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Abstract

X-linked inhibitor of apoptosis (XIAP)-associated factor 1 (XAF1) is a cytokine-regulated, tumor 

necrosis factor (TNF) receptor-associated factor (TRAF) domain-containing protein that has a 

poorly defined cellular function. Here, we show that ectopically-expressed XAF1 inhibits TNF-α-

induced NF-κB activation, whereas shRNA silencing of endogenous XAF1 augments it. Our data 

suggest that XAF1 may inhibit TNF-α-induced NF-κB activation by disrupting assembly of the 

TRADD/TRAF2/RIP1 complex (complex I) downstream of TNF receptor activation. XAF1 

interacts with TRAF2 and inhibits TRAF2-dependent NF-κB activation, in part, by blocking 

TRAF2 poly-ubiquitination. Our findings also indicate that although XAF1 does not directly 

inhibit RIP1-dependent NF-κB activation, it binds RIP1 and disrupts RIP1/TRADD association. 

Our data suggest that XAF1 acts as a feedback regulator of the TNF receptor signaling pathway to 

suppress NF-κB activation.
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Introduction

Tumor necrosis factor alpha (TNF-α) is a dual function cytokine that mediates pro-survival 

or pro-apoptotic responses, depending upon the physiological or biochemical context of the 

activated signaling [1–3]. Under most conditions, TNF-α binding to TNF receptor (TNFR) 1 

leads to receptor subunit multimerization and recruitment of the adaptor protein TNFR1-

associated death domain (TRADD) through death domain-mediated interactions between the 

receptor cytoplasmic tail and TRADD. TRADD associates directly with TNF receptor 

associated factor (TRAF) 2 and receptor interacting protein (RIP) 1, which in turn recruit 

additional proteins to initiate complex I formation [4–8] including proteins involved in 

regulating protein phosphorylation, ubiquitination and deubiquitination, culminating in 

activation of nuclear factor-kappa B (NF-κB). A critical step in TNF-α signaling is the 

lysine 63 (K63)-linked poly-ubiquitination of RIP1, which is thought to serve as a platform 

for transforming growth factor beta (TGF-β) activated kinase (TAK) 1/TAK1 binding protein 
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(TAB) 1/TAB2 complex docking and activation of TAK1 [9]. The inhibitor of NF-κB kinase 

(IKK) alpha/beta subunit IKKα/IKKβ/NF-κB essential modulator (NEMO) enzyme 

complex is also recruited to K63-linked poly-ubiquitinated RIP1 through NEMO’s ubiquitin 

binding domain. Activated TAK1 phosphorylates IKKβ promoting a structural change in the 

enzyme [10–12]. The activated IKK complex phosphorylates inhibitor of NF-κB (IκB) on 

serine 32 and 36, leading to its K48-linked ubiquitination and proteasomal degradation [13]. 

As a consequence, free NF-κB translocates into the nucleus and induces gene expression 

that promotes cell survival and other responses (inflammation in particular). Under certain 

circumstances, instead of triggering cell survival signaling TNF-α/TNFR1/TRADD recruits 

Fas-associated death domain protein (FADD) and caspase-8 to form the complex II leading 

to caspase-3-dependent cell death [5,14]. In addition, c-jun N-terminal kinases (JNKs), p38s 

and extracellular signal-regulated kinases (ERKs) are also potently activated in response to 

TNF-α through the mitogen-activated protein kinase (MAPK) pathway leading to 

stimulation of activator protein AP-1 [15,16].

TRAF proteins contribute to a variety of biological responses, including those that regulate 

immunity, inflammation, embryonic development and bone metabolism through regulating 

signaling pathways that impact cell survival, differentiation and death [17,18]. TRAF family 

members are characterized by a highly conserved C-terminal TRAF domain that is required 

for interactions with other TRAF proteins, receptors and downstream signaling molecules 

[13]. Some family members also contain RING finger/zinc finger domains that exhibit E3 

ubiquitin ligase activity [13]. As such, many TRAFs regulate signaling by participating 

directly or indirectly in ubiquitination processes that regulate or mediate signal propagation 

[19,20]. TRAF2, in particular, activates NF-κB via NF-κB-inducing kinase (NIK) or IKK 

activation [21–23]. TRAF2 deficiency leads to early lethality in mice and sensitizes cells to 

TNF-α-induced apoptosis [24,25]. TRAF2 functions as a scaffold protein by interacting 

directly or indirectly with receptors in the TNFR family, kinases in MAPK kinase kinase 

(MAP3K) family and inhibitor of apoptosis proteins (cIAP)-1 and -2. TRAF2 also catalyzes 

nonproteolytic K63-dependent ubiquitination of RIP1, in conjunction with the E2 ubiquitin-

conjugating enzyme Ubc13, which serves as a recruitment signal that ultimately leads to NF-

κB activation [26–29]. TRAF2 can also target itself for degradation through K48-linked 

ubiquitination [30] and can induce 26S-dependent proteolysis of TRAF3 [31] and perhaps 

other proteins. TRAF2’s effects are regulated by other ubiquitin-editing enzymes, including 

A20 and CYLD deubiquitinases [29,32]. A20, in particular, is a potent inhibitor of several 

key components of the TNF-α signaling pathway and is itself transcriptionally upregulated 

by TNF-α-induced NF-κB [29,33,34]. Other negative feedback regulators such as IκB, 

IL-10 and optineurin [35–37] are also induced by TNF-α to regulate the duration of 

inflammatory response.

X-linked inhibitor of apoptosis (XIAP)-associated factor 1 (XAF1) is a cytoplasmic protein 

that is widely expressed in normal tissues, albeit at low basal levels [38]. XAF1 is 

upregulated by interferons (IFN) [39] and other cytokines like TNF-α [39–41]. The 

physiological role of XAF1 remains somewhat obscure, although several groups have 

implicated a role in pro-apoptotic responses. Early studies suggested that XAF1 associated 

with XIAP to redirect XIAP from the cytosol to the nucleus and inhibit XIAP’s anti-caspase 

activity, thereby inducing apoptosis [38]. However, not all subsequent work has identified an 
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association with XIAP, and although other IAP family members can interact with XAF1 

[42], the consequences of these associations remain unclear. Regardless, overexpression of 

XAF1 leads to suppression of cancer cell growth and sensitizes cancer cells to death induced 

by various stimuli [39,40,43–45]. Structurally, XAF1 contains an N-terminal zinc-finger 

TRAF-like domain [39,46] suggesting a probable function in regulating protein-protein 

interactions and perhaps in regulating TRAF-dependent responses. We have identified XAF1 

as a TNF-α-induced gene, and in this report we investigate the role for XAF1 in TNF-α/

TNFR1 signaling. Our data show that XAF1 inhibits TNF-α-induced NF-κB activation and 

TRAF2 ubiquitination and activity. Formation of TNFR complex I was disrupted by XAF1, 

perhaps providing insight into its previously identified pro-apoptotic activity. Together, these 

results implicate XAF1 as a negative feedback regulator of TNF-α signaling to NF-κB.

Materials and Methods

Cell lines, plasmids and reagents

Human embryonic kidney (HEK) 293 cells and human renal carcinoma cells ACHN (both 

from ATCC, Manassas, VA, USA) were maintained in Dulbecco’s Modified Eagle’s 

Medium (DMEM) (HyClone, Logan, UT, USA) supplemented with 10% fetal calf serum, 

100 units/ml penicillin, and 0.1 mg/ml streptomycin. Expression plasmids for XAF1 and its 

truncated mutants were described previously [39,46], except for the untagged XAF1 cDNA, 

which was generated by moving the full length XAF1 cDNA from the HA-XAF1 plasmid 

into the EcoRI/KpnI sites in pcDNA3.1. Human TRAF2 was cloned into pcDNA3.1 in 

frame with a C-terminal myc/HIS tag for ectopic expression analysis. p3XFLAG-RIP1 and 

pcDNA3.1-HA-TRADD were gifts from G. Nuñez (University of Michigan, MI, USA), and 

pcDNA3.1-HA-Ubiquitin was a gift from D. Chadee (University of Toledo, OH, USA). The 

rabbit anti-XAF1 polyclonal antiserum was generated by immunization with full-length 

GST-tagged XAF1, and XAF1-specific immunoglobulin affinity purified with the antigen. 

Human recombinant TNF-α was purchased from Invitrogen (Carlsbad, CA, USA), MG132, 

cycloheximide (CHX), anti-Actin monoclonal antibody and anti-FLAG monoclonal 

antibody from Sigma Aldrich (St. Louis, MO, USA), anti-phospho-IκBα monoclonal 

antibody, anti-HA monoclonal antibody and anti-XAF1 monoclonal antibody from Santa 

Cruz Biotechnology (Santa Cruz, CA, USA), anti-capase-3 polyclonal antibody, anti-TRAF2 

polyclonal antibody and anti-myc monoclonal antibody from Cell Signaling Technologies 

(Boston, MA, USA), and anti-RIP1 monoclonal antibody and anti-TRADD monoclonal 

antibodies from BD Biosciences (San Jose, CA, USA). All transfection studies were 

performed using Lipofectamine reagents (Invitrogen, Carlsbad, CA, USA).

XAF1 inducible cells

Plasmids of pUbiq.irtTA, encoding the glucocorticoid/tetracycline-inducible transactivator 

[47], and pTRE2hyg were gifts of F. Dong (University of Toledo, OH, USA). HEK293 cells 

were co-transfected with pUbiq.irtTA along with pBabe-puro plasmid, stably transfected 

clones selected in 2 µg/ml puromycin and then stably re-transfected with XAF1- pTRE2hyg 

vector, followed by stable clone selection in hygromycin/puromycin. XAF1 induction in 

individual clones was assessed by immunoblotting for XAF1 protein in cell lysates after 24 

h treatment of cells with 100 nM dexamethasone (Dex) and 1 µg/ml doxycycline (Dox). A 
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single clone with tight regulation (low basal and strongly induced XAF1 protein expression) 

was selected for use in the studies reported herein. A HEK293 clone stably expressing 

pUbiq.irtTA and empty pTRE2hyg plasmids was used as a control in all induced expression 

studies.

RNA interference

A XAF1-directed shRNA (NM_199139, 5'-AAACCCAGGGCTGCCTTGGAAAAG-3') in 

lentiviral vector pLKO.1-puro (Open biosystems, Huntsville, AL, USA) was co-transfected 

with the packaging vectors psPAX2 and pMD2.G (Addgene, Cambridge, MA, USA) into 

HEK293 cells. A vector of scrambled shRNA was transfected in parallel to generate 

negative control virus. After 48 and 72 h, virus-containing supernatants were harvested and 

used to infect ACHN cells in the presence of 4 µg/ml polybrene for 24 h. After that time, 

cells were cultured in 2 µg/ml puromycin for another 72 h to generate a stably infected cell 

population. XAF1 protein expression was examined by immunoblot analysis in surviving 

cells.

Luciferase reporter assays

NF-κB transcriptional activity was assessed using a 3XκB-Luc reporter plasmid (B. 

Ashburner, University of Toledo, OH, USA), which contained three NF-κB binding sites, 

derived from the major histocompatibility complex class I gene, inserted ahead of the 

luciferase gene in vector pGL3-basic [48]. HEK293 or ACHN cells were co-transfected with 

3XκB-Luc, an SV40 β-galactosidase-expressing plasmid that served as an internal control 

for transfection efficiency and plasmids expressing proteins of interest. After 24 h, cells 

were lysed in Reporter Lysis Buffer (Promega, Madison, WI, USA) and luciferase activity 

measured as described [49]. Where indicated, cells were exposed to 20 ng/ml TNF-α for 8 h 

prior to cell lysis. Relative light unit readings were normalized to β-galactosidase activity 

and expressed as a percentage of appropriate control values.

Reverse transcription-coupled polymerase chain reaction (RT-PCR)

Cellular RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and 

reverse transcribed to cDNA using M-MLV reverse transcriptase (Promega, Madison, WI, 

USA). PCR amplification was performed in a Bio-Rad PCR thermocycler using a three 

cycle program with an optimized annealing temperature and Taq Polymerase MasterMix (5 

PRIME, Gaithersburg, MD, USA). For semi-quantitative PCR studies, amplification 

products were visualized on a 1% agarose gel with ethidium bromide staining under UV 

light. Quantitative real-time RT-PCR utilized SsoFast EvaGreen Supermix (Bio-Rad, 

Hercules, CA, USA) and a 2-step amplification program (30 second at 95°C and 60 second 

at 62°C) performed on an Eppendorf Realplex thermal cycler. Quantitation was performed 

using the Δ(ΔCt) method with values normalized to GAPDH in each experiment. PCR 

primer sequences were as follows (all 5’-to-3)’: XAF1 (For: 

GAGCACCAGCAGGTTGGGTG, Rev: AATCATTTGGTTGCAATAAT), IL-8 (For: 

CAGTTTTGCCAAGGAGTGCT, Rev: ACTTCTCCACAACCCTCTGC) and GAPDH (For: 

AAATCCCATCACCTTCC, Rev: CTCTCCCATGACGAACATGG).
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Immunoblot and immunoprecipitation analyses

Cell lysates were prepared by passive lysis on ice (lysis buffer: 50 mM Tris-HCl pH 7.4, 150 

mM NaCl, 1 mM EDTA, 1% TRITON X-100 and proteasome inhibitor cocktail) followed 

by centrifugation at 12,000 rpm for 15 min at 4°C to remove cell debris. Immunoblot 

analyses followed standard protocols [39]. Where indicated, FLAG or HA tagged proteins 

were immunoprecipiated using anti-Flag affinity gel (Sigma Aldrich, St. Louis, MO, USA) 

or anti-HA antibody-conjugated protein G agarose (GE health care, Stockholm, Sweden) 

respectively. HIS-tagged proteins were captured by Ni-NTA Agarose resin (Qiagen, 

Valencia, CA, USA). For immunoprecipitation of endogenous TRAF2, anti-TRAF2 agarose 

(Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used.

Statistical Analysis

For quantitative data presented graphically, the mean ± standard deviations were calculated 

based on at least three separate experiments under the same conditions. Student's t-tests were 

used to compare data pairs and the degree of significance (p-value) indicated in the figure 

legends.

Results and Discussion

XAF1 inhibited TNF-α-induced NF-κB activation

We had previously implicated XAF1 as a regulator of IFN and TRAIL induced apoptosis 

[39]. To extend those observations, time course analysis of TNF-α target gene induction was 

conducted in the renal carcinoma ACHN cell line. IL-8 and XAF1 mRNA levels were 

measured by RT PCR with and without TNF-α treatment (1–24 h). Whereas TNF-α induced 

sustained IL-8 mRNA expression within 1 h through 24 h, induced XAF1 mRNA levels 

were not observed until 8 h post-treatment, and returned to baseline by 24 h (Figure 1A). 

These data suggested that the regulation of XAF1 by TNF-α was distinct from that of IL-8, 

both in terms of initiation and duration.

To assess the impact of XAF1 on TNF-α-induced signal transduction, we used a Tet-on 

system to inducibly express ectopic XAF1 in HEK293 cells. Cells expressing the Dox/Dex-

regulated pUbiq.irtTA plasmid were stably transfected with empty pTREhyg vector or 

pTREhygXAF1. Stable transfectants were selected in hygromycin and assessed for Dox/Dex 

dependent regulation of XAF1 protein (Figure 1B). Stable lines displaying tight XAF1 

regulation were then treated with Dox/Dex for 16 h prior to TNF-α treatment (0–4 h), 

followed by RNA isolation to assess gene induction. Real-time RT PCR analysis revealed 

that TNF-α-induced IL-8 mRNA was reduced in the presence of ectopic XAF1 expression 

(Figure 1C). Parallel experiments in pTREhyg vector control cells confirmed that the 

inhibition was not due to Dox/Dex (Figure 1D). These data implicated XAF1 as a putative 

negative regulator of TNF-α responsiveness.

To extend these studies, we assessed a role for endogenous XAF1 in TNF-α responsiveness 

by performing transient knockdown of XAF1 in ACHN cells by using shRNA. NF-κB 

activation was measured by luciferase assays after TNF-α treatment, and showed that NF-

κB activation was significantly enhanced in XAF1 knockdown cells compared to control 
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cells after 16 h TNF-α treatment (Figure 2A). Down-regulating XAF1 also enhanced TNF-α 
induced IL-8 expression (Figure 2B). These data suggest that endogenous XAF1 was a 

physiologically relevant regulator of TNF-α responsiveness.

To investigate the impact of XAF1 on TNF-α-induced NF-κB activation, HEK293 cells 

were co-transfected with a NF-κB response element regulated luciferase reporter construct 

and either wild type or TRAF-domain mutated XAF1 (XAF1dT) expression plasmids. After 

24 h, cells were treated with TNF-α for 8 h and luciferase activity measured in cell lysates. 

XAF1 co-transfection blocked TNF-α-induced NF-κB activation in a dose-dependent 

manner whereas the TRAF domain deleted XAF1 did not impact NF-κB activity (Figure 

3A). XAF1 induction in the Dox/Dex cells similarly blocked IκB phosphorylation by TNF-

α (Figure 3B). Together, these data implicated XAF1 as a negative regulator of NF-κB 

activation by TNF-α and suggested that this TNF-α induced protein functioned as a negative 

feedback regulator of TNF-α signaling to NF-κB.

XAF1 inhibited TRAF2-mediated NF-κB activation

To investigate the mechanism of XAF1 inhibition, the direct association and impact of 

XAF1 on various TNF-α signaling intermediates were assessed, starting with TRAF2. Co-

immunoprecipitation assays demonstrated that HA-tagged XAF1 interacted with mycHIS-

tagged TRAF2 when ectopically expressed in HEK293 cells (Figure 4A). By using N-

terminal or C-terminal deletions of XAF1, it was found that the TRAF domain was required 

for XAF1/TRAF2 interaction (Figure 4B). Since TRAF2 plays an important role in TNF-α-

induced NF-κB activation, we assessed a role for XAF1 in regulating this response by using 

luciferase reporter experiments in HEK293 cells. Cells were co-transfected with an NF-κB 

luciferase reporter in the presence or absence of TRAF2 with or without full length XAF1 or 

the XAF1 TRAF domain deletion mutant. TRAF2-mediated NF-κB activation was potently 

inhibited by full length XAF1 but not the TRAF domain deleted XAF1, suggesting that the 

TRAF domain was essential for its activity (Figure 4C).

NF-κB signal transduction requires both K48- and K63-linked ubiquitination of multiple 

proteins, many of which are mediated by the E3 ligase activities of TRAF proteins [13]. We 

therefore assessed XAF1 impact on TRAF2 ubiquitination. Co-transfection of TRAF2 with 

ubiquitin augmented TRAF2-mediated NF-κB activation, an effect that was inhibited by co-

transfection with XAF1 (Figure 5A). HEK293 cells ectopically expressing TRAF2, XAF1 

and/or ubiquitin were subject to Ni-NTA pull-down followed by immunoblot analysis. Poly-

ubiquitination of TRAF2 was blocked by XAF1 (Figure 5B). These data suggest that XAF1 

inhibition of TRAF2 activity and/or ubiquitination may regulate TNF-α signaling.

XAF1 regulated complex I formation

In addition to TRAF2, TNF-α-induced complex I also contains TRADD and RIP1. In co-

transfection experiments, XAF1 did not associate with TRADD (data not shown) but did co-

immunoprecipitate with RIP1, with or without TRAF2 co-expression (Figure 6A and 6B). 

Interestingly, ectopic XAF1 did not affect RIP1-induced NF-κB promoter activation 

although it did reduce TNF-α-augmented NF-κB luciferase induction (Figure 6C). These 
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data suggest that its impact on signaling occurred prior to RIP1 activation, or in a parallel 

regulatory pathway.

To elucidate whether XAF1 impacted complex I formation, key components of this complex 

(TRADD, TRAF2 and RIP1) were transiently expressed in HEK293 with or without XAF1 

co-expression. After 24 h, FLAG-tagged RIP1 was captured on FLAG beads, and co-

immunoprecipitated proteins assessed by immunoblot analysis. Our data suggested that 

interaction of RIP1 and TRADD was disrupted by XAF1 (Figure 7A), and that this led to 

reduced TNF-α-induced TRAF2 ubiquitination (Figure 7A). Interestingly, RIP1 plus XAF1 

blocked TRAF2 ubiquitination by TRADD more than either alone (Figure 7B). These data 

suggested that RIP1 may be a critical determinant of XAF1 action. The effect of XAF1 on 

TRAF2/TRADD/RIP1 complex formation was further confirmed by immunoprecipitation of 

endogenous TRAF2 in XAF1 shRNA knockdown cells or control shRNA infection cells. 

The results showed that TRAF2 underwent rapid ubiquitination following TNF-α treatment 

and exhibited strong interaction with RIP1 and TRADD, both effects were augmented by 

XAF1 down-regulation (Figure 8). It is worth noting that the shRNA suppression of XAF1 

impacted levels of proteins associated with TRAF2, but not steady state total cellular levels 

of RIP1 and TRADD (Fig. 8). These data suggested that XAF1 was not a global regulator of 

protein levels, but impacted just those within the complex. Further evidence for this was 

obtained by inducing association of RIP1, TRADD and TRAF2 by ectopically 

overexpressing them in the presence or absence of XAF1 with or without CHX treatment 

(Fig. 9). XAF1 enhanced TRADD and RIP1 degradation upon addition of the protein 

synthesis inhibitor, enforcing the idea that XAF1 impacted their stabilities or half-life only 

when co-expressed or otherwise in association with these proteins.

Overall, our data suggest that XAF1 expression inhibits TNF-α-induced NF-κB activation 

via disruption of TRADD/TRAF2/RIP1 complex function (Figure 9B). It is possible that 

XAF1 physically blocks interaction between the components of the complex, preventing 

them from receiving or retaining K63-ubiquitination that is essential for complex formation. 

This could lead to premature proteasomal degradation of TRADD or RIP1. Although XAF1 

has not previously been implicated in TNF signal suppression, it may figure prominently 

only in certain cell types or under certain physiological conditions, such as inflammatory 

cells primed by other cytokines. Regardless, the impact of XAF1 on complex I has the 

potential to enhance cellular sensitivity to pro-apoptotic signals, thereby providing a possible 

mechanism behind the long-recognized pro-apoptotic function of XAF-1 [50]. As such, 

these observations provide important new insight into a previously unidentified role for 

XAF-1 in cytokine cross-talk and inflammatory responses.
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Figure 1. XAF1 inhibits TNF-α-induced IL-8 expression
(A) ACHN cells were treated with 20 ng/ml TNF-α, RNA isolated at the indicated times and 

reverse transcribed. IL-8, XAF1 and GAPDH mRNAs were amplified by RT PCR. (B) 

Dox/Dex regulated 293 cells were generated as described in Materials and Methods. XAF1 

induction by Dox/Dex in the 293_XAF1 cells, but not empty vector control cells, was 

confirmed by immunoblot using anti-XAF1 antibody. XAF1-inducible cells (C) or empty 

vector control cells (D) were treated with Dox/Dex overnight or left untreated and then 

treated with 20 ng/ml TNF-α for the indicated times. IL8 transcript was quantified by real-

time RT PCR using GAPDH as an internal control. Relative IL8 mRNA levels are compared 

to untreated samples. The mean and SEM were calculated based on data from three 

independent experiments (* p<0.05).
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Figure 2. XAF1 knockdown aμgments TNF-α response
(A) Transient knockdown of XAF1 in ACHN cells was achieved by infection with XAF1 

shRNA lentivirus as described in Materials and Methods. XAF1-knockdown cells or cells 

receiving control virus were cotransfected for 24 h with an NF-κB responsive luciferase 

plasmid (0.4 µg) and a β-galactosidase-expression plasmid (0.4µg), followed by 20 ng/ml 

TNF-α treatment for another 8 h or 16 h. Luciferase activities were measured, normalized to 

β-galactosidase values and results presented as fold change relative to controls without TNF-

α treatment. The mean and SEM were calculated based on data from three independent 
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experiments (**p<0.01). (B) XAF1-knockdown cells or control cells were treated with 20 

ng/ml TNF-α and RNA isolated at the indicated times and reverse transcribed. Quantitative 

real-time RT PCR was used to quantify IL-8 mRNA levels, which were normalized to 

GAPDH mRNA levels. Relative IL-8 mRNA levels were calculated by comparing to 

untreated controls. The mean and SEM were based on three independent experiments 

(**p<0.01; * p<0.05).
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Figure 3. XAF1 inhibits TNF-α-induced NF-κB activation
(A) 293 cells were cotransfected for 24 h with an NF-κB responsive luciferase plasmid (0.1 

µg) and a β-galactosidase-expression plasmid (0.1 µg) with or without plasmids expressing 

HA-XAF1 (0.2 [+] or 0.4 [++] µg) or HA-XAF1dT (0.4 [++] µg), followed by 20 ng/ml 

TNF-α treatment for another 8 h. Luciferase activities were measured, normalized to β-

galactosidase values and results presented as fold change relative to empty vector controls 

without TNF-α treatment. The mean and SEM were calculated based on data from three 

independent experiments (*** p<0.001; ** p<0.01). These cell lysates were also subjected 

to SDS PAGE separation followed by immunoblot using an anti-HA antibody to confirm the 

protein expression of HA-XAF1 or HA-XAF1dT. (B) XAF1-inducible (293_XAF1) or 

control (293_Ctl) cells were left untreated or treated with Dox/Dex overnight followed by 20 

ng/ml of TNF-α for 0, 5 or 10 min. Cell lysates were separated by SDS PAGE and 

immunoblotted with anti-phospho-IκB, XAF1 and Actin antibodies. Data are representative 

of at least three independent experiments.
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Figure 4. XAF1 interacts with TRAF2
(A) 293 cells were transiently transfected with plasmids expressing TRAF2mycHis and/or 

HA-XAF1. 24 h after transfection, XAF1 was captured on anti-HA-agarose and then eluted 

proteins assessed by immunoblot. Input cell lysates were immunoblotted in parallel for 

comparison. (B) 293 cells were transfected with plasmids expressing TRAF2mycHis and 

HA-XAF1, C-terminus deleted XAF1 (HA-XAF1dC) or TRAF domain deleted XAF1 (HA-

XAF1dT). After 24 h XAF1 variants were captured on anti-HA-agarose, and proteins in the 

whole cell lysate and eluted complexes assessed by immunoblot analysis. (C) 293 cells were 

cotransfected with an NF-κB responsive luciferase plasmid (0.1 µg), a β-galactosidase-

expressing plasmid (0.1 µg) and plasmids expressing TRAF2mycHis (0.2 µg), HA-XAF1 

(0.2 µg) or HA-XAF1dT (0.2 µg). After 24 h, luciferase activities were measured and 

normalized to β-galactosidase activity. Results are presented as a fold change in normalized 

luciferase activity as compared to cells transfected with the empty vector. The mean and 
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SEM were calculated based on data from three independent experiments (** p<0.01; * 

p<0.05).
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Figure 5. XAF1 inhibited ubiquitin-enhanced TRAF2 activity
(A) 293 cells were cotransfected with a NF-κB responsive luciferase plasmid (0.1 µg), a β-

galactosidaseexpressing plasmid (0.1 µg) and plasmids expressing XAF1 (0.2 [+] or 0.4 [++] 

µg) or TRAF2 (0.2 µg) or ubiquitin (0.2 µg). After 24 h, Luciferase activities were measured 

and normalized to β-galactosidase values. Results are presented as fold change relative to 

empty vector controls without TNF-α treatment. The mean and SEM were calculated based 

on data from three independent experiments (** p<0.01; * p<0.05). (B) 293 cells were 

transiently transfected with TRAF2mycHis, HA-ubiquitin, and/or untagged XAF1 

expression plasmids. 24 h after transfection, TRAF2mycHis was pulled down by Ni-NTA 

beads followed by SDS PAGE and immunoblotting with an anti-HA antibody to detect 

ubiquitinated TRAF2 (top panel). Total XAF1 and TRAF2 were detected in immunoblots of 

the total cell lysates with antibodies for XAF1 and myc, respectively. Data are representative 

of at least three independent experiments.
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Figure 6. XAF1 interacted with RIP1
(A) 293 cells were transiently transfected with plasmids expressing FLAG tagged RIP1 with 

or without HA tagged XAF1 or an empty vector. After 24 h, RIP1 was precipitated by anti-

FLAG affinity gel, and eluted proteins separated by SDS PAGE and assessed by immunoblot 

with the indicated antibodies. Whole cell lysates were immunoblotted in parallel to verify 

XAF1 and RIP1 expression. (B) 293 cells ectopically expressing FLAG-RIP1, 

TRAF2mycHis, and/or untagged XAF1 were lysed and FLAG-RIP1 immunoprecipitated 

using anti-FLAG affinity gel. The proteins in the immune complex and whole cell lysates 
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were separated by SDS PAGE and immunoblotted with epitope tag-specific, XAF1-specific 

or actin-specific antibodies. Data are representative of at least three independent 

experiments. (C) 293 cells were cotransfected with a NF-κB response element-regulated 

luciferase plasmid (0.1 µg), along with a β-galactosidase-expressing plasmid (0.1 µg) and 

plasmid expressing FLAG-RIP1 (0.2 µg), HA-XAF1 (0.2 µg) or HA-XAF1dT (0.4 µg). 

After 24 h, cells were left untreated or treated with TNF-α for 8 h, luciferase activities 

measured and normalized to β-galactosidase values. Results are presented as fold change 

relative to empty vector controls without TNF-α treatment. The mean and SEM were 

calculated based on data from three independent experiments.
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Figure 7. XAF1 interfered with RIP1-TRADD association
(A) 293 cells were transfected with FLAG-RIP1, TRAF2mycHis and HA-TRADD with or 

without untagged XAF1 cotransfection for 24 h and then left untreated or treated with TNF-

α for 1h before lysate preparation. RIP1- associated proteins were captured on anti-FLAG 

beads and proteins in the immune complexes or whole cell lysates separated by SDS PAGE 

and transfected proteins detected by immunoblotting with epitope tagspecific antibodies. 

XAF1 and actin were detected by anti-XAF1 and anti-actin antibodies, respectively. Data are 

representative of at least three independent experiments. (B) 293 cells were transfected as in 

(A) with the indicated expression plasmids. After 24 h, whole cell lysates were collected for 

SDS PAGE and immunoblot analysis with the same antibodies as (A). Data are 

representative of at least three independent experiments.
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Figure 8. 
XAF1 knockdown prolonged TNF-α-induced TRAF2 ubiquitination and TRAF2/RIP1/

TRADD complex. XAF1-knockdown cells or control cells (generated as described in 

Materials and Methods) were treated with 20 ng/ml TNF-α and cell lysates collected after 

0.5 h or 8 h. TRAF2-associated proteins were captured on anti-TRAF2 beads. The proteins 

in the immune complexes or whole cell lysates were separated by SDS PAGE and detected 

by immunoblotting with antibodies against the proteins of interest. Data are representative of 

at least three independent experiments.
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Figure 9. XAF1 regulates TRADD and RIP1 half-life
(A) 293 cells were transfected with FLAG-RIP1, TRAF2mycHis, and HA-TRADD with or 

without untagged XAF1. After 24 h, some cells received 100 μgmL −1 of cycloheximide for 

2 or 4 h to block protein synthesis, after which time cell lysates were collected and subjected 

to SDS/PAGE and immunoblot analysis using epitope tag-specific antibodies or anti-XAF1 

and anti-actin antibodies. Data are representative of at least three independent experiments. 

(B) A model of XAF1 action based on the collected data. XAF1 is induced by TNF-a and 

feeds back to inhibit the signaling complex. By associating with both TRAF2 and RIP1, 
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XAF1 appears to disrupt interaction between these proteins and TRADD, thereby disrupting 

the TNFR signaling complex and leading to suppression of NF- jB signaling. Data in (A) 

suggested that components of the disrupted complex may be targeted for degradation.
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