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Abstract. The molecule DRO1 (down-regulated by onco-
genes 1) is a potential tumor suppressor protein that is 
frequently down-regulated in primary colorectal cancers and 
colorectal cancer cell lines. Although the mechanism of DRO1 
action has yet to be elucidated, previous data have suggested 
that DRO1 interferes with tumor growth by sensitizing cells 
to apoptosis. The effect of DRO1 expression on receptor-, 
mitochondrial- and endoplasmic reticulum-mediated apop-
tosis in colorectal cancer cell lines was analyzed in this 
study, following the generation of DLD1/DRO1 and HCT116/
DRO1 cell lines. Cells were cultured, and then analyzed 
using flow cytometry. DRO1 was found to sensitize cells to 
receptor-mediated apoptosis by promoting the activation of 
components of the death-inducing signaling complex (DISC).

Introduction

Colorectal cancer is the third most common type of cancer 
and a major cause of cancer-related morbidity. Deregulation 
of β-catenin due to mutations in the Wnt/β-catenin signaling 
pathway is an early event in colorectal carcinogenesis, leading 
to the majority of sporadic colorectal cancers. Among the 
genes regulated by β-catenin, we identified the gene CCDC80 
encoding the protein DRO1 (down-regulated by oncogenes 1), 
whose expression is frequently down-regulated in primary 
colorectal cancers and colorectal cancer cell lines (1). The 
DRO1 protein sequence comparison revealed the presence of 
a coiled-coil domain and three other domains [internal repeats 
(IRs) 1-3]. The IR domains 1-3 have a high homology to a 
domain in a protein called DRS (down-regulated by src) (1). 
DRS is involved in the regulation of endoplasmic reticulum 
(ER)-mediated apoptosis, suggesting that DRO1 plays a role 
in the regulation of apoptosis (2). Constitutive expression of 
DRO1 in HCT116 colorectal cancer cells sensitized these 

cells to receptor-mediated apoptosis induced by activa-
tion of the death receptor CD95 (1). Binding of the CD95 
ligand to its cognate receptor results in the formation of the 
death-inducing signaling complex (DISC), which comprises 
caspase-8 and the adapter molecule FADD. Upon DISC 
formation, caspase-8 is converted from its inactive pre-form 
to the active form and promotes apoptosis by cleaving, thereby 
activating downstream effector caspases including caspase-1, 
-3, -6 and -7 (3). Apart from receptor-mediated apoptosis (or 
the ‘extrinsic apoptosis pathway’), activation of the ‘intrinsic 
apoptosis pathway’, involving permeabilization of the outer 
mitochondrial membrane (MOMP), or ER-mediated apoptosis 
due to ER stress is capable of inducing apoptosis (4-6). The 
down-regulation of DRO1 expression in colorectal cancer 
cells and its role in sensitizing cells to CD95-dependent 
apoptosis suggests that DRO1 is a potential tumor suppressor 
protein that plays a crucial role in colorectal carcinogenesis. 
This hypothesis is further supported by the observation 
that transformation of the rat epithelial cell line RK3E with 
various oncogenes resulted in the loss of DRO1 expression, 
while the re-expression of DRO1 in HCT116, BxPc3 and 
transformed RK3E cells prevented the formation of colonies 
in soft agar assays (1).

The aim of this study was to investigate whether the 
function of DRO1 is limited to CD95-mediated apoptosis or 
whether DRO1 was capable of sensitizing cells for TRAIL- 
and TNF-mediated extrinsic apoptosis as well as intrinsic 
apoptosis and ER-mediated apoptosis. Subsequently, two 
colorectal cancer cell lines were generated that inducibly 
expressed DRO1, and the effects of various apoptosis-inducing 
agents on the survival of these cells following induction of 
DRO1 expression were studied. This study revealed that 
expression of DRO1 sensitizes cells for receptor-mediated 
apoptosis by activating components of the DISC.

Materials and methods

Plasmids. The inducible episomal expression vector 
pRTS-1 (7) was digested with the restriction enzyme SfiI, 
and the hemagglutinin (HA) epitope-tagged coding sequence 
of DRO1 (Ensembl transcript ID: ENST00000439685) was 
cloned in this construct, yielding pRTS-1/DRO1.

Cell culture and assays. DLD1 and HCT116 cells were 
maintained in Dulbecco's modified Eagle's medium (DMEM) 
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(PAA, Pascha, Austria) with 10% FCS (PAA) and pen/strep 
(PAA). DLD1 and HCT116 cells were stably transfected 
with the inducible expression construct pRTS-1/DRO1, 
encoding the open reading frame of DRO1, to yield DLD1/
DRO1 and HCT116/DRO1. For the apoptosis assays, the cells 
were seeded in 1 ml DMEM/10%FCS/pen/strep medium at 
a density of 8x104 cells per well in a 12-well plate (Falcon; 
Becton-Dickinson, Franklin Lakes, NJ, USA). The following 
day, cells were stimulated with 1 µg/ml doxycycline to induce 
DRO1 expression or were left untreated. On day 3, cells 
were treated with APO [human monoclonal antibody to Fas 
(Apo 1-3), Alexis, Lörrach, Germany] plus Protein A (recom-
binant Protein A, BioVision, Ilmenau, Germany), TRAIL 
(recombinant human TRAIL/TNFSF10, R&D Systems, 
Wiesbaden, Germany) and TNFα (recombinant human TNFα/
TNFSF1A, R&D Systems), plus 0.2 µg actinomycin D (Sigma, 
Steinheim, Germany), staurosporine (Calbiochem, Darmstadt, 
Germany), or thapsigargin (Applichem, Darmstadt, Germany) 
at the indicated concentrations to induce apoptosis. After 
16 (TNFα only) or 24 h, attached and floating cells were 
harvested and stained with propidium iodide, and the number 
of apoptotic cells was determined by flow cytometry.

Immunodetection. To analyze DRO1 expression, DLD1/
DRO1 and HCT116/DRO1 cells were stimulated with 1 µg/ml  
doxycycline for the indicated periods of time. Cells were 
harvested and lysed using reporter gene lysis buffer (Promega, 
Madison, WI, USA). Protein samples were separated on a 10% 
SDS-polyacrylamide gel, transferred onto a PVDF membrane 
(Immobilon-P, Millipore, Billerico, MA, USA) and the 
expression of HA epitope-tagged DRO1 was analyzed using 
the HA antibody 3F10 (Roche, Grenzach-Wyhlen, Germany). 
Expression of caspase-8 and FADD was analyzed by immu-
noblotting with the corresponding antibodies (anti-caspase-8, 
Cell Signaling Technology, Danvers, MA, USA; anti-FADD, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA) after 
treating DLD1/DRO1 and HCT116/DRO1 cells with 1 µg/
ml doxycyline for 48 h and 5 ng (DLD1/DRO1) and 125 ng 
(HCT116/DRO1) of the CD95-activating antibody APO for 
24 h. Actin was used as a loading control (actin antibody, MP 
Bio, Heidelberg, Germany).

Results

Inducible DRO1 expression in DLD1 and HCT116 colorectal 
cancer cells. Recently, it was reported that constitutive expres-
sion of DRO1 sensitizes HCT116 cells for CD95-induced 
apoptosis (1). To analyze the effect of inducible DRO1 expres-
sion on apoptosis, colorectal cancer cell lines DLD1 and 
HCT116 were stably transfected with the inducible expression 
vector pRTS-1/DRO1, to generate the cell lines DLD1/DRO1 
and HCT116/DRO1. These cell lines were stimulated with 
doxycycline for different periods of time to induce DRO1 
expression. DRO1 expression was detectable in the two cell 
lines as early as 4 h after the addition of doxycycline and 
reached a plateau after 16 h (Fig. 1A).

DRO1 expression sensitizes cells to receptor‑mediated apop‑
tosis. To confirm that the expression of DRO1 sensitizes cells 
to CD95-dependent apoptosis, DLD1/DRO1 and HCT116/

Figure 1. Induced expresssion of DRO1 sensitizes cells for CD95-mediated 
apoptosis. (A) Colorectal cancer cells DLD1 and HCT116 were stably trans-
fected with a doxycycline (Dox)-inducible expression vector encoding the 
DRO1 protein to yield DLD1/DRO1 and HCT116/DRO1 cells. Cells were 
stimulated with Dox for the indicated periods of time. Cells were harvested  
and lysates were analyzed for DRO1 expression by immunoblotting. 
(B)  DLD1/DRO1 and (C) HCT116/DRO1 cells were stimulated with Dox (or 
left untreated) and treated with increasing amounts of the CD95-activating 
antibody APO. Cells were stained using propidium iodide and the number of 
apoptotic cells was determined using flow cytometry.

Figure 2. DRO1 increases protein levels of active caspase-8 and FADD. 
DLD1/DRO1 and HCT116/DRO1 cells were treated with combinations of Dox 
and APO, and total cell lysates were prepared. Expression of (A) caspase-8  
and (B) FADD protein was analyzed by immunoblotting. Actin was used as 
a loading control.
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DRO1 cells were treated with doxycycline and increasing 
amounts of the CD95-activating antibody APO. In the two 
cell lines, the number of apoptotic cells was increased by 
approximately 10% compared to APO-treated control cells, 
confirming previous results in constitutively DRO1-expressing 
HCT116 cells, which revealed that DRO1 is capable of sensi-
tizing cells for receptor-mediated apoptosis (Fig. 1B and C). 
Since caspase-8 is a key component of the DISC involved in 
receptor-mediated apoptosis, we analyzed the manner in which 
stimulation of DLD1/DRO1 and HCT116/DRO1 cells with 
the CD95-activating antibody APO and doxycycline affects 
caspase-8 activation. Treatment of these cells with APO 
alone resulted in the activation of caspase-8, as measured by 
the appearance of the active 42 kDa form of caspase-8 using 
immunodetection. In these experiments, the simultaneous 
expression of DRO1 further increased the expression levels of 

the active caspase-8 protein (Fig. 2A; compare lanes 3/4 and 
7/8, respectively). Apart from caspase-8, the adapter molecule 
FADD represents a significant component of the DISC complex. 
To analyze how DRO1 affects the expression of this protein, 
DLD1/DRO1 and HCT116/DRO1 cells were treated with APO 
and the appearance of the active 27 kDa form of FADD was 
studied using immunodetection. Induction of receptor-mediated 
apoptosis using the antibody APO resulted in an increase of 
FADD expression in DLD1/DRO1 and HCT116/DRO1 cells. 
Notably, the co-expression of DRO1 further increased FADD 
expression in the two cell lines (Fig. 2B), suggesting that DRO1 
promotes apoptosis by regulating the activity of FADD.

To determine whether the function of DRO1 is limited 
to CD95-mediated apoptosis, the cell lines DLD1/DRO1 
and HCT116/DRO1 were treated with increasing amounts 
of TRAIL as well as TNFα. The effects of these reagents 

Figure 3. Expression of DRO1 sensitizes cells for TRAIL- and TNFα-induced apoptosis. (A, C) DLD1/DRO1 and (B, D) HCT116/DRO1 cells were stimulated 
with Dox (or left untreated) and treated with increasing amounts of TRAIL- and TNFα, respectively. Cells were stained using propidium iodide and the 
number of apoptotic cells was determined using flow cytometry.

Figure 4. DRO1 does not affect mitochondrial- and ER-mediated apoptosis. (A, C) DLD1/DRO1 and (B, D) HCT116/DRO1 cells were stimulated with Dox (or 
left untreated) and treated with increasing amounts of staurosporine and thapsigargin, respectively. Cells were stained using propidium iodide and the number 
of apoptotic cells was determined using flow cytometry.
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on the induction of apoptosis in the presence of DRO1 were 
compared against the effect of the CD95-activating antibody 
APO. Treatment of DLD1/DRO1 and HCT116/DRO1 cells 
with TRAIL or TNFα resulted in a concentration-dependent 
increase in the apoptosis rate. Co-expression of DRO1 
increased the TRAIL- and TNFα-dependent apoptosis 
rate by 10-15% in the two cell lines, similar to the effect of 
CD95-mediated apoptosis (Fig. 3), indicating that DRO1 plays 
a role in sensitizing cells for receptor-mediated apoptosis.

DRO1 neither promotes mitochondrial‑ nor ER‑mediated 
apoptosis. To determine whether DRO1 expression had an 
effect on the intrinsic apoptotic pathway or ER-mediated 
apoptosis, the cell lines DLD1/DRO1 and HCT116/DRO1 were 
treated with increasing concentrations of staurosporine or 
thapsigargin to induce the intrinsic pathway and ER-induced 
apoptosis, respectively. In the two cell lines, DRO1 expression 
did not sensitize cells for apoptosis induced by staurosporine 
nor thapsigargin (Fig. 4).

Discussion

Deregulation of β-catenin activity is a hallmark of sporadic 
forms of colorectal cancer and occurs early in colorectal carci-
nogenesis (8). Apart from genes whose expression is induced 
by β-catenin, including c-Myc, Sox9 or HDAC2, β-catenin also 
suppresses gene expression. The CCDC80 gene encoding the 
protein DRO1 belongs to the latter group of genes. An analysis 
of DRO1 expression revealed that its expression is frequently 
lost in primary colorectal carcinomas and colorectal cancer 
cell lines, suggesting that DRO1 expression interferes with 
tumor progression and that DRO1 may act as a potential tumor 
suppressor (1). This hypothesis is supported by the observation 
that transformation of RK3E cells with β-catenin, γ-catenin, 
c-Myc, Ras or Gli results in the loss of DRO1 expression. The 
re-expression of DRO1 in HCT116, BxPc3 or transformed 
RK3E cells prevents anchorage-dependent growth in soft agar 
assays (1). Further analysis revealed that a constitutive expres-
sion of DRO1 sensitizes cells to detachment-induced apoptosis 
(or ‘anoikis’) and CD95 receptor-mediated apoptosis. By 
analyzing the activation of components of the DISC, the expres-
sion of DRO1 was found to result in an increase of activated 
caspase-8 and FADD protein levels when cells were treated with 
the CD95-activating antibody APO and doxycycline compared 
to APO alone. These data suggest that DRO1 sensitizes cells 
to CD95-dependent apoptosis by promoting the formation of 
DISC. The effect of DRO1 on receptor-mediated apoptosis was 
not limited to CD95, as the induction of apoptosis using TRAIL 
and TNFα also reduced the survival of DRO1-expressing cells. 
However, treatment of DRO1-expressing cells using staurospo-
rine to induce the intrinsic apoptotic pathway or thapsigargin to 

induce ER-mediated apoptosis did not result in increased cell 
death. In this respect, DRO1 differs from the protein DRS that 
is involved in ER-mediated apoptosis, despite the fact that the 
DRS domain shares a high homology with the IR domains of 
DRO1 (2).

Although DRO1 expression sensitizes cells for 
receptor-mediated apoptosis by increasing protein levels of 
active caspase-8 and FADD, the precise mechanism remains 
unclear. The DRO1 protein may support the formation of the 
DISC or stabilize an already formed DISC, thereby increasing 
the proteolytic processing of caspase-8 (9). Alternatively, 
DRO1 may enhance the formation of monomeric active 
FADD by processing dimeric inactive FADD to promote the 
recruitment (and subsequent activation) of caspase-8 into the 
DISC (10). To elucidate the DRO1 mechanism, we aim to 
immunoprecipitate and identify DRO1-interacting proteins.

In conclusion, the data clearly show that DRO1 sensi-
tizes colorectal cancer cells for receptor-mediated apoptosis 
by activating components of DISC, suggesting that this 
action contributes to the role of DRO1 as a potential tumor 
suppressor protein.
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