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Quantitative Phospho-proteomic Analysis of
TNFa/NFkB Signaling Reveals a Role for RIPK1
Phosphorylation in Suppressing Necrotic Cell

Death*s

Firaz Mohideeng, Joao A. Paulot, Alban Ordureaut, Steve P. Gygit,

and J. Wade Harpert$§

TNF« is a potent inducer of inflammation due to its ability
to promote gene expression, in part via the NFkB path-
way. Moreover, in some contexts, TNFa promotes Caspase-
dependent apoptosis or RIPK1/RIPK3/MLKL-dependent
necrosis. Engagement of the TNF Receptor Signaling
Complex (TNF-RSC), which contains multiple kinase ac-
tivities, promotes phosphorylation of several downstream
components, including TAK1, IKK«/IKKB, IkBa, and
NFkB. However, immediate downstream phosphorylation
events occurring in response to TNF« signaling are poorly
understood at a proteome-wide level. Here we use Tan-
dem Mass Tagging-based proteomics to quantitatively
characterize acute TNFa-mediated alterations in the pro-
teome and phosphoproteome with or without inhibition of
the clAP-dependent survival arm of the pathway with a
SMAC mimetic. We identify and quantify over 8,000 phos-
phorylated peptides, among which are nhumerous known
sites in the TNF-RSC, NFkB, and MAP kinase signaling
systems, as well as numerous previously unrecognized
phosphorylation events. Functional analysis of S320
phosphorylation in RIPK1 demonstrates a role for this event
in suppressing its kinase activity, association with
CASPASE-8 and FADD proteins, and subsequent necrotic
cell death during inflammatory TNF « stimulation. This study
provides a resource for further elucidation of TNF«a-de-
pendent signaling pathways. Molecular & Cellular Pro-
teomics 16: 10.1074/mcp.M117.068189, 1200-1216, 2017.

The NF«B signaling pathway is a crucial component of the
immune system and its dysregulation has been implicated in
inflammatory and auto-immune diseases, as well as cancer
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(1). At the cornerstone of the pathway are five dimeric tran-
scription factors, NFkB1, NFkB2, RelA, RelB, and c-Rel, col-
lectively known as the NF«B family, which are localized in the
cytoplasm and rendered inactive under basal cellular condi-
tions through multiple mechanisms (2, 3). A variety of cyto-
kines and growth factors activate NF«kB signaling via canon-
ical or non-canonical pathways, leading to the nuclear
translocation of NFkB and subsequent transcriptional upregu-
lation of a plethora of inflammatory and pro-survival related
genes (3).

The pro-inflammatory cytokine TNF« is a potent inducer of
NF«B signaling and stimulates both the canonical and non-
canonical pathways of the NF«kB signaling cascade depend-
ing on the availability and activity of its downstream compo-
nents (4). TNFa-mediated activation of canonical NF«B
signaling is initiated by the trimerization of its cognate recep-
tor TNFR1, and the subsequent recruitment of a cohort of
kinases, ubiquitin ligases, and de-ubiquitylases, which form
the TNF Receptor signaling complex (TNF-RSC)' (3). Here,
the clAP ubiquitin ligases promote the formation of K11- and
K63-linked ubiquitin chains on the Receptor Interacting Pro-
tein Kinase 7 RIPK1 (5), which function as a platform for the
TAB/TAK kinases. The IKK complex is then recruited to the
TNF-RSC via linear ubiquitin chains, assembled by the HOIL-
1/HOIP/SHARPIN enzyme complex (also known as the linear
ubiquitin chain assembly complex, LUBAC), that associates
with RIPK1 following TNF« stimulation (6-8). Linear-K63
ubiquitin hybrid chains facilitate the colocalization of the TAB/
TAK kinases and the IKK complex, permitting the phospho-
rylation and activation of IKKa and IKKB kinases by TAK1 (9).
The activated IKK complex phosphorylates the IkBa protein,
leading to its poly-ubiquitylation and proteasomal degrada-

" The abbreviations used are: TNF-RSC, TNF receptor signaling
complex; SM, SMAC mimetic; TMT, tandem mass tag; ORF, open
reading frame; FBS, fetal bovine serum; AGC, automated gain con-
trol; AQUA, absolute quantification; PRM, parallel reaction monitor-
ing; CID, collision-induced dissociation; HCD, high collision dissoci-
ation; NCE, normalized collision energy; MCLB, mammalian cell lysis
buffer; NSA, necrosulphanamide.
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tion, with subsequent translocation of NFkB1 and NF«B2
complexes to the nucleus (10). Non-canonical NF«B signaling
requires phosphorylation of NFkB2 by the NFkB-/nducing
Kinase, NIK, which under basal conditions, is poly-ubiquity-
lated and targeted for proteasomal degradation in a clAP-de-
pendent manner (11). Genetic deletion or pharmacological
inhibition of the clAP proteins leads to the stabilization of NIK
and activation of the noncanonical pathway (12). Although the
canonical and non-canonical NF«B pathways differ in their
early steps, they have similar downstream effects, in that they
ultimately promote transcriptional upregulation of pro-inflam-
matory genes.

Given its role in RIPK1 ubiquitylation, clAPs play a central
role in the TNFa« signaling pathway, and it is not surprising that
agents that affect clAP function would dramatically alter sig-
naling through the pathway. It is now clear that SMAC-mimet-
ics act, at least in part, by redirecting the ubiquitin ligase
activity of clAP from RIPK1 to clAP itself, leading to rapid clAP
degradation by the proteasome (13-15). In this setting, the
absence of ubiquitin chains on RIPK1 prevents its association
with the TNF-RSC, leading to the formation of a cytosolic
complex with the FADD and CASPASE-8 proteins, known as
the Complex Il (16). This initiates the cell death response of
TNFa/NF«B signaling, and may lead to caspase-dependent
apoptosis or RIPK1/RIPK3/MLKL-dependent programmed
necrosis (17). The favored pathway following Complex I
formation is apoptosis; however under conditions where
caspases are inhibited or RIPK3 and MLKL are abundant,
necrosis is preferred (18, 19).

Because TNFa exposure potentially activates two funda-
mentally alternate responses, cell death or cell survival, it is
imperative that one be suppressed if the other is to dominate,
and therefore these pathways are tightly regulated. The pro-
survival TNFa response uses transcriptional and nontran-
scriptional mechanisms to attenuate caspase-dependent
cell death and this pathway has been well characterized
(20). In particular, TNFa stimulation induces transcription of
CASPASE-8 and FADD-like apoptosis regulator (CFLAR, also
called c-FLIP), whose protein product competitively inhibits
CASPASE-8 activity to suppress the apoptotic arm of the
TNFa/NFkB response (21, 22). The mechanisms that regulate
programmed necrosis however, are less well defined. One
model is that necrosis is initiated when RIPK3 is phosphoryl-
ated and activated by kinase-active RIPK1, which is also
auto-phosphorylated when active (23). Active RIPK3 phos-
phorylates the pseudo-kinase, MLKL, to promote MLKL oli-
gomerization and association with phosphatidylinositol lipids,
thereby leading to necrotic cell death (24-27). However, the
precise mechanisms that regulate programmed necrosis, es-
pecially in the context of suppressing necrosis during NF«xB
activation, remain poorly understood.

Recent work has used metabolic labeling combined with
mass spectrometry to survey changes in the phosphopro-
teome in response to TNFa signaling, albeit with low overlap

of regulated sites between the two studies (28, 29). To gain
further insight into TNF« signaling minutes after receptor ac-
tivation under conditions promoting either the pro-survival
(TNFa only) or prodeath (TNFa plus SMAC-mimetic) path-
ways, we performed quantitative total proteomics and
phospho-proteomics using Tandem Mass Tag (TMT)-based
mass-spectrometry (30). We monitored the abundance of
thousands of proteins and phosphorylation sites, and identi-
fied a cohort of phosphorylation events that are rapidly in-
duced or lost in response to TNF-RSC activation. Numerous
previously reported and novel phosphorylation sites were
identified involving not only TNF-RSC proximal signaling net-
works but other functions as well, including transcriptional,
lipid binding, and cytoskeletal proteins. Changes in phos-
phorylation were demonstrated to occur independently of
changes in protein abundance, consistent with rapid signal-
ing. Finally, we demonstrated that TNF« stimulation promotes
rapid phosphorylation of a conserved residue (Ser320) on the
RIPK1 kinase, which is important for suppressing its kinase
activity and attenuating programmed necrosis. This work pro-
vides a resource for further elucidation of immediate phos-
phorylation responses downstream of TNF-RSC and for
understanding the mechanisms by which SMAC-mimetics
dampen TNF-RSC signaling.

EXPERIMENTAL PROCEDURES

Plasmids, Cell Culture, and Generation of Stable Cell Lines—The
RIPK1 ORF in the pENTR223 vector (Gateway) was obtained from the
human ORFEome collection. RIPK1 point mutants were generated
using site-directed mutagenesis with KOD Polymerase (Millipore, Bil-
lerica, MA). ENTR clones were sequenced validated and sub-cloned
into the CMV-driven pHAGE-C-terminal-HA-Flag destination vector
(Gateway) using A recombinase. H1299 cells were purchased from
ATCC and grown in DMEM supplemented with 10% FBS. SVT35
Jurkat cells and Jurkat RIPK1~/~ cells (a kind gift from Dr. Brian Seed,
MGH) were grown in RPMI 1640 media supplemented with 10% FBS.
Virus was produced by co-transfecting each RIPK1 construct and
lentiviral packaging vectors (VSVG, Tat1b, Mgpm2, CMV-Rev) into
293T cells using Lipofectamine 2000 (Thermo-Fisher Scientific, Wal-
tham, MA) which was then used to infect Jurkat RIPK1~/~ cells. Cell
lines stably expressing RIPK1 proteins were selected with 0.5 pug/ml
Puromycin.

Antibodies and Reagents—The following antibodies were pur-
chased from Cell Signaling (Danvers, MA): IKKB (#8943), plKKa/B-
Ser176/Ser180 (#2697), NF«kB p65 (#8242), pNFkB p65-Ser536
(#30833), clAP1 (#7065), clAP2 (#3130), IkBa (#9242), plkBa-Ser32
(#2859), JUN (#9165), pJUN-Ser63 (#2361), HSP27 (#2402),
pHSP27-Ser15 (#2404), RPS6, pRPS6-Ser235/Ser236 (#4858),
ATF2 (#9226), pATF2-Thr69/Thr71 (#9225), pRIP1-Ser166 (#65746).
Anti-PCNA (sc-56) was purchased from Santa-Cruz (Dallas, TX), Anti-
RIP1 from BD Biosciences (San Jose, CA, 610459).

All chemicals and reagents were purchased from Sigma Aldrich (St.
Louis, MO) unless otherwise stated. TNFa was purchased from
Sigma Aldrich (11371843001), Birinipant from SelleckChem (Hous-
ton, TX, S7015), zZVAD-fmk from R&D Systems (Minneapolis, MN,
FMKO0O01), and TMT 10-plex isobaric reagents from Thermo-Fisher
Scientific (90110).

Sample Preparation for TMT-based Mass Spectrometry—The ex-
perimental outline is indicated in Fig. 1B. H1299 cells were DMSO
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control-treated, treated with TNFa (10 ng/ml) for 10 min, or treated
with Birinipant (500 nwm) for 15 min prior to TNFa treatment. Cells were
harvested by scraping, washed twice with ice-cold PBS, pelleted by
centrifugation at 2000 X g for 15 min at 4 °C, and lysed by sonication
in 2% SDS, 150 mm NaCl, 50 mm Tris (pH 8.5), 5 mm DTT, 2 mm
sodium orthovanadate, protease inhibitors (EDTA-free, Sigma Aldrich)
and PhosStop phosphatase inhibitors (Sigma Aldrich). Lysates were
cleared by centrifugation at 20,000 X g for 15 min at 4 °C. Approxi-
mately 6 mg of total protein for each condition (measured using a
Micro-BCA assay, Thermo-Fisher Scientific) were subjected to disul-
fide bond reduction with dithiothreitol and alkylation with iodoacet-
amide and precipitated using methanol-chloroform. Samples were
resuspended in 8 M Urea, 50 mm Tris, pH 8.5 and subsequently
diluted to 4 m Urea in 10 mm CaCl,, 10 mm Tris (pH 8.5) and digested
with LysC protease, which cleaves C-terminal to Lysines irrespective
if they are N-terminal to a Proline residue (at a 1:100 protease/protein
ratio) at 37 °C for 16 h, followed by dilution to 1 m urea and Trypsin
digestion, which cleaves C-terminal to basic residues, except when
they are N-terminal to a Proline residue (at a 1:100 protease/protein
ratio) for 6 h at 37 °C. Digests were acidified with an equal volume of
5% formic acid to a pH ~ 2, dried down, resuspended in 5% formic
acid/5% acetonitrile, and subjected to C18 StageTip desalting (31).

Phosphorylated peptides were enriched using TiO, as previously
described (32-34). Briefly, 2 mg peptides (measured using a Micro-
BCA assay, Thermo-Fisher Scientific) were re-suspended in 2 m lactic
acid/50% acetonitrile. TiO, 5 um beads (GL Biosciences, Tokyo,
Japan), equilibrated in 2 m lactic acid/50% acetonitrile, were added to
the re-suspended peptides and incubated with gentle rotation for 1 h
at room temperature. Beads were washed twice with 2 ™M lactic
acid/50% acetonitrile, twice with 50% acetonitrile/0.1% TFA, and
finally twice with 25% acetonitrile/0.1% TFA. Enriched phosphoryl-
ated peptides were eluted with 50 mm K,HPO, pH 10, vacuum
centrifuged to dryness, and re-suspended in 200 mm HEPES (pH 8) in
preparation for the TMT labeling.

TMT labeling, Off-line Basic Reverse-phase Fractionation and Mass
Spectrometry—TMT labeling was performed as previously described
(82). From each condition, ~ 50 ng of peptides (for the proteome
analysis) and ~ 25 ug of phospho-enriched peptides (for the phos-
phoproteome analysis) were labeled with the TMT reagents at 2:1
ratio of TMT versus peptides. DMSO control samples were labeled
with 126, 127N, 127C, and 128N; TNFa-treated samples were labeled
with 128C, 129N, and 129C; and (SM+TNFa)-treated samples were
labeled with 130N, 130C, and 131. Following incubation at room
temperature for 1 h, the reaction was quenched with hydroxylamine to
a final concentration of 0.3% (v/v). The labeling efficiency for the
peptides and the phospho-peptides was >97%, as determined by
differential TMT modification. The TMT-labeled samples were pooled
at a 1:1 ratio across all samples and subsequently vacuum- centri-
fuged to near dryness and subjected to C18 StageTip desalting.

An Agilent 1100 pump equipped with a degasser and a photodiode
array detector (Thermo-Fisher Scientific) was used for the reverse-
phase fractionation. Approximately 500 ng peptides (proteome)
and ~ 250 pg phospho-enriched peptides (phosphoproteome) were
subjected to a 50 min linear gradient of 5-35% acetonitrile in 10 mm
ammonium bicarbonate pH 8, over an Agilent Article 300 Extend-C18
column (5 um particles, 4.6 mm i.d. and 22 cm long). The peptide
mixture was fractionated into a total of 96 fractions, which were
subsequently consolidated to 12 fractions, which were vacuum cen-
trifuged to near dryness. Each fraction was then desalted by C18
StageTip, dried by vacuum centrifugation, and reconstituted in 5%
acetonitrile/5% formic acid for LC-MS/MS analysis.

Three micrograms of peptides of each fraction were analyzed on an
Orbitrap Fusion (Thermo-Fisher Scientific) running a 3 h gradient from
6% to 36% acetonitrile using a multinotch MS3-based method (30).

MS1 scans were collected over an m/z range of 400-1400 Thomson
(Th), AGC 2 x 10%, 120,000 resolution, and a maximum injection time
of 100 ms. The 10 most abundant MS1 ions were selected for the
MS2 analysis, consisting of collision-induced dissociation (35% col-
lision energy, AGC 4000, and a maximum injection time of 150 ms).
MS3 spectra were collected on an Orbitrap using an SPS of 10
isolation notches, an m/z range of 100—1000, 60,000 resolution, AGC
5 % 10%, HCD activation 55%, and a maximum injection time of 250
ms.

Proteomic and Phosphoproteomic Data Analysis—Spectra files
(.RAW) were converted to a mzXML format using a modified
ReAdW.exe version 10 (35) and peptides identified by an in-house
SEQUEST-based tool (36) with a human UniProt Database (February
4th 2014; 88,591 entries). The TMT label on lysine residues and
peptide N termini (+229.163 Da) and carbamidomethylation of cys-
teine residues (+57.021 Da) were set as fixed modifications and
methionine oxidation (+15.99491 Da) was set as a variable modifica-
tion. Up to two missed cleavages were permitted. For the phospho-
proteome analysis a variable modification of +79.9663 Da was set on
serine, threonine, and tyrosine residues. A precursor ion tolerance of
50 ppm and a product ion tolerance of 1 Da were used for the
searches. Peptides were filtered to a false discovery rate of 1% using
a linear discriminant analysis based on XCorr, ACn, missed cleav-
ages, charge state, and precursor mass accuracy as described pre-
viously (37). For the TMT-based quantitation, TMT signal-to-noise
ratios >100 were extracted for all TMT channels and each channel
was summed across all quantified proteins and normalized assuming
an equal level of loading across all 10 samples. Localization of phos-
phorylation sites was determined using AScore (38), and sites with an
AScore>13 were selected for further analysis. Annotated MS/MS
spectra can be visualized by the ProteinProspector MS-Viewer
(39) (http://msviewer.ucsf.edu/prospector/cgi-bin/msform.cgi?form=
msviewer) with the following search keys: chj3hswrrw (proteome da-
taset) and u2zrk6kybj (phosphoproteome dataset). The reproducibility
of the datasets was assessed by the Coefficient of Variation (CV)
among replicates. For the proteome data sets, the CV values were-
DMSO- 8.8%, TNFa- 11.6%, and SM+TNFa- 7.7%; and for the
phosphoproteome datasets the values were DMSO- 13.6%, TNFa-
20.4%, and SM+TNFa- 20.4%.

For the analysis of quantified proteins and phosphorylated pep-
tides, values were exported into Microsoft Excel. A two-tailed St-
udent’s t test p value=0.05 was considered statistically significant. An
additional filter based on a DMSO log, fold-change of =*1 for the
TNFa-stimulated and the SM+TNFa-stimulated proteome and phos-
phoproteome (Fig. 2 and supplemental Fig. S3), and a TNF« log, 5
fold-change of ==*1 for the effect of SM on the TNFa-stimulated
proteome and phosphoproteome (Fig. 3) was used to select for
proteins and phosphorylated peptides with the largest changes in
abundance.

Sets of genes coding for proteins with significantly altered phos-
phorylation sites and the indicated fold-changes were uploaded and
searched with the DAVID online tool (http://david.abcc.ncifcrf.gov/
home.jsp) for enriched biological processes (GOTERM_BP_FAT).
Clusters were annotated according to their general function with
overlapping biological process.

AQUA-based Proteomics—For AQUA/PRM, cHF-RIPK1 was im-
muno-precipitated from Jurkat RIPK1~/~ cells expressing cHF-
RIPK1. 100 ml of cells at a density of 2 x 10° cells/m| were left
untreated, treated for 10 min with 10 ng/ml TNFa, or pre-treated with
5 um TPCA-1 for 15 min prior to TNFa stimulation. Cells were har-
vested by centrifugation at 2000 X g, washed twice with ice-cold
PBS, and lysed by sonication in 150 mm NaCl, 50 mm Tris (pH 8.5), 5
mwm DTT, 2 mm sodium orthovanadate, protease inhibitors (EDTA-free,
ROCHE) and PhosStop phosphatase inhibitors (Roche). Lysates were
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cleared by centrifugation at 20,000 X g for 15 min at 4 °C and the
supernatant filtered through 0.45 um spin filters (Millipore). The
cleared supernatant was incubated with 60 ul anti-Flag M2 magnetic
beads (Sigma) for 2 h at 4 °C and the beads washed 4 times with
ice-cold lysis buffer and 3 times with ice-cold PBS. Two elutions with
75 pl 3X-Flag peptide (250 wg/ml in 50 mm Tris pH 8.0, 150 mm NaCl)
were performed. Samples were reduced (5 mm DTT) and alkylated (20
mM iodoacetamide) prior to TCA precipitation. Samples were di-
gested first with Lys-C (in 100 mm tetraethylammonium bromide (pH
8.5), 0.1% Rapigest (Waters Corporation), 10% (v/v) acetonitrile
(ACN)) for 2 h at 37 °C, followed by the addition of trypsin and further
digested overnight. Digests were acidified with an equal volume of
5% (v/v) formic acid (FA) to a pH of ~2 for 30 min, dried down,
resuspended in 1% (v/v) FA, and subjected to C18 StageTip (packed
with Empore C18; 3 m Corporation) desalting. Samples were then
resuspended in 1% (v/v) FA and analyzed by AQUA/PRM as de-
scribed previously but with several modifications (40, 41). A collec-
tion of 3 Heavy labeled RIPK1 reference peptides (*'®MQSLQLD-
CVAVPSSR3®*2 phosphorylated and nonphosphorylated at Ser320
and 3'"VSLCFHR®’, with Cysteine alkylated and Methionine oxidized)
were produced at Cell Signaling Technology and quantified by amino
acid analysis. AQUA peptides from working stocks (in 1% (v/v) FA)
were diluted into the digested sample (in 1% (v/v) FA) to be analyzed
to an optimal final concentration predetermined for individual peptide.
Samples and AQUA peptides were oxidized with 0.05% hydrogen
peroxide for 20 min, subjected to C18 StageTip and resuspended in
1% (v/v) FA/5% ACN. Experiments were performed in triplicate and
MS data collected sequentially by LC/MS on a Q Exactive mass
spectrometer (Thermo-Fisher Scientific) coupled with a Famos Au-
tosampler (LC Packings, San Fransisco, CA) and an Accela600 LC
pump (Thermo-Fisher Scientific). Peptides were separated on a
100-pm i.d. microcapillary column packed with ~0.5 cm of Magic C4
resin (5 um, 100 A; Michrom Bioresources, Auburn, CA) followed by
~20 cm of Accucore C18 resin (2.6 um, 150 A; Thermo-Fisher Sci-
entific). Peptides were separated using a 35-min gradient of 5-27%
acetonitrile in 0.125% FA with a flow rate of ~300 nL/min. The scan
sequence began with an Orbitrap full MS1 spectrum with the follow-
ing parameters: resolution of 70,000, scan range of 200-1000 Thom-
son (Th), AGC target of 1 X 10°, maximum injection time of 250 ms,
and profile spectrum data type. This scan was followed by targeted
MS2 scans selected from a scheduled inclusion list. Each targeted
MS2 scan consisted of high-energy collision dissociation (HCD) with
the following parameters: resolution of 17,500, AGC of 5 X 10%
maximum injection time of 200 ms, isolation window of 1 Th, normal-
ized collision energy (NCE) of 20, and profile spectrum data type. Raw
files were searched, and precursor and fragment ions were quantified
using Skyline version 3.5 (42). Data generated from Skyline were
exported into an Excel spreadsheet and Prism for further analysis.
Total RIPK1 was determined as the average of the total RIPK1 cal-
culated for each individual locus (S32 and (S320 + pS320)).

Cell Lysis and Immuno-blotting—For immuno-blots, cells were
treated as indicated, harvested by scraping (adherent cells) or pel-
leted (suspension cells), washed twice with ice-cold PBS and lysed in
Mammalian Cell Lysis Buffer (MCLB, 150 mm NaCl, 50 mm Tris (pH
7.5), 50 mm NaF, 10 mm sodium pyrophosphate, 1 mm sodium 2-glyc-
erol 1-phosphate, 1 mm sodium orthovanadate, 1% (v/v) Nonidet
P-40, protease inhibitors (EDTA-free, Roche), and PhosStop phos-
phatase inhibitors (Roche)). Lysates were cleared by centrifugation at
20,000 X g for 15 min at 4 °C, proteins separated by SDS-polyacryl-
amide gel electrophoresis, and transferred to PVDF membranes, im-
muno-blotted with the respective antibodies, and visualized with en-
hanced chemi-luminescence (Perkin Elmer, Billerica, MA).

Immuno-precipitation—For complex Il isolation, Jurkat RIPK1~/~
cells expressing cHF-RIPK1 were control-treated or treated with 20

ng/ml TNFe, 20 um zVAD-fmk, and 100 nwm Birinipant for 4 h and
harvested by pelleting. Cells were washed twice with ice-cold PBS
before lysis in MCLB. Lysates were cleared by centrifugation at
20,000 X g for 15 min at 4 °C, and the supernatant incubated with 25
ul anti-Flag M2 magnetic beads (Sigma) for 2 h at 4 °C and the beads
washed 4 times with ice-cold MCLB. The immune complexes were
eluted in 2X Laemmli buffer and analyzed by immuno-blotting as
described above.

Cell Viability Assays— Cell viability was determined using flow cy-
tometry-based Annexin V and Propidium lodide staining (Trevigen,
Gaithersburg, MD) or the CytoTox-Glo Cytotoxicity assay (Promega,
Madison, WI). For flow cytometry-based analysis, cells were seeded
at2 x 10° cells/ml in 12-well dishes, control-treated or treated with 20
ng/ml TNFea, 20 um zZVAD-fmk, and 100 nm Birinipant for 24 h, and the
analysis performed according to manufacturer’s instructions. Cells
were analyzed on a FACSCalibur flow cytometer (BD Biosciences)
and the data analyzed with BD FACSDiva software.

For the CytoTox-Glo assay, cells were seeded 2 X 10° cells/ml in
96-well clear bottom white plates (Corning) and DMSO control-
treated or treated with 20 ng/ml TNFa and 100 nm Birinipant in the
presence or absence of 20 um zVAD-fmk for the indicated times and
the CytoTox-Glo assay performed according the manufacturer’s in-
structions. Luminescence was measured using an EnVision plate
reader (Perkin-Elmer).

Experimental Design and Statistical Rationale—The TMT-based
mass spectrometry experiments comprised of four biological repli-
cates for the DMSO control-treated samples and three biological
replicates for the TNFa-treated and (SM+TNFa)-treated samples,
which is adequate to detect statistically significant changes in protein
and phosphorylated peptide abundance. All other experiments com-
prised of three biological replicates for all conditions. Statistically
significant changes were determined by two-tailed unpaired St-
udent’s t-tests calculated using Microsoft Excel or Graphpad Prism.

RESULTS

Multiplexed TMT-based Quantification of the TNFa-Stimu-
lated Proteome and Phosphoproteome—We sought to de-
velop a system that would allow for rapid capture and quan-
tification of events occurring in response to activation of
TNF-RSC. Within minutes of TNFa stimulation in H1299 cells,
we observed increased in phosphorylation of S32 in IkBa,
S536 in p65, and S176/S180 in IKKB, peaking at 5 min (Fig.
1A). IKKB and p65 phosphorylation was maintained for the
duration of the time course (30 min) but IkBa was rapidly
degraded, as expected (43-45). The protein abundance of
p65, IKKB, and clAP was unchanged during the time course
(Fig. 1A). Pretreatment of cells with the SMAC-mimetic, Birini-
pant (SM), prior to TNFa exposure (SM+TNFa), led to degra-
dation of clAP1 independently of TNF«, and decreased TNFa/
NFkB pathway activation as demonstrated by modestly
slower IKKB and NFkB phosphorylation and a slower rate of
IkBa degradation (Fig. 1A), as observed previously (46).

Using this system, we set out to perform multiplexed TMT-
based quantification of both the total proteome and phos-
phoproteome. Initially, trypsin digested peptides from con-
trol (DMSO-treated, n = 4), TNFa-treated (n = 3), and
(SM+TNFa)-treated (n = 3) H1299 cells were labeled in a
10-plex mode with isobaric tags prior to LC-MS3 (Fig. 1B-1D).
In this approach, synchronous precursor selection (SPS) of b
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Fic. 1. A platform for multiplexed TMT-based quantification of the TNFa-stimulated proteome and phosphoproteome. A, Immuno-
blots to examine phosphorylation of NFkB signaling components in H1299 lung carcinoma cells. The cells were treated as indicated and
analyzed by immuno-blotting with the indicated antibodies. B, Chemical structure of a generic TMT reagent with the functional regions of the
structure indicated. C, Cartoon representation of the 10-plex TMT reagents used in this study. The mass in Da is indicated below each reagent.
D, Schematic of proteomics workflow. E, Left panel: MS2 spectrum for the identification of an IkBa peptide. The identified b-ions (green) and
y-ions (purple) are indicated above the peaks. Right panel: MS3 spectrum for quantification of the IkBa peptide identified on the left. The
treatment conditions and the mass of each TMT reagent are indicated above the peaks. The m/z for the peptide is indicated on the x axis and

the relative abundance is indicated on the y axis.
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and y ions from an MS2 fragmentation is coupled with frag-
mentation to release the isobaric reporter ion in MS3, allowing
the relative abundance of each reporter ion to be measured
for each peptide in an orbitrap (Fig. 1E). This approach also
serves to alleviate the variations in protein abundance quan-
tified from multiple peptides due to interference (47, 48). For
identification of the phosphoproteome, tryptic peptides are
subjected to TiO,-based enrichment prior to tagging (Fig. 1D).
Quantified signals for all peptides for individual proteins were
used to determine protein abundance (see Experimental
Procedures).

Total proteome analysis resulted in the identification of
94,264 peptides, of which 55,115 were unique, corresponding
to 7694 proteins (supplemental Tables S1 and S2), of which
7191 were quantified across the 10 samples (supplemental
Table S3). The coefficient of variation (CV) among the repli-
cates for all three conditions was 7.7-11.6% (see methods),
demonstrating excellent reproducibility of the TMT-based
quantification. Remarkably, the -log,, (p < 0.05) versus log,
(ratio of average TNFa-treated to average DMSO-treated,
log,(TNFa/DMSQ)) volcano plot revealed that among over
7000 quantified proteins, only IkBa demonstrated a statisti-
cally significant (p < 0.05) alteration in protein abundance of
2-fold or above in response to TNFa, 10 min post TNF-RSC
activation (Fig. 2A, inset). This is consistent with biochemical
data in Fig. 1A indicating a rapid reduction in IkBa abundance
because of its turnover via the proteasome. These data reveal
that the detectable proteome is largely unchanged in abun-
dance and that TMT can accurately monitor loss of IkBa
abundance in this setting.

In contrast to the total proteome, numerous changes in the
phosphoproteome were identified (Fig. 2B). From 8573 phos-
phopeptides identified (0.44% FDR) and quantified across all
10 conditions, most were singly phosphorylated on Ser or Thr
(supplemental Table S4). The coefficient of variation among
replicates (10.3-20.4%, see Experimental Procedures) was
like what has been observed in previous TMT-based phos-
pho-proteomic analyses (33, 34). TNFa« treatment resulted in
increased phosphorylation of 130 sites, whereas phosphoryl-
ation of 10 sites was reduced (p = 0.05, log,(TNFa/DMSQO) ==+
1.0) (Fig. 2B). These sites were found in several known TNF«
signaling pathway components, including TAK1 and IKKpB
kinases, the deubiquitinase CYLD, and downstream TNFa/
MAP kinase targets (JUN, JUND, and TRIM28, the heat-
shock protein HSBP1, and the tumor suppressor TSC?2) (Fig.
2B). Increases in phosphorylation observed for sites in TAK1,
IKKB, TSC2, JUND, and numerous other proteins occurred
independently of changes in protein abundance (supplemen-
tal Fig. S1). Analysis of sequences for kinase consensus mo-
tifs revealed that most of the identified sites (87 %) are Ser/Thr
followed by proline, consistent with substrates downstream of
MAP kinases. Over 80% of the quantified phospho-sites were
associated with proteins that were quantified in the total pro-
teome data set (supplemental Fig. S2A and supplemental

Table S5). Among the quantified phosphorylation sites, 1735
were also seen in two recent SILAC-based proteomics reports
on TNFa-mediated phosphorylation each containing 11,039
(MCF7 cells with 10 min stimulation) (28) or 8831 (A549 cells
with 5 min stimulation) (29) quantified sites (supplemental Fig.
S2Band supplemental Table S5). From the sites displaying
changes of 2-fold or more, only ~ 10% were reported to be
regulated in these previous studies, suggesting that we have
identified a unique cohort of novel TNFa-dependent phos-
phorylation events in H1299 cells. Of the 379 phospho-pep-
tides with a greater than 2-fold change, 14 and 17 were also
found to be regulated in the data of Krishnan et al., (28) and
Wagner et al., (29) respectively, like the extent of overlap
between the previous SILAC-based experiments (24 phos-
pho-peptides from 357 and 533 total regulated sites, respec-
tively). It is often the case that multiple sites in target proteins
are phosphorylated and we considered the possibility that we
identified distinct sites within the same target proteins seen in
the previous SILAC-based studies. From the 276 proteins
with at least one site regulated =2-fold, 50 and 51 were in
common with the data of Krishnan et al., (28) and Wagner et
al., (29) of which 17 were found in all 3 studies (supplemental
Fig. S2C and supplemental Table S6). These results indicate
that phosphoproteomes regulated by TNF« is unlikely to be
saturated by the currently available data. We refer to the
known and previously unrecognized dynamically induced
sites of phosphorylation upon TNFa stimulation as the
“TNFa-phosphoproteome.”

Landscape of the TNFa-phosphoproteome—To explore the
biological implications of TNFa-phosphoproteome, we first
classified induced phosphoproteins based on Gene Ontology
(DAVID Bioinformatics Resource (49, 50)) coupled with litera-
ture curation (Fig. 2C), and also integrated changes in abun-
dance of phosphosites across the network (Fig. 2D). We iden-
tified 8 major clusters (Fig. 2C). Consistent with a major role in
transcriptional activation (4, 51), the largest cluster (Cluster 1)
involved proteins linked with transcriptional regulation and
mRNA processing, including the Activating Transcription Fac-
tor7 (ATF7), the Ets2 Repressor Factor (ERF), and the ribo-
somal protein RPS6, all of which are phosphorylated in
response to mitogenic stimuli (52-54) (Fig. 2C). Other clus-
ters involved apoptosis (Cluster 8), signaling and cell growth
(Clusters 3,4,5), and ubiquitin-like protein conjugation/pro-
teasome related proteins (Cluster 6)- cellular functions that
have been previously linked with TNF-RSC signaling (4, 51,
55) (Fig. 2C). Some functions such as Intracellular Protein
Transport (Cluster 7) have not been linked with TNF«a sig-
naling (Fig. 2C).

We observed statistically significant (p = 0.05) changes in
phosphorylation states of 2-fold or greater among several
biologically relevant sites known to be affected by TNF« stim-
ulation. For instance, one of the largest phosphorylation in-
creases in our data set (9-fold) was displayed by Ser695 on
IKKB (Fig. 2D), which lies within a C-terminal cluster of 10
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serine residues that are autophosphorylated upon TNFa-me-
diated activation (56). Phosphorylation of this serine cluster
negatively regulates its function via conformational changes,
and replacement of these residues with nonphosphorylatable
alanine residues prolongs the TNFa-stimulated kinase activity
of IKKB (56, 57). We also quantified a 2-fold increase in
phosphorylation at Ser18 on the EIF2AK2 activator PRKRA.
Phosphorylation of this residue in response to stress pro-
motes association of PRKRA with EIF2AK2, which leads to
activation of EIF2AK2 kinase activity and ultimately promotes
programmed cell death (58). Other biologically relevant phos-
phorylation sites quantified in our data set included Ser63 on
the JUN transcription factor, Ser15 on the HSPB1 heat-shock
protein, Thr69/71 on the ATF2 transcription factor, and
Ser235/236/240 on the RPS6 ribosomal protein (see below).
We also observed numerous phosphorylation events not pre-
viously known to be regulated by TNFa stimulation. Among
these was a novel site on CYLD, a de-ubiquitinase that sup-
presses TRAF2 ubiquitination, which inactivates TNFa/NF«B
signaling in resting cells (59, 60). In response to several mito-
genic stimuli including TNF«, CYLD is phosphorylated, atten-
uating its de-ubiquitinase activity, which is required for TRAF2
ubiquitination and subsequent TNFa/NF«kB activation. The
primary phosphorylation site that regulates CYLD function is
Ser418 (61), but we quantified a 2.5-fold increase in phospho-
rylation on Ser387 upon TNFa exposure. We also quantified
increases in Thr333 and Ser320 phosphorylation on the TAK1
and RIPK1 kinases, Ser161 and Thr541 on the ERF and
TRIM28 transcriptional repressors, and Ser1346 on the TSC2
tumor suppressor. This study therefore is a useful resource to
further understand the role and effects of phosphorylation of
this important signaling pathway.

Effects of SMAC-mimetic on the TNFa-stimulated Pro-
teome and Phosphoproteome—SMAC-mimetics suppress
the formation of clAP-dependent K63-linked chains on the
TNF-RSC, which attenuates the survival branch of the TNFa/
NFkB response and promotes the cell death branch of the
pathway (62). These compounds were discovered over 10
years ago and their mechanisms of action have been exten-
sively investigated (14, 63, 64), but the global effects of these
compounds on the TNFa/NFkB response have yet to be
demonstrated. We utilized the multiplexing capacity of TMT to
monitor the total proteome and phosphoproteome in cells
treated with TNFa together with a SMAC-mimetic (SM+TNF )
in parallel with our TNFa analysis (Fig. 1D). Like the TNFa
treatment alone, we observed a statistically significant (p =
0.05) decrease of ~5-fold in IkBa protein level in (SM+TNFa)-
treated cells compared with control-treated cells, with no
other proteins displaying significant changes in abundance of
=2-fold (supplemental Fig. S3A). Similarly, at the phosphoryl-
ation level, (SM+TNFa) treatment led to significantly in-
creased abundances of =2-fold in over 80 phosphorylation
events (supplemental Fig. S3B, and supplemental Table S4).
In total, 65 TNFa-dependent phosphorylation events were in

common with or without SM (supplemental Fig. S3C), which
included central TNFa/NFkB components, such as TAK1,
IKKB, and CYLD.

To more precisely compare the effect of SM on the TNFa
response, we compared the dynamics of the proteome and
phosphoproteome in cells treated with TNFa or (SM+TNFa).
Among the 7191 proteins quantified across all replicates, only
4 proteins were significantly (o = 0.05) altered by >1.5-fold by
inclusion of SM (Fig. 3A). One of these- clAP2, was reduced in
abundance by 1.8-fold, which is comparable to previous re-
ports of SM-mediated depletion of clAP2 observed by immu-
noblotting (63, 65). Moreover, SM reduced the loss of IkBa
protein abundance, as we observed a 1.5-fold increase in
IkBa levels compared with TNFa treatment along (Fig. 3A).
This is consistent with our observation that SMAC-mimetics
suppress IKKB activation and subsequent phosphorylation-
dependent turnover of IkBa (Fig. 1A). Apart from two other
proteins, CPNE8 and DPYD, which are currently not known to
be affected by TNFa signaling or SMAC-mimetic treatment,
no significant (p = 0.05) alterations greater than 1.5-fold were
observed at the protein level.

At the phosphorylation level, among the 8573 phosphoryl-
ated peptides quantified across all replicates, we determined
11 phosphorylation sites to have a higher abundance and 20
sites to have a lower abundance in cells pretreated with
SMAC-mimetic prior to TNFa stimulation compared with
cells treated with TNFa alone (Fig. 3B). Several of these
sites are associated with proteins known to modulate apo-
ptosis or transcriptional regulation (Fig. 3C, 3D). Proteins
containing phosphorylation sites displaying increased
abundances upon SM-treatment included the unconven-
tional myosin, MYO9B, the FOXK1 transcription factor and
the autophagy adaptor protein CALCOCOQO2 (also called
NDP52), whereas the CASPASE-8 associated protein
CASP8AP2, the p53 binding protein TP53BP1, and the tran-
scription factors DPF2 and MKL2 contained phosphoryla-
tion sites that displayed decreased abundances in the SM-
treated cells (Fig. 3B-3E). Among the sites displaying
reduced phosphorylation site occupancy, we quantified
phosphorylation events known to be affected by mitogenic
stimuli including Ser251/T255 on the JUNB transcription
factor (66) and Ser146 on the mitochondrial protein MFF
(67). Overall, these data indicate that although the proteome
is largely unaffected by SM in the context of immediate
TNFa stimulation, there are modest changes in the phos-
phoproteome, downstream of immediate TNFa/NF«B path-
way activation. As the global effects of SM have largely
been unexplored, this data provides a valuable resource to
understand the effect of these therapeutically important
compounds on TNFa signaling.

Western Blotting Confirmation of TNF«-regulated Proteins
and Phosphorylation Sites—To independently validate the
proteomic and phospho-proteomic quantification, we per-
formed immuno-blot analysis using available antibodies. Con-
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Fic. 3. Analysis of the effect of a SMAC-mimetic (SM) on the TNFa regulated proteome and phosphoproteome as quantified by
TMT-based mass spectrometry. A, Volcano plot highlighting statistically significant (p = 0. 05) changes in protein abundances of =1.5-fold
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n (A), but highlighting statistically significant (p = 0.05) changes in phosphorylated peptide abundances of =1.5-fold in TNFa-treated cells
compared with the (SM+TNFa)-treated cells. C, Gene functional classification of proteins containing phosphorylated peptides displaying
statistically significant (p = 0.05) changes in abundances of =1.5-fold. The enrichment score, which ranks the importance of each cluster to
the gene list, is indicated. D, Data from the literature was utilized to construct a TNFa/NF«B signaling network of proteins containing
phosphorylation sites displaying statistically significant (p = 0.05) changes in abundance of =1.5-fold. Proteins were annotated with their
phosphorylation sites color-coded according to the log, 5 fold change in TNFa-treated cells compared with (SM+TNF«)-treated cells. Color
code as described in Fig. 2E. Error bars represent triplicate measurements + s.e.m. Data were analyzed by Student’s t test, **p = 0.001,

*p < 0.01.

sistent with our proteomic results, we observed decreases in
IkBa protein abundance in TNFa and (SM+TNFa) treated
cells compared with the DMSO control, and a decrease in
clAP2 protein abundance only in the SM-pretreated cells (Fig.
4A). At the phosphorylation level, we selected phosphoryla-
tion sites on JUN, HSPB1, ATF7, and RPS6 for the validation.
Several agonists including TNFa are known to induce JNK-
mediated c-JUN phosphorylation on Ser63, which substan-
tially increases its transcriptional activity (68-70). We quanti-
fied a ~ 2.5-fold in phosphorylation at this site in TNFa and
(SM+TNFa)-treated cells compared with the DMSO-control,
which was paralleled by the increased signal for a pS63-

specific JUN antibody (Fig. 4B). Ser15 on HSBP1, which
displayed a ~ 3.5-fold increase in phosphorylation in both
TNFa stimulations compared with the DMSO-control (Fig.
4C), is known to be phosphorylated by MAPKAPK?2 following
MAP kinase activation and to subsequently affect actin orga-
nization (71-73), and was also found to be phosphorylated
using a specific antibody to this site. Similarly, increased
phosphorylation by proteomics for T69/T71 in ATF2 and
S$235/S236/S240 in RPS6 was paralleled by increased reac-
tivity with phosphospecific antibodies against these sites (Fig.
4D, 4E). These sites are known to be phosphorylated in re-
sponse to mitogens or growth factors (52, 54, 74-76). Total
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proteome data allowed us to conclude that changes in phos-
phorylation were not because of changes in total protein
abundance (Fig. 4B-4E).

Ser320 on the RIP1 kinase is phosphorylated upon TNFa
stimulation— A central component of the TNFa/NF«B network
that displayed increased phosphorylation upon TNFa-stimu-
lation was the Receptor Interacting Protein Kinase, RIPK1
(Fig. 2D). This kinase is important for the canonical, apoptotic,
and necrotic pathways of TNFa/NF«B signaling (77) and is
phosphorylated on multiple residues upon TNF« stimulation
(78, 79), although the roles of the individual phosphorylation
events remain ill-defined. Because formation of the cytosolic
CASPASE-8/FADD/RIPK1 complex (Complex ll) is attenuated
in RIPK1-null cells reconstituted with kinase-dead mutants of
RIPK1 and by small-molecule inhibitors of RIPK1 kinase ac-
tivity (79), it was thought that RIPK1 auto-phosphorylation is
required for TNFa-dependent cell death (79). However, a re-
cent report suggested that IKKa/IKKB-mediated RIPK1 phos-
phorylation following TNFa stimulation prevents formation of
Complex Il and promotes the canonical NF«kB response, thus
alleviating cell death (80).

We quantified a significant (p = 0.05) ~2-fold increase in
phosphorylation of Ser320 on RIPK1 upon TNF« stimulation,
with no change in total protein abundance (Fig. 5A). Ser320 in
RIPK1 is conserved from H. sapiens through Xenopus, and is
four residues N-terminal to the CASPASE-8 cleavage site on
RIPK1 (Fig. 5B). A recent SILAC-based phospho-proteomic
study reported TNFa-dependent phosphorylation of RIPK1-
Ser320 in MCF-7 cells (28), but the functional significance of
this modification was not examined (81). Given the impor-
tance of RIPK1 in the TNFa/NF«B pathway, the high degree of
conservation of its Ser320 residue, and the fact that TNFa-
dependent phosphorylation of this residue has been quanti-
fied by different approaches in two different cell lines, we
hypothesized that this was a biologically relevant modification
and set out to determine its relevance.

For further analysis of this phosphorylation event we turned
to Jurkat T cells, which require RIPK1 for canonical NF«B
pathway activation and necrotic cell death. We utilized a
modified form of this cell line that is deficient in RIPK1, and
thus has a severely impaired TNFa/NF«B response (82). We
stably expressed C-terminally HA-Flag-tagged RIPK1 (cHF-
RIPK1) in these cells at levels equivalent to parental Jurkat
cells (Fig. 5C). Upon TNFa exposure, we observed that phos-
phorylation of NFkB and IkBa occurred at similar levels be-
tween the parental and the reconstituted Jurkat cells (Fig. 5D),
demonstrating that cHF-RIPK1 expressed at endogenous lev-
els restored canonical NFkB signaling in Jurkat RIPK1~/~
cells. cHF-RIPK1 was also functional in rescuing the sensitiv-
ity of Jurkat RIPK1~/~ cells to TNFa in the presence of SM
and the Caspase inhibitor, zZVAD-fmk (Fig. 5E). This rescue
was suppressed in the presence of the MLKL inhibitor, ne-
crosulphanamide (27), confirming that the sensitivity of the
rescued cells was specific to necrotic cell death. These results

indicate that expression of C-terminally tagged RIPK1 at en-
dogenous levels functioned like its endogenous counterpart in
both the survival and necrotic cell death pathways of NFxB
signaling.

To further validate TNFa-dependent phosphorylation of
Ser320 on RIPK1 in the reconstituted Jurkat system, we used
an Absolute Quantification (AQUA)-based quantitative pro-
teomic approach (40, 41) (Fig. 5F). Like what we observed
using TMT-based quantification in H1299 cells, phosphoryla-
tion at this residue increased ~2-fold in cells stimulated with
TNFa compared with unstimulated cells (Fig. 5G, supplemen-
tal Fig. S4, and supplemental Table S5). Pre-treatment of cells
with an inhibitor of IKK activity, TPCA-1, reduced Ser320
phosphorylation to a level approximating that seen in un-
stimulated cells (Fig. 5G, 5H), suggesting that IKK activity may
be important for this modification and consistent with a large
scale proteomic analysis in MCF7 cells (28).

Ser320 on RIPK1 is Important for its Biological Function—
The biological function of Ser320 phosphorylation is un-
known. To investigate if this modification was important for
the catalytic activity of RIPK1 we examined RIPK1 phos-
phorylation at Ser166. This residue is autophosphorylated
upon RIPK1 activation (83), and can therefore be used as a
marker for RIPK1 kinase activity. Upon necrosis induction
(TNFa+SM+zVAD-fmk), we observed a significant (o = 0.05)
increase in the phosphorylation level of Ser166 in Jurkat
RIPK1~/~ cells reconstituted with cHF-RIPK1-S320A com-
pared with cHF-RIPK1-WT (Fig. 6A4). Jurkat RIPK1~/~ cells
reconstituted with a kinase-inactive mutant of RIPK1, cHF-
RIPK1-K45M, showed no detectable Ser166 phosphorylation,
confirming that Ser166 phosphorylation relies on RIPK1 ac-
tivity (Fig. 6A). Given the possible dependence of Ser320
phosphorylation on IKK, (Fig. 5G, 5H), we hypothesized that
TNFa+SM+zVAD-fmk treatment in the presence of the IKK
inhibitor TPCA-1 would increase the phosphorylation level of
Ser166 in cells expressing cHF-RIPK1-WT to a level compa-
rable to that of cHF-RIPK1-S320A, which was indeed what we
observed (Fig. 6B). Collectively, these results suggest that
Ser320 phosphorylation on RIPK1 negatively regulates phos-
phorylation at Ser166 in response to TNFa stimulation, and
possibly impairs the kinase activity of RIPK1.

We next investigated the importance of Ser320 for events
downstream of RIPK1 activation, which are dependent on its
kinase activity (77). Compared with cells reconstituted with
its wild-type counterpart, cHF-RIPK1-S320A reconstituted
cells were significantly (p = 0.05) more adept at Complex I
assembly, as monitored by CASPASE-8 and FADD binding to
RIPK1 (Fig. 6C) and subsequent necrotic cell death (Fig. 6D).
These events correlated with enhanced auto-phosphorylation
at Ser166 (Fig. 6A). Interestingly, cells expressing cHF-RIPK1-
S166A were significantly (p = 0.01) less sensitive to necrosis
compared with wild-type expressing cells (supplemental Fig.
S5A), consistent with a role for Ser166 phosphorylation in
RIPK1 kinase activation. However Ser166 and Ser320 did not
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Domain structure of RIPK1, indicating the residues referred to in the text. Lower panel: Sequence alignment of RIPK1 residues surrounding Ser320.
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for PCNA as a loading control. D, Jurkat cells, Jurkat RIPK1 ~/~ cells, or Jurkat RIPK1~/~ cells reconstituted with wild-type cHF-RIPK1 were
exposed to TNF« for the indicated times, the cells lysed, and immunoblotted with the indicated antibodies. E, Rescue of necrotic cell death in Jurkat
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appear to be important for cell death in the absence of the
Caspase inhibitor zZVAD-fmk (supplemental Fig. S5B), in line
with previous observations that RIPK1 kinase activity is dis-
pensable for apoptotic cell death (17, 84, 85) Together with
the observation that TNF« stimulation promotes phosphoryl-
ation at Ser320 (Fig. 5G), our data suggest that phosphoryl-
ation at this residue (possibly mediated by IKK) functions to
impair TNFa-mediated necrosis, likely by alleviating the ki-
nase activity of RIPK1.

To determine if the importance of Ser166 and Ser320 was
specific to the role of RIPK1 in necrosis, we also examined
activation of canonical NFkB signaling. Jurkat RIPK1~/~ cells
expressing wild-type, S166A, or S320A RIPK1 had compara-
ble levels and kinetics of IkBa and NF«kB phosphorylation
upon stimulation with TNFa« (Fig. 7A), suggesting that Ser166
and Ser320 were not important for this aspect of the NF«B
signaling pathway. Taken together with previous studies (28,
80), our data are consistent with the model depicted in Fig. 7B
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Fic. 6. Ser320 on RIPK1 is important for its biological function. A, Upper panel: Representative immuno-blot comparing RIPK1
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wherein TNFa exposure leads to clAP-dependent poly-ubiqg-
uitylation of RIPK1 and assembly of the TNF-RSC, promoting
activation of multiple kinases including the IKK complex. This
subsequently promotes the phosphorylation of RIPK1 at
Ser320, which suppresses autophosphorylation presumably at
several residues including Ser166, preventing RIPK1-depend-
ent activation of RIPK3 and subsequent phosphorylation of
MLKL, thus alleviating unwarranted necrotic cell death and al-
lowing for activation of canonical NF«B signaling, prolonging
the cell survival and inflammatory response to TNF« stimulation.

DISCUSSION

Phosphorylation is among the key post-translational mod-
ifications by which the TNFa/NF«B pathway is activated and
regulated, but we have an incomplete understanding of the
phosphorylation events occurring upon TNF« stimulation at a
quantitative level. Using multiplex TMT-based mass spec-
trometry, we quantitatively compared changes in global pro-
teomic and phospho-proteomic abundances between un-
stimulated and TNFa-stimulated H1299 lung carcinoma cells.
The multiplexing capacity of the TMT approach enabled us
to calculate the relative protein and phosphorylation levels
across triplicate or quadruplicate measurements at each con-
dition in a just two mass spectrometry runs and apply strin-
gent cut-offs to determine statistically significant changes
that take place during pathway activation.

TMT-based proteomics now provides a means by which to
quantify thousands of proteins in a single experiment, in our
case more than 7000 proteins. Remarkably, only IkBa was
found to change appreciably in abundance (~5-fold reduc-
tion), indicating the power of the technique to reveal rapid
changes in protein abundance within highly complex pro-
teomes. Similarly, clAP was the only protein significantly re-
duced 1.5-fold or greater in the context of TNFa stimulation
with SMAC-mimetic pretreatment. To our knowledge, this is
the first demonstration of this specific effect of TNF« stimu-
lation on the global proteome, although we note that this
analysis was performed rapidly after TNFa treatment and

additional alterations in protein abundance likely occur at later
times after stimulation.

In our phosphoproteome analysis we quantified over 8000
phosphorylation sites, of which more than 100 displayed sig-
nificant (p = 0.05) alterations of 2-fold or greater between
unstimulated and TNFa-stimulated cells. The validity of this
dataset was confirmed by the quantification of several known
phosphorylation events modulated by TNFa stimulation
and/or subsequent MAP kinase activation. These included
sites on central components of the TNFa signaling pathway,
including IKKB, TAK1, and CYLD, as well as downstream
targets such as JUN, ATF7, and HSPB1. Gene functional
analysis of proteins displaying significant phosphorylation
changes of 2-fold or greater revealed the enrichment of nu-
merous biological processes known to be affected by TNFa/
NF«B signaling. The correlation between changes observed in
our mass spectrometry-based quantification and independent
immuno-blot analysis further validated our findings at both the
protein and phosphorylation level. However, although most of
the phosphorylation sites currently known to be affected by
TNFa stimulation or MAP kinase activation were identified and
quantified in our study (supplemental Fig. S7), not all displayed
such changes, possibly reflecting the kinetics of modifications
or cell-type specific differences in phosphorylation.

In addition to known phosphorylation sites, we observed
several phosphorylation events not known to be linked with
TNFa/NFkB signaling. Among these were Ser129 and Ser146
on the Mitochondrial Fusion Factor, MFF, a site recently
shown to be phosphorylated by AMP-activated protein kinase
(AMPK) in response to energy stress (67). Phosphorylation of
these sites was shown to be important for mitochondrial
fission, possibly to induce mitophagy of substantially dam-
aged mitochondrial fragments. Whether the TNFa-dependent
phosphorylation of these sites occurs via AMPK remains to be
determined and may reveal yet another downstream effect of
TNFao/NFkB activation. Other novel phosphorylation events
were observed on proteins involved in a wide range of bio-
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logical processes including nucleotide exchange factor activ-
ity, protein transport, and regulation of cell growth demon-
strating the broad effect of TNFa on the phosphoproteome (Fig.
2D). Further investigation of these events could provide insights
into the regulation and downstream effects of this pathway.

We also examined the effect of a SMAC-mimetic on the
TNFa response, which to our knowledge is the first such
investigation to be performed at a global scale. Similar to
TNFa exposure, the effect of the SMAC-mimetic on the TNFa-
regulated proteome was highly specific- a mere 4 proteins
among the over 7,000 quantified displayed significant altera-
tions of 1.5-fold or greater in abundance, due to pre-treatment
with SMAC-mimetic; the most striking ones being clAP2 and
IkBa, which served as internal controls for the experiment.

To further validate this resource, we examine Ser320 in
RIPK1, which was found to be phosphorylated in response to
TNFa both in our global phosphoproteome analysis as well as
when tested directly using AQUA proteomics. TNFa-stimu-
lated auto-phosphorylation of the activating phosphosite
Ser166 in RIPK1 was significantly (p = 0.05) enhanced in the
Ser320Ala mutant relative to its wild-type counterpart, sug-
gesting that phosphorylation of Ser320 dampens phosphoryl-
ation of RIPK1 on its activation loop during TNFa signaling.
Unfortunately, because of the lack of available antibodies, we
were unable to verify whether Ser320 was important for the
phosphorylation of other auto-phosphorylated residues on
RIPK1 (79). Moreover, compared with cells expressing wild-
type RIPK1, cells expressing Ser320 mutant RIPK1 had a
greater propensity to assemble Complex Il upon TNFa expo-
sure under necrosis-inducing conditions, and therefore, were
more prone to necrotic cell death. However, given that RIPK1
phosphorylation is dispensable for the apoptotic and survival
branches of TNFa/NF«B signaling (17, 20), we anticipated
that Ser320 would not be important for these pathways, which
was indeed what we observed.

These results provide further insight into the seemingly
opposing roles of RIPK1 phosphorylation upon TNF« stimu-
lation. Although the phosphorylation of RIPK1 has long been
thought to be important for necrosis, a recent report provided
strong evidence that IKKa/IKKB promotes RIPK1 phosphoryl-
ation at the TNF-RSC to prevent unwarranted cell death dur-
ing TNFa/NFkB activation (80). In line with this, we showed
that an IKK«/IKKB inhibitor attenuated TNFa-stimulated
phosphorylation of Ser320, while enhancing auto-phospho-
rylation at Ser166. We therefore speculate that IKKa/IKKB-de-
pendent Ser320 phosphorylation functions to repress RIPK1-
mediated necrosis during activation of the TNFa/NFkB
pathway. This is most likely because of the impaired kinase
activity of RIPK1 phosphorylated at Ser320, which sup-
presses its auto-phosphorylation and integration into Com-
plex Il. The phosphorylation of RIPK1 has been extensively
investigated and multiple phosphorylated residues have been
identified. However, the individual roles of these phosphoryl-
ation events have not been clearly defined. By identifying and

characterizing a TNFa-mediated phosphorylation event on
RIPK1 our data complements the recent study by Dondelinger
et al., which revealed an unexpected role of RIPK1 phospho-
rylation in suppressing necrotic cell death (80). Given the con-
servation of S320 (Fig. 5B) and the fact that its phosphorylation
has now been observed in three different cell lines- MCF7 (28),
H1299 and Jurkat cells (this study), an attractive possibility for
future studies would be to investigate if the importance of this
modification in suppressing RIPK1 kinase activity and subse-
quent necrosis is common to other cell types and species.

Additional functional characterization of the phospho-reg-
ulation networks described here may shed light on the mech-
anisms underlying TNFa-dependent signaling pathways and
could help in unraveling the cell type specificity displayed by
SMAC-mimetics.
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