of sub-G1 phase cells and amount
of DNA fragmentation were increased in SKBR3 cells
treated with TRAIL and ATRA (Figure 4). These findings
indicate the disintegration of nucleic acids and nuclear
membrane structures, which is highly suggestive of apoptosis
induction. 

Combinatory effects of TRAIL and retinoids have already
been elucidated for diverse tumor entities: the synthetic
retinoid CD437 in non-small cell lung cancer and prostate
cancer cells, and the semisynthetic retinoid 4HPR in ovarian
cancer and Ewing sarcoma cultures increased TRAIL-
induced apoptosis (22, 25). Taken together with the results
of this study, we consider this combination to be
comprehensively applicable.

Mechanisms underlying TRAIL resistance comprise,
among others, under-representation of pro-apoptotic and
over-representation of anti-apoptotic BCL2 family proteins,
up-regulation of inhibitors of apoptosis proteins and down-
regulation of death receptors. In vitro studies have already
shown re-sensitization of tumor cells to TRAIL-induced
apoptosis by down-regulation of anti-apoptotic BCL2 family
members and inhibitors of apoptosis, by up-regulation of
pro-apoptotic BCL2 family proteins, as well as by
augmentation of DR4 and DR5 expression. Knockdown of
pro-apoptotic BAX and BAK protein in murine embryonal
fibroblasts, for instance, led to inhibition of TRAIL-induced
cytochrome c release (55). Correspondingly, expression of
anti-apoptotic MCL1 has been correlated with tumor cell
resistance to TRAIL, whereas MCL1 knockdown has been
shown to be associated with resensitization (56). Amm et al.
stated that the synergistic cytotoxicity of a death receptor
antibody combined with doxorubicin or bortezomib was due
to down-regulation of pro-apoptotic and up-regulation of
anti-apoptotic BCL2 family proteins in T47D and BT-474
breast cancer cells (36). Western blot analysis showed
TRAIL combined with ATRA down-regulated BCL2 and
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Figure 5. Differential expression of protein components taking part in
signal transduction pathways related to apoptosis and cell survival
dependent on treatment with TRAIL, ATRA or their combination in
SKBR3 cells. SKBR3 cells were seeded in 10 cm diameter petri dishes
and incubated with the indicated concentrations of agents for 24 h.
Different apoptosis-regulating proteins were detected in whole-cell
protein lysates via western blot. Actin expression served as a loading
control. Samples were derived from the same experiment. Gels and blots
were processed in parallel. CF: cleaved fragment, BAK: BCL2
homologous antagonist/killer, t-BID: truncated BH3-interacting domain
death agonist, MCL1: myeloid cell leukemia 1, BCL2: B-cell lymphoma 2,
PARP: Poly ADP-ribose polymerase 1, TRAIL: tumor necrosis factor-
related apoptosis-inducing ligand, ATRA: trans retinoic acid.
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Figure 6. ATRA augments the expression of DR4 and DR5 in SKBR3 cells. A: SKBR3 cells were treated with TRAIL (25 ng/ml, 50 ng/ml), ATRA (1 μM),
or the combination of TRAIL and ATRA for 48 h. Cells were then stained with phycoerythrin-conjugated anti-DR4 for 30 min and DR4 expression was
measured by flow cytometry. B: SKBR3 cells were seeded in 10 cm diameter petri dishes and incubated with indicated concentrations of agents for 4
days. DR5 was detected in whole-cell protein lysates via western blot. Actin expression served as loading control. DR4: TRAIL receptor 1, DR5: TRAIL
receptor 2, TRAIL: tumor necrosis factor-related apoptosis-inducing ligand, ATRA: trans retinoic acid.



MCL1, and up-regulated BAK and t-BID, which strongly
suggests BCL2 family members to be one component of the
mechanism underlying TRAIL resistance in breast cancer
cells. As shown by our study, regulation of these proteins by
ATRA might possibly contribute to overcoming TRAIL
resistance in SKBR3 cells. Our data therefore reinforce the
known role of BCL2 family proteins in the framework of
TRAIL- and ATRA-induced cytotoxicity.

Inhibitors of apoptosis limit effector caspase activity and
procaspase-9 cleavage. Consequently, their expression
correlates with resistance to TRAIL-induced apoptosis (55-
57). Down-regulation of survivin in ATRA-treated SKBR3
cell cultures (Figure 5) suggests its involvement in the
reduction of cell viability observed in TRAIL- and ATRA-
treated SKBR3 cells. Furthermore, down-regulation of cyclin
D1 expression was detected in SKBR3 cells treated with this
combination. Since overexpression of cyclin D was reported
to correlate with radiation resistance and chemoresistance in
HER2-overexpressing breast carcinoma, possibly by
inhibiting apoptosis, we consider this cell-cycle regulator
also to be involved in resistance to TRAIL (58).

The relevance of DR4 for breast cancer cell survival has
already been stated, as DR4 overexpression resulted in clear
viability reduction in five out of six breast cancer cell lines
(54). Besides, it has been demonstrated that ATRA increased
DR4 levels at the transcriptional level. Furthermore, two
putative RAREs in the 5’-flanking region of DR4 gene were
identified, which led to the speculation that DR4 might be an
RAR target gene (58). This study revealed up-regulation of
DR4 on the cell membrane surface of SKBR3 cells treated
with ATRA alone and a further enhancement of DR4
expression when TRAIL and ATRA were simultaneously
applied (Figure 6A). In addition, DR5 protein expression
increased in SKBR3 cultures treated with both TRAIL and
ATRA (Figure 6B). DR5 has been shown to play an important
role in TRAIL-induced apoptosis of breast cancer cells (16,
59). Pan et al. also demonstrated its relevance, as they found
MCF-7 cells become apoptotic after DR5 overexpression (60).
Hence, we consider DR5 to be a relevant component in
TRAIL-induced apoptosis of breast cancer cells. We assume
that the combinatory effect of TRAIL and ATRA may at least
in part result from DR5 up-regulation.

Conclusion

This study revealed that the combination of TRAIL and ATRA
was more potent than each single drug alone in reducing cell
viability in a subgroup of epithelial breast cancer in vitro
models. These effects were attributed to cytostatic and
cytotoxic mechanisms. Intensified apoptosis induction after
combination treatment was one of the underlying mechanisms.
Given that TRAIL triggers extrinsic and subsequently intrinsic
pro-apoptotic signaling pathways by binding to its cell surface

receptors DR4 and DR5, increased DR4 and DR5 expression
after ATRA treatment, as demonstrated by our data, may be
responsible for the more potent apoptosis-inducing effect of
the TRAIL and ATRA combination treatment. Our study
suggests that integration of ATRA in treatment regimens based
on TRAIL or possibly TRAIL receptor agonists will contribute
to overcoming TRAIL resistance in breast cancer. 
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