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Abstract

The y-secretase protease and associated
regulated intramembrane proteolysis play an
important role in controlling receptor-
mediated intracellular signaling events, which
have a central role in Alzheimer’s disease,
cancer progression and immune surveillance.
An increasing number of y-secretase
substrates have a role in cytokine signaling,
including the interleukin-6 (IL-6) receptor,
interleukin-1 (IL-1) receptor type I (IL-1R1)
and type II (IL-1RII). In this study we show
that following TNF-converting enzyme
(TACE)-mediated ectodomain shedding of
tumor necrosis factor (TNF) type I receptor
(TNFR1), the membrane-bound TNFR1 C-
terminal fragment (CTF) is subsequently
cleaved by y-secretase to generate a cytosolic
TNFRI1 intracellular domain (ICD). We also
show that clathrin-mediated internalization
of TNFR1 CTF is a prerequisite for efficient
v-secretase cleavage of TNFR1. Furthermore,
using in vitro and in vivo model systems we
show that in the absence of presenilin
expression and vy-secretase activity TNF-
mediated c-Jun N-terminal kinase (JNK)
activation was prevented, assembly of the
TNFR1 pro-apoptotic complex II was

reduced, and TNF-induced apoptosis was
inhibited. These observations demonstrate
that TNFR1 is a y-secretase substrate and
suggest that y-secretase cleavage of TNFRI1
represents a new layer of regulation that links
the presenilins and the y-secretase protease to
pro-inflammatory cytokine signaling.

The biological activities of the tumor necrosis
factor-a (TNF) pro-inflammatory cytokine are
resolved by two distinct cell surface receptors
TNFR1 and TNFR2, which elicit a diversity of
cellular responses such as inflammation, cell
proliferation, differentiation and initiation of
apoptosis (1-10). TNFR1 initiates either pro-
inflammatory or pro-apoptotic signaling through
the selective recruitment of intracellular adaptor
and effector proteins (1,3,6,7,11). Ligand
binding and trimerization of TNFR1 enables the
recruitment of TNFR1-associated death domain
protein (TRADD) (12,13), which functions as a
scaffold enabling the recruitment of receptor
interacting protein 1 (RIPK1) (14-16), TNF
receptor-associated factor 2 (TRAF2) or TRAFS
(12) and the cellular inhibitor of apoptosis
proteins (cIAPs) cIAP1 and cIAP2 (11), which
collectively form a signaling composite called
complex [ (17-19). The resulting lysine 63
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(K63)-linked polyubiquitination of RIPK1 by
TRAF2 and the cIAPs (20-24), enables an
interaction with the IkB kinase complex that
mediates the phosphorylation and degradation of
IkB inhibitory proteins and activation of the
transcription factor NF-kB to promote non-
apoptotic signaling pathways (25-27). NF-kB
also increases expression of anti-apoptotic
genes, including cIAPs and FLICE inhibitory
protein (c-FLIP), further ensuring a non-
apoptotic signaling pathway.

The importance of receptor internalization as a
regulatory mechanism for the segregation and
divergence of intracellular signaling pathways is
highlighted by studies on internalization of
TNFR1 and TNFR2, the Fas receptor
(FasR/CD95), Interleukin-1 Receptor I (IL-1RI),
Toll-Like Receptor 4 (TLR4) and TRAIL-
receptors (18,28-33). The current favored model
for TNFR1 signaling proposes that TNFR1
recruits TRADD, RIPK1 and TRAF2, forming a
pro-survival complex I at the cell membrane
(28,31,34-36), enabling activation of mitogen
activated protein kinases (MAPK) and NF-kB
and propagation of anti-apoptotic signaling.
Thereafter and subsequent to  TNFRI
ubiquitination and internalization (36), TRADD
enables the recruitment of FADD and
procaspase-8 at endosomal vesicles and thereby
forms the pro-apoptotic complex II, also
designated the death inducing signaling complex
(DISC). Clathrin-mediated internalization of
TNFRI1 is a prerequisite for efficient recruitment
of FADD and procaspase-8 and formation of
pro-apoptotic complex II from endosomal
compartments (37). Pharmacological inhibition
of TNFR1 endocytosis prevents TNF-mediated
JNK activation, antagonize formation of
complex II and pro-apoptotic signaling (37).
Furthermore, TNFR1 contains a region (amino
acids  205-214) termed the  TNFRI1
internalization domain (TRID), deletion or
mutagenesis of which prevents TNFRI
internalization and  TNF-mediated JNK
activation and pro-apoptotic signaling (28).
Adenoviruses have also evolved a mechanism to
prevent internalization of TNFR1 and thereby
selectively prevent TNF-mediated apoptosis of
infected cells (35). Finally, a recent study has
reported that K63-linked polyubiquitination of

TNFR1 is critical for the internalization and pro-
apoptotic signaling of TNFR1 (36), indicating a
high degree of regulation governing the spatial
segregation of disparate TNF-mediated signaling
events.

In addition to undergoing endocytosis, as a
means of regulating TNF-mediated signaling,
TNFR1 also undergoes ectodomain shedding
and produces biologically active, soluble
TNFR1 (sTNFR1) fragments that are shed from
the membrane, which results in reduced cell
surface availability of TNFR1 and reduced TNF
signaling. TACE/ADAMI17, a member of the A
Disintegrin and Metalloprotease (ADAM)
family of transmembrane and secreted proteases
is responsible for ectodomain shedding of
TNFR1 (38,39). Recently, it has emerged that
several proteins that wundergo ectodomain
shedding are subsequently cleaved by the v-
secretase protease (40-42). This sequential
proteolysis of specific type I membrane proteins
is called regulated intramembrane proteolysis
(43). The presenilin proteins (PS1 and PS2) are
the catalytic subunit of the y-secretase complex
(44,45), and genetic inactivation of PS1 results
in complete loss of y-secretase activity (46,47).
PS1 associates with nicastrin, presenilin
enhancer 2 (pen-2), and the anterior pharynx
defective-1 (aph-1) proteins to form an active y-
secretase complex (48,49). To date, over 100
different y-secretase substrates have been
identified indicating that vy-secretase has a
generic role in the proteolysis of membrane
proteins and regulation of receptor-mediated
signaling pathways (42,50). Several cytokines
and cytokine receptors involved in immune
signaling, including IL-1R1 (40), IL-1R2 (52),
IL-6R (53), CX3CL1 and CXCL16 (54), also
undergo regulated intramembrane proteolysis,
highlighting the importance of y-secretase in the
regulation of growth factor and cytokine
signaling (50).

Given that the TNFR superfamily member, p75
neurotrophin  receptor  (p75" ") undergoes
regulated intramembrane proteolysis (55-58),
and TNFR1 fits the profile of a y-secretase
substrate, we screened a number of TNF
superfamily members to detect involvement of
the y-secretase protease in their proteolysis and
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signaling. Using pharmacological inhibitors and
genetic knockout approaches, in this study we
report the identification of TNFR1 as a v-
secretase substrate and demonstrate that loss of
presenilin expression and y-secretase activity
antagonized TNF-mediated JNK MAPK
activation, reduced pro-apoptotic complex II
assembly, and inhibited TNF-induced caspase
activation and apoptosis.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies - y-secretase
inhibitors DAPT and L-685, 458, protein
synthesis inhibitor cycloheximide,

TACE/ADAM17  specific ~ metalloprotease
inhibitor ~ TAPI-1, proteasomal inhibitor
epoxomicin and phorbol 12-myristate 13-acetate
(PMA) were purchased from Calbiochem.
Recombinant human and murine TNFa was
purchased from Peprotech. Antibodies used in
this study are as follows: human C-terminal
specific TNFR1 (C2521; monoclonal) (WB:
1:1000, IP: 1:100, 3736), RIPK1 (monoclonal)
(WB:  1:1000, 3493), cleaved PARP
(monoclonal) (WB: 1:1000, 9548), cleaved
caspase 3 (polyclonal) (WB: 1:1000, 9661), p-
P38 (9211), p-IxkBa (9246), p-JNK (9255) from
Cell Signaling Technology, Danvers, MA. Full
length TNFR1 (H5; monoclonal) (WB: 1:200,
IP: 1:100, sc-8436), mouse C-terminal specific
TNFR1 (E11; monoclonal) (WB: 1:200, sc-
374186), TRAF2 (C20; polyclonal) (WB: 1:200
sc-876), FADD (H181; polyclonal) (IP: 1:100,
s¢-5559), P38 (sc-7972), INK (sc-571) and IkBa
(sc-371) were from Santa Cruz Biotechnology.
FADD (1F7; monoclonal) (WB: 1:1000, ADI-
AAM-212-E) was from Enzo Life Science.
Monoclonal N-terminal PS1 antibody (614.1)
1:100) was as previously described (59,60).
Monoclonal PS1-NTF (MAB1563) and anti-
human PS1-CTF (MAB5232) were purchased
from Chemicon; anti-Myc (1667149) was from
Roche Applied Sciences, anti-FLAG, anti- -
tubulin and anti-B-actin and Dynasore hydrate
were purchased from Sigma-Aldrich. HRP-
conjugated anti-mouse (WB: 1:6000) and anti-
rabbit (WB: 1:3000) antibodies were from Dako
cytomation. Infrared secondary antibodies-
IRDye 680 Goat Anti-Rabbit IgG and IRDye

800CW Goat Anti-Mouse IgG (WB: 1:10000)
were procured from LI-COR (Dublin, Ireland).

Cell culture - Human embryonic kidney
(HEK) 293T cells, human breast
adenocarcinoma MCF-7 cells and wild type and
presenilin-deficient murine embryonic
fibroblasts (MEFs) (61,62), were maintained in
Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v), fetal bovine
serum, 2mM glutamine, penicillin (50 U/ml) and
streptomycin (50 pug/ml) at 37°C in humidified
air containing 5 % CO,. MCF-7 and MEF’s
were further supplemented with 1% (v/v) non-
essential amino acids and 1% (v/v) sodium
pyruvate.

Mice - Psenl”"Psen2” partial-knockout mice
were generated on a C57BL/6J background as
described (61,62). Wild-type C57BL6 were
purchased from Halren laboratories. Mice
colonies were maintained in pathogen-free
conditions at Charles River, UK or the
Biological Services Unit at University College
Cork. All animal experiments were done in
accordance with the regulations and guidelines
of the Irish Department of Health and protocols
were approved by the University College Cork
Animal Experimentation Ethics Committee.

Plasmids,  Site-directed  Mutagenesis  and
Transfections - pcDNA3.1-PS1 was generated
in-house as previously described (40). The
pBABE-TNFR1 (human) expression plasmid
was a gift from Dr. Martin S. Kluger (Yale
University School of Medicine). For generation
of the pBABE-TNFR1 W210A mutant, site-
directed mutagenesis was performed using a
two-primer  pair method outlined by
QuikChange™ Site-Directed Mutagenesis Kit
(Stratagene) according to the manufacturer’s
instructions. The mutagenesis primer pairs were:

forward; 5’-
CGCTACCAACGGGCGAAGTCCAAGCTC-
3’and reverse; 5’-

GAGCTTGGACTTGCGCCGTTGGTAGCG-

3. A plasmid encoding pEGFPNI-human
dynamin or -dynamin-K44A  (dominant
negative) was from Dr. Pietro De Camilli
(Addgene plasmid #22163, Addgene plasmid
#22197). The pcDNA3.1-HA-RIPK1 and
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pcDNA3-Myc-TRADD was obtained from
Tularick Inc. CA. Transient transfections of
HEK?293T were performed using the calcium
phosphate precipitation method as described
previously (40).

Flow Cytometry Analysis - To quantify
surface expression of TNFRI, cells were
harvested in PBS-EDTA, washed once in wash
buffer consisting of filtered 1% BSA in PBS.
Cells were kept on ice. Cells were then
incubated for 1 hour with primary antibody
(TNFR1 HS5, Santa Cruz) in wash buffer,
followed by three washes. Cells were then
incubated for 30 minutes with secondary
antibody (Alexa Fluor anti-mouse 488) diluted
in wash buffer. Cells were washed twice with
wash buffer, once with PBS, and resuspended
and fixed with 1% paraformaldehyde. Cells were
analyzed using an AccuriC6 flow cytometer
(Becton Dickinson, San Jose, California)
running Accuri FloJo software. Corrected mean
fluorescence intensities were calculated by
subtracting the mean fluorescence intensity with
irrelevant nonbinding antibody from the mean
fluorescence intensity with the specific antibody.
To quantify the percentage of Annexin V
positive cells, wild type and presenilin-deficient
MEFs were treated as indicated and assayed for
programmed cell death using an Annexin V-
FITC Apoptosis Detection Kit (eBioscience) as
per the manufacturer’s instructions. Briefly, cells
were harvested, washed once in PBS and then in
1x binding buffer. Washed cells were
resuspended in binding buffer (1-5 x10°
cells/ml) and aliquots (100 pl) of resuspended
cells were incubated with Annexin V-FITC (5ul)
for 15 min at room temperature in the dark.
Cells were washed once with 2ml 1x Binding
buffer and resuspended in 200ul followed by
flow cytometric analysis of Annexin V-reactive
cells using an Accuri C6 flow cytometer and
CFlow Plus software (BD Biosciences).

Immunoprecipitation - Equal concentrations
of cell lysates were pre-cleared for 1 hour at 4°C
with 25 pl Protein-G sepharose beads. Pre-
cleared lysates were immunoprecipitated
overnight at 4°C with 2-5 pg of the indicated
antibody followed by incubation with 25 pl
Protein-G  sepharose beads for 3 hours.

Immunoprecipitates were then washed two times
in 500 mM NaCl lysis buffer followed by one
wash in 150 mM NaCl lysis buffer. Washed
Protein-G beads were boiled in SDS loading
buffer for 5 min on a heating block and
subjected to western blot analysis.

Western blotting - After the indicated treatments
total or immunoprecipitated protein extracts
were obtained from cells. Cells were harvested
in ice-cold PBS and lysed with lysis buffer [50
mM Tris-HCL (pH 7.4), 150 mM NaCl, 1 mM
EDTA, 1% (vol/vol) Triton X-100, 1% Sodium
deoxycholate and 0.1% SDS] freshly
supplemented with 1 mM sodium orthovanadate
and protease inhibitor mixture (Complete™,
Molecular Biochemicals) on ice. Lysates were
centrifuged (13,200 rpm 20 min, 4°C) and the
supernatants were collected and protein yield
was quantified using a bicinchoninic acid assay
(BCA) (Pierce). Normalized samples were
prepared with Laemmli sample buffer containing
B-mercaptoethanol and electrophoresed on a
SDS-polyacrylamide  gel.  Proteins  were
transferred  to  nitrocellulose = membrane
(Millipore). After blocking for 1 hour with 5%
non-fat milk in TBS-T (Tris-buffered saline
containing 0.1% Tween 20), the membrane were
probed with the primary antibody, washed three
times in 5% non-fat milk in TBS-T, followed by
the secondary antibody. Immunoreactivity was
visualized by the Odyssey Imaging System (Li-
COR Biosciences) or by the ECL Western
blotting detection system (GE Healthcare).
Signal intensity was analysed within a linear
range using Imagel] (NIH, Bethesda, MD).

Enzyme-linked Immunosorbent Assay - MEFs
were seeded (0.1 x 10° cells per ml; 0.1ml) in
96-well plates and were allowed to grow for 24
hours. Cells were stimulated with murine TNFa
(10ng/ml) for 18hours. Supernatant was
collected and analysed for cytokines IL-10, IL-6,
TNFa, IFNy, IL-12 (p70), IL-1P and chemokine
CXCL1 by mouse Proinflammatory 7-Plex
cytokine kit (Meso-Scale Discovery). HEK293T
cells (2 x10° cells/ml; 2ml) transiently
expressing pPBABE-human TNFR1 were seeded
in 6-well plates and allowed to grow for 24
hours. Soluble TNFR1 levels in conditioned
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media were quantified using a murine-specific
ELISA kit (Invitrogen).

Cell Viability Assays - Wild type and presenilin-
deficient MEFs (2 x10° cells/ml; 2ml) were
grown in 6-well plates. 24 hours after culture,
cells were stimulated with murine TNFa (40
ng/ml) and cycloheximide (10 pg/ml) for the
indicated times. Cell lysates were probed by
immunoblotting with antibodies against cleaved
PARP, cleaved caspase-3 and [-actin. Images
were captured using the 40X objective on a
Leica DMIL inverted microscope.

In-vivo challenge with TNFo - Wild-type and
Psenl”/Psen2” mice 5-6 months old were
injected with murine TNFa (100pg/kg)
intraperitoneally (i.p.). Blood was collected by
cardiac puncture 2 h post-injection. Serum was
separated and analysed for cytokines I1L-10, IL-
6, TNFo, IFNy, IL-12 (p70), IL-1B and
chemokine CXCL1 by ultra-sensitive mouse
Proinflammatory 7-Plex cytokine kit from Meso
Scale Discovery. For all experiments, Wild type
and Psenl”/Psen2”” mice were matched for age
and sex.

Statistical Analysis - All data are typically
presented as a pool of three experiments (mean
+ s.e.m.), or as a single experiment
representative of two or more independent
experiments done in triplicates (mean + s.e.m.).
Treatment groups were compared using either
One-way or Two-way ANOVA analyses with
GraphPad Prism 5.0, followed by a Bonferroni
post-test or using the unpaired Student's t-test
with Microsoft Excel. A P value of 0.05 was
considered significant. * P<0.05; ** P<(.01; ***
P<0.001.

RESULTS

Ectodomain shedding is a prerequisite to y-
secretase cleavage of TNFRI - Several cell
surface proteins undergo constitutive
ectodomain shedding and can also be stimulated
to release extracellular domains through the
activation of cell signaling pathways. Phorbol
esters such as PMA activate the PKC pathway
(25) and induce TACE/ADAMI17-mediated
shedding of cell surface proteins (63). TNFR1 is

a 455 amino acid protein with a large
extracellular domain (ECD), a single
transmembrane (TM) domain and a 221 amino
acid intracellular domain (ICD) that contains the
N-terminal death domain (Fig. 1A). TNFR1 has
been shown to undergo ADAM17 and ADAMS
mediated cleavage, resulting in the release of
soluble TNFR1 (sTNFR1) ectodomains and
generation of a membrane-anchored TNFR1 C-
terminal fragment (CTF) (38,64). The majority
of known y-secretase substrates also undergo
ectodomain shedding in the extracellular domain
as a pre-requisite to y-secretase-mediated
cleavage of the remaining membrane-bound
CTF. The identification of members of the IL-
1/TLR superfamily including IL-1RI, IL-1RII,
and IL-6R as substrates for fy-secretase
dependent regulated intramembrane proteolysis
(40,52,53) prompted us to examine if TNFRI1
undergoes ectodomain shedding and subsequent
cleavage by y-secretase.

In HEK293T cells expressing TNFR1 the
constitutive release of the sTNFR1 ectodomain
in conditioned media was clearly detectable by
ELISA (Fig. 1B). Treatment with PMA (200
ng/ml; 2 hours) induced a substantial increase in
TNFR1 ectodomain shedding and generation of
STNFR1. Consistent with ADAM17 being the
predominant protease involved in TNFRI1
ectodomain shedding, both constitutive and
PMA-induced shedding of sTNFR1 was
inhibited by TAPI-1, a pharmacological
inhibitor of ADAM/TACE enzymatic activity
(Fig. 1B, lane 3 & 4). To quantify the cell
surface distribution and shedding of TNFR1, we
used FACS analysis of intact HEK293T cells
expressing TNFR1 (Fig. 1C). Stimulation with
PMA induced a 72% reduction in cell-surface
TNFRI1. In contrast co-treatment with TAPI-1
prevented PMA-induced loss of cells surface
TNFR1, where a reduction of only 33% was
observed (Fig. 1C). Immunoblot analysis of
whole cell lysates from the same cell cultures
with an anti-TNFR1 C-terminus specific
antibody revealed the detection of a 30-34 kilo
Dalton (kDa) C-terminal fragment (CTF) which
corresponds to the remaining membrane-
anchored TNFR1 following sTNFR1 shedding
(Fig. 1D). Interestingly, in cells treated with
PMA the generation of a second but smaller
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anti-TNFR1 reactive fragment namely, TNFR1
intracellular domain (ICD) of 26-30 kDa was
detected, generation of which was also
diminished on treatment with TAPI-1 (Fig. 1D
and 1E). TNFR1 has a molecular weight of 55-
65 kDa by SDS-PAGE and has a theoretically
predicted molecular weight of 50,494 Da.
Following sTNFR1 shedding, the remaining
membrane-anchored TNFR1 CTF and the ICD
have has a predicted molecular weight of 27,080
Da and 24,662 Da, respectively, which
correspond to the detected molecular masses of
30-34 kDa and 26-30 kDa by SDS-PAGE (Fig.
1D). Therefore, we hypothesized that the
TNFR1 ICD is the product of fy-secretase
cleavage of TNFR1 CTF, generated following
sTNFR1 shedding.

TNFRI1 is a y-secretase substrate — To
examine whether or not TNFRI1 is indeed a y-
secretase substrate, HEK293T cells expressing
TNFR1 were pre-treated with a pharmacological
inhibitor of y-secretase activity, DAPT (10
uM/ml; 8 hours) and subsequently stimulated
with  PMA (200 ng/ml; 2hours) to induce
TNFR1 ectodomain shedding (Fig. 2A). In
untreated cells constitutive generation of TNFR1
CTF and ICD was detected (Fig. 2A, long
exposure, lane 1) and stimulation of cells with
PMA alone resulted in increased generation of
the TNFR1 ICD (Fig. 2A, lane 2). Importantly
pre-treatment of cells with the vy-secretase
inhibitor DAPT alone, or in combination with
PMA, completely suppressed formation of the
TNFR1 ICD fragment. Inhibition of PMA-
stimulated TNFR1 ICD formation by DAPT was
paralleled by an accumulation of TNFR1 CTF
levels (Fig. 2A, lane 3 & Fig. 2B), suggesting a
precursor-product relationship and that the
TNFR1 ICD is indeed the product of y-secretase
mediated cleavage of TNFR1 CTF. The potency
of the pharmacological inhibitors of y-secretase
activity used in this study (DAPT and L-685,
458) was verified in independent dose-response
assays against the y-secretase substrates Notch
and IL-1R1, and TNFR1 (data not shown).

Next, to verify that y-secretase complexes did
indeed mediate this proteolytic cleavage of
TNFR1, HEK293T cells expressing TNFRI1
were co-transfected with either wild type or

catalytically inactive PS1°Z"4P34 mytant (Fig.

2C), which abolishes endoproteolysis of PS1
and PS1 dependent y-secretase activity (51).
PMA stimulation of cells expressing TNFR1
alone or in combination with wild type PSI1
resulted in robust generation of TNFR1 ICD,
however in cells expressing the PS1P>7A/P3¥A
mutant PMA-stimulated generation of TNFR
ICD was abolished and paralleled by increased
detection of TNFR1 CTF (Fig. 2C, last lane).
To examine the proteolysis of TNFR1 under
more physiological conditions, first HEK293T
cells expressing TNFR1 were pre-treated with
the y-secretase inhibitor DAPT and stimulated
with recombinant human TNFa (30 ng/ml; 2
hours) (Fig. 2D). Similar to stimulation with
PMA, cells treated with TNFo resulted in
increased 50- generation of TNFRI1
ICD, which was inhibited in cultures pre-
treated  with 37 DAPT (Fig. 2D, lane 3).

This 05 - responsiveness to TNFa
ligand, PMA, DAPT, L-685, 458 and
the catalytically inactive PS1°%7A3%4 mutant is

consistent with the cleavage profile of other
receptors that undergo regulated intramembrane
proteolysis and establish the 30-34 kDa band as
being the predicted TNFR1 CTF, and the 26-30
kDa fragment as the predicted vy-secretase-
dependent TNFR1 ICD.

Next, the cleavage of endogenous TNFR1 was
assessed in MCF-7 cells (Fig. 3A). Cells were
treated in the absence or presence of the
proteasome inhibitor epoxomicin, a compound
used to inhibit the rapid degradation of proteins
often associated with y-secretase-mediated
proteolysis. Western blot analysis showed that in
addition to the 55-kDa full length TNFR1
protein, the endogenous 30-34 kDa TNFR1 CTF
was present in unstimulated MCF-7 cells (Fig.
3A, lane 1). Significantly, the constitutively
generated endogenous 26-30 kDa TNFR1 ICD
was stabilized and clearly detected in the
presence of epoxomicin (Fig. 3A, compare lane
1 and 6). To verify that the generation of the 26-
30-kDa ICD fragment was the result of cleavage
of endogenous TNFR1 by y-secretase, MCF-7
cells were pretreated with the vy-secretase
inhibitors DAPT or L-685, 458, in the absence
or presence of TNFo and epoxomicin, as
indicated (Fig. 3A, lanes 4 & 5). Western blot
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analysis of TNFR1 revealed that stimulation
with TNFa in the presence of either y-secretase
inhibitor DAPT or L-685, 458, inhibited
generation of the 26-30 kDa ICD (Fig. 3A &
3B) and promoted an accumulation of the 30-34
kDa CTF (Fig. 3A & 3C), consistent with the
release of the ICD by y-secretase cleavage of
TNFR1 CTF.

To further wvalidate this proposal, we used
immortalized murine embryonic fibroblasts
(MEFs) derived from wild type (PS WT) and
Psenl” and Psen2”" double-knockout (PS DKO)
mice and assessed their responsiveness to PMA-
induced cleavage of TNFRI1 (Fig. 3D - 3F).
MEF cells were pre-treated with PMA
(200ng/ml for 1 hour) and the proteasome
inhibitor epoxomicin (1uM for 2 hours) prior to
harvesting, as detection of constitutively
generated endogenous TNFR1 ICD was not
detectable (data not shown). Western blot
analysis revealed that constitutive generation of
both  TNFR1 CTF and TNFR1 ICD was
observed in wild type MEFs and PMA
stimulation increased generation of the ICD
fragment (Fig. 3D, lane 1 & 2 and Fig. 3E).
Both constitutive and PMA-stimulated TNFR1
CTF was only weakly detected in wild type
MEFs, suggesting rapid proteolysis by v-
secretase and conversion to TNFR1 ICD. In
contrast, in PS DKO MEFs while constitutive
and PMA-induced production of TNFR1 CTF
was observed (Fig 3D & 3F), no generation of
TNFR1 ICD was evident (Fig. 3D, lane 3 & 4
and 3E), consistent with TNFR1 being a v-
secretase substrate. Our results collectively
demonstrate that TNFR1 is a substrate for y-
secretase-mediated regulated intramembrane
proteolysis in multiple cell types.

TNFRI1 internalization is required for y-
secretase mediated cleavage - Endocytosis is an
important regulatory mechanism controlling
TNFRI1 signaling (28,35-37). After identifying
TNFR1 as a new y-secretase substrate, we next
studied the subcellular occurrence of this
cleavage event. Dynasore is a pharmacological
inhibitor of dynamin (65,66), a large GTPase
that is a required component for clathrin-
mediated endocytosis and of certain mechanisms
of clathrin-independent endocytosis (67-69). To

determine if y-secretase cleavage of TNFRI
occurred before or after receptor internalization,
HEK293T cells expressing TNFR1 were
untreated or pre-treated with dynasore (50uM
for 2 hours) and subsequently stimulated with
PMA (200ng/ml for 2 hours) to induce
ectodomain shedding and y-secretase cleavage
of TNFRI1. In cells stimulated with PMA alone,
generation of TNFR1 ICD (Fig. 4A & 4B) and
sTNFR1 (Fig. 4C) was clearly detected. In
contrast pre-treatment with dynasore reduced
PMA induced generation of TNFR1 ICD (Fig.
4A & 4B) and as expected due to increased
surface localization of TNFR1, increased release
of constitutive and PMA-stimulated sTNFR1
(Fig. 4C). Dynamin-1 acts by facilitating release
of newly formed endocytic vesicles from the
plasma membrane and thereby plays a critical
role in clathrin-mediated and non-clathrin
mediated endocytosis (69). To further examine
the subcellular y-secretase cleavage of TNFR1
we tested the ability of a dominant-negative
K44A mutant of dynamin-1 (Dyn K44A) to
inhibit y-secretase cleavage of TNFRI.
HEK?293T cells were cotransfected with TNFR1
and wild type dynamin-1 (Dyn WT) or Dyn
K44A mutant. In cells expressing Dyn WT, both
constitutive and PMA induced generation of
TNFR1 ICD was observed (Fig. 4D & 4E) and
release of STNFR1 was detected in conditioned
media (Fig. 4F). In contrast, in cells expressing
the Dyn K44A mutant a reduction in PMA-
stimulated TNFR1 ICD formation was evident
(Fig. 4D & 4E), while constitutive and PMA-
stimulated generation of TNFR1 CTF (Fig. 4D)
and release of sTNFR1 (Fig. 4F) were
comparable to Dyn WT expressing cells.

Prompted by these results, we further examined
the requirement of receptor internalization for y-
secretase cleavage of TNFRI1. Schneider-
Brachert et al. identified a highly conserved
internalization motif (YXXW) within the
internalization domain (TRID) of TNFR1 and
demonstrated that the single point mutation
TNFR1 W210A is sufficient to inhibit TNFR1
internalization (28). HEK293T cells expressing
wild type TNFR1 or TNFR1 W210A mutant
were stimulated with PMA and lysed to assess
the requirement of TNFR1 internalization for y-
secretase cleavage (Fig. 4G & 4H). Again in
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cells expressing TNFR1, PMA stimulation
increased y-secretase-mediated generation of
TNFR1 ICD, generation of which was
completely inhibited in cells expressing the
internalization defective TNFR1 W210A mutant
(Fig. 4G & 4H). Conditioned media from cells
expressing wild type TNFR1 or TNFR1 W210A
mutant was also collected and sTNFR1 levels
were measured (Fig. 4I). Increased levels of
sTNFR1 were detected in cells expressing
TNFR1 W210A, which we attributed to
increased localization of the TNFR1 W2I10A
receptor at the plasma membrane. Inhibition of
TNFR1 internalization when bearing the TNFR1
W210A mutation or when TNFR1 was co-
expressed with the Dyn K44A mutant was
confirmed by FACS analysis of cell-surface
TNFR1, accumulation of TNFR1 CTF in
cytosolic fractions and inhibition of TNF-
induced JNK activation (data not shown).
Collectively, these findings indicate that
receptor internalization is required for -
secretase cleavage of TNFRI1.

Presenilin-deficiency  is  associated  with
enhanced formation of TNFRI complex I and
reduced assembly of complex Il - Activation of
TNFRI1 can lead to several distinct and opposing
biological outcomes necessitating the accurate
regulation of TNFRI1 signaling (1,26,27). One
regulatory  mechanism  ensuring  TNFRI1
signaling output is the spatial segregation of
contrasting TNFR1 signaling complexes (71).
TNFR1 complex I is located on the plasma
membrane and controls expression of pro-
inflammatory responses involving activation of
the MAPK pathways (p38 and Erk), as well as
canonical NF-kB transcription factor that
prevent induction of cell death. Whereas
complex II is formed after TNFRI1
internalization and activates cell death processes
(30).

Given the ability of vy-secretase to cleave
TNFR1, we next investigated the importance of
TNFR1 ectodomain shedding and fy-secretase
cleavage in the recruitment and assembly of
TNFR1 signaling complexes. First, HEK293T
cells co-expressing TNFR1 and RIPK1 were
either untreated or pretreated with the v-
secretase inhibitor DAPT and subsequently

stimulated with PMA to induce TNFRI1
ectodomain shedding and generation of TNFR1
CTF, as indicated (Fig. 5A, lane 3). TNFR1 was
immunoprecipitated and assessed for co-
precipitated  levels of RIPK1. Under
unstimulated conditions modest association
between TNFR1 and RIPK1 was evident,
consistent with previous reports that recruitment
of RIPK1 to TNFRI1 requires TRADD (14).
Interestingly, increased interaction between
RIPK1 and TNFR1 was evident in cells
stimulated  to undergo PMA-mediated
ectodomain shedding (Fig. 5A, lane 4), while
inhibition of y-secretase activity modestly
reduced both basal and PMA-induced
recruitment of RIPK1 to TNFR1 (Fig. 5A). In
similar experiments, HEK293T cells co-
expressing TNFR1 and TRADD were untreated,
pretreated with DAPT alone or in combination
with  PMA (Fig. 5B). TNFR1 was
immunoprecipitated and probed for the presence
of co-precipitated TRADD. TNFRI1 recruited
TRADD under unstimulated conditions and
increased amounts of TRADD coprecipitated
with  TNFR1 following PMA  induced
ectodomain shedding. Inhibition of y-secretase
activity did not significantly affect PMA-
induced recruitment of TRADD to TNFR1 (Fig.
5B, lane 6). These studies suggest that TNFR1
ectodomain shedding affects recruitment of
TRADD and RIPK1 to TNFR1 but the
interaction was not critically regulated by vy-
secretase activity, further implying that y-
secretase cleavage of TNFRI1 may function
downstream of receptor ectodomain shedding,
internalization, and complex I formation.

In order to define the relevance of y-secretase
cleavage of TNFR1 in TNF signaling, we next
assessed TNF-induced formation of complex I
and 11 in Psenl” Psen2” double knockout (PS
DKO) MEFs. Wild type and PS DKO MEFs
were stimulated with TNF for increasing times
(0-30 minutes) and immunoprecipitated TNFR1
was examined for composition of endogenous
TNFR1 complex I components (Fig. 5C). In
wild type MEFs we confirmed previously
established observations that TNF stimulates a
time-dependent recruitment and ubiquitination
of RIPKI1 and TRAF2 to TNFRI1, forming
complex I (Fig. 5C) (34-36). However, in PS
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DKO MEFs increased levels of RIPK1 and
TRAF2 co-precipitated with TNFR1, indicating
increased formation of complex I in the absence
of presenilins and y-secretase activity. This data
suggests that the loss of presenilins and/or y-
secretase activity increased the formation of
TNF-induced complex I.

To determine the effect of presenilin- and y-
secretase-deficiency on assembly of TNFRI1
complex II, wild type and PS DKO MEFs were
stimulated with TNF for increased time periods
(0-10 hours) and formation of complex II was
examined by immunoprecipitation of FADD and
probing for RIPKI. In wild type cells, TNF
induced ubiquitination of RIPK1 and binding of
RIPK1 and FADD was clearly detected (Fig.
5D). In contrast, such formation of complex II
was not observed in PS DKO MEFs where only
modest association between FADD and RIPK1
was observed (Fig. 5D). This data suggests that
the loss of presenilins and/or y-secretase activity
disrupts assembly of TNF-induced complex II.

Presenilin-deficiency is associated with reduced
TNFa-mediated JNK activation and inhibition of
CXCLI production - We next evaluated TNFo-
mediated TNFR1 signal transduction in wild
type and PS DKO MEFs. First to investigate the
dependence of complex I-mediated activation of
MAPK and NF«xB signaling pathways upon
presenilins and/or y-secretase activity we
stimulated wild type and PS DKO MEFs with
TNFa (10ng/ml) for increasing time periods (10,
20, 30, 45, 60 mins.) (Fig. 6A). In wild type
MEFs, TNFa promoted a time-dependent
activation of NF-«kB as indicated by TNFa-
induced phosphorylation and degradation of
IkB. PS DKO MEFs did not show any
detectable alteration in TNFa-induced activation
of NF-«xB transcription factor when compared to
wild type cells (Fig. 6A). Likewise, PS DKO
MEFs showed no detectable defect in p38
MAPK activation compared to wild type cells,
as detected by phospho-p38 antibody. However,
a very significant reduction in TNFa-stimulated
activation of JNK MAPK was observed in PS
DKO MEFs when compared with wild type cells
(Fig. 6A), demonstrating that loss of presenilins
and vy-secretase activity prevented TNFa-
induced JNK MAPK activation.

To further examine the loss of TNFa-mediated
activation of JNK MAPK in PS DKO MEFs we
next examined whether presenilin-deficiency
altered  TNFa-mediated  pro-inflammatory
cytokine production. Wild type and PS DKO
MEFs were stimulated with TNFa (10ng/ml) for
18hours and production of cytokines IL-10, IL-
6, IL-1B, IL-12 (p70), IFNy and chemokine
CXCLI1 (chemotactic cytokine) was analysed by
Multiplex ELISA (Fig. 6B). In TNFa-stimulated
wild type and PS DKO MEFs a comparable
increase in the production of cytokines IL-10,
IL-6, IL-1B, IL-12 (p70) and IFNy was
observed. However, production of the
chemokine CXCL1 was significantly reduced in
PS DKO MEFs (Fig. 6B), suggesting that lack
of presenilins affects TNFa-mediated CXCL1
chemokine production. Interestingly, and
consistent with our reported defect in JNK
MAPK activation in PS DKO MEFs, it has been
reported that CXCL1 production is dependent
upon TNFa-stimulated JNK MAPK activation
(72-74). To further validate this observation, we
used wild type and the partial-knockout Psen/ "
/Psen2”” murine model, which have the
maximum reduction in presenilin expression that
is compatible with viability. = Age-matched
animals were injected with TNFa (100pg/kg)
intraperitoneally and production of cytokines;
IL-10, IL-6, IL-1B, IL-12 (p70), IFNy and
CXCL1 in serum was analysed 2 hours post-
injection. Consistent with the data obtained in
vitro from MEFs, presenilin-deficiency reduced
chemokine CXCLI1 production compared to
wild-type counterpart, while production of all
other examined cytokines and IFNy was
unaffected (Fig. 6C). These results are
consistent with a model in which loss of
presenilins negatively impacts TNFa-mediated
JNK MAPK signaling.

Presenilin-deficient MEFs have increased
resistance to apoptosis in  response o
TNFo/cycloheximide co-stimulation- Given that
presenilins and/or y-secretase activity are
important in the assembly/formation of complex
II, we further investigated the effect of
presenilin deficiency in a model of TNFa-
induced apoptosis. Co-stimulation of cells with
TNFa and the protein synthesis inhibitor,
cycloheximide, is well known to induce
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apoptotic cell death, wherein cycloheximide
prevents the induction of anti-apoptotic proteins.
Co-treatment of wild type and PS DKO MEFs
with TNFa and cycloheximide prompted the
cells to develop apoptotic morphology, where
they became rounded and non-adherent (Fig.
7A). Consistent with our data demonstrating
reduced formation of pro-apoptotic complex II;
PS DKO MEFs cultures exhibited a dramatically
reduced number of cells with apoptotic
morphologies and Annexin V positivity in
response to the co-treatment (Fig. 7A & 7B).
Furthermore, while wild type MEFs displayed
increased caspase-3 activation (Fig. 7C) and
PARP cleavage (Fig. 7D) in response to the co-
treatment, significantly reduced activation
(cleavage) of caspase 3 and cleavage of PARP
was evident in PS DKO MEFs. These molecular
apoptotic signatures add further support to our
hypothesis that y-secretase cleavage of TNFR1
has a role in regulating the formation of complex
II and induction of apoptosis in response to
TNFao.

DISCUSSION

Our findings are summarized in the model
depicted in Fig. 8, where upon TNF ligand
binding and receptor trimerization, TNFR1
undergoes TACE/ADAM17-mediated
ectodomain shedding, releases sTNFR1 and
generates membrane-anchored TNFR1 CTF,
which is subsequently cleaved by the y-secretase
protease to generate a cytosolic TNFR1 ICD.
Based on our data presented in this study, TNF-
activated TNFR1 undergoes TACE/ADAM17-
induced ectodomain shedding and following
receptor internalization TNFR1 CTF undergoes
v-secretase cleavage. Furthermore, presenilins
are required for TNFa-mediated JNK MAPK
activation, assembly of complex II and induction
of apoptosis.

It had been commonly assumed that signaling
events that are initiated by cell surface receptors,
including G-protein-coupled receptors (GPCRs)
Toll-like receptors (TLRs) and the very
prominent death receptors (TNFR1, FasR and
TRAIL-R1/2) are exclusively started and
terminated at the cell surface. Recent studies
reveal that many of these receptor-mediated

signaling events do not always follow this
established paradigm (7,19,24,30,71,75,76). In
the new model, following ligand binding and
cell surface receptor activation, receptors initiate
signaling events from the plasma membrane and
subsequent to receptor internalization can also
propagate distinct signaling events from
endosomal membranes. A high degree of

regulation surrounds receptor-mediated
signaling pathways including post-translational
modification of receptors, involving

ubiquitination, phosphorylation and proteolysis.
In this study, we have added to the regulatory
complexity of TNFa-mediated signaling through
the identification of TNFR1 as a novel substrate
for vy-secretase protease. TNFRI1 undergoes
TACE/ADAM17-mediated ectodomain
shedding and produces biologically active
sTNFRI1 fragments, which results in reduced cell
surface availability of TNFR1 and reduced TNF
signaling. In this study we have shown that
following ectodomain-shedding, y-secretase is
capable of catalyzing the proteolytic cleavage of
membrane-anchored TNFR1 CTF to generate
the TNFRI1 ICD. Consistent with regulated
intramembrane proteolysis being a sequential
proteolysis event (42,43,50), we show that
inhibition of TACE/ADAMI17-mediated TNFR1
ectodomain shedding prevented the cleavage of
TNFR1 CTF by y-secretase and generation of
TNFR1 ICD. Using pharmacological inhibitors
of y-secretase activity we demonstrated that
TNF-induced both TACE/ADAMI17- and v-
secretase cleavage of TNFRI1. Through genetic
knockout of the presenilins we have further
demonstrated the essential role of the presenilins
in y-secretase cleavage of TNFRI1. Although it
has been shown that y-secretase cleavage of the
insulin-like growth factor 1 (IGF-1) receptor,
Notch, IL-1R1, p75"™ or ErbB-4 receptors
occurs in the presence of their corresponding
ligands (40,50,58,77-79), ligand-induced
cleavage has not been shown for other receptors
such as the growth hormone receptor. Here we
demonstrate that TNFa-stimulation can induce
ectodomain shedding, generation of TNFRI1
CTF and subsequent y-secretase cleavage of
TNFR1, perhaps pointing to a general
mechanism of ligand-mediated regulated
intramembrane proteolysis. Collectively, these
molecular signatures of other 7y-secretase
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substrates support our conclusion that TNFR1 is
a genuine y-secretase substrate.

TNFa-induced activation of pro-survival
(MAPK and NF-«B) and apoptotic signaling
pathways have been extensively studied and
well elucidated (1,6,7,16,80). TNFR1
internalization and the formation of distinct
TNFR1 signaling complexes or receptosomes
provide the structural basis for spatial
compartmentalization of TNFR1-mediated pro-
and anti-apoptotic signaling pathways. A model
was initially proposed (18) and subsequently
refined wherein TNFR1-mediated signaling
arises from two sequential signaling complexes:
a plasma membrane-located pro-survival
signaling complex I consisting of TNFRI,
TRADD, RIPK1, TRAF2 and the cIAPs, which
transmit a pro-inflammatory and cell survival
signal via the activation of MAPK and NF«B,
and subsequent to TNFRI1 internalization an
intracellular pro-apoptotic signaling complex II,
which contains TRADD, RIPKI, TRAF2,
FADD and procaspase-8 (28,30,31,34-37). In
various cell types, TNFRI1 internalization is
mediated by clathrin-coated pit formation. We
demonstrated the critical role of TNFRI1
internalization in y-secretase cleavage of TNFR1
by using a pharmacological inhibitor (Dynasore)
of dynamin (65), a large GTPase that is a
required component for clathrin-mediated
endocytosis, or expression of catalytically
inactive dynamin (Dynamin K44A) or by
mutagenesis of the TNFR1 internalization
domain (TNFR1 W210A). Indeed, expression of
the TNFR1 W210A mutant that completely
abolished TNFR1 internalization, promoted the
cell surface accumulation of TNFR1, increased
generation of sTNFRI1, prevented cytosolic
localization of TNFR1 CTF and inhibited
formation of the y-secretase generated TNFR1
ICD.

Inhibition of TNFR1 internalization also has a
role in mediating TNF cytotoxicity and
promotion of pro-apoptosis signaling pathways
(34,35). It has been shown that inhibition of
clathrin-coated pit formation by monodansyl
cadaverine (MDC) inhibited activation of the
JNK  MAPK and endo-lysosomal acid
sphingomyelinase (A-SMase) signaling

pathways, and blocked  TNF-stimulated
apoptosis (37). By contrast, inhibition of TNFR1
internalization had no effect on TNF-mediated
activation of the plasma membrane-associated
neutral  sphingomyelinase  (N-SMase) or
activation of the NF-«kB signaling pathway. It
was subsequently shown that inhibition of
TNFRI1 internalization prevented the recruitment
of the pro-apoptotic proteins FADD and
procaspase-8, inhibited the formation of
complex II and reduced TNF-induced apoptotic
cell death (34). Consistent with these reports, in
this study we found that deficiency of the
presenilins and y-secretase activity inhibited
activation of the INK MAPK, antagonized JNK-
dependent CXCL1 chemokine production,
reduced formation of TNFR1 complex II, and
blocked TNF-stimulated apoptosis. In contrast,
loss of vy-secretase activity coincided with
increased TNFR1 recruitment of TRAF2, and
RIPK1 adaptor proteins and formation of
complex I, and loss of y-secretase activity had
no measurable effect on TNF-mediated cell
surface signaling events, activation of the p38
MAPK and NF-xB signaling pathways and
cytokine production.

From this data and other published works we
propose that mechanistically y-secretase acts as
an intracellular regulator of TNFR1-mediated
pro-survival and  pro-apoptotic  signaling
pathways. We  propose that following
internalization of TNFR1, the proteolytic
activity of y-secretase regulates the release of
cytosolic TNFR1 ICD. In addition, the
presenilins are required for the recruitment and
assembly of TNFR1 complex II, thereby
facilitating ~TNFR1-mediated pro-apoptotic
signaling pathways. Further research will no
doubt elucidate the full regulatory mechanisms
behind the pro-apoptotic switch in TNFRI
signaling.

In conclusion, our findings have added to the
regulatory intricacy of TNF-mediated signaling
through the identification of TNFR1 as a v-
secretase substrate. The presenilins are also
required for TNF-mediated JNK MAPK
activation, assembly of complex II, caspase
activation and induction of apoptosis. These
regulatory steps may serve as a novel therapeutic
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target in the modulation of cellular responses to cell death and promote cell survival and pro-
TNF; by inhibition of fy-secretase mediated inflammatory signaling or stimulation of y-
cleavage of TNFR1 to antagonize TNF-induced secretase to promote TNFa-mediated cell death.
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FIGURE LEGENDS

Figure 1. Ectodomain Shedding is a Prerequisite to y-Secretase Cleavage of TNFRI1. (4) Schematic
representation of the domains of human TNFR1. Human TNFR1 (Accession AAA61201) is a 455 amino
acid protein with a signal peptide (SP) at position 1-29; an extracellular domain (ECD) at position 29-211,
containing four cysteine repeat domains; a 23 amino acid transmembrane (TM) domain and a 221 amino
acid intracellular domain (ICD) at position 235-455, containing the pro-apoptotic death domain (DD).
Proteolytic cleavage by TACE/ADAMI17 results in the generation of a soluble TNFR1 extracellular
domain (sTNFR1) and membrane anchored TNFR1 C-terminal fragment (CTF). (B) ELISA of soluble
TNFR1 (sTNFR1) in conditioned media from HEK293T cells transiently expressing TNFRI1, left
untreated or pretreated with TAPI-1 (50uM for 2 hours) and/or treated with PMA (200ng/ml for 2 hours).
Data expressed as pictogram of sTNFR1 per milligram of total protein + standard error of the mean
versus TNFR1 control (n=3) **, p<0.01 (Two-way Anova). (C) FACS analysis of TNFR1 expression in
HEK293T cells left untreated or pretreated with TAPI-1 (50uM for 2 hours) and/or treated with PMA
(200ng/ml for 2 hours). Cells were stained with anti-TNFR1 and Alexa Fluor anti mouse 488 antibodies.
(D) Immunoassay of TNFR1 in corresponding whole cell lysates from HEK293T cells transiently
expressing TNFR1 and left untreated or treated as in (B and C). (E) Densitometry analysis of TNFR1 ICD
normalized to total B-actin for all experimental conditions. The amount of TNFR1 ICD is expressed as
TNFR1 ICD immunoreactivity £ standard error of the mean, (n=3) *** p<0.001 (unpaired T-test).
Western blot data are from one experiment representative of three independent experiments.

Figure 2. TNFR1 is a Substrate for y-Secretase-Dependent Regulated Intramembrane Proteolysis.
(4) Immunoassay of TNFR1 in whole cell lysates from HEK293T cells transiently transfected with
TNFRI1 left untreated or pretreated with the y-secretase inhibitor DAPT (10uM for 8 hours) and/or treated
with PMA (200ng/ml for 2 hours), followed by western blot analysis with an anti-TNFR1 C-terminal
specific antibody. (B) Densitometry analysis of TNFR1 CTF normalized to total B-actin for all
experimental conditions (n=3) **  p<0.01 (Two-way Anova). (C) Immunoassay of cell lysates from
HEK?293T cells transiently expressing TNFR1 and co-expressing wild type PS1 or dominant negative PS1
(PS1PZ7ADI834Y mutant, left untreated or treated with PMA (200 ng/ml, for 2 hours) as indicated, followed
by western blot analysis with an anti-TNFR1 (C-terminal specific), anti-PS1 (C-terminal specific) and
anti-B-actin antibodies. (D) Immunoassay of whole cell lysates from HEK293T cells transiently
expressing TNFRI1, pretreated with the y-secretase inhibitor DAPT (10uM for 8 hours), alone or in
combination with TNFa (30ng/ml, for 2 hours) as indicated, followed by western blot analysis with an
anti-TNFR1 C-terminal specific antibody. Western blot data are from one experiment representative of
three independent experiments.

Figure 3. Cleavage of endogenous TNFRI1. (4) Immunoassay of endogenous TNFR1 in whole cell
lysates from MCF-7 cells left untreated or pretreated with the y-secretase inhibitors DAPT (1uM for 16
hours) or L-685, 458 (1uM for 16 hours) and/or treated with TNFa (30ng/ml, for 2 hours) and/or
epoxomycin (Epox) (1uM for 2 hours) as indicated, followed by western blot analysis with an anti-
TNFR1 C-terminal specific antibody. Western blot data are from one experiment representative of three
independent experiments. Cell lysates were also probed for levels of B-actin to act as loading controls. (B)
Densitometry analysis of TNFR1 ICD for all experimental conditions. The amount of TNFR1 ICD is
expressed as TNFR1 ICD immunoreactivity = standard error of the mean, (n=3), **, p<0.01, ***
p<0.001 (Two-way Anova). (C) Densitometry analysis of TNFR1 CTF for all experimental conditions.
The amount of TNFR1 CTF is expressed as TNFR1 CTF immunoreactivity + standard error of the mean,
(n=3). (D) Immunoassay of endogenous TNFR1 in whole cell lysates from wild type and PS DKO MEFs
treated with epoxomycin (Epox) (1uM for 2 hours) and/or PMA (200ng/ml, for 1 hour), followed by
western blot analysis with an anti-TNFR1 C-terminal specific antibody. Western blot data are from one
experiment representative of three independent experiments. Cell lysates were also probed for levels of -
actin to act as loading controls. (E) Densitometry analysis of TNFR1 ICD normalized to total B-actin for

Page 19 of 29

9T0g ‘8T Asenuer U0 S30US10S U3eaH au} Jo Alelq 1T |[1H 4117 ‘Weybu g eurede | Jo Alun e /610°0q['mmwy//:dpy woly papeojumoq


http://www.jbc.org/

all experimental conditions. The amount of TNFR1 ICD is expressed as TNFR1 ICD immunoreactivity +
standard error of the mean, (n=3), *, p<0.01, *** p<0.001 (Two-way Anova). (F) Densitometry analysis
of TNFR1 CTF normalized to total $-actin for all experimental conditions. The amount of TNFR1 CTF is
expressed as TNFR1 CTF immunoreactivity = standard error of the mean, (n=3), ***, p<0.001 (Two-way
Anova).

Figure 4. TNFR1 Internalization is required for y-Secretase-Mediated Cleavage. (4) Immunoassay
of TNFRI1 in whole cell lysates from HEK293T cells transiently transfected with TNFR1 left untreated or
pretreated with clathrin-mediated endocytosis inhibitor Dynasore (50uM for 2 hours) and/or treated with
PMA (200ng/ml for 2 hours) followed by western blot analysis with an anti-TNFR1 C-terminal specific
antibody. (B) Densitometry analysis of TNFR1 ICD normalized to total B-actin for all experimental
conditions. The amount of TNFR1 ICD is expressed as TNFR1 ICD immunoreactivity + standard error of
the mean, (n=3). * P<0.05 (unpaired T-test). (C) ELISA of soluble TNFR1 (sTNFR1) in conditioned
media from HEK293T cells treated as in (A). Data expressed as pictogram of sSTNFR1 per milligram of
total protein + standard error of the mean versus TNFR1 control (n=3). (D) Immunoassay of HEK293T
cell lysates transiently co-transfected with TNFR1 and Dyn WT or Dyn K44A and/or treated with PMA
(200ng/ml for 2 hours) as indicated, followed by immunoblot analysis with an anti-TNFR1 C-terminal
specific antibody, anti-dynamin and anti-fB-actin antibodies. (E£) Densitometry analysis of TNFR1 ICD
normalized to total B-actin for all experimental conditions. The amount of TNFR1 ICD is expressed as
TNFR1 ICD immunoreactivity + standard error of the mean, (n=3). *** P<0.001 (unpaired T-test). *
P<0.05 (Two-way Anova). (F) ELISA of soluble TNFR1 (sTNFR1) in conditioned media from
HEK?293T cells treated as in (D). Data expressed as pictogram of sSTNFR1 per milligram of total protein +
standard error of the mean versus TNFRI1 control (n=3). (G) Immunoblot analysis of HEK293T cells
transiently expressing TNFR1 and TNFR1 W210A and/or treated with PMA (200ng/ml for 2 hours) as
indicated, followed by immunoblot analysis with an anti-TNFR1 C-terminal specific antibody. (H)
Densitometry analysis of TNFR1 ICD normalized to total B-actin for all experimental conditions. The
amount of TNFR1 ICD is expressed as TNFR1 ICD immunoreactivity + standard error of the mean,
(n=3). *** P<(0.001 (unpaired T-test). (/) ELISA of soluble TNFR1 (sTNFR1) in conditioned media from
HEK293T cells as in (G). Data expressed as pictogram of sTNFR1 per milligram of total protein +
standard error of the mean versus TNFR1 control (n=3).

Figure 5. Presenilin-Deficiency is Associated with Enhanced Formation of TNF-Induced TNFR1
Complex I and Reduced Assembly of Complex II. (4) HEK293T cells were co-transfected with the
indicated constructs encoding TNFR1 and RIPK1, left untreated or pretreated with the y-secretase
inhibitor DAPT (10uM; 8 hours) and/or treated with PMA (200ng/ml; 2 hours), as indicated. Cell lysates
were immunoprecipitated with an anti-TNFR1 antibody and immunoprecipitates were probed with anti-
TNFR1 or anti-RIPK1 antibodies. Cell lysates, prior to immunoprecipitation (input) were also analyzed
by immunoblotting with anti-RIPK1, -TNFR1 and -B-actin antibodies. (B) HEK293T cells were co-
transfected with the indicated constructs encoding TNFR1 and TRADD, left untreated or pretreated with
the y-secretase inhibitor DAPT (10uM for 8 hours) and/or treated with PMA (200ng/ml for 2 hours), as
indicated. Cell lysates were immunoprecipitated with an anti-TNFR1 antibody and immunoprecipitates
probed with anti-TNFR1 or anti-TRADD antibodies. Cell lysates, prior to immunoprecipitation (input)
were also analyzed by immunoblotting with anti-TRADD and anti-TNFR1 antibodies. Western blot data
are from one experiment representative of three independent experiments. (C) Wild type and PS DKO
MEFs were treated with TNFa (40ng/ml) for increasing times (0, 10, 20, 30, 45 and 60 minutes). Cell
lysates were immunoprecipitated with an anti-TNFR1 antibody. Immunoprecipitates and cell lysates
(input) were probed for levels of endogenous RIPK1, TRAF2 and TNFR1 by immunoblotting. Cell
lysates were also probed for levels of f-actin to act as loading controls. (D) Wild type and PS DKO MEFs
were treated with TNFa (50ng/ml) for the indicated times (0, 6 and 10 hours). Cell lysates were
immunoprecipitated with an anti-FADD antibody. Immunoprecipitates and cell lysates (input) were
probed for levels of endogenous RIPK1 and FADD by immunoblotting. Cell lysates were also probed for
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levels of B-actin to act as loading controls. Light chain indicated by asterisk (*). Western blot data are
from one experiment representative of three independent experiments.

Figure 6. Presenilin-Deficiency is Associated with Reduced JNK Activity and inhibition of CXCL1
chemokine production. (@) Immunoblot analysis of phosphorylated (P-) and total IkBa, p38 and JNK in
lysates of wild type and Psen”” MEFs (PS DKO) stimulated with TNFa ( 10ng/ml) for increasing times (0-
60 minutes) (above lanes). Data are from one experiment representative of three independent
experiments. (B) Enzyme-linked immunosorbent assay (ELISA) of IL-6, IFNy, IL-10, IL-12 (p70), IL-1p
and CXCL1 in medium from wild type (WT) and Psen” MEFs (PS DKO) treated with TNFo. ( 10ng/ml)
for 18 hours. ***P < 0.001 (Two-way ANOVA analyses followed by Bonferroni post-test). Data are
presented as an average of three independent experiments performed in duplicate (mean + s.e.m). (C)
Enzyme-linked immunosorbent assay (ELISA) of IL-6, IFNy, IL-10, IL-12 (p70), IL-1B and CXCL1 in
serum from wild-type and Psenl™/Psen2” mice, two hours after intraperitoneal injection with endotoxin-
free PBS or TNFa (100ug/kg). Values are represented as mean = SEM of duplicate determinations per
sample (n=7-8 mice/group). Each symbol represents an individual mouse; small horizontal lines indicate
the mean (and s.e.m.). **P<0.01 (unpaired two-tailed Student’s t-test).

Figure 7. Presenilin-Deficient MEFs Show Increased Resistance to TNF-Induced Apoptosis. (4)
Wild type and PS DKO MEFs were treated in the absence (control) or presence of murine TNFa
(50ng/ml) and cycloheximide (CHX) (10pg/ml) for 6 hours. Cells were photographed using a phase
contrast microscope at 40X magnification. (B) Wild type and PS DKO MEFs were treated in the absence
(control) or presence of murine TNFa (50ng/ml) and cycloheximide (CHX) (10pg/ml) for 4 hours.
Percentage of apoptotic cells showing annexin V positivity. The columns are the mean + standard error of
the mean of three independent experiments, **P<0.01 (Two-way Anova). (C, D) Wild type and PS DKO
MEFs were treated in the absence (0 hours) or presence of murine TNFa (40ng/ml) and cycloheximide
(CHX) (10pg/ml) for 2, 4, 6 or 8 hours, as indicated. Cell lysates were probed by immunoblotting for
levels of (C) cleaved caspase 3 and (D) cleaved PARP. Cell lysates were also probed for levels of B-actin
to act as loading controls. Data are from one experiment representative of at least three independent
experiments.

Figure 8. Model of TNFRI Regulated Intramembrane Proteolysis and TNF-Mediated Pro-survival
and Apoptosis Signaling Pathways. TNF-binding and trimerization of TNFR1 enables the recruitment
of TRADD, RIPK1, TRAF2 or TRAFS5 and the cIAPs, which collectively form a signaling composite
called complex I. The resulting lysine 63 (K63)-linked polyubiquitination of RIPK1 by TRAF2 and the
clAPs, enables an interaction with the IxB kinase complex that mediates the phosphorylation and
degradation of IkB inhibitory proteins and activation of the transcription factor NF-kB to promote cell
survival and pro-inflammatory signaling pathways. Following RNF8-mediated ubiquitination of TNFR1
and internalization of TNFR1, TRAF2 promotes K63-linked polyubiquitination of both TNFR1 and PS1.
This ubiquitination allows y-secretase cleavage of TNFR1 and enables interactions between cytosolic
TRADD and FADD enable the recruitment of procaspase-8, establishing complex II. Several subsequent
studies have proposed a model wherein TNFR1 recruits TRADD, RIPK1 and TRAF2 and forms complex
I at the cell membrane. Subsequent to TNFR1 ubiquitination and internalization, TRADD enables the
recruitment of FADD and procaspase-8 and thereby forms the pro-apoptotic complex II, leading to the
induction of apoptosis.
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