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S5a binds to death receptor-6 to induce THP-1 monocytes to
differentiate through the activation of the NF-kB pathway

Zheng Wang*,`, Chen Fan`, Hong-Fei Zhou`,§, Jian-Sheng Lu, Ming-Juan Sun, Jing-Wen Song, Yuan Le,
Hong-Die Jiang, Liang-Hua Wang" and Bing-Hua Jiao"

ABSTRACT

Analyses of supernatants from apoptotic cells have helped in the

identification of many signals that modulate the states of cell

activation and differentiation. However, the current knowledge about

the soluble factors that are released during apoptosis is rather

limited. Previous studies have shown that S5a and angiocidin (both

encoded by PSMD4) induce human acute monocytic leukemia cells

(THP-1 cells) to differentiate into macrophages, but the cell-surface

receptor of S5a has not been identified. In this study, we show that

apoptotic THP-1 cells release endogenous S5a that binds to death

receptor-6 (DR6, also known as TNFRSF1), which was identified

as an orphan receptor, to induce THP-1 cells to differentiate.

Furthermore, we found that the NF-kB pathway is activated, and

that the transcription factors WT1 (Wilms’ tumor 1) and c-myb

mediate S5a-induced THP-1 differentiation. We also show that

differentiation is blocked by anti-DR6 antibody, DR6 siRNA, DR6-

Fc, NF-kB inhibitor or WT1 siRNA treatment. Our findings indicate

that the interaction between cells can determine their differentiation,

and we provide evidence for a functional interaction between S5a

and DR6, which provides a novel potential mechanism to induce

the differentiation of cancer cells, especially during biotherapy for

leukemia.
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INTRODUCTION
Apoptosis is the process of programmed cell death that occurs in

multicellular organisms. The effective clearance of apoptotic

cells requires direct contact between apoptotic cells and

phagocytes, along with specific recognition, engulfment and

degradation of apoptotic cells by phagocytic cells (D’Mello and

Birge, 2010; Bialik et al., 2010). Recent studies on the clearance

of apoptotic cells have led to the identification of specific

molecules and signaling pathways that are responsible for

this clearance (Erwig and Henson, 2008; Lauber et al., 2004;

Ravichandran and Lorenz, 2007; Panaretakis et al., 2009). Cells

undergoing apoptosis release soluble factors or ‘find-me’ signals,

which attract professional phagocytes (Peter et al., 2010; Elliott

and Ravichandran, 2010). Subsequently, dying cells expose ‘eat-

me’ signals that are recognized by the phagocytes that engulf

them (Nagata et al., 2010; Zitvogel et al., 2010; Poon et al.,

2010). Apoptotic-cell-derived find-me signals contribute to

the process of cell corpse clearance and modulate the state of

activation and differentiation of phagocytic cells to influence

the consecutive immune responses (Gregory and Pound, 2011;

Gregory and Pound, 2010). Analyses of apoptotic cell

supernatants have allowed the identification of the following

chemoattractive or find-me signals – lysophosphatidylcholine

(LPC), sphingosine-1-phosphate (S1P), CX3CL1 (also known as

fractalkine) and thrombospondin-1 (TSP-1) and its heparin-

binding domain (HBD) (Gude et al., 2008; Truman et al., 2008;

Krispin et al., 2006; Muñoz et al., 2010). However, the current

knowledge of the soluble factors that are released during

apoptosis is rather limited.

In 1993, Tuszynski and co-workers isolated a novel TSP-1-

binding protein, angiocidin, which was overexpressed in tumor

stroma and widely implicated in mechanisms of tumor

progression (Tuszynski et al., 1993). Angiocidin is a potent

inhibitor of angiogenesis and tumor growth and might inhibit

angiogenesis by binding to collagen, as well as to the collagen

receptor a2b1 (Sabherwal et al., 2006). Additionally, angiocidin

induces monocyte-to-macrophage differentiation in a monocytic

leukemia cell line, THP-1, which was isolated by Tsuchiya and

colleagues from a boy suffering from acute monocytic leukemia

(Auwerx, 1991). This differentiation is concurrent with dramatic

alterations in both cell morphology and in the expression of

macrophage markers (Araujo et al., 2004; Gaurnier-Hausser et al.,

2008). It was also found that angiocidin treatment increases the

ability of monocytes to present antigen to T lymphocytes and that

functional macrophages could directly or indirectly elicit tumor

cell destruction (Gaurnier-Hausser and Tuszynski, 2009). A

BLAST search of the full-length cDNA of angiocidin revealed

that the protein sequence has a high degree of similarity to that of

S5a (supplementary material Fig. S1). In fact, both S5a and

angiocidin are encoded by the same gene, PSMD4, but angiocidin

contains an additional three amino acids in its C-terminus,

along with a change to a single amino acid residue; however,

these differences are unlikely to cause differences in the

overall structure between the two proteins. S5a is an internal

polyubiquitin-recognition subunit of the 26S proteasome enzyme

complex, which binds to polyubiquitin, a signal that targets

proteins for destruction (Wang et al., 2005). We postulated

that S5a might perform the same function as angiocidin, inducing

THP-1 adhesion and differentiation. However, the cell-surface

receptor of S5a remains unknown.
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In 1998, researchers identified a new family member of the
tumor necrosis factor receptor (TNFR) superfamily, named death

receptor-6 (DR6 or TNFRSF21), by searching the EST database
using the protein sequence of the extracellular cysteine-rich
ligand-binding domain of TNFR2 (Pan et al., 1998). Human DR6
is a type I transmembrane protein consisting of 655 amino

acids. DR6 regulates CD4+ T cell proliferation and Th cell
differentiation and is also expressed on resting B cells but is
downregulated upon activation of the latter (Liu et al., 2001;

Schmidt et al., 2002). Studies on DR6-deficient (DR62/2) mice
have shown the crucial regulatory role played by this receptor in
the development of the adaptive immune response (Liu et al.,

2001; Schmidt et al., 2005). High expression of DR6 in human
cancer cell lines and tumor samples seems to be regulated by the
TNF-a-induced NF-kB activation pathway, the activity of which

correlates with a constitutive high basal level of NF-kB activation
(Benschop et al., 2009). Interactions between the b amyloid
precursor protein, APP, and DR6 have been reported to activate
the caspase enzyme, which then contributes to caspase-mediated

nerve cell apoptosis (Nikolaev et al., 2009). However, this claim
has not been verified in other tissues and cells. There have been
no studies reporting typical ligands for DR6. Therefore, DR6

remains an orphan member of the TNF-receptor superfamily.
In this study, the research focused on investigating the

differentiation effect of exogenous S5a but resulted in the

unexpected discovery of a new phenomenon – namely, that
THP-1 cell cultures have a tendency to spontaneously differentiate.
Researchers have been able to detect angiocidin in tumor-

conditioned medium and in the serum of cancer patients
(Sabherwal et al., 2007). As the protein sequence of angiocidin
has a high degree of similarity to that of S5a, we hypothesized that
THP-1 cells released endogenous S5a, which then induced

companion and neighboring cells to differentiate. DR6, a classic
membrane protein, was identified as one of the THP-1 membrane
proteins that interacted with S5a, as shown by pulldown assays, far-

western identification, confocal microscopy and enzyme-linked
immunosorbent assay (ELISA). We showed that blocking of DR6
function in recombinant S5a-treated THP-1 cells leads to lower

levels of differentiation in vitro. Additionally, western blot analysis
showed that recombinant S5a could activate the NF-kB pathway.

These experimental data fully demonstrate that S5a binds to
DR6 to induce THP-1 monocytes to differentiate by activation of

the NF-kB pathway. From the results of this study, we have
developed a model whereby dying cells or those slipping into
senescence send out signals, such as S5a, that influence the fate of
neighbors and their ability to adapt to the environment. We define

S5a as the ‘change-me’ signal in the process of cell death. Above
all, these results provide a novel potential method to induce the
differentiation of cancer cells, which will be especially useful in

the biotherapy of leukemia.

RESULTS
S5a is present in the culture supernatant of cultures
containing apoptotic THP-1 cells
Interestingly, we found that THP-1 cells, a monocytic leukemic

cell line grown in suspension, underwent differentiation, with the
cells gradually aging and dying during the period of culture
(Fig. 1A). During their differentiation, the cells became flattened,
elongated and firmly attached to the tissue culture plastic.

Earlier reports have indicated the presence of angiocidin in
tumor-conditioned medium and in the serum of cancer patients
(Sabherwal et al., 2007). Because of the high sequence similarity

between angiocidin and S5a, we postulated that these proteins
could share a similar function, inducing THP-1 adhesion and/or
differentiation. We collected the concentrated culture supernatant

of THP-1 cells after 96 h of cell culture. S5a protein was detected
by western blotting in the supernatants of cultures that contained
apoptotic THP-1 cells (Fig. 1B). According to our data and

previous research, we concluded that apoptotic THP-1 cells
released endogenous S5a during the apoptotic process.

Recombinant S5a induces THP-1 differentiation
THP-1 is a model system for studying the differentiation of
monocytes (Auwerx, 1991; Tsuchiya et al., 1980). We cloned full-
length S5a cDNA into a maltose binding protein (MBP)-tag

expression vector, expressed it in Escherichia coli, and purified
MBP–S5a using a MBP purification protocol as described in
Materials and Methods. We treated THP-1 cells with 10 mg/ml

MBP–S5a for 12, 24 or 48 h and, subsequently, the treated cells
became flattened and elongated. Flow cytometric analysis showed

Fig. 1. S5a is present in supernatants from THP-1 cells. (A) Changes in cell morphology were observed by microscopy during cell culture
(406magnification). The expression of the macrophage markers CD14 and CD36 in untreated THP-1 cells was detected at 0 h, 48 h, 72 h and 96 h
by flow cytometry. The x-axis represents CD14 staining and the y-axis represents CD36 staining. The arrows show the macrophage-like cells. Scale bar: 30 mm.
(B) S5a released into supernatants by THP-1 cells was analyzed by SDS-PAGE. Specific bands were identified by western blot analysis. The experiment was
repeated three times, and representative data are shown.
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that the number of apoptotic cells increased at 24 h and decreased
significantly at 48 h (Fig. 2A,B). Additionally, the expression of the

macrophage markers CD14 and CD36 (Huh et al., 1996; Park et al.,
2007) on MBP–S5a-treated THP-1 cells was detected at 48, 72 and
96 h by flow cytometry, and their expression increased both over
time in culture and following treatment with MBP–S5a (Fig. 2D,E).

Concurrently, a significant alteration in cell morphology and
increased adherence of these cells to the culture plastic was
observed (Fig. 2C). According to our data and previous research, we

concluded that S5a could induce the differentiation of THP-1 cells.

S5a physically interacts with DR6
To determine the mechanism by which S5a induced the
differentiation of THP-1 cells, plasma membrane proteins were
extracted from THP-1 cells and pulldown experiments were

performed to identify proteins that were associated with MBP–
S5a. MBP–S5a-associated proteins were resolved by SDS-PAGE.
The most prominent protein bands were cut out and subjected to
mass spectrometry. Analysis of the mass spectrometry results

revealed several proteins that were specifically associated with
MBP–S5a, and one of these proteins, DR6, caught our attention
(supplementary material Fig. S3). We performed pulldown

followed by western blot analyses to confirm the presence of
DR6, and the MBP-bound sample was used as a control. After
probing with an anti-DR6 antibody, 90-kDa and 110-kDa bands

were visualized in the MBP–S5a-bound sample but not in the
MBP-bound sample (Fig. 3A). This result is consistent with

results obtained by Klı́ma and co-workers, who showed that DR6
is expressed as two forms, with molecular masses of 90 kDa and
110 kDa, rather than as a protein with the predicted molecular
mass of 70 kDa (Klı́ma et al., 2009). DR6 has been shown to be

an extensively post-translationally modified transmembrane
protein, and N- and O-glycosylations of amino acids located in
its extracellular domain have been found to be mainly responsible

for its ,40 kDa mobility shift in SDS polyacrylamide gels
(Klı́ma et al., 2009). The above data confirm that the 90-kDa and
110-kDa proteins were the major functional forms of DR6 in

THP-1 cells. The S5a–DR6 interaction was further tested using
the far-western method (Fig. 3B). The distribution of S5a
and DR6 on intact THP-1 membranes was visualized by

immunofluorescence confocal microscopy (Fig. 3C). To
confirm the interaction between DR6 and S5a, we used an
ELISA to show that purified DR6–Fc bound to purified
recombinant S5a–biotin. The interaction detected by ELISA

was of high affinity (EC505145613 nM; 6s.d.), and this binding
was blocked by the addition of an anti-DR6 antibody (Fig. 3D).
The interaction of DR6–Fc with MBP–S5a was also of high

affinity (EC505285615 nM) and anti-DR6 antibody also blocked
this interaction (Fig. 3E). These results indicate that S5a is a
functional DR6 ligand.

Fig. 2. Recombinant S5a induces
THP-1 differentiation. (A) The effect
of S5a on apoptosis in THP-1 cells up
to 48 h of treatment. The amount of
cell death induced by MBP–S5a and
MBP was analyzed by flow cytometry
after Annexin V (AV) and propidium
iodide (PI) staining at the indicated
times. The x-axis represents Annexin
V and the y-axis represents
propidium iodide staining. (B) The
results of the combined analyses
from A are shown. Data show the
mean6s.d. (n53); *P,0.05,
**P,0.01; ns, non-significant.
(C) Obvious morphological changes
occurred in THP-1 cells after being
treated with MBP–S5a for 48, 72 or
96 h. Scale bars: 30 mm. (D) The
expression of the macrophage
markers CD14 and CD36 in MBP–
S5a-treated and MBP-treated cells
was detected at 48, 72 and 96 h by
flow cytometry. The x-axis represents
CD14 and the y-axis represents
CD36 staining. (E) The results from
the combined analyses from D are
shown. Data show the mean6s.d.
(n53); *P,0.05, **P,0.01. All the
experiments were repeated three
times, and representative data are
shown.
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DR6 mediates the differentiation of THP-1 cells
To confirm the role of DR6 in the differentiation of THP-1 cells,
we used DR6 siRNA to knock down the expression of DR6 in
THP-1 cells (supplementary material Fig. S6), as well as using

anti-DR6 antibody and DR6–Fc to block the interaction of
S5a and DR6. Following these treatments, we observed
morphological alterations of the cells and a decrease in

expression of the macrophage markers CD14+ and CD36+,
compared with cells that were untreated or treated with a
scrambled control siRNA (Fig. 4A–C). Although anti-DR6
antibody inhibited S5a-induced THP-1 differentiation, it had no

effect on the THP-1 differentiation induced by phorbol-12-
myristate-13-acetate (PMA, supplementary material Fig. S4). At
the same time, we investigated whether DR6-siRNA-treated

THP-1 cells displayed a decrease in the S5a-induced phagocytic
activity towards fluorescent microparticles that were designed
specifically for this purpose. S5a-treated cells displayed

an increase in phagocytic activity, with .95% of the cells
internalizing these fluorescent microparticles, whereas S5a could
not induce DR6-siRNA-treated THP-1 cells to phagocytose
microparticles as efficiently (Fig. 4D,E). These findings suggest

that S5a induces the differentiation of THP-1 cells by a
mechanism that is dependent on binding to DR6.

Activation of the NF-kB pathway mediates the differentiation
and growth inhibition of THP-1 cells after S5a treatment
Previous studies have shown that angiocidin can upregulate various
components of the NF-kB signaling pathway at the mRNA level

and that phosphorylation of these proteins in THP-1 cells was
increased in response to angiocidin treatment (Gaurnier-Hausser et
al., 2008). To confirm that recombinant S5a was able to activate

NF-kB pathways, the phosphorylation of IkBa (also known as
NFKBIA) and p65 (also known as RELA) was analyzed by
western blotting. The phosphorylation level of IkBa significantly
increased after MBP–S5a treatment compared with that observed

in the MBP control group (Fig. 5A). MBP–S5a treatment also
increased the phosphorylation level of p65 compared with that of
the control group (Fig. 5B). The phosphorylation level of p65

protein in THP-1 cells also significantly increased after treatment
with recombinant S5a–biotin compared with that of the negative
control group (Fig. 5C). In addition, we pretreated THP-1

cells with the NF-kB inhibitor IKK Inhibitor VII (150 nM) for
24 h before treating cells with MBP–S5a for 48 h. Following
this pretreatment, we observed a significant alteration in cell
morphology, and the phagocytic ability of THP-1 cells was

decreased in the group that was pretreated with IKK Inhibitor VII
compared with that of the group induced by S5a in the absence

Fig. 3. S5a physically interacts with DR6. (A) A direct interaction between S5a and DR6 was revealed by pull-down experiments. MBP–S5a or MBP
was incubated with THP-1 membrane proteins, targeted with amylose resin and washed, and associated proteins were resolved in a gel. Specific bands were
cut out and identified by mass spectrometry. The arrow indicates the band captured by pull-down assay in the MBP-S5a group but not in the MBP control
group. Also shown is a western blot analysis of the specific association of DR6 with MBP–S5a. A parallel experiment using MBP protein is shown as a control
(two right-most lanes). Each experiment was repeated three times, and representative data are shown. (B) S5a–DR6 interactions were further tested by
a far-western method. THP-1 membrane protein extracts were immobilized on a membrane, blocked with DR6 antibody or no antibody, probed with purified
MBP–S5a, and finally detected with a primary enzyme-labeled antibody specific for S5a. Purified MBP and its corresponding antibody were used to
probe the protein in a parallel experiment, and those results were negative (data not shown). (C) Confocal immunofluorescence visualization of the colocalization
of S5a and DR6 on THP-1 membranes. S5a was visualized in the red channel and DR6 was visualized in the green channel. Colocalization is shown in
yellow in the merged panels. Scale bars: 30 mm. (D) ELISA to investigate the DR6–S5a interaction. The ectodomain of human DR6 was plated at 10 mg/ml, and
biotin–S5a was used in solution at the indicated concentrations. Binding was detected by using avidin–HRP. The EC50 of the S5a–DR6 interaction was
145613 nM. The binding was blocked by anti-DR6 antibody. (E) MBP–S5a was used instead of biotin–S5a to perform the ELISA, and DR6 was plated at
10 mg/ml. Binding was detected by HRP-conjugated goat anti-rabbit-IgG antibody. The EC50 was 285615 nM. The binding was blocked by anti-DR6 antibody.
All the experiments were repeated at least three times, and representative data are shown.
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of the inhibitor (Fig. 5D,E, P,0.05). In addition, a cell
proliferation assay was performed to assess the growth status of
cells that were treated with S5a for 48 h. The results suggested

that S5a inhibited the growth of cells and that the NF-kB pathway

mediated this effect (Fig. 5F, P,0.05). According to our data and
to previous research, we concluded that S5a can induce the
activation of NF-kB pathway, which results in the differentiation

and growth inhibition of THP-1 cells.

Fig. 4. DR6 functions in the differentiation of THP-1 cells. (A) Morphological observations and a flow cytometry check were performed on THP-1 cells at 72 h
after treatment with anti-DR6 antibody (1:1000), which blocked the interaction between DR6 and S5a. Scale bars: 30 mm. (B) THP-1 cells were pretreated with
DR6–Fc or DR6-specific siRNA under the same conditions. THP-1 cells were incubated with DR6 siRNA or scrambled siRNA for 48 h, and the recombinant S5a
was then added into the appropriate wells and incubated for 72 h. The cells were subjected to flow cytometric analysis using PE-conjugated anti-CD36
antibody or FITC-conjugated anti-CD14 antibody. The experiment was repeated three times, and representative data are shown. (C) The results from combined
analyses are shown. Data show the mean6s.d. (n53); *P,0.05; ns, non-significant. (D) THP-1 cells were incubated with DR6 siRNA or scrambled siRNA for
48 h, and the recombinant S5a was then added into the appropriate wells. After incubating for 48 h, fluorescent green 0.5-mm microparticles (Bangslabs) were
added, and phagocytosis was analyzed by fluorescence microscopy and flow cytometry. The experiment was repeated three times, and representative data are
shown. Scale bars: 30 mm. (E) The results of the phagocytosis assay are shown. Data show the mean6s.d. (n53); *P,0.05; ns, non-significant.
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The NF-kB pathway activates the expression of WT1, which
mediates the differentiation and growth inhibition of THP-1
cells treated with S5a
Upon further investigation, we observed the expression of the
transcription factor WT1 (Wilms’ tumor 1) in THP-1 cells after

treatment with S5a. We found that the mRNA level of WT1
significantly increased and reached a peak of 8-fold upregulation
at 12 h (Fig. 6A, P,0.01), and the protein level of WT1 was also

significantly upregulated in response to treatment with S5a
(Fig. 6B). In addition, this upregulation can be blocked by the use
of the NF-kB inhibitor (Fig. 6C,D). These data indicated that the
upregulation of WT1 expression depended on the activation of

NF-kB pathway. Next, we pretreated THP-1 cells with WT1
siRNA for 8 h and analyzed the expression of WT1. The
results indicated that the upregulation of WT1 was successfully

blocked by siRNA even if THP-1 cells were treated with S5a
(supplementary material Fig. S8, P,0.01). In order to determine
whether WT1 mediated the growth inhibition of THP-1 cells,

a cell proliferation assay was performed. We found that the S5a-
induced growth inhibition of THP-1 cells was attenuated after

treatment with WT1 siRNA (Fig. 6E, P,0.01). To confirm that
WT1 mediated the differentiation of THP-1 cells, we pretreated

THP-1 cells with WT1 siRNA for 8 h, then treated cells with
MBP–S5a for 48 h. We subsequently observed the morphology
of these cells and detected their phagocytic ability by flow

cytometric analysis. The data showed a significant alteration in
cell morphology and decreased phagocytic ability of THP-1 cells
from the WT1-siRNA-pretreated group compared with that of the

group induced by S5a without pretreatment with WT1 siRNA
(Fig. 6F,G, P,0.01). Collectively, these findings show that the
NF-kB pathway activates the expression of WT1, which mediates
the S5a-induced differentiation and growth inhibition of THP-1

cells.

WT1 suppresses the expression of c-myb, thus promoting the
differentiation of THP-1 cells
Previous studies have shown that the expression of c-myb is
downregulated during the process of PMA-induced THP-1

differentiation, and this downregulation promotes the
differentiation of THP-1 cells by regulating the expression of

Fig. 5. S5a-induced differentiation and growth inhibition of THP-1 cells is mediated by activation of the NF-kB pathway. (A) THP-1 cells were treated
with MBP or MBP–S5a for 0, 5 min, 15 min, 24 h or 48 h. Treatment with S5a increased phosphorylation of IkBa in the NF-kB pathway, as shown by western
blotting (left). b-actin served as a loading control. Quantitative densitometric analysis of phosphorylated (P)-IkBa relative to IkBa is shown on the right.
Data show the mean6s.d. (n53). (B) THP-1 cells were treated with MBP or MBP–S5a for 15 min, 1 h, 6 h or 12 h. Treatment with S5a increased the
phosphorylation of p65 (P-P65) in the NF-kB pathway. GAPDH served as a loading control. (C) THP-1 cells were treated with S5a–biotin for 1 h, 6 h or 12 h.
Treatment with S5a–biotin significantly increased the phosphorylation of p65 in THP-1 cells compared with that of the negative control group (NC). GAPDH
served as a loading control. (D) THP-1 cells were pretreated with NF-kB inhibitor (150 nM) for 24 h, then induced with MBP–S5a for 48 h, after which the
phagocytosis assay was performed. Data from control groups is also shown. Scale bars: 30 mm. (E) Results of the phagocytosis assay are shown. Data show
the mean6s.d. (n53); *P,0.05. (F) THP-1 cells were pretreated with NF-kB inhibitor (150 nM) for 24 h, then induced with MBP–S5a for 48 h, after which a cell
proliferation assay was performed. Data from control groups is also shown. Data show the mean6s.d. (n53); *P,0.05. All experiments were repeated
at least three times, and representative data are shown.
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many associated downstream molecules (Suzuki et al., 2009). To
confirm the role of c-myb in THP-1 cell differentiation, we
detected the expression of c-myb after treatment with S5a.

At the mRNA level, c-myb expression showed a gradual
downregulation during a 24-h treatment with S5a, leading to a
10-fold reduction at 24 h (Fig. 7A, P,0.01). c-myb expression

also significantly decreased at the protein level after cells were
treated with S5a for 32 h, as determined by western blotting
(Fig. 7B). More importantly, this downregulation could be

blocked or attenuated by treatment with either the NF-kB
inhibitor or WT1 siRNA (Fig. 7C–E, P,0.01). In addition,
according to bioinformatics analysis, the WT1 transcription

factor can bind to the sequence 59-CGCCCCCGC-39 in the c-
myb promoter (supplementary material Fig. S2). The results of a
chromatin immunoprecipitation (ChIP)-PCR assay also suggested

that WT1 bound to the 59-CGCCCCCGC-39 sequence in the c-myb
promoter, suppressing the transcription of c-myb in our research
model (Fig. 7F).

Fig. 6. The NF-kB pathway activates the expression of WT1, which mediates the S5a-induced differentiation and growth inhibition of THP-1 cells.
(A) THP-1 cells were treated with MBP–S5a or MBP, and mRNA was extracted at different time-points (1 h, 6 h, 12 h, 18 h and 24 h) for QRT-PCR analysis of
WT1 expression. Data show the mean6s.d. (n53); *P,0.05. (B) Proteins were extracted at different time-points (8 h, 16 h, 24 h) for western blot analysis of
WT1 expression. (C) THP-1 cells were pretreated with NF-kB inhibitor for 24 h, before being induced by treatment with MBP–S5a. MBP-treated and
untreated groups were set as controls. mRNA was extracted and was analyzed by QRT-PCR. Data show the mean6s.d. (n53); **P,0.01. (D) Proteins were
extracted after treating cells for 16 h with MBP–S5a and western blotting was performed. (E) THP-1 cells were pretreated with WT1 siRNA for 8 h and
induced by treatment with S5a. The cell proliferation assay was performed after 48 h. Data show the mean6s.d. (n53); *P,0.05; ns, non-significant. (F) THP-1
cells that had been pretreated with WT1 siRNA for 8 h were treated with S5a. After 48 h, the phagocytosis assay was performed to observe the differentiation of
the various groups. NC, negative control group. Scale bars: 30 mm. (G) Flow cytometry was performed to analyze the phagocytic activity of the different
groups. Data show the mean6s.d. (n53); *P,0.05; ns, non-significant. All experiments were repeated at least three times, and representative data are shown.
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DISCUSSION
Given the results presented here, we believe that DR6 mediates
the differentiation of THP-1 cells that have been treated with S5a.
As a membrane receptor of S5a, DR6 transmits the signal after

binding to S5a. This signal activates the NF-kB pathway, thus
significantly increasing the expression of WT1 at both the
mRNA and the protein level. WT1 subsequently suppresses the

transcription of c-myb. We speculate that the downregulation of
c-myb promotes the differentiation of THP-1 cells, based on some
previous reports. The above mechanism is illustrated in the
schematic presented in supplementary material Fig. S5.

Endogenous S5a is a crucial protein for monocyte
self-regulation
Previous studies have shown that the treatment of THP-1
cells and freshly isolated human peripheral blood mononuclear
cells (PBMCs) with PMA increases the secretion of angiocidin

(Gaurnier-Hausser and Tuszynski, 2009). Angiocidin was

also detected in tumor-conditioned medium and in serum

from cancer patients (Araujo et al., 2004; Gaurnier-Hausser
et al., 2008). In this paper, S5a that had been released
into culture supernatants of THP-1 cells was isolated and

identified by western blot analysis. It was found that the
number of aging and dying THP-1 cells increased gradually
with increasing time in culture. On the basis of this evidence,

we deduced that apoptotic THP-1 cells released endogenous
S5a, which sent a signal that induced companion and
neighboring cells to undergo differentiation. Here, we define
S5a as the ‘change me’ signal in the process of cell death.

Previous reports have suggested that differentiated cells
and undifferentiated cells showed different sensitivities to
pro-apoptotic stimuli (Daigneault et al., 2010). THP-1 cells

that have been treated with S5a struggle against environmental
factors in the first 48 h. During this time, neighboring cells
show resistance to apoptotic stimuli and maintain levels of

differentiation.

Fig. 7. WT1 suppresses the expression of c-myb, thus promoting the differentiation of THP-1 cells. (A) THP-1 cells were treated with MBP–S5a,
then mRNA was extracted at different time-points (1 h, 2 h, 5 h, 10 h, 15 h, 20 h, 24 h) and QRT-PCR for c-myb was performed. Data show the
mean6s.d. (n53); *P,0.05. (B) Protein was extracted at 32 h after S5a induction, and western blot analysis was performed. (C) The cells were pretreated
with NF-kB inhibitor for 24 h and were induced by treatment with S5a for 24 h. mRNA was then extracted and QRT-PCR for c-myb was performed. (D) THP-1
cells were pretreated with WT1 siRNA and induced by treatment with S5a for 24 h. QRT-PCR was performed to detect the mRNA expression of c-myb.
Data show the mean6s.d. (n53); *P,0.05; ns, non-significant. (E) Under the same conditions as for D, western blot analysis was performed to visualize
c-myb protein expression. GAPDH served as a loading control. (F) A ChIP-PCR assay was performed. The result indicates that WT1 binds to its
target sequence and suppresses the transcription of c-myb after S5a treatment. All experiments were repeated at least three times, and representative data
are shown.
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Investigation of S5a, a new ligand of the orphan receptor
DR6, reveals a new function of DR6 in cell death
and differentiation
Intracellular S5a is a receptor for ubiquitylated proteins (Haririnia
et al., 2007). Recent studies have reported that S5a/angiocidin
inhibits endothelial cell proliferation and induces endothelial

cell apoptosis and antitumor activities that are related to the
activity of polyubiquitin conjugates (Saeki and Tanaka, 2008).
Restructuring angiocidin offers a variety of mechanisms for anti-

tumor activity in vitro and in vivo (Sabherwal et al., 2007;
L’Heureux et al., 2010; Liebig et al., 2009; Kremlev et al., 2008;
Yang et al., 2006). In this study, we focused on another aspect of

the antitumor activity of S5a, by inducing the differentiation of
THP-1 cells into macrophages. Using pull-down assays, we found
a protein called DR6 that interacts with S5a. Recent reports have

indicated that the glycosylation of DR6 can potentially regulate
its interaction with the recently described ligands APP or APLP2,
thereby activating caspase enzymes and contributing to caspase-
mediated nerve cell apoptosis (Nikolaev et al., 2009). However,

this claim has not been verified in other tissues and cells.
Researchers have shown that DR6 is an extensively post-
translationally modified transmembrane protein that mainly

exists in N- and O-glycosylated forms, although potentially
other modifications of its extracellular region also occur
(Klı́ma et al., 2009). However, the role of post-translational

modifications in the interaction between DR6 and S5a remains
to be explored. To this end, we used a computational work-
flow (Rosetta Docking) to predict and analyze the DR6–S5a

interaction (supplementary material Fig. S7). The predicted
interactive region of DR6 was located in its cysteine-rich
domains (CRDs), which contain DR6-specific surface patches
responsible for the exclusive recognition of its ligand.

The predicted interactive region of S5a was located in its
ubiquitin-interacting motifs (UIMs), indicating that the
interaction might have some relation to ubiquitylation. These

data provide strong support to the idea that S5a binds to DR6 with
high affinity.

The proposed mechanisms of differentiation induced by S5a
through DR6 in THP-1 cells
According to our data and to previous research, we conclude

that S5a induces the differentiation of THP-1 cells. Further
experimental data fully demonstrate the functional interactions
between S5a and DR6. We have also shown that S5a treatment

results in an increase in the phosphorylation of IkBa and p65 in
the NF-kB pathway. In timecourse experiments, we observed
a slight phosphorylation of p65 in the MBP control group;

however, this phosphorylation level was weak and transient
compared with that observed in the MBP–S5a treatment group.
We speculate that the slight phosphorylation of p65 occurred

because of a transient stimulus to cells caused by MBP treatment.
However, this transient phosphorylation was insignificant, and
S5a increased the phosphorylation level of p65 in THP-1 cells
more strongly and continuously. Thus, it seems likely that the

constitutive activation of the NF-kB signaling pathway has a
profound impact on the differentiation of THP-1 cells. From our
results, combined with those of other reports (Gaurnier-Hausser

et al., 2008), we conclude that S5a induces monocytes to
undergo differentiation through a mechanism that is mediated by
activation of the NF-kB pathway. As a transcription factor that is

closely related to hematopoietic differentiation (Greig et al.,
2008), c-myb also plays an important role during THP-1

differentiation (Suzuki et al., 2009). It is a key molecule that
mediates THP-1 differentiation after PMA treatment, and its

downregulation promotes THP-1 differentiation by regulating the
expression of many downstream molecules (Suzuki et al., 2009).
Previous research also suggests that c-myb can maintain the
stability of cells – its downregulation is necessary for the

differentiation of some cells (Ramsay and Gonda, 2008), and its
high expression blocks monocyte differentiation (Knopfova and
Smarda, 2008). In our research, the expression of c-myb was also

significantly downregulated in THP-1 cells following treatment
with S5a. We hypothesize that S5a induces THP-1 cells to
differentiate by decreasing the expression of c-myb. A previous

study has shown that the activation of NF-kB pathway can
increase the expression of WT1 (Dehbi et al., 1998), and that
WT1 can bind to the c-myb promoter and suppress the expression

of c-myb in T and B cell lines (McCann et al., 1995; Rauscher
et al., 1990). Our results indicate that WT1 suppresses the
transcription of c-myb, thereby promoting the differentiation of
THP-1 cells after S5a treatment. The WT1 gene was first

identified as a tumor suppressor gene in Wilms’ tumor (Lee and
Haber, 2001). It is located on chromosome 11p13, and it encodes
a zinc finger protein that functions as a transcription factor. For

a long time, WT1 was considered to be a tumor suppressor
(Scharnhorst et al., 2001), but some research has indicated that it
is highly expressed in leukemia cells, playing a cancer-promoting

role (Miwa et al., 1992). However, WT1 functioned as a tumor
suppressor after S5a treatment of THP-1 cells. To explain these
contrasting results, we think that WT1 can function as either an

oncoprotein or a tumor suppressor, depending on the specific
conditions, such as the expression level of WT1 or the specific
cell state.

In summary, our study illustrates a crucial intrinsic role for S5a

and DR6 in the differentiation of THP-1 cells, and it indicates that
the interaction between cells or even cancer cells can determine
their cell fate. On the basis of the results presented in this study, we

believe that S5a and DR6 might have great therapeutic potential
in the treatment of hematologic cancer. By contrast, in some
pathologic situations, monocytes differentiate to macrophages and

release large amounts of inflammatory cytokines, amplifying the
inflammatory response in a process that is harmful to the body. The
results of our study might contribute to an understanding of ways
in which it would be possible to restrict inflammation and the

processes of autoimmune disease.

MATERIALS AND METHODS
Antibodies and reagents
Anti-MBP antiserum was purchased from New England Biolabs, and a

mouse monoclonal antibody (mAb) against the proteasome 19S S5a

protein and a rat mAb against DR6 were purchased from Abcam.

Dylight-649-conjugated goat anti-rat-IgG was purchased from

Jacksonimmuno, and Rhodamine-labeled antibody against mouse IgG

was purchased from KPL. A rat mAb against WT1 protein and a rat mAb

against c-myb were purchased from Epitomics. A rat mAb against

GAPDH was purchased from Bioworld. The control siRNA and siRNA

for DR6 were from Qiagen, and DR6–Fc was from Sino Biological. S5a–

biotin was from Boston Biochem. Anti-phospho-p65 (Ser536) rabbit

mAb, anti-p65 rabbit mAb, anti-IkBa (L35A5) mouse mAb and anti-b-

actin were all purchased from Cell Signaling Technology. The S5a

polyclonal antibody was purchased from ProteinTech Group. PE-

conjugated anti-human-CD36 and FITC-conjugated anti-human-CD14

were purchased from BioLegend, and protease inhibitor cocktail (R1321)

and the cytoplasmic and nuclear protein extraction kits were purchased

from Fermentas. The NF-kB inhibitor IKK Inhibitor VII was from

Merck. The microparticles were from Bangslabs. The cytoplasmic and
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nuclear protein extraction kits were purchased from Beyotime, along

with the protease inhibitor phenylmethylsulfonyl fluoride (PMSF).

Phosphatase inhibitor cocktail tablets were purchased from Roche. 3-

[(3-cholamidopropyl)-dimethylammonio]-1-propane sulfonate (CHAPS)

was purchased from Boehringer Mannheim, and Super ECL plus

detection reagent was purchased from Pierce.

Construction, expression and purification of MBP-tagged
recombinant S5a
Two primers were designed from the GenBank human S5a coding

sequence (NM_002810) and the plasmid pMAL-c2 reading frame. EcoRI

restriction sites were introduced into the upstream 59 end and HindIII

restriction sites were introduced into the downstream 59 end. The

sequence for the upstream primer (P1) was 59-GGGAATTCA-

TGGTGTTGGAAAGCACT-39 and the sequence for the downstream

primer (P2) was 59-GCCAAGCTTCTCACTTCTTGTCTTCCTC-39.

Restriction enzyme sites are underlined. The S5a coding sequence

was amplified by PCR using the P1 and P2 primers, and the resulting

product was cloned into the cloning plasmid pMAL-c2 before being

transformed into E. coli BL-21 cells. The recombinant protein

was identified by colony PCR and double restriction digestion.

Correct identification of positive recombinant clones by Invitrogen

Biotechnology was necessary for fully automated fluorescence

sequencing. For the induction of protein production, isopropyl-b-D-

thiogalactopyranoside (IPTG) was added to 500 ml of LB medium at a

final concentration of 0.5 mM, and the bacteria were incubated at 37 C̊

for 6 h. Crude extracts from E. coli were collected by ultrasonic

disruption and centrifugation. The E. coli lysate containing MBP–S5a

was passed over a 1-ml amylose column at 4 C̊. The column was then

washed with 10 column volumes of 20 mM Tris-HCl pH 7.4, 0.2 M

NaCl, 10 mM b-mercaptoethanol and 1 mM EDTA. The protein was

then eluted using the above buffer plus 10 mM maltose. The purity and

size of MBP–S5a were checked by SDS-PAGE analysis, and the

purified protein contained ,10 EU endotoxin/mg of protein.

Culture of THP-1 cells
Human monocytic leukemia cells (THP-1) were purchased from

Shanghai Cell Bank, Chinese Academy of Sciences and maintained in

RPMI-1640 (Gibco, A10491) supplemented with 10% fetal bovine serum

(HyClone). All cells were maintained at a temperature of 37 C̊ in a

humidified growth chamber under 5% CO2.

Preparation of THP-1 plasma membrane proteins
The THP-1 cell pellet was washed twice using 10 volumes of pH 6.5

buffer containing 0.102 M NaCl, 3.9 mM K2HPO4, 3.9 mM Na2HPO4,

22 mM NaH2PO4 and 5.5 mM glucose. The pellet was then suspended

in 15 mM Tris-HC1 pH 7.6, 0.14 M NaCl, and 5 mM glucose [Tris-

buffered saline with glucose (TBSG)] at 56108 cells/ml. The washed

pellet was directly lysed in lysis buffer (250 mM NaCl, 25 mM Tris-

HCl pH 7.5, 5 mM EDTA, 2 mg/ml aprotinin, 100 mg/ml PMSF and

1% CHAPS). After treatment for 20 minutes at 4 C̊, the samples

were centrifuged at 13,000 g for 15 min at 4 C̊ in a microcentrifuge.

Both membrane protein and crude extract were used immediately for

further analysis or stored at 220 C̊ for up to a month before use.

Pull-down and western blot analysis
Purified MBP–S5a was incubated with amylose-resin at 4 C̊, and the

column was washed with 10 column volumes of 20 mM Tris-HCl

pH 7.4, 0.2 M NaCl, 10 mM b-mercaptoethanol and 1 mM EDTA. After

washing to remove unbound proteins, plasma membrane protein crude

extracts were added to the MBP–S5a-bound resin, or to the MBP-bound

resin (control). The binding reaction was performed at room temperature

for 2 h, and the resin was eluted with the same buffer plus 10 mM

maltose and then analyzed on a 12% polyacrylamide gel. After

visualization by Coomassie Blue staining, the gel lanes were cut into

pieces of equal size, subjected to in-gel tryptic digestion and identified by

mass spectrometry. Western blotting was also used to probe for DR6,

which was observed by mass spectrometry.

Far-western blot
Crude THP-1 plasma membrane protein extract was loaded onto a 12%

polyacrylamide gel (without b-mercaptoethanol) and separated; then, the

protein was transferred from the gel to a nitrocellulose membrane.

Membranes were blocked with 5% nonfat dry milk, then incubated with

anti-DR6 antibody (1:2000) or purified MBP–S5a (1:10,000) in primary

antibody dilution buffer for 2 h. This was again followed by washing of

the membranes with TBST. Then, the membranes were incubated with

anti-S5a antibody (1:2000) for 2 h and washed with TBST. Finally, the

membranes were incubated with horseradish peroxidase (HRP)-linked

secondary antibody (1:5000). Proteins were visualized by enhanced

chemiluminescence according to the manufacturer’s instruction (Pierce).

DR6 and S5a colocalization
Under the co-culture conditions, a concentrated supernatant containing

endogenous S5a was added to THP-1 cells. After 96 h, the cells were

collected by centrifugation at 150 g for 5 min. Then cells were then fixed

with 4% paraformaldehyde for 20 min, incubated in 1% bovine serum

albumin (BSA) in PBS (blocking buffer) for 20 min, and immediately

incubated with anti-DR6 antibody (1:1000) and anti-S5a antibody (1:100)

for surface staining overnight at 4 C̊. The next day, the cells were

collected by centrifugation, washed twice with PBS, incubated with a

second fluorescent antibody (Rhodamine-labeled antibody against S5a

diluted 1:80 and Dylight-649-conjugated antibody against DR6 diluted

1:500), avoiding exposure to light. Fluorescence images were recorded

using a confocal laser scanning microscope (Leica TCS-SP2) with a640

1.25 NA dry objective.

Flow cytometric analysis of cell surface proteins and apoptosis
THP-1 cells were plated for 6 h and then treated with MBP–S5a or MBP

for 48 h, 72 h or 96 h, and then, without fixing (to allow the detection of

CD14 and CD36 at the cell surface), the cells were subjected to flow

cytometric analysis using PE-conjugated anti-CD36 antibody or FITC-

conjugated anti-CD14 antibody. To detect apoptosis, the cells were

stained with Annexin V and propidium iodide, and were subsequently

analyzed by FACS.

Western blot analysis
The proteins were separated by SDS-PAGE, transferred to a

nitrocellulose membrane and incubated with the various antibodies at

4 C̊ overnight. The immunocomplexes were visualized using a HRP-

conjugated antibody followed by a chemiluminescence reagent

(Millipore, Billerica, MA) and detected by using a ChemiDocTM XRS+

purchased from BioRad.

Inhibition of DR6 by anti-DR6, DR6 siRNA and DR6–Fc
THP-1 cells were pretreated with anti-DR6 antibody (1:1000) or DR6–Fc

(50 mg/ml) at 37 C̊ for 1 h. siRNA transfections were performed with

DR6 siRNA (100 nM) and HiPerFect Transfection Reagent (Qiagen).

Quantitative (Q)RT-PCR, western blotting and flow cytometric analysis

were performed to confirm the knockdown effect after DR6 siRNA

treatment for 48 h.

Inhibition of WT1 by siRNA
The siRNAs against human WT1 were chemically synthesized by

Shanghai GenePharma. The siRNA sequences were as follows: siRNA-

WT1, 59-GAGACAUACAGGUGUGAAATT-39 (forward) and 59-

UUUCACACCUGUAUGUCUCTT-39 (reverse). The negative control

dsRNA sequences were as follows: 59-UUCUCCGAACGUGUCACGU-

TT-39 (forward) and 59-ACGUGACACGUUCGGAGAATT-39 (reverse).

The transfection of WT1 siRNAs was achieved by using Lipofectamine

2000 (Invitrogen, Gaithersburg, MD). Cells were incubated at 37 C̊ in a

CO2 incubator and the medium was changed after 8 h.

Determination of receptor binding by ELISA
Nunc MaxiSorp plates were coated for 3 h with DR6–Fc (10 ng per well)

in 0.1 M sodium carbonate/bicarbonate buffer (pH 8.6) at 37 C̊, and the

remaining binding places were subsequently blocked with 2% BSA for
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2 h. Anti-DR6 (1:1000) antibody or PBS was added, and the plates were

incubated for 2 h at room temperature. After being washed six times with

Tris-buffered saline containing 0.5% Tween-20 (TBST, pH 7.5), serial

dilutions of soluble S5a–biotin or MBP–S5a (0–500 nM per well) were

added to the wells and incubated for 2 h at room temperature. After being

washed six times with TBST, Avidin–HRP was added and incubated with

S5a–biotin for 2 h at room temperature. For MBP–S5a, a 1:1000 dilution of

anti-MBP antibody (New England Biolabs) was added and incubated for

2 h at room temperature and, after being washed six times with TBST, was

subsequently incubated with a 1:10,000 dilution of an HRP-conjugated goat

anti-rabbit-IgG antibody. After being washed six times with TBST, 100 ml

of 1-step Turbo TMB solution (Pierce) was added and, after 20 min, the

reaction was quenched with 100 ml of 1 M sulfuric acid. The absorbance

was measured at 450 nM on a microplate reader (Thermo Scientific).

Phagocytosis assay
A total of 1 ml of fluorescent green 0.5-mm microparticles (Bangslabs, 109

particles/ml) was added to 100 ml of granulocytes (106 cells/ml in PBS) in a

polypropylene tube and incubated with gentle shaking for 1 h at 37 C̊.

Phagocytosis was stopped by the addition of 1 ml of ice-cold PBS at the end

of the 1 h incubation. Samples were mixed and the cells were washed five

times with ice-cold PBS. The cells were resuspended in 300 ml of cold PBS,

kept at 4 C̊ and analyzed by fluorescence microscopy or flow cytometry.

Cell proliferation assay
The THP-1 cells were either subjected to a variety of treatments –

including MBP–S5a (40 mg/ml), MBP (20 mg/ml), MBP–S5a with WT1

siRNA (pretreating for 8 h), MBP–S5a with scrambled siRNA

(pretreating for 8 h), MBP–S5a with NF-kB inhibitor (pretreating for

24 h) and NF-kB inhibitor only (pretreating for 24 h) – or were left

untreated. After treatment with MBP–S5a for 48 h, the proliferation of

THP-1 cells was analyzed and compared with that of all parallel groups.

The cell growth was determined by using the Cell Counting Kit-8

assay (R&S Biotechnology, Shanghai) according to the manufacturer’s

protocol. Experiments were performed in triplicate.

ChIP-PCR
The ChIP assay kit and protocol were provided by Beyotime. THP-1 cells

were crosslinked with 37% formaldehyde in culture medium for 10 min

at 37 C̊, then treated with glycine solution (106) for 10 min and

centrifuged. The supernatant was removed and cells were washed with

cold PBS containing 1 mM PMSF. All cell samples were divided to

106 cells/tube. Cells were treated with SDS lysis buffer containing 1 mM

PMSF for 10 min on ice and were sonicated three times at 10-s intervals.

Samples were then subjected to centrifugation for 5 min at 14,000 g at

4 C̊, and the supernatants were diluted with ChIP dilution buffer. To

reduce non-specific background signal, samples were precleared with

salmon sperm DNA and Protein-A+G–agarose for 30 min at 4 C̊ with

agitation. Primary antibody was added to the samples, which were then

incubated overnight at 4 C̊. The Protein-A+G–agarose slurry was added

to each sample, which was then incubated for an additional hour. The

protein-A+G–antibody–DNA complexes were washed and eluted

according to the manufacturer’s protocol and then reverse cross-linked

by heating at 65 C̊ for 4 h. DNA fragments were purified by proteinase K

digestion, phenol-chloroform extraction and ethanol precipitation.

Purified DNA from immunoprecipitations and DNA inputs was used

for PCR amplification, using oligonucleotide primers specific for the c-

Myb promoter (forward, 59-TCACATCCCCTACTCCTCCAACTC-39;

reverse, 59-TTTCCTGAGCAAACCCCGCTCC-39; 272-bp product). The

PCR conditions were as follows: the DNA template was denatured at

94 C̊ for 1 min, annealed at 59 C̊ for 50 s and extended at 72 C̊ for 1 min

per cycle for 35 cycles. The PCR product was visualized on a 1.0%

agarose gel.

Statistical analysis
All data are expressed as the mean6s.d. The two-tailed Student’s t-test

was used for comparisons between the two groups, and differences were

considered to be significant when P,0.05.
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Fig. S1. The BLAST result of S5a and Angiocidin. A BLAST run was done using NCBI within the NR database using S5a as the 
query to identify proteins that are similar to Angiocidin.

Fig. S2. Bioinformatics analysis of WT1 and c-myb. We put the sequence mapped from −1000 bp to TSS (transcription start site) 
into TESS database, and obtained various transcription factors which can interact with the above sequence. After that, we chose some 
transcription factors (La value >=16) as important research targets, because they have stronger affinity with target sites than other tran-
scription factors. Among these molecules, WT1 transcription factor can bind the sequence 5′cgcccccc3′ on the c-myb promoter.
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Fig. S3. Detection of DR6 peptide fragment by MS. The extracted peptides from the gel piece were sent to Shanghai Applied 
Protein Technology Co. Ltd for analysis and identification. A detailed description of each of these steps follows. The Ettan™ MDLC 
system (GE Healthcare) was applied for desalting and separation of tryptic peptide mixtures. In this system, samples were desalted 
on RP trap columns (Zorbax 300SB-C18, Agilent Technologies) and separated on a RP column (150 µm i.d., 100 mm length, Column 
Technology Inc., Fremont, CA). The mobile phase A (0.1% formic acid in HPLC-grade water) and the mobile phase B (0.1% formic 
acid in acetonitrile) were selected. Tryptic peptide mixtures (20 µg) were loaded onto the columns, and separation was performed at 
a flow rate of 2 µL/min by using a linear gradient of 4–50% B for 120 min. A Finnigan™ LTQ™ linear ion trap MS (Thermo Elec-
tron) equipped with an electrospray interface was connected to the LC setup for detection of eluted peptides. Data-dependent MS/MS 
spectra were obtained simultaneously, and each scan cycle consisted of one full MS scan in profile mode followed by five MS/MS 
scans in centroid mode with the following Dynamic Exclusion™ settings: repeat count 2, repeat duration 30 s, exclusion duration 90 
s. Each sample was analyzed in triplicate. MS/MS spectra were automatically searched against the non-redundant International Protein 
Index (IPI) human protein database (version 3.26, 67687 entries) using the Bioworks Browser rev. 3.1. The peptides were constrained 
to be tryptic, and up to two missed cleavages were allowed. Carbamidomethylation of cysteines were treated as a fixed modification 
whereas the oxidation of methionine residues was considered to be a variable modification. The mass tolerance allowed for the precur-
sor ions was 2.0 Da and for fragment ions, this value was 0.0 Da. The protein identification criteria were based on Delta CN (≥0.1) and 
cross-correlation scores (Xcorr, one charge ≥1.9, two charges ≥2.2, three charges ≥3.75). 
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Fig. S4. Anti-DR6 antibody have no effect on THP-1 differentiation induced by PMA. Flow cytometry check were performed on 
THP-1 cells at 72 h after DR6 antibody treatment, which have no effect on differentiation induced by PMA (100 ng/mL). The ex-
periment was repeated thrice, and the data presented represent a typical experiment. The results from combined analyses are shown 
(mean±s.d., n=3).
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Fig. S5. The differentiation-inducing effects and interaction mechanism between S5a and DR6 on THP-1 cells. Apoptotic THP-1 
cells released S5a, which was recognized by DR6 on the surface of neighboring cells. In the tumor microenvironment, the signals 
could alert neighboring cells to escape the lethal effects of the inducing factor, thereby modulating their state of differentiation and 
influencing the consecutive immune responses.
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Fig. S6. Knockdown the expression of DR6 in THP-1 cells. THP-1cells were transfected with DR6 siRNA or Scrambled siRNA 
(Control) using HiPerFect Transfection Reagent (QIAGEN). (A) Knockdown of intracellular DR6 by siRNA was confirmed by 
quantitative, real-time RT-PCR. (B) Western blot analysis of intracellular DR6 knockdown effect after DR6 siRNA treatment for 48 h. 
(C) Flow cytometric analysis confirmed that the expression of DR6 significantly decreased on the cell surface of THP-1 after siRNA 
treatment for 48 h (*P<0.05).
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Fig. S7. Computational prediction and analysis of the DR6-S5a interaction. Using Rosetta Docking to obtain 20,000 docking 
structures of DR6 and S5a, and then analyzed by the InterfaceAnalyzer module in Rosetta. These structures were then ranked by their 
interface energies. The selection criteria are: the interface energy <−10 REU (Rosetta energy unit), the number of unsatisfied hydrogen 
bonds <10, packing statistic score for the interface >0.60. (A) The RMSD-interface energy plot of the 143 lowest-energy conforma-
tions. Each dot represents one docking conformation. The lowest-energy conformation is the reference for the RMSD calculations. 
(B) The 10 lowest interface energy conformations of DR6 and S5a. DR6 is illustrated by surface model, and S5a by cartoon model. 
Conformation 1 is the lowest-energy complex. To judge by the orientation of S5a, conformations 2, 4, 9 and 10 are quite similar. Since 
these are 40% of the 10 lowest-energy conformations, it is likely that S5a binds to DR6 using the same orientation in conformations 2, 
4, 9 and 10. Based on the 143 lowest-energy conformations, we also calculate the frequencies of protein residues as interface residues, 
in order to reveal the most probable interface residues (i.e. the more the frequency is, the more probable the residue as an interface 
residue). (When the distance between any atom of a residue of DR6 (S5a) to any atom of S5a (DR6) is less than 3.0 Å, we defined 
the residue as an interface residue). (C) The most probable interface residues deduced from the 143 lowest-energy conformations. (D) 
Two representative binding conformations of DR6-S5a, considering by the interface energy and the most probable interface residues.
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Fig. S8. The upregulation of WT1 was successfully blocked by siRNA even if cells were treated with S5a. (A) We used WT1 siR-
NA to pretreat THP-1 cells for 8 h, then we treated cells with S5a to observe the expression of WT1, only MBP-S5a, only MBP, and 
untreated groups were parallel groups. After treating cells with S5a, we extracted the RNA at different time points(6 h,12 h,18 h,24 h) 
to analysis the expression of WT1 by Q-RT-PCR, the results indicated that the upregulation of WT1 was successfully blocked by siR-
NA even if cells were treated with S5a (*P<0.05). (B) The result of western-blot analysis was consistent with the Q-RT-PCR results.
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