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Abstract

Background: Overexpression of Decoy Receptor 3 (DcR3), a soluble member of the tumor necrosis factor receptor
superfamily, is a common event in several types of cancer. In renal cell carcinoma (RCC), DcR3 overexpression is
associated with lymph node and distant metastasis as well as a poor prognosis. However, the functional role and
regulation of DcR3 expression in RCC is so far unknown.

Methods: Modulation of DcR3 expression by siRNA and ectopic gene expression, respectively, was performed in
ACHN and 769-P RCC cell lines. Functional effects of a modulated DcR3 expression were analyzed with regard to
migration, invasion, adhesion, clonogenicity, and proliferation. Furthermore, quantitative RT-PCR and immunoblot
analyses were performed to evaluate the expression of downstream mediators of DcR3. In further experiments,
luciferase assays, quantitative RT-PCR and immunoblot analyses were applied to study the regulation of DcR3
expression in RCC. Additionally, an ex vivo tissue slice culture technique combined with immunohistochemistry was
used to study the regulation of DcR3 expression in human RCC specimens.

Results: Here, we show that DcR3 promotes adhesion, migration and invasiveness of RCC cells. The DcR3-dependent
increase in cellular invasiveness is accompanied with an up-regulation of integrin alpha 4, matrixmetalloproteinase 7
and urokinase plasminogen activator (uPA). Further, we identified a signaling pathway regulating DcR3 expression in
RCC. Using in vitro experiments as well as an ex vivo RCC tissue slice culture model, we demonstrate that expression of
DcR3 is regulated in a PI3K/AKT-dependent manner involving the transcription factor nuclear factor of activated T-cells
(NFAT).

Conclusions: Taken together, our results identify DcR3 as a key driver of tumor cell dissemination and suggest DcR3 as
a promising target for rational therapy of RCC.
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Background
Renal cancer accounts for 2.6 percent of all malignant
diseases, with RCC (renal cell carcinoma) as the main
type of tumor. Around 25% of patients diagnosed with
RCC present with advanced disease, including metastasis
of the primary tumor. With the onset of metastasis the
median survival times for patients range between 10.9 and
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reproduction in any medium, provided the or
29.9 months, depending on the drugs used [1,2]. One
reason for the dismal prognosis is the poor response rate
to many therapeutic approaches, such as chemotherapy or
radiotherapy [3]. The development of (clear cell) renal cell
carcinoma is closely linked to the loss of the VHL (von
Hippel-Lindau) tumor-suppressor gene, encoding for a
protein promoting the degradation of the transcriptional
activators HIF1α (hypoxia-inducible factor) and HIF2α.
With the loss of VHL, several hypoxia-inducible genes
such as VEGF (vascular endothelial growth factor), TGF-α
(transforming growth factor α), GLUT-1 (glucose trans-
porter type 1) and carboanhydase 9 are overexpressed and
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promote tumorigenesis [4-6]. Moreover, activation of the
AKT-mTOR (mammalian target of rapamycin) pathway
and deregulation of receptor tyrosine kinases contribute
to the progression of RCC. These molecular aberrations
are targeted by novel therapy strategies such as inhibitors
of mTOR or tyrosine kinases [7]. Further, defects in the
induction of apoptotic cell death, immune evasion mecha-
nisms and a high metastatic potential are determinants of
RCC. In these processes, the members of the TNF (tumor
necrosis factor) superfamily play an important role. DcR3
(Decoy Receptor 3) is a soluble member of the TNFR
(tumor necrosis factor receptor) superfamily [8]. DcR3 is
capable to bind and neutralize CD95 ligand (CD95L, FasL,
APO1L), TL1A (TNF-like molecule 1A) and LIGHT. By
binding to these ligands DcR3 can inhibit apoptosis,
induce angiogenesis and modulate immune cell functions
[9-13]. Apart from its decoy function, DcR3 has been
shown to induce macrophage differentiation as well as
osteoclast formation [14,15]. Clinical data link DcR3
overexpression to different types of cancer, such as
pancreatic, lung, hepatocellular and colorectal cancer
[8,16-18]. In the tumor entities examined so far, over-
expression of DcR3 correlates with higher grading,
staging and metastasis [18-21]. In our previous work,
we showed that DcR3 expression in RCC is associated
with high grade and high stage tumors [19]. Moreover,
DcR3 expression correlated with lymph node metastasis
and distant metastasis. In addition, DcR3 negatively corre-
lated with disease specific survival and progression free
survival and qualified as an independent prognostic factor.
In this study, we sought to explore the functional role
of DcR3 in RCC. We demonstrate that DcR3 promotes
adhesion, migration and invasiveness of RCC cells which
is accompanied by an up-regulation of integrin alpha
4, matrixmetalloproteinase 7 and urokinase plasminogen
activator (uPA). Further, we show that expression of DcR3
is regulated in a PI3K/AKT-dependent manner. Taken
together, our results identify DcR3 as a key driver of
tumor cell dissemination and suggest DcR3 as a promising
target for rational therapy of RCC.

Results
DcR3 promotes migration of RCC cells
As our previous work demonstrates a clinical significance
of DcR3 overexpression in RCC [19], we were interested
in functionally characterizing DcR3 in RCC. To this end,
we started to analyze several RCC cell lines for endogenous
expression of DcR3 on mRNA and protein level by
quantitative RT-PCR and immunoblot analysis. Human
embryonic kidney derived 293-T cells were used as a con-
trol kidney cell line. Six out of eight RCC cell lines showed
a moderate to high expression of DcR3 whereas 293T cells
lacked DcR3 expression (Figure 1A; Additional file 1:
Figure S1A). As DcR3 is a soluble protein, we additionally
investigated its secretion by DcR3 expressing tumor cells.
We detected DcR3 in the supernatant of all DcR3 express-
ing cell lines tested (Figure 1B).
Using these RCC cell lines, we aimed at characterizing

the involvement of DcR3 in the regulation of cellular
migration, invasion and adhesion. To analyze the effect
of DcR3 expression on migratory ability we either down-
regulated DcR3 using two different siRNAs (Figure 1C)
or established transfectants stably overexpressing DcR3
(Figure 1D) and subjected the cells to scratch motility as-
says. By cytotoxicity analysis we confirmed that modulation
of DcR3 expression was functional, as DcR3 overexpression
protected cells from CD95L-induced apoptosis, while DcR3
knockdown sensitized cells to CD95L-induced apoptosis
(Additional file 1: Figure S1B,C). The siRNA-mediated
suppression of DcR3 expression significantly reduced
the migratory ability of both cell lines tested (Figure 1E;
Additional file 1: Figure S1D), whereas stable over-
expression resulted in a strong increase of migration
(Figure 1F; Additional file 1: Figure S1E). Consistently,
addition of DcR3-containing supernatant rescued the
migratory ability of cells with diminished DcR3 expression
levels (Figure 1G). To ensure, that our findings are not
due to alterations in proliferative capacity, we determined
the proliferation rate dependent on DcR3 expression.
Downregulation as well as overexpression did not change
the proliferative activity nor did it affect clonogenicity
(Additional file 2: Figure S2A-D).

DcR3 increases invasiveness in RCC cells
Next, we tested whether an alteration in DcR3 expression
affects the ability of RCC cells to invade the extracellular
matrix. While knockdown of DcR3 substantially reduced
the invasive capacity (Figure 2A), overexpression strongly
enhanced the invasiveness in both cell lines tested
(Figure 2B). In addition to the matrigel-coated invasion
assay, we studied the invasiveness of RCC cells in a more
complex extracellular matrix assay. Cells were grown to
form spheroids, which were then implanted into a collagen
type I gel-matrix. In line with the matrigel invasion results,
overexpression of DcR3 significantly enhanced the invasive
phenotype of both cell lines tested (Figure 2C).

Regulation of cellular adhesion to fibronectin by DcR3
As both migration and invasion are dynamic processes
involving attachment and detachment to extracellular
matrix proteins, we wondered whether the alteration of
DcR3 expression might have effects on cellular adherence.
To this end, we analyzed the ability of cells with modulated
DcR3 expression to attach to cover glasses coated with
fibronectin, which is present in RCC [22] and metastatic
niches [23]. Interestingly, DcR3 knockdown decreased
the ability to adhere to fibronectin (Figure 3A), while
overexpression augmented adherence (Figure 3B). Based



Figure 1 DcR3 promotes cellular migration in RCC. (A) Immunoblot analysis of whole-cell lysates showing DcR3 protein levels in different
human RCC cell lines and human embryonic kidney 293-T cells. (B) Immunoblot analysis of precipitated protein from supernatant showing DcR3
protein secretion in different human RCC cell lines and human embryonic kidney 293-T cells. Ponceau staining is used to demonstrate equal
protein loading. (C,D) Immunoblot analysis of whole-cell lysates (left) and precipitated protein from supernatant (right) of ACHN and 769-P cells
transfected with two different DcR3-specific siRNAs or a non-specific siRNA (scram) (C) or stably overexpressing DcR3 or an empty control vector
(neo) (D). (E) Scratch motility assay of ACHN and 769-P cells transfected with two different DcR3-specific siRNAs or a non-specific siRNA (scram).
Bars indicate the percentage of cell migration in relation to cells transfected with a non-specific siRNA after 24 h (mean ± SEM; n=3; *p<0.05,
**p<0.01; T-test). Representative images are shown in Additional file 1: Figure S1D. (F) Scratch motility assay of ACHN and 769-P cells stably
overexpressing DcR3 or an empty control vector (neo). Migration was measured over a time course of 12 h (ACHN) or 24 h (769-P). Bars indicate
the percentage of cell migration in relation to cells stably transfected with an empty control vector (mean ± SEM; n=3; *p<0.05, **p<0.01, T-test).
Representative images are shown in Additional file 1: Figure S1E. (G) Scratch motility assay of ACHN and 769-P cells transfected with two different
DcR3-specific siRNAs or a non-specific siRNA (scram) and incubated with either DcR3-containing or control supernatant (SN) of stable
transfectants. Migration was measured over a time course of 24 h. Bars indicate the percentage of cell migration in relation to cells transfected
with a non–specific siRNA and treated with control supernatant (mean ± SEM; n=3; *p<0.05, **p<0.01; T-test).
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on these results, we wondered whether DcR3 induces
the expression of genes commonly associated with migra-
tion, invasion or adhesion. Interestingly we found a DcR3
dependent alteration of expression levels for ITGA4
(integrin alpha 4), MMP7 (matrixmetalloproteinase 7)
and uPA (urokinase plasminogen activator) whereas ex-
pression levels of ITGB1 (integrin beta 1), MMP2 and
MMP9 were unchanged (Figure 3C-F).
PI3K/AKT signaling regulates DcR3 expression in RCC
Both the expression data derived from human RCC
samples [19] as well as the functional results obtained
in the cell culture model indicate a key role of DcR3 in
the process of invasion and metastasis. However, the
mechanisms responsible for overexpression of DcR3 in
RCC are not known. Since the PI3K/AKT pathway is
deregulated in RCC [24], we investigated its involvement



Figure 2 DcR3 promotes invasiveness in RCC cells. (A,B) Boyden chamber assay of ACHN and 769-P cells transfected with two different
DcR3-specific siRNAs or a non-specific siRNA (scram) (A) or stably overexpressing DcR3 or an empty vector control (neo) (B). Bars indicate the
percentage of cellular invasion in correlation to control cells. Invaded cells were counted in five representative fields (mean ± SEM; n=3, **p<0.01,
***p<0.001; T-test). Representative images are shown (magnification: 200×). (C) Spheroid assay of ACHN and 769-P cells stably overexpressing
DcR3 or an empty control vector (neo). Bars indicate the percentage of cell invasion in relation to cells stably transfected with an empty control
vector (mean ± SEM; n=3; *p<0.05, T-test). Representative images are shown (magnification: 40×).
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in the regulation of DcR3 expression. Treatment of RCC
cell lines with both the PI3K-inhibitor LY294002 and the
AKT-inhibitor IV (CAS-number: 681281-88-9) resulted
in a strongly reduced DcR3 expression on both protein
and mRNA level, indicating a regulation of DcR3 on
the transcriptional level (Figure 4A). Correspondingly,
overexpression of the constitutively active form of AKT
led to an increased DcR3 expression (Figure 4B). The
successful modulation of the PI3K/AKT pathway was
further confirmed by analyzing the phosphorylation of
AKT, its direct downstream target GSK-3β, the mTOR
target P70S6K (Figure 4A,B) and by measuring the



Figure 3 (See legend on next page.)
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Figure 3 DcR3 modulates cell adhesion to ECM component fibronectin. (A,B) Adhesion assay of ACHN and 769-P cells transfected with two
different DcR3-specific siRNAs or a non-specific siRNA (scram) (A) or stably overexpressing DcR3 or an empty vector control (neo) (B). Bars
indicate the percentage of cell adhesion compared to control cells. Adherent cells were counted in five representative fields (mean ± SEM; n=3,
*p<0.05, **p<0.01; ***p<0.001; T-test). Representative images are shown (magnification: 100×). (C,D) Quantitative real-time-PCR assaying relative
expression levels of DcR3 and invasion-relevant genes in ACHN and 769-P cells transfected with two different DcR3-specific siRNAs or a non-
specific siRNA (scram) (C) or stably overexpressing DcR3 or an empty vector control (neo) (D). Expression data were normalized to internal 18S
rRNA expression. Bars indicate fold changes of RNA level in relation to control cells (mean ± SEM; n=3; *p<0.05; **p<0.01; T-test). (E) Immunoblot
analysis of whole-cell lysates showing uPA protein level in ACHN and 769-P cells transfected with two different DcR3-specific siRNAs, a non-
specific siRNA (scram) or stably overexpressing DcR3 or empty vector control (neo). (F) Immunoblot analysis of whole-cell lysates showing ITGA4
protein level in ACHN and 769-P cells stably overexpressing DcR3 or an empty vector control (neo).
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activity of the FOXO transcription factors (Additional
file 3: Figure S3A,3B). We further evaluated the role of
GSK-3β and mTOR in the PI3K/AKT-dependent DcR3
regulation. Knockdown of GSK-3β, whose activity is nega-
tively regulated by AKT, resulted in a moderate increase
of DcR3 expression (Figure 4C). In contrast, the inhibition
of mTOR using Everolimus had no impact on DcR3
expression (Figure 4D).

NFATc1 mediates PI3K/AKT-dependent DcR3 expression
GSK-3β and the family of FOXO transcription factors
are both known to negatively regulate the transcription
factor NFAT (nuclear factor of activated T-cells) [25].
Therefore, we investigated its role in the transcriptional
regulation of DcR3. We treated the cells with Cyclosporine
A or FK-506 (Tacrolimus) which are both immunosuppres-
sants that inactivate calcineurin, the major activator of
NFAT. Inhibition of calcineurin dramatically decreased
the expression of DcR3 (Figure 5A), indicating a functional
relevance of NFAT in DcR3 regulation. Accordingly, NFAT
overexpression resulted in an increase in DcR3 expression
level (Figure 5B). To demonstrate that modulation of the
PI3K/AKT pathway affects NFAT expression, we performed
nuclear and cytoplasmic fractionation and detected a
shift of NFAT localization to the cytoplasm upon PI3K
inhibition. A similar shift was detectable after Cyclosporine
A treatment which served as a positive control. In con-
trast, treatment with Everolimus had no impact on NFAT
localization, confirming an mTOR independent regulation
(Figure 5C). In addition, the activity of NFAT was enhanced
upon overexpression of a constitutively active form of AKT
(Figure 5D).

PI3K/AKT signaling regulates DcR3 expression in ex vivo
cultured RCC tissue
To confirm the importance of PI3K signaling for DcR3
expression in human RCC, we incubated freshly resected
human RCC tissue slices with the PI3K-inhibitor LY294002.
The inhibition of PI3K signaling significantly diminished
DcR3 expression in all six examined cases, as assessed
by immunohistochemistry (Figure 6A). These results were
confirmed by immunoblot analyses of lysates generated
in parallel (Additional file 3: Figure S3C). Furthermore,
treatment of RCC tissue slices with LY294002 resulted
in a reduced proliferation in four out of five cases as
assessed by Ki-67 staining. At the same time, apoptosis
(assessed by immunohistochemical detection of cleaved
caspase 3) was not induced to a significant extent by
LY294002 (data not shown).To further examine a possible
association of AKT activation levels and DcR3 expression,
we subjected nine pairs of freshly obtained human RCC
tissue and adjacent normal renal tissue to immunoblot
analysis. Although a clear quantitative association of AKT
phosphorylation and DcR3 expression levels was not
evident, the majority of DcR3 positive tumor samples
also showed elevated levels of active AKT compared to
their corresponding normal tissue samples (Figure 6B).

Discussion
In our previous work we found a significant association of
DcR3 expression levels and both lymph node and distant
metastasis in a large collection of 560 human RCC
samples [19]. Further, DcR3 expression was identified
as a robust independent negative prognostic marker in
patients with RCCs. In the present study we sought to
elucidate the functional relevance of DcR3 for cellular
migration, invasiveness and metastasis. Moreover, we
investigated the mechanisms of how DcR3 expression
is regulated in RCC.
Our results indicate that DcR3 is an important driver

of adhesion, migration and invasiveness in RCC. Since
these functional characteristics are hallmarks of the
metastatic process the findings are in accordance with
the clinical correlation of DcR3 expression and metastasis.
Similar results obtained by studies of other types of cancer,
such as breast and nasopharyngeal cancer, confirm the
promoting effect on metastasis and invasiveness of DcR3
[26,27]. In addition to our functional observations, we
found that DcR3 regulates the expression of proteins
involved in migration and invasiveness. Modulation of
DcR3 expression resulted specifically in transcriptional
regulation of MMP-7, uPA and ITGA4, whereas the ex-
pression of other members of the matrixmetalloproteinase
and integrin families was not altered. In a recent study of



Figure 4 DcR3 expression in RCC is PI3K/AKT-dependent. (A-D) Immunoblot analysis of whole-cell lysates and quantitative real-time-PCR
assaying relative DcR3 mRNA expression of ACHN and 769-P cells 24 h after treatment with LY294002 (50 μM) or AKT-inhibitor IV (10 μM) (A);
48 h post transfection with constitutively active AKT (myrAKT) or an empty vector control (neo) (B); 48 h post transfection with GSK-3β-specific
siRNAs or a non-specific siRNA (scram) (C); 24 h after treatment with Everolimus (1 μM) (D). Expression data were normalized to internal 18S rRNA
expression (mean ± SEM; n=3; *p<0.05, **p<0.01, ***p<0.001; T-test).
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Figure 5 NFATc1 regulates DcR3 expression at a transcriptional level. (A,B) Immunoblot analysis of whole-cell lysates and quantitative
real-time-PCR assaying relative DcR3 mRNA expression of ACHN and 769-P cells 24 h after treatment with cyclosporin A (CsA, 25 μM) or
Tacrolimus (FK-506, 50 μM) (A); 48 h post transfection with NFATc1 or an empty vector control (neo) (B). Expression data were normalized
to internal 18S rRNA expression (mean ± SEM; n=3; *p<0.05, **p<0.01, ***p<0.001; T-test). (C) Immunoblot analysis of cytoplasmic and
nuclear fractions of ACHN and 769-P cells after treatment with LY294002 (50 μM), Everolimus (1 μM), or Cyclosporine A (25 μM). (D) Relative
NFATc1–luciferase reporter activity of ACHN and 769-P cells 24 h post transfection with myrAkt or an empty vector control (neo)
(mean ± SEM; n=3; *p<0.05, **p<0.01; T-test).
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ovarian cancer, DcR3 overexpression was shown to regulate
a whole network of proteins. ITGA4, uPA and members of
the MMP-family were positively regulated by DcR3 [28].
Additionally, DcR3 was shown to upregulate ITGA4 in
macrophages [29]. These data provide additional evidence
that DcR3 is involved in the induction of metastasis–asso-
ciated genes. Interestingly, MMP7, uPA and ITGA4 have
been shown to correlate with metastatic potential in RCC.
ITGA4 is exclusively expressed in RCC in comparison to
normal kidney tissue [30] and is associated with metastatic
spread of RCC and other solid tumor entities by interacting
with its ligands VCAM-1 (vascular cell adhesion protein 1)
and fibronectin [31,32]. VCAM-1 and ICAM-1 (intercel-
lular adhesion molecule 1) are other proteins that were
shown to be upregulated upon DcR3 exposure on endo-
thelial cells [33]. Since the interaction of ITGA4 with
VCAM-1 is essential for the leukocyte adhesion cascade
involving rolling, adhesion and transmigration through
endothelial cells, DcR3 might enable cancer cells to mim-
icry this process in order to form distant metastasis. Such



Figure 6 DcR3 expression in human RCC specimens is PI3K/AKT-dependent. (A) Immunohistochemical analysis of DcR3 expression in
ex vivo tissue samples 48 h after treatment with LY294002 (100 μM). Representative images are shown (magnification: 100×). (B) Immunoblot
analysis of DcR3 and phospho-AKT protein levels in nine different pairs of RCC and respective normal renal tissue.
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mimicry effect has already been shown upon TNF-α
(tumor necrosis factor α) stimulation in oral squamous
cell carcinoma [34]. In addition, MMP-7 and uPA expres-
sion correlate with metastasis and poor survival rates in
RCC [35,36]. The precise mechanism of DcR3 signaling
remains unknown but could involve binding to the
heparan sulfate proteoglycans syndecan-2 and CD44v3,
both exerting downstream effects on Src (Rous sarcoma
oncogene cellular homolog), Ras and consequently STAT3
(signal transducer and activator of transcription 3) signaling
[37-40]. In our experiments we could confirm a role of
STAT3 in DcR3 signaling (data not shown), whereas Src
amongst other pathways such as PKC (protein kinase
C)-, PI3K- and FAK (fokal adhesion kinase)-dependent
signaling is influenced by DcR3 in immune cell response
[41]. Since both MMP-7 and ITGA4 are transcriptionally
regulated by STAT3, Src/STAT3 signaling might explain
the transcriptional regulation of MMP-7 and ITGA4 in
the context of DcR3 [42,43].
The mechanisms of regulation of DcR3 expression in

RCC have not yet been investigated. Our study demon-
strates that DcR3 expression is regulated by a PI3K/
AKT-dependent mechanism. In human pancreatic adeno-
carcinoma, DcR3 expression has been linked to PI3K/AKT
signaling in cooperation with NFκB (nuclear factor κB),
however, without further investigation of possible down-
stream mediators [44]. Another study linked Epstein-Barr
virus transcription activator Rta to PI3K/AKT and NFκB
signaling and increased DcR3 expression [45]. As AKT
influences a whole network of proteins and interacts
with different other pathways we evaluated the role of
two major AKT downstream targets. Thereby we could
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exclude mTOR as a major regulator of DcR3 expression.
In contrast, GSK-3β turned out to be involved in the
regulation of DcR3 expression. GSK-3β is capable of
inactivating the transcription factor NFAT by phos-
phorylation, leading to a translocation of NFAT into
the cytoplasm, which renders it unable to induce transcrip-
tion of its downstream targets [25]. FOXO can increase
the expression of atrogin-1, which is able to ubiquitinate
calcineurin, consequently leading to a decrease in NFAT
activation [46]. Via further experiments, we could describe
NFAT as the main driver of DcR3 expression. Recently,
possible cross-talks between NFAT and NFκB were de-
scribed in bronchial epithelial cells [47] and in cardio-
myocytes [48]. In line with these observations, we
observed a decreased expression of DcR3 upon p65/RelA
knockdown (data not shown). Since the PI3K/AKT path-
way is able to positively regulate NFκB signaling [49],
the PI3K/AKT/NFAT-mediated regulation of DcR3 might
additionally be enhanced by the PI3K/AKT/NFκB axis. As
the TNF superfamily shows structural similarities, one
might assume similar mechanisms regarding regulation
of expression. Interestingly, the soluble TNF superfamily
members TRAIL (TNF-related apoptosis inducing ligand),
CD95L, RANK-L (receptor activator of NFκB ligand) and
TNF-α are upregulated by NFAT and SP-1 [50-54]. In
contrast, the role of NFAT in the regulation of death
receptors has not been examined in detail so far. SP-1 was
reported to upregulate the expression of TRAIL-R2 (DR5;
death receptor 5), while analysis of the other TNFR mem-
bers is still missing [55]. In line with these observations we
could also detect a decrease of DcR3 expression upon SP-1
inhibition or SP-1 knockdown (data not shown). Thus,
similar mechanisms regulate the expression of different
members of the TNF and TNFR superfamilies.
As DcR3 emerges as a multimodal molecule capable of

promoting tumor progression by neutralizing apoptosis-
inducing ligands, modulating the immune system in a
pro-tumorigenic way as well as promoting metastasis
of cancer cells, DcR3 might be a promising therapeutic
target. The fact, that DcR3 is a secreted protein implies
that DcR3 is capable of acting on its different target cells
in a paracrine as well as a systemic manner, rendering
it a powerful tool of the tumor to modulate the host
system to form metastasis. On the other side, DcR3 is
easily detectable in the blood serum of patients, opening
up the possibility to use DcR3 as a biomarker for risk
of metastasis and aggressive disease. Moreover, DcR3
expression could qualify as an indicator for the response
and efficacy of a PI3K/AKT-targeting therapy. If the correl-
ation between DcR3 expression and PI3K/AKT signaling
activities proves to be stable in patients, the evaluation of
DcR3 levels in urine or blood samples of patients could
allow a selection of patients for treatment with PI3K/
AKT-targeting therapeutics such as NVP-BEZ235 or
SF1126 which are already in clinical trials for RCC and
other solid tumor entities (NCT01453595; NCT00907205).
SF1126 is a RGDS-conjugated LY294002 prodrug which
is converted to the active compound LY294002 under
physiologic conditions [56]. SF1126 is characterized by
an increased solubility, by a prolonged half-life and by
an improved delivery to the tumor [56]. It was recently
evaluated in a phase I clinical trial in advanced solid tumors
and B cell malignancies and has been proven to be well
tolerated [57]. However, similarly to Ly294002 [58], SF1126
is likely to target signaling pathways other than PI3K/AKT,
such as GSK3, mTOR and PI4K. So far the efficacy of a
PI3K/AKT-targeting therapy in patients with RCC is not
clear. DcR3 could serve as an easily measurable indicator
for response, as DcR3 protein level should decrease upon
PI3K/AKT inhibition. PI3K/AKT activation is a common
event in cancer progression, either by loss of PTEN (phos-
phatase and tensin homolog) or activation of receptor
tyrosine kinases by stimuli such as TGF-α or VEGF [59]
the latter being highly upregulated in clear cell renal
cancer. Consequently, PI3K/AKT-signaling is highly active
in RCC and correlates with tumor burden and metastasis
[60]. Thus, our findings suggest a new role of DcR3 in
the context of rationally treating RCC patients. Our
study warrants the further investigation of DcR3 in clinical
settings.
Conclusions
This is the first study on the regulation and function of
DcR3 in RCC. Our experiments identify DcR3 as a
driver of adhesion, migration and invasiveness in RCC
cells. These results confirm previous data demonstrating
that DcR3 expression can be used as a biomarker for
poor prognosis and risk of metastasis. Furthermore, we
identified that DcR3 is regulated via a signaling axis
involving PI3K/AKT and NFATc1. This newly discovered
signaling pathway could be therapeutically exploited,
since the subgroup of patients with DcR3 positive RCC
might benefit from the inhibition of the drugable targets
PI3K/AKT and NFATc1.
Methods
Reagents
Everolimus (#07741) was obtained from Sigma Aldrich
(St. Gallen, Switzerland), LY294002 (#70920) was pur-
chased from Cayman Chemicals Company (Ann Arbor,
MI, USA) and AKT-inhibitor IV (#124011) was purchased
from Calbiochem (Darmstadt, Germany). Cyclosporine A
(#BML-A195) and CD95L (#ALX-522-001) were bought
from Enzo life science (Loerrach, Germany). FK-506/
Tacrolimus (#10007965) was purchased from Biozol
(Eching, Germany).
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Cell culture
Human RCC cell lines 786-O, 769-P, ACHN, HTB-45
and 293-T were purchased from ATCC (Rockville, MD,
USA). At ATCC the cell lines were authenticated by short
tandem repeat profiling. KTCTL-2, KTCTL-26, KTCTL-30
and KTCTL-84 were obtained from the tumor cell bank
of the German cancer research center (DKFZ; Heidelberg,
Germany). All cell lines were maintained in RPMI1640
medium (Life Technologies, Gaithersburg, MD, USA)
supplemented with 10% fetal calf serum, 1 mM glutamine,
25 mM glucose and 1% penicillin/streptomycin (Life
Technologies) and cultured at 37°C in a 5% CO2 atmos-
phere. For experiments, cells were cultured for no more
than 10 passages. In addition, cell lines were regularly
tested for contamination by multiplex PCR performed in
the Genomics and Proteomics Core Facility [61] (DKFZ,
Heidelberg, Germany). Trypan blue exclusion assay was
used for cell viability evaluation.

Transfections
Knockdown of endogenous protein was achieved by
transiently transfecting cell lines with short interfering
RNA (siRNA) oligonucleotides at a concentration of 25 nM
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
All siRNAs were obtained from Dharmacon (Lafayette,
CO, USA): DcR3_si1 (#D-008102-02), DcR3_si2 (#D-
008102-04), GSK-3β_si (#J-00310-12). A non-specific
siRNA served as a control (#D-001810-10). For transient or
stable overexpression, cells were transfected with pcDNA3
(Invitrogen), pcDNA3-DcR3 (generated as outlined below),
myrAkt δ4 (Addgene Plasmid 10841) [62] and NFATc1
(Addgene Plasmid 11788) [63] both obtained from
Addgene (Cambridge, MA, USA), using Lipofectamine
2000 (Invitrogen). The pcDNA3-DcR3 plasmid was
generated by PCR from the clone pENTR223-TNFRSF6B,
provided by the ORFeome Collaboration via the Genomics
and Proteomics Core Facility (DKFZ, Heidelberg, Germany)
using the following forward (F) and reverse (R) primers
containing BamHI and EcoRI restrictions sites: 5′-GA
TCATGTAGAGGATCCACCATGAGGGCGCTGGAG
GGG-3′ (F) and 5′-ATACTGCTACGAATTCTCAGTGC
ACAGGGAGGAAGC-3′ (R). The PCR products were
digested with BamHI and EcoRI and cloned into the
BamHI and EcoRI sites of pcDNA3 (Invitrogen). For
the generation of stable transfectants, complete medium
containing Geneticin® (G418, Invitrogen) at a concentra-
tion of 1.5 mg/mL was used to select stably transfected
cells.

Preparation and culture of tissue slices and
immunohistochemistry
The usage of tumor tissue for research purposes was
approved by the local ethics committee of the University
Hospital of Heidelberg, Germany. All data were analyzed
anonymously. Written informed consent from the donors
or the next of kin was obtained for use of these samples in
research. Fresh human renal cell carcinoma tissue samples
were obtained from the Tissue Bank of the Center for
National Tumor Diseases (NCT, Heidelberg, Germany)
directly after surgery and maintained in DMEM medium
on ice. Tissue samples were cut into 300 μm thick slices
by a Leica VT1200 S vibrating blade microtome (Leica,
Wetzlar, Germany). Slices were then placed on porous
filter membrane inserts in six-well plates and cultured
in DMEM supplemented with penicillin (100 U/mL) and
streptomycin (100 mg/mL) (Sigma Aldrich) in a conven-
tional CO2 incubator. After 24 hours, slices were treated
with LY294002 for further 24 h. After treatment, tissue
slices were fixed in 10% neutral-buffered formalin and
embedded in paraffin. Four micrometer sections were
stained with H&E or subjected to immunohistochemistry.
Paraffin-embedded tissue sections were dewaxed and

rehydrated using xylene and a series of graded alco-
hols, followed by heat-induced antigen retrieval with a
target retrieval solution (S2301, DakoCytomation, Glostrup,
Denmark) in a pressure cooker for 15 min. For staining
an automated staining system (Techmate 500, Dako-
Cytomation) with avidin-biotin-complex peroxidase tech-
nique using aminoethylcarbazole for visualization and
hematoxylin for counterstaining was used. Sections were
incubated with primary antibody (anti-DcR3; BioLegend;
London, United Kingdom; #333202; 6.25 μg/mL) for
30 min at room temperature and processed according to
manufacturer’s protocol for the following kits: ChemMate
Detection Kit (K5003, DakoCytomation), ChemMate Buffer
Kit (K5006, DakoCytomation), Avidin/Biotin Blocking
Kit (SP-2001, Vector Laboratories, Burlingame, CA, USA).
For negative control of the staining procedure, primary
antibody was omitted with all other experimental condi-
tions kept constant.

Reporter gene assays
Cells were seeded into 12-well dishes and co-transfected
with Renilla luciferase pRL-SV40P (Promega, Madison,
WI, USA) and FHRE-Luc (Addgene Plasmid 1789) [64] or
pGL3-NFAT luciferase (Addgene Plasmid 17870) [65].
24 h after transfection cells were subjected to LY294002
or AKT-inhibitor IV treatment for further 24 h prior
to the preparation of cell lysates. Both Firefly and
Renilla luciferase activities were quantified using the
dual-luciferase-reporter assay system (Promega), according
to the manufacturer’s instructions.

Quantitative real-time PCR
Quantitative real-time PCR was performed as described
previously [66]. Following primer pairs were used:

DcR3: 5′-CCACTACACGCAGTTCTGGA-3′ (forward)
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5′-GTGCTCCAAGCAGAAACCAG-3′ (reverse)
MMP-2: 5′-CTTCCAAGTCTGGAGCGATGT-3′

(forward)
5′-TACCGTCAAAGGGGTATCCAT-3′ (reverse)

MMP-7: 5′-GAGTGCCAGATGTTGCAGAA-3′
(forward)
5′-AAATGCAGGGGGATCTCTTT-3′ (reverse)

MMP-9: 5′-TTGACAGCGACAAGAAGTGG-3′
(forward)
5′-ACATAGGGTACATGAGCGCC-3′ (reverse)

integrin alpha 4: 5′-GAGTGCAATGCAGACCTTGA-3′
(forward)
5′-GGCCTTCCAGTTGGATATGA-3′ (reverse)

integrin beta 1: 5′-AACTGCACCAGCCCATTTAG-3′
(forward)
5′-ACATTCCTCCAGCCAATCAG-3′ (reverse)

uPA: 5′-GCCATCCCGGACTATACAGA-3′ (forward)
5′-ACACAGCATTTTGGTGGTGA-3′ (reverse)

18S: 5′-CATGGCCGTTCTTAGTTGGT-3′ (forward)
5′-ATGCCAGAGTCTCGTTCGTT-3′ (reverse)

Immunoblot analysis
Cells were rinsed with ice-cold PBS and lysed with lysis
buffer (120 mM NaCl, 50 mM Tris–HCl (pH 8.0),
5 mM EDTA, 0.5% Triton X-100) containing pheny-
lmethylsulfonyl-flouride (1 mM), proteinase inhibitors
(Roche, Mannheim, Germany, #1697498) and phosphatase
inhibitors (25 mM NaF, 200 μM NaVO3, 10 mM NaPPi).
After 15 min incubation on ice, lysates were centrifuged at
16 000 g for 20 min. For cytoplasmic and nuclear fractions
cells were harvested and processed with the Nuclear
Extraction Kit (Active Motif, Rixensart, Belgium) according
to manufacturer’s protocol. For protein isolation from
human tissue, frozen tissue samples kindly provided by the
Tissue Bank of the Center for National Tumor Diseases
(NCT, Heidelberg, Germany) were suspended in 100 μl
lysis buffer and shock frozen in liquid nitrogen. Thereafter
5 mm grinding balls were added. The tissue samples were
homogenized by the use of a Mixer Mill MM 200 (Retsch,
Haan, Germany) and centrifuged for 10 min at 16 000 g.
For the isolation of proteins from supernatant, cells were
incubated in serum free medium. After 24–48 h the
medium was harvested and centrifuged for 5 min at
1000 g. 200 μL of the supernatant were used for precipita-
tion [67]. A Ponceau S-stained protein band was used for
normalization. Total protein concentration was measured
by Bradford-Assay (Bio-Rad, Munich, Germany). 20–40 μg
protein was separated on 10–15% polyacrylamide gels
and blotted onto nitrocellulose (Bio-Rad) by standard
procedures. Membranes were washed, incubated with
primary antibody over night, washed again incubated
with secondary antibody (1:3000) (horseradish peroxidase-
conjugated, Bio-Rad) and visualized by an enhanced
chemiluminescence detection system (GE Healthcare,
Munich, Germany). Following primary antibodies were
used: anti-DcR3 (BioLegend, #333202), anti-β-actin (Merck
Millipore, Darmstadt, Germany, #mab1501), anti-AKT
(Cell Signaling, Danvers, MA, USA, #9272), anti-phospho-
AKT (Cell Signaling, #4058), anti-P70S6K (Cell Signal-
ing, #9202), anti-phospho-P70S6K (Cell Signaling, #9206),
anti-GSK-3β (Cell Signaling, #9315), anti-phospho-GSK-
3β (Cell Signaling, #9336), anti-PARP (BD Pharmingen,
San Diego, CA, USA, #556362), anti-Caspase 3 (Imgenex,
San Diego, CA, USA, #IMG-144A), anti-NFATc1 (Abcam,
Cambridge, MA, USA, #ab25916), and anti-ITGA4
(GeneTex, Irvine, CA, USA, #GTX61691).

Scratch motility assay
Cells (5 × 105) were seeded into 12–well culture dishes.
24 h thereafter, a 100 μm scratch was placed within the
confluent monolayer with a pipette tip. Cells were then
placed into the incubation chamber of an Olympus IX81
microscope and cultivated at 37°C, 40% humidity and
5% CO2. Throughout 24 h pictures were taken at intervals
of 1–2 h with an Olympus U-CMAD3 camera by CellR
software. Migratory activity was calculated with Image J
software, based on the cell-free areas.

Proliferation and clonogenicity assay
For the assessment of proliferation, 2.5 × 105 cells were
seeded into 6-cm culture dishes and counted after 24 h,
48 h and 72 h using the trypan blue exclusion assay. For
clonogenicity assays, 500 cells were seeded into 6–well
culture dishes and incubated for seven days prior to crystal
violet staining and colony counting.

Boyden chamber assay
The invasive capacity of cells was analyzed by the use of
Matrigel™ coated chambers (BD Bioscience, Sparks, MD,
USA) according to manufacturer’s protocol. Briefly, cells
were starved for 24 h with serum free medium. After
trypsinization, 105 cells, suspended in 0.5 mL serum free
medium, were seeded into the boyden chamber insert.
0.75 mL medium enriched with 20% FCS was added as a
chemoattractant into the well. Cells were allowed to
invade the Matrigel™ matrix for 24–48 h. Thereafter,
transmigrated cells were fixed and stained with crystal
violet.

Spheroid invasion assay
Cells (75 000–100 000) resuspended in 20 μL medium
were suspended on the lid of a 100-mm Petri dish to
form spheroids. 48 h later, spheroids were placed in cell
culture dishes, coated with 2% sterile agar (Merck)/PBS
(solidified) and filled with growth medium. 24 h later,
spheroids were embedded into collagen gels. Collagen
gels were made by mixing Vitrogen (97% collagen type I;
Nutacon BV, Leimuiden, the Netherlands) with 10-fold
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concentrated minimal essential medium (Life Technologies)
and sterile 0.1 M sodium hydroxide, resulting in a final
concentration of 2.4 mg/mL collagen. Collagen solution
was distributed into 24-well plates (0.5 mL/well) which
had previously been coated with 2% sterile agar (Merck)/
PBS (solidified). After solidification gels were overlaid with
growth medium. Cell invasion was monitored at intervals
of 24 h by photographing spheroids with an inverted
Olympus IMT2-RFA/340 phase contrast microscope.

Cytotoxicity assay
For acute cytotoxicity assays, 104 cells were plated in
96-well plates, adhered for 24 h, and exposed to CD95L
for 24 h. The percentage of surviving cells was assessed by
staining with crystal violet [68]. Briefly, the supernatant
was removed, and the cells were incubated in a 2% crystal
violet solution in 20% methanol for 10 min. The plates
were washed in running tap water and air-dried for 24 h.
Crystal violet was solubilized by the addition of a 0.1 M
sodium citrate buffer in 50% ethanol. The absorption was
measured at 550 nm using a microplate reader (Bio-Rad).

Statistical methods
For all data, significant differences were identified using the
unpaired 2-sided Student t test. Throughout, P values <
0.05 were considered significant and are indicated as
follows: *P < 0.05, **P < 0.01, ***P < 0.001.

Additional files

Additional file 1: Figure S1. DcR3 expression in RCC. (A) Quantitative
real-time-PCR assaying relative DcR3 mRNA expression levels. Expression
data were normalized to internal 18S rRNA expression. (B) Cytotoxicity
assay of ACHN and 769-P cells transfected with two different DcR3-
specific siRNAs or a non-specific siRNA (scram). Cells were treated with
CD95L (200 ng/μL) for 24 h prior to crystal violet staining (mean ± SEM;
n=3; **p<0.01; scram vs. DcR3-si1 and scram vs. DcR3-si2; T-test). (C)
Cytotoxicity assay of CD95L sensitive LN18 glioblastoma cells stably
overexpressing DcR3 or an empty vector control (neo). Cells were treated
with CD95L (200 ng/μL) for 24 h prior to crystal violet staining (mean ±
SEM; n=3; *p<0.05; T-test). Since ACHN and 769-P RCC cells are resistant to
CD95L induced cytotoxicity, CD95L sensitive LN18 glioblastoma cells were
chosen to analyze the protective effect of DcR3 overexpression. (D) Scratch
motility assay of ACHN and 769-P cells transfected with two different
DcR3-specific siRNAs or a non-specific siRNA (scram). Migration was
measured over a time course of 24 h. Representative images are shown
(magnification: 100×). (E) Scratch motility assay of ACHN and 769-P stably
overexpressing DcR3 or an empty control vector (neo). Migration was
measured over a time course of 12 h (ACHN) or 24 h (769-P). Representative
images are shown (magnification: 100×).

Additional file 2: Figure S2. DcR3 expression does not affect
proliferation or clonogenicity in RCC. (A) Proliferation assay of ACHN
and 769-P cells 24, 48 and 72 h after transfection with two different
DcR3-specific siRNAs or a non-specific siRNA (scram). Cells were
trypsinized and counted (mean ± SEM; n=3). (B) Proliferation assay of
ACHN and 769-P cells stably overexpressing DcR3 or an empty vector
control (neo) after 24, 48 and 72 h. Cells were trypsinized and counted
(mean ± SEM; n=3). (C) Clonogenicity assay of ACHN and 769-P cells
transfected with two different DcR3-specific siRNAs or a non-specific
siRNA (scram). Cells were grown for 7–9 days, subsequently stained with
crystal violet and colonies were counted (mean ± SEM; n=3).
(D) Clonogenicity assay of ACHN and 769-P cells stably overexpressing
DcR3 or an empty vector control (neo). Cells were grown for 7–9 days,
subsequently stained with crystal violet and colonies were counted
(mean ± SEM; n=3).

Additional file 3: Figure S3. NFAT mediated DcR3 expression is
PI3K/AKT dependent. (A) Relative Forkhead response element–luciferase
reporter activity of ACHN and 769-P cells 24 h after treatment with
LY294002 (50 μM) or AKT-inhibitor IV (10 μM) (mean ± SEM; n=3; *p<0.05;
T-test). (B) Relative Forkhead response element–luciferase reporter activity
of ACHN and 769-P cells 24 h post transfection with myrAKT or an empty
vector control (neo) (mean ± SEM; n=3; **p<0.01, ***p<0.001; T-test).
(C) Representative immunoblot analysis of whole-cell lysates of ex vivo
tissue 48 h after treatment with LY294002 (100 μM).
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