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Tumor necrosis factor-alpha (TNF-α) exists in two forms: secretory TNF-α (sTNF-α) and transmembrane TNF-α (tmTNF-α).
Although both forms of TNF-α induce tumor cell apoptosis, tmTNF-α is able to kill tumor cells that are resistant to sTNF-α-
mediated cytotoxicity, indicating their differences in signal transduction. Here, we demonstrate that internalization of TNFR1 is
crucial for sTNF-α- but not for tmTNF-α-induced apoptosis. sTNF-α induces binding of tumor necrosis factor receptor type
1-associated death domain protein (TRADD) to the death domain (DD) of TNFR1 and subsequent activation of nuclear factor kappa
B (NF-κB), and the formation of death-inducing signaling complexes (DISCs) in the cytoplasm after internalization. In contrast,
tmTNF-α induces DISC formation on the membrane in a DD-independent manner. It leads to the binding of signal transducer and
activator of transcription 1 (STAT1) to a region spanning amino acids 319–337 of TNFR1 and induces phosphorylation of serine at
727 of STAT1. The phosphorylation of STAT1 promotes its binding to TRADD, and thus recruits Fas-associated protein with DD
(FADD) and caspase 8 to form DISC complexes. This STAT1-dependent signaling results in apoptosis but not NF-κB activation.
STAT1-deficiency in U3A cells counteracts tmTNF-α-induced DISC formation and apoptosis. Conversely, reconstitution of STAT1
expression restores tmTNF-α-induced apoptotic signaling in the cell line. Consistently, tmTNF-α suppresses the growth of STAT1-
containing HT1080 tumors, but not of STAT1-deficient U3A tumors in vivo. Our data reveal an unappreciated molecular mechanism
of tmTNF-α-induced apoptosis and may provide a new clue for cancer therapy.
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Tumor necrosis factor-alpha (TNF-α) exists in two forms:
a 26-kDa transmembrane form and a 17-kDa soluble form.1

Transmembrane TNF-α (tmTNF-α) is the precursor of soluble
TNF-α (sTNF-α) and expressed on the surface of activated
lymphocytes, macrophages and other cell types.2 Both forms
of TNF-αmediate a variety of biological activities by binding to
TNF receptor (TNFR) 1 and TNFR2, including cell apoptosis
and proliferation.3–5 However, the bioactivities of two forms of
TNF-α are not quite the same and the antitumor effects
between both TNF-α forms are distinct. tmTNF-α is able to kill
tumor cells that are resistant to sTNF-α-mediated apoptosis.6

In vivo, sTNF-α suppresses tumor growth by recruiting
lymphocytes while tmTNF-α inhibits tumor growth by promot-
ing factor associated suicide (Fas) expression and apoptosis.7

However, the molecular mechanisms underlying the different
activities of sTNF-α and tmTNF-α are still not fully understood.
TNFR1 is a member of death receptors. The intracellular

segment of TNFR1 includes three important and structured
domains: the internalization domain (TRID),8 the neutral
sphingomyelinase domain (NSD)9 and the death domain
(DD)10,11 which are required for apoptosis induction by TNFR1
ligands. The DD of TNFR1 is well characterized and mediates
homotypic interactions with other DD-containing proteins.
TNFR1 and tumor necrosis factor receptor type 1-associated

death domain protein (TRADD) interact through their DDs in
response to sTNF-α. This interaction is the basis for the
formation of two alternative protein complexes (complex I and
complex II). Complex I is formed at the cell membrane by
recruiting receptor-interacting protein (RIP)1, TNF receptor
associated factor (TRAF)2 and cellular inhibitor of apoptosis
protein (cIAP)1 and cIAP2. This complex activates nuclear
factor kappa B (NF-κB) and promotes cell survival and
antiapoptotic activities. TNFR1 can be also internalized into
the cytoplasm, which is dependent on the TRID domain.
Subsequently, a cytosolic complex II can be formed by the
recruitment of Fas-associated protein with DD (FADD) and
procaspase 8 to the internalized TNFR1–TRADD complex.
This complex is called death-inducing signaling complex
(DISC) as it is crucial for apoptotic induction.8,12,13 In general,
the default signaling pathway of sTNF-α is NF-κB pathway
activated by complex I at the cell surface, which renders
cells resistant to sTNF-α-induced cytotoxicity. However, in
case of impaired NF-κB activation the cytosolic complex II is
formed, thus switching the signaling from pro-survival to
pro-death. In addition to DD and TRID of TNFR1, NSD is also
involved in sTNF-α-mediated apoptosis through activation of
neutral sphingomyelinase, when TNFR1 is defective in
internalization.14
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Our previous study demonstrated that tmTNF-α eliminates
tumor cells that are resistant to sTNF-α-mediated cytotoxicity.
This observation indicates that tmTNF-α and sTNF-α may
have different signal transduction via the same receptor.5

In contrast to the well-understood TNFR1-mediated apoptotic
signaling by sTNF-α, tmTNF-α-induced cell death signaling
remains elusive.15,16 Here we show that unlike sTNF-α-
induced apoptosis, tmTNF-α-induced cell death is indepen-
dent of the internalization of TNFR1, and does not require DD
and the NSD of TNFR1. Instead, tmTNF-α induces the
formation of DISC at the plasma membrane in a STAT1-
dependent manner to mediate apoptosis but not NF-κB
activation. In sum, we identified a distinct and novel TNFR1-
dependent signaling transduction mechanism underlying
tmTNF-α-mediated apoptosis.

Results

tmTNF-α-mediated cytotoxicity is independent of the
TNFR1 internalization. The internalization of TNFR1 is
crucial for sTNF-α-induced cytotoxicity.8,12,17 To explore
whether internalization of TNFR1 is also required for
cytotoxicity initiated by tmTNF-α on fixed NIH3T3 cells,
monodansylcadaverine (MDC) was used to inhibit the
internalization of TNFR118 in U937 cells, expressing mainly
TNFR1. As shown in Figure 1, both forms of TNF-α were
cytotoxic to the target cells (Figure 1a), induced apoptosis
(Figure 1b) and activated caspase 3 (Figure 1c). Caspase
inhibitor z-VAD-FMK could block both forms of TNF-α-
induced apoptosis (Supplementary Figure S1a). Interestingly,
treatment with MDC significantly suppressed sTNF-α-
induced cytotoxicity and apoptosis but did not affect tmTNF-
α-mediated cell death. Neutralization of tmTNF-α by a specific
antibody blocked the activities of tmTNF-α. These observa-
tions suggest that tmTNF-α-mediated apoptosis is indepen-
dent of the internalization of TNFR1. This hypothesis was
further confirmed by the evidence (Figure 1d) that sTNF-α
induced a marked decrease of cell surface TNFR1 expres-
sion whereas tmTNF-α had no effect. MDC treatment of
sTNF-α-stimulated U937 cells restored TNFR1 expression to
normal. However, total protein expression of TNFR1 was not
changed by either form of TNF-α regardless of the absence or
presence of MDC (Supplementary Figure S1b), indicating
that neither TNF-α nor MDC affected the production of
TNFR1. In order to further verify that the TNFR1 internaliza-
tion was not affected by tmTNF-α, double immunofluorescent
staining was performed to check for colocalization of TNFR1
(red) and the endosomal marker EEA (green) by confocal
microscopy. As shown in Figure 1e, sTNF-α induced
colocalization of TNFR1 with EEA in the cytoplasm (yellow)
close to the plasma membrane, whereas tmTNF-α did not
cause any redistribution of TNFR1 in U937 cells. As
expected, treatment with MDC prevented sTNF-α-induced
TNFR1 internalization and colocalization with the endo-
somal marker. The same phenomena could be observed in
HEK 293T cells ectopically expressing TNFR1 (Supp-
lementary Figure S1c). Furthermore, expression of a TNFR1
mutant, Y236A-TNFR1 that fails to internalize8 significantly
reduced the cytotoxicity of sTNF-α but not of tmTNF-α

(Supplementary Figure S1d). These data indicate that the
internalization of TNFR1 is not involved in the cytotoxicity of
tmTNF-α.

tmTNF-α-mediated cytotoxicity via TNFR1 is independent
of DD and NSD. The DD and NSD of TNFR1 are involved in
sTNF-α-induced apoptotic signaling.9–11 To investigate
whether tmTNF-α-mediated cytotoxicity is also dependent
on the DD or NSD of TNFR1, HEK 293T cells were as target
cells transfected to express wild-type TNFR1, ΔDD-TNFR1 or
ΔNSD-TNFR1, respectively (Figure 2a). In contrast to the
blockage of sTNF-α-induced cytotoxicity in cells expressing
ΔDD-TNFR1, tmTNF-α-mediated cytotoxicity was identical in
target cells expressing wild type, ΔDD- or ΔNSD-TNFR1
(Figure 2b), indicating that tmTNF-α-mediated cytotoxicity is
independent of the DD and the NSD within the cytoplasmic
part of TNFR1.
As tmTNF-α is the primary ligand of TNFR2, it is possible

that tmTNF-α induces cytotoxicity via TNFR2 irrespective
of the presence or absence of the DD or NSD of TNFR1. To
test this possibility, we first analyzed whether exogenous
expression of TNFR1 or its mutants affects TNFR2 expres-
sion. Indeed, TNFR2 expression was significantly elevated
(Figure 2c). Therefore, we used siRNA to knockdown TNFR2
expression (Supplementary Figure S2a) and found that
tmTNFα was still capable to induce cytotoxicity in cells
expressing wild type, ΔDD-, or ΔNSD-TNFR1 (Figure 2d).
To confirm these observations with an independent experi-

mental setup, wild-type tmTNF-α and its mutant, R32W-
tmTNF-α that selectively binds to TNFR1,19,20 were ectopically
expressed in COS-7 cells and cell surface expression of the
ligand was monitored by FACS-analysis (Supplementary
Figure S2b). As expected, R32W-tmTNF-α was only cytotoxic
to U937 cells that mainly express TNFR1 but not to HL-60 cells
that chiefly express TNFR2 (upper panels of Supplementary
Figures S2c and d); however, wild-type tmTNF-α was able to
kill both the cell lines (lower panels). These observations
indicate that tmTNF-α exerts its cytotoxicity via both TNFR1
and TNFR2, whereas R32W-tmTNF-α selectively displays its
activity through TNFR1. Consequently, we tested the impor-
tance of the DD and NSD of TNFR1 for R32W-tmTNF-α-
mediated, TNFR1-dependent cytotoxicity. Again, tmTNFα-
induced cytotoxicity was equal in cells expressing wild type,
ΔDD-, or ΔNSD-TNFR1 (Figure 2e).
Sphingosine-1-phosphate (S1P) is a downstream molecule

of NSD-mediated signaling and known to counterbalance
ceramide-induced apoptosis.21–23 We tested the effect of
S1P on sTNFα- and tmTNF-α-mediated cytotoxicity. S1P
inhibited efficiently sTNF-α-induced cytotoxicity (Figure 2f),
whereas tmTNF-α-induced cytotoxicity through wild type or
ΔNSD-TNFR1 was unaffected by S1P (Figure 2g). The results
above strongly indicate that both DD and NSD of TNFR1 are
required for sTNF-α-, but not for tmTNF-α-mediated
cytotoxicity.

tmTNF-α induces DISC formation via TNFR1 on the
plasma membrane. sTNF-α induces DISC formation in the
cytoplasm via the DD of TNFR1.8 Here, we examined
whether and where tmTNF-α induces the formation of DISC
complexes. U937 cells were pre-treated with or without
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100 μM MDC for 1 h, followed by stimulation with sTNF-α or
R32W-tmTNF-α. As shown in Figure 3, both forms of TNF-α
induced the formation of DISC complexes containing
TRADD, FADD and caspase 8 as demonstrated by

coimmunoprecipitation using an anti-TNFR1 antibody
(Figure 3a). Knockdown of FADD expression significantly
blocked cytotoxicity of both forms of TNF-α, indicating a
requirement of DISC formation for their cytotoxicity
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(Figure 3b). Then, we checked DISC formation in cytoplasmic
or membranous fractions and found that sTNF-α induced
DISC formation in the cytoplasm (Figure 3c), whereas
tmTNF-α induced DISC formation at the plasma membrane,
as FADD and caspase 8 were present in the membrane
fraction but not in the cytoplasmic fraction (Figures 3c and
3d). This was further confirmed by confocal microscopy,
showing that tmTNF-α caused translocation of most of FADD
and caspase 8 (green) from the cytoplasm to the cell surface,
whereas FADD and caspase 8 were predominantly found in
the cytoplasm of U937 cells treated with sTNF-α (Figure 3e).
All these observations indicate tmTNF-α-induced DISC
formation at the plasma membrane.
In response to sTNF-α, TNFR1 also recruits TRAF2, RIP1

and cIAPs through TRADD to form membrane complexes to
activate NF-κB.8,12,3 Thus, we examined whether this complex
is also formed in tmTNF-α signaling. Interestingly, tmTNF-α did
not induce recruitment of RIP1 and cIAP1, but a small amount
of TRAF2, to TNFR1 (Figure 3f). In accordance with this
observation TNFR1 activation by tmTNF-α did not cause IκB
degradation (Figure 3g). However, sTNF-α still induced
formation of complex I on the membrane and IκB degradation
to some extent, although its dominant signaling was pro-
apoptotic in U937 cells. NF-κB activation decreases cell
sensitivity to apoptosis by promoting transcription of anti-
apoptotic genes.22 Consequently, sTNF-a-induced NF-κB
activation is expected to limit its cytotoxicity. As demonstrated
in Figure 3h, the NF-κB inhibitor PDTC significantly increased
sTNF-α-mediated but not tmTNF-α-induced cytotoxicity,
indicating that tmTNF-α induces apoptotic signaling without
NF-κB activation as a limitation.

STAT1 is required for tmTNF-α-induced apoptosis. Our
results indicate that the DD is not required for DISC
recruitment to TNFR1 in tmTNF-α signaling. However, it
remained mysterious how TNFR1 recruits DISC in this case.
STAT1 directly interacts with TNFR1-bound TRADD, acting
as a TNFR1 signaling component to suppress NF-κB
activation in response to sTNF-α.24 As tmTNF-α could not
activate NF-κB (Figures 3g and h), we assumed that STAT1
might be involved in tmTNF-α-induced DISC formation.
Indeed, STAT1 was found in DISC complex through TNFR1
induced by both types of TNF-α. However, deletion of the DD
of TNFR1 significantly inhibited sTNF-α-, but not tmTNF-α-,
induced formation of DISC containing STAT1 (Figure 4a). In
line with the results from Figure 3d, tmTNF-α-induced STAT1:
DISC complex was specific for the membrane fraction and
unaffected by ΔDD of TNFR1 (Figure 4b).
To further elucidate the role of STAT1 in tmTNF-α-induced

DISC formation and cytotoxicity, STAT1-deficient U3A-cell line
and its parental cell line HT1080 were reconstituted by

exogenous expression of STAT1 (Figures 4c–e) or transfected
with siRNA to knock down STAT1 expression (Figure 4f),
respectively. tmTNF-α-induced residual DISC formation in
STAT1-deficient U3A cells could be boosted by exogenous
expression of STAT1 (Figure 4c) and tmTNF-α-induced
STAT1-dependent and -independent DISC were only
detectable in the membrane fraction (Figure 4d), but not in
the cytoplasmic fraction (Figure 4e). Conversely, evident
DISC complexes were formed in parental HT1080 cells in
response to tmTNF-α. However, knockdown of STAT1
expression markedly decreased the tmTNF-α-induced DISC
(Figure 4f).
These data indicate that STAT1 is indispensable to tmTNF-

α-mediated DISC formation that is independent of the DD of
TNFR1. As tmTNF-α-induced residual DISC formation was
observed in STAT1-deficient U3A cells, we hypothesized that
the DD of TNFR1, although not necessary (Figure 4b), may
still enable to form STAT1-independent residual DISC. To test
this idea, His-tagged TNFR1 orΔDD-TNFR1was expressed in
STAT1-deficient U3A cells, which allows specific analysis of
DISC formation at the exogenous receptor proteins. As
expected, TNFR1-ΔDD completely failed to recruit tmTNF-α-
induced DISC molecules (Figure 4g) and caspase 8 inhibitor
Z-IETD-FMK abolished tmTNF-α-mediated cytotoxicity in
STAT1-deficient U3A cells (Figure 4h), indicating a require-
ment of TNFR1 DD to recruit DISC for tmTNF-α-induced,
STAT1-independent cytotoxicity.
To further explore the role of STAT1 in tmTNF-α-mediated

cytotoxicity, the STAT1-deficient U3A cells and parental
HT1080 cells were used as target cells. The cytotoxicity of
tmTNF-α was markedly blocked in STAT1-deficient U3A cells
or in STAT1 knockdown HT1080 cells compared with that in
parental HT1080 cells, but restored by reconstitution of U3A
cells with STAT1 (Figure 5a). To analyze the STAT1 function in
tmTNF-α-mediated cytotoxicity in vivo, U3A and HT1080 cells
were injected into nude mice to induce tumors. Five days after
tumor inoculation, expression vector for tmTNF-αwas injected
into the tumor site. As demonstrated by Figure 5b, tmTNF-α
was overexpressed in the tumors. However, only the growth of
HT1080 tumors, but not of STAT1-deficient U3A tumors, was
significantly suppressed by tmTNF-α (Figure 5c). Further-
more, overexpression of tmTNF-α induced apoptosis
(Figure 5d) and caspase 3 activation (Figure 5e) in HT1080
tumors. In contrast, these activities of tmTNF-α were
significantly suppressed in U3A tumors. These data imply
that STAT1 is required for tmTNF-α-induced apoptosis via
TNFR1 in a DD-independent manner.

STAT1 serves as an adaptor to recruit DISC to TNFR1 in
tmTNF-α-mediated apoptotic signaling. STAT1 functions
as an adaptor in activation of multiple signaling pathways or

Figure 1 The cytotoxicity of tmTNF-α was independent of the TNFR1 internalization. U937 cells were pre-treated with 100 μM MDC for 1 h and then stimulated with either
100 ng/ml sTNF-α or tmTNF-α on fixed NIH3T3 cells at an effector/target ratio of 10:1 for 24 h. For neutralization of tmTNF-α, effector cells were treated with anti-TNF-α (Ab) for
30 min prior to the addition to the target cells. (a) Cytotoxicity of TNF-α detected by MTT assays. (b) Apoptosis induced by TNF-α determined by Annexin V-PI staining.
(c) Western blotting of caspase 3 activation. (d) TNFR1 expression analyzed by flow cytometry. (e) Confocal images of the colocalization of TNFR1 (red) and EEA (green) after a
30 min-stimulation of U937 cells with both forms of TNF-α (magnification, × 600). All the quantitative data represent means±S.D. of at least three independent experiments.
*Po0.05, ***Po0.001 versus corresponding treatment in the control group
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as a transcriptional activator to induce gene expression.25

Our result that tmTNF-α-induced DISC could be recruited to
ΔDD-TNFR1 suggests that STAT1 may act as an adaptor to
mediate the interaction between TNFR1 and TRADD/FADD/
caspase 8 in this case. To test this hypothesis, we deleted
different fragments in the region between TRID and NSD of
the cytoplasmic part of TNFR1 (Figure 6a) and transfected
these mutants into HEK 293T cells, respectively. Coimmu-
noprecipitation experiments revealed that STAT1 could be
recruited to wild type and Δ338-455-TNFR1, but not to Δ319-
455- and Δ266-455-TNFR1 (Figure 6b). The pull-down assay
showed again that only Δ338-455-TNFR1 could directly
interact with STAT1 as wild-type TNFR1 did (Figure 6c),
indicating the region spanning amino acids 319–337 of
TNFR1 for STAT1 binding. Thus we named the region as

STAT1 domain (SD). Ectopic expression of Δ338-455-TNFR1
in HEK 293T cells increased STAT1 recruitment only in
response to tmTNF-α, but not to sTNF-α (Figure 6d). It is very
likely that tmTNF-α stimulates STAT1 binding to SD of TNFR1
and further recruitment of DISC proteins to exert its
cytotoxicity.
STAT1 can be phosphorylated at both tyrosine and serine

residues (Y701, S727),26,27 which is associated with its
function. Figure 6e showed that tmTNF-α induced phosphor-
ylation of S727 and Y701 of STAT1 in U937 cells, while sTNF-α
caused phosphorylation of Y701 only. tmTNF-α-mediated
cytotoxicity was significantly increased by reconstitution of
U3A cells with wild-type STAT1 or Y701I-STAT1, but not with
S727A-STAT1 or DM (Y701I and S727A double mutations)-
STAT1 (Figure 6f). Consistently, immunoprecipitation of
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TNFR1 confirmed that S727A-STAT1 mutant failed to recruit
DISC proteins in tmTNF-α-treated cells (Figure 6g). These
data imply that serine phosphorylation at 727 of STAT1 is
required for tmTNF-α-induced DISC formation and its
cytotoxicity.

To investigate whether the transcriptional activity of STAT1
is involved in tmTNF-α signaling, the nuclear translocation of
STAT1 in U937 cells was examined by double immunofluor-
escent staining. tmTNF-α induced colocalization (yellow) of
STAT1 (green) and TNFR1 (red) at the plasma membrane,

Co
nt

ro
l

sT
NF

-α
tm

TN
F-

α
tm

TN
F-

α+
Ab

Co
nt

ro
l

sT
NF

-α

tm
TN

F-
α

tm
TN

F-
α+

Ab

Co
nt

ro
l

sT
NF

-α
tm

TN
F-

α
tm

TN
F-

α+
Ab

Co
nt

ro
l

sT
NF

-α
tm

TN
F-

α
tm

TN
F-

α+
Ab

IgG

TRADD

FADD

TNFR1

      Caspase 8 Caspase 8 Caspase 8

Caspase 8Caspase 8

IP:αTN
FR

1

tm
TN

F-
α+

Ab

Control sTNF-α tmTNF-α tmTNF-α+Ab

FADD

Caspase 8

TNFR1

TRADD

FADD

IgG

TRADD

FADD

TNFR1
IP:αTN

FR
1

Caveolin
C

ytoplasm
ic protein

M
em

brane protein

TNFR1

TRADD

FADD

Caspase 8

Total protein

β-actin

β-actin

IκBα

55

34

27

55

55

55

34

27

55

43 

55

34

27

55

55

55

34

27

55                    

55

55

34

27

55

55

34

27

55                    

22                           

37                    

43                           

43 

TNFR1

TRADD

FADD

IgG

TRADD

FADD

TNFR1

IP:αTN
FR

1
β-actin

Control sTNF-α tmTNF-α tmTNF-α+Ab
0

20

40

60

80
PDTC

C
yt

ot
ox

ic
ity

 (%
)

***
***

***

***

P<0.01

55

34

74

50                    

70                    

55 

55

34

74

50                    

70                    

55 

Co
nt

ro
l

sT
NF

-α
tm

TN
F-

α

TRADD

TRADD

TNFR1

TRAF2

IgG

TNFR1

TRAF2

M
em

brane protein
IP:αTN

FR
1

Caveolin

cIAP1

cIAP1

Vehicle

kDa kDa kDa

kDa

27

43 

kDa

kDa

Control siRNA
FADD siRNA

FADD si
RNA

β-actin
FADD

0

20

40

60

80

C
yt

ot
ox

ic
ity

 (%
)

P<0.001

P<0.001

***
***

Control sTNF-α tmTNF-α tmTNF-α+Ab

Contro
l s

iRNA

RIP1

RIP1

Figure 3 tmTNF-α induced formation of DISC via TNFR1 at the plasma membrane. U937 cells were pre-treated with 100 μMMDC for 1 h and then stimulated with 100 ng/ml
sTNF-α or R32W-tmTNF-α on fixed COS-7 cells at an E/Tratio of 10:1 for 30 min. For neutralization of tmTNF-α, effector cells were treated with anti-TNF-α (Ab) for 30 min prior
to the addition to the target cells. The total (a), cytoplasmic (c) and membrane (d and f) protein was immunoprecipitated with an anti-TNFR1 antibody and analyzed by
immunoblotting with the indicated antibodies. (e) Confocal images of the cellular distribution of FADD or caspase 8 (green) in U937 cells in response to sTNF-α or R32W-tmTNF-α
(magnification, × 400). (g) Degradation of Iκ-B was analyzed by western blotting. All immunoprecipitation (IP) or/and western data are representative of three independent
experiments. (b and h) The 24 h-cytotoxicity of tmTNF-α (E/T: 10:1) or sTNF-α (100 ng/ml) towards U937 cells transfected with control or FADD siRNA (b) or pre-treated with
PDTC (100 μM) for 1 h (h). The data represent means±S.D. of at least three independent experiments. ***Po0.001 versus corresponding treatment in the control group

STAT1 mediates tmTNF-α death signaling via TNFR1
Y Jiang et al

665

Cell Death and Differentiation



whereas sTNF-α caused colocalization of STAT1 and TNFR1
in the cytoplasm. Both forms of TNF-α did not induce evident
localization of STAT1 in the nucleus of U937 cells

(Supplementary Figure S3a). In addition, immunoblotting
assay also revealed a marked increase of STAT1 in the
membrane fraction upon tmTNF-α stimulation and in the
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cytoplasmic fraction upon sTNF-α stimulation. However, in the
nuclear fraction, both forms of TNF-α had no effect
(Supplementary Figure S3b). These data suggest that in the
signaling pathways of both forms of TNF-α, STAT1 does not
function as a transcription factor in the nucleus, but rather
localize to the cell membrane functioning as an adaptor for
DISC formation to transduce tmTNF-α apoptotic signaling, or
to the cytoplasm to transduce sTNF-α signaling.

Discussion

In this study, we found that tmTNF-α and sTNF-α employ
different signal cascades to induce apoptosis via TNFR1. In
contrast to sTNF-α signaling that activates both the NF-κB pro-
survival pathway and apoptotic pathway, tmTNF-α induces the
binding of STAT1 to TNFR1, activating apoptotic pathway but
not NF-κB pathway.
A large body of evidence has revealed the role of internaliza-

tion of TNFR1 and CD95 in pro-apoptotic signaling.8,18,28–30

The internalization of these death receptors is important for the
compartmentalization of multiple signaling molecules and
decides cell death or survival. Internalization of CD95 is
required for DISC recruitment and apoptosis induced by either
soluble or transmembrane ligand. Here, we show that the two
forms of TNF-α differ in the requirement of TNFR1 internaliza-
tion for the induction of apoptosis. Namely, the internalization of
TNFR1 is only necessary for sTNF-α-, but not for tmTNF-α-
mediated apoptosis, because tmTNF-α inducesDISC formation
at the plasma membrane without TNFR1 internalization, and
blocking the internalization of TNFR1 by MDC or transfection to
express Y236A-TNFR1 has no effect on tmTNF-α-mediated
cytotoxicity and apoptosis. It has been reported that targeting
TNFR1 endocytosis by adenovirus E3-14.7 K protects infected
cells from apoptosis induced by sTNF-α, CD95 and
TRAIL.28,31,32 Thus, tmTNF-α-mediated apoptosis may be
beneficial for anti-virus strategies, as a selective blockage of
tmTNF-α processing into sTNF-αmay prevent immune evasion
by the pathogen.
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The DD is necessary for TNFR1 to mediate the functions of
sTNF-α. However, our results uncovered that deletion of DD of
TNFR1 does not affect tmTNF-α-induced DISC formation and
its cytotoxic activity. In addition, both neutral SMase (sphingo-
myelinase) and acidic SMase are involved in sTNF-α-
mediated signal transduction.33–35 Consistently, our results
showed that addition of S1P that prevents ceramide-induced
apoptosis23 blocks sTNF-α-induced cell death. In contrast,
tmTNF-α-mediated cytotoxicity is unaffected either by expres-
sion of ΔNSD-TNFR1 or by addition of S1P, suggesting that
nSMase and ceramide are not involved in tmTNF-α-mediated
cytotoxicity. These data indicate that tmTNF-α might require
different domain of TNFR1 for its functions.
The DD of TNFR1 binds TRADD in sTNF-α signaling, but is

not required for tmTNF-α signaling, indicating that other
molecule than TRADD might bind to TNFR1 in response to
tmTNF-α. Our results uncovered that STAT1 is essential for
tmTNF-α apoptotic signaling and cytotoxicity, as STAT1-
deficiency in U3A cells or silence of STAT1 expression in
HT1080 cells significantly reduces the DISC formation and
cytotoxicity induced by tmTNF-α. The defective tmTNF-α
signaling can be restored by reconstitution of U3A cells with
STAT1. Consistently, overexpression of tmTNF-α markedly
suppresses the growth of STAT1-containing tumors, but not of
STAT1-deficient tumors.
Although STAT1 is involved in the signaling of two forms of

TNF-α, we found that STAT1 binds to TNFR1 at the plasma
membrane in tmTNF-α signaling, whereas colocalization of
STAT1 and TNFR1 in the cytoplasm suggests binding of
STAT1 to TNFR1–TRADD after internalization in sTNF-α
signaling. STAT1 is known to be able to bind both TNFR1 and
TRADD, but not FADD.24 We identified that STAT1 directly
interacts with SD, a region from 319 to 337, of TNFR1 upon
tmTNF-α stimulation. It is likely that STAT1 binds to TNFR1
and further recruits TRADD in a DD-independent manner to
form DISC in tmTNF-α signaling (Figure 7).
More importantly, our data indicate that STAT1 transduces

different signaling pathways via TNFR1 upon stimulation with
tmTNF-α and sTNF-α. Our data reveal that STAT1 is required
for tmTNF-α-induced apoptotic signaling but not for NF-κB
activation, as RIP1 and cIAP1, two members of complex
activating NF-κB, were undetectable in the TNFR1 signaling
complex. In sTNF-α signaling, TNFR1-bound TRADD recruits
RIP1-containing complex I proteins on the plasma membrane
to induce NF-κB activation, STAT1 competitively suppresses
binding of TRADD to RIP and TRAF2, inhibiting NF-κB
activation without disrupting TRADD-FADD interaction.24

However, in response to tmTNF-α, TRADD is recruited to
TNFR1-bound STAT1 in a DD-independent manner, which
may prevent TRADD binding to RIP1 and subsequent NF-κB
activation. Therefore, inhibition of NF-κB by PDTC only
enhances sTNF-α-, but not tmTNF-α-mediated cytotoxicity.
This difference may explain why tmTNF-α is able to kill tumor
cells that are resistant to sTNF-α-mediated cytotoxicity.
sTNF-α-induced phosphorylation of Y701-STAT1 is neces-

sary for its recruitment by TRADD and reduction of NF-κB
activation.24 However, ectopic expression of S727A- but not
Y701I-STAT1 disrupts tmTNF-α-induced DISC formation and
cytotoxicity in U3A cells, indicating the serine phosphorylation
of STAT1 is essential for tmTNF-α signaling, although both

S727 and Y701 are phosphorylated by tmTNF-α stimulation.
Interestingly, the loss of S727 phosphorylation prevents
recruitment of TRADD, but not of the STAT1 mutant to TNFR1,
suggesting that S727 phosphorylation is required for the
interaction between STAT1 and TRADD. Although phosphor-
ylation of STAT1 at both Y701 and S727 contributes to its
transcriptional activity,26 in consistent to the other reports, we
could not detect any nuclear translocation of STAT1 in
response to either form of TNF-α, suggesting STAT1 acts as
an adaptor in TNF-α signaling.
In summary, we revealed that tmTNF-α induces STAT1-

dependent DISC formation and apoptosis through TNFR1.
Although both forms of TNF-α are able to induce apoptosis via
TNFR1, sTNF-α signaling activates NF-κB that reduces the
sensitivity of tumor cells to apoptosis. Therefore, tmTNF-αmay
be more efficient for the treatment of tumors in comparison
with sTNF-α.

Materials and Methods
Cell culture. U937, U3A, HT1080 cells, HEK 293T, COS-7 and NIH3T3 stably
transfected with TNF-α 7 were cultured in RPMI-1640 or DMEM medium (GIBCO,
Grand Island, NY, USA) supplemented with 10% pyrogen-free FCS and incubated at
37 °C in 5% CO2.

Mutation, plasmid construction, siRNAs and transfection. The
cDNA of full length of human TNFR1 was generated by RT-PCR from THP1 cells
and cloned into pTriEx4.0His-N1 vector at XhoI and BamHI site. Different mutants of
TNFR1 cDNA encoding Y236A-TNFR1, a point mutation by replacing tyrosine with
alanine at 236, and thus losing its ability to internalize,8 ΔNSD-TNFR1, a deletion of
NSD domain from 338 to 348, ΔDD-TNFR1, lacking the DD from 356 to 455, Δ338-
455-TNFR1, Δ319-455-TNFR1 and Δ266-455-TNFR1, lacking C-terminal fragment
from 338, 319 or 266 to 455, respectively, were generated by recombinant PCR and
inserted into pTriEx4.0His-N1 vector at XhoI and BamHI site. Furthermore, a mutant
of tmTNF-α cDNA encoding R32W-tmTNF-α (selectively binds to TNFR1)19,20 was
generated by recombinant PCR and inserted into pIRES2-EGFP vector at XhoI and
BamHI site. All the constructs were verified by DNA sequencing (TSINGKE
Biological Technology, Beijing, China) and the sequences of primers used are listed
in Supplementary Table S1. The plasmids pcDNA3.1 containing wild-type STAT1,
Y701I-STAT1, S727A-STAT1 or DM (Y701I and S727A double mutations)-STAT1
were kindly gifted by Dr. Guanxin Shen (Department of Immunology, Tongji Medical
College, Huazhong University of Science and Technology).

siRNA against FADD, STAT1 and TNFR2, and a scrambled control siRNA were
designed and synthesized by RiboBio (Guangzhou, China). The sequences used for
siRNA targeting were FADD 5′-GGAACTCAGACGCATCTAC-3′, STAT1 5′-CCTAA
AGGAACTGGATATA-3′ and TNFR2 5′-GGCTCAGAGAATACTATGA-3′.

All the plasmids and siRNAs were transfected into cells using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). The cells were harvested at 48 h after transfection.

TNF-α bioassay. Target cells were seeded in a 96-well microtiter plate and
incubated overnight. 100 ng/ml sTNF-α (300-01 A; PeproTech, Rocky, Hill, NJ, USA)
or 4% paraformaldehyde fixed tmTNF-α or its mutant expressing cells were added to
target cells at an effector and target ratio of 10:1 and incubated for 24 h. For the
neutralization of TNF-α, the fixed effector cells were pre-treated with a specific
antibody (#7321; Cell Signaling Technology, Danvers, MA, USA) for 30 min before
addition to the target cells. Cell viability was then measured by staining for 4 h with
glucose-PBS containing 0.45 mg/ml MTT (Sigma Chemical Co., St. Louis, MO,
USA), followed by cell lysis with 0.1 ml DMSO. The OD value at 570 nm was
measured on a microplate reader (Tecan, Melbourne, Victoria, Australia).
The cytotoxicity of TNF-α was calculated by the following formula: cytotoxicity
(%)= (1–ODsample/ODcontrol) × 100%.

Flow cytometry. For the detection of expression of TNFR2, TNFR1 and its
mutants, or tmTNF-α and its mutant, cells were incubated for 1 h at 4 °C with
primary antibodies against TNFR1, TNFR2 or TNF-α listed in Supplementary Table
S2, followed by the secondary antibodies conjugated with PE (Jackson Biotech,
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West Chester, PA, USA). The expression of molecules was analyzed on a FACS
Calibur 440 E flow cytometer (Becton Dickinson,San Jose, CA, USA).
For the detection of TNF-α-mediated apoptosis, U937 cells after stimulation were

stained with FITC-conjugated annexin V and propidium iodide (PI) for 10 min
according to the manufacturer's instructions (KeyGEN, Nanjing, China). The
percentage of apoptotic (annexin V-positive) cells was determined by flow cytometry.
Apoptosis (%)= percentage of Annexin V-positive cells+percentage of both Annexin
V and PI positive cells.

Confocal microscopy. After stimulation with two forms of TNF-α, cells were
washed with PBS, permeabilized for 10 min in 0.1% Triton X-100/PBS and blocked
with 5% BSA in PBS for 1 h at room temperature (RT). The cells were then
incubated overnight at 4 °C with primary antibodies, including anti-TNFR1, anti-
EEA, anti-FADD, anti-caspase 8 or anti-STAT1, listed in Supplementary Table S2.
After washing with PBS, the appropriate secondary antibodies conjugated with
FITC, PE or DyLight 488 (Thermo Scientific, Waltham, MA, USA), were applied. The
nucleus was counterstained with DAPI for 5 min. The localization of interested
molecules in cells was visualized under a confocal microscope FU5000 (Olympus,
Tokyo, Japan).

Isolation of total, cytoplasmic, nuclear and membrane protein.
Cytoplasmic and membrane protein was isolated with a commercial kit, ProteoJET
Membrane Protein Extraction Kit, according to the manufacturer's instructions
(Fermentas, Burlington, Ontario, Canada). Briefly, after stimulation and washes, cells
were resuspended in 1.5 ml of ice-cold Cell Permeabilization Buffer and incubated for
10 min at 4 °C with continuously rocking. After centrifugation at 16 000 × g for 15 min
at 4 °C, cytoplasmic protein in the supernatant was collected. The cell debris pellet
was mixed with 1 ml of ice-cold Membrane Protein Extraction Buffer and incubated for

30 min at 4 °C in the thermomixer with shaking at 1400 r.p.m. The membrane protein
in the supernatant was obtained by centrifugation at 16 000 × g for 15 min at 4 °C.
For total protein extraction, cells were lysed in pre-cold buffer A (10 mM HEPES,

pH 7.8, 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.5 mM PMSF, 5 μg/ml aprotinin and
5 μg/ml leupeptin) and incubated on ice for 20 min. After centrifugation at 12 000 × g
for 20 min at 4 ˚C, the total protein was collected.
For nuclear protein extraction, a commercial kit was used (Boster, Wuhan, China).

Briefly, cells were resuspended in ice-cold Cytoplasmic Extraction Reagent and
incubated for 30 min at 4 °C with continuously rocking. After centrifugation at
16 000 × g for 10 min at 4 °C, the cell debris pellet was mixed with ice-cold Nuclear
Extraction Reagent and incubated for 30 min at 4 °C. The nuclear protein was
collected after centrifugation at 16 000 × g for 10 min at 4 °C.

Western blot analysis. Fifty micrograms of total, membranous, cytoplasmic
or nuclear protein or immunoprecipitated protein were loaded and separated on
12% SDS-polyacrylamide gels by electrophoresis. The separated protein was then
transferred to PVDF membranes (Millipore, Billerica, MA, USA) using a semi-dry
transfer system (BioRad Laboratories, Hercules, CA, USA). These membranes
were blocked for 2 h at RT with 5% non-fat dry milk in PBS-Tween 20 (0.05%), and
then probed overnight at 4 °C with primary antibodies, including anti-TNFR1, anti-
STAT1, anti-β-actin, anti-laminB1, anti-caveolin, anti-His, anti-GAPDH, anti-cIAP1,
anti-IκB, αnti-TRAF2, anti-FADD, anti-TRADD, anti-RIP-1, anti-p-Y701-STAT1, anti-
p-S727-STAT1, anti-caspase 8 or anti-caspase 3, listed in Supplementary Table S2.
After washes, the membranes were incubated for 1 h with corresponding
horseradish peroxidase-conjugated secondary antibodies, and then visualized
using SuperSignal West Pico Chemiluminescence Substrate (Thermo Scientific,
Waltham, MA, USA).

Immunoprecipitation. The total, membranous or cytoplasmic protein was
extracted after stimulation, and then subjected to immunoprecipitation using a
monoclonal antibody specific to TNFR1 or to His (Supplementary Table S2) at 4 °C
for 2 h. Subsequently, the immune complexes were incubated with protein A
sepharose (sc-2001; Santa Cruz Biotechnology, Dallas, TX, USA) in rotation at 4 °
C overnight. The immunoprecipitated molecules were analyzed by immunoblotting.

Pull-down assay. His-tagged STAT1 was obtained using pET28a-His-STAT1
for transformation and expression in E. coli strain Rosetta (DE3). His-STAT1 was
purified and then immobilized on Ni-NTA-resin. His-STAT1 on NI-NTA-resin was
incubated with bacterially expressed GST-TNFR1, GST-Δ319-455-TNFR1, GST-
Δ338-455-TNFR1 or GST proteins overnight at 4 °C with continuous rocking. After
washing with PBS, the resin-bound proteins were eluted and then analyzed by
western blot.

Animal model. The animal study was approved by the Animal Care and Use
Committee of Huazhong University of Science and Technology. Five-week-old male
BALB/c nude mice (Beijing HFK Bioscience Co., ITD, Beijing, China) were housed
in specific pathogen-free environment in 12-h light–dark cycles and allowed ad
libitum access to food and water. 5 × 106 HT1080 or U3A cells were subcutaneously
injected into forelimb armpit of nude mice. One hundred micrograms of plasmid
containing R32W-tmTNF-α or empty vector were injected into the tumor site
at day 5 after tumor cell inoculation. The volume of the tumors was measured every
3 days and it was calculated by assuming the following equation (ref. 7):
length × width2 × π/6.

Immunohistochemistry and terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling staining. Paraffin
sections of tumor tissues were deparaffinized in xylene and rehydrated in graded
ethanol, and then incubated for 60 min at RTwith a house made antibody specific to
tmTNF-α without crossreaction to sTNF-α.36 After a 30-min incubation with biotin-
conjugated secondary antibody against IgG (Beijing Zhongshan Biotechnology,
Beijing, China), the sections were then incubated with peroxidase-labeled
streptavidin for 20 min. After washing, color was developed by incubation with its
substrate diaminobenzidine for 5 min and the expression of tmTNF-α was observed
under a microscope. To evaluate apoptosis in tumors, the terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling assay was performed with a
commercial kit (Boster, Wuhan, China) according to the manufacturer's protocol.
Nuclei were counterstained with DAPI.
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Figure 7 tmTNF-α-induced STAT1-dependent apoptotic signaling via TNFR1.
sTNF-α induces binding of TRADD to the DD of TNFR1. TNFR1-bound TRADD
further recruits TRAF2 and cIAP1/2 at the plasma membrane to activate NF-κB
pathway. However, after TNFR1 internalization, STAT1 binds to TRADD and is
phosphorylated at tyrosine 701, which excludes the binding of TRAF2 and cIAP1 to
TRADD and attenuates NF-κB activation. Meanwhile, TRADD recruits FADD and
caspase 8 to form DISC in the cytoplasm to mediate apoptosis. In contrast, tmTNF-α
induces binding of STAT1 to the SD of TNFR1 and STAT1 serine phosphorylation at
727. The S727 phosphorylated STAT1 further recruits TRADD to form DISC at the
plasma membrane to trigger apoptosis, but not NF-κB activation
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Statistical analysis. Statistical analysis was performed with GraphPad Prism
V6 software using one- or two-way (where appropriate) ANOVA followed by
Bonferroni post-test. Data are represented as mean± S.D. Statistical significance in
the figures is indicated as follows: *Po0.05, **Po0.01, ***Po0.001.
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