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Abstract

Background—~Programed cell death, including apoptosis, mitochondria-mediated necrosis, and
necroptosis, is critically involved in ischemic cardiac injury, pathological cardiac remodeling, and
heart failure progression. Whereas apoptosis and mitochondria-mediated necrosis signaling is well
established, the regulatory mechanisms of necroptosis and its significance in the pathogenesis of
heart failure remain elusive.

Methods—We examined the role of Traf2 (TNF receptor-associated factor 2) in regulating
myocardial necroptosis and remodeling using genetic mouse models. We also performed
molecular and cellular biology studies to elucidate the mechanisms by which Traf2 regulates
necroptosis signaling.

Results—We identified a critical role for Traf2 in myocardial survival and homeostasis by
suppressing necroptosis. Cardiac-specific deletion of 7raf2in mice triggered necroptotic cardiac
cell death, pathological remodeling, and heart failure. Plasma TNFa level was significantly
elevated in Traf2-deficient mice and genetic ablation of 7A/FRI largely abrogated pathological
cardiac remodeling and dysfunction associated with Traf2 deletion. Mechanistically, Traf2
critically regulates RIP1-RIP3-MLKL necroptotic signaling with the adaptor protein TRADD as
an upstream regulator and TAK1 as a downstream effector. Importantly, genetic deletion of R/P3
largely rescued the cardiac phenotype triggered by Traf2 deletion, validating a critical role of
necroptosis in regulating pathological remodeling and heart failure propensity.

Conclusions—These results identify an important Traf2-mediated, NFxB-independent, pro-
survival pathway in the heart by suppressing necroptotic signaling, which may serve as a new
therapeutic target for pathological remodeling and heart failure.
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Introduction

Loss of functional cardiomyocytes by cell death has been implicated in ischemic myocardial
injury, pathological cardiac remodeling, and heart failure. While apoptosis has been well
established as a highly regulated form of cell death, necrosis was thought to be an
unregulated, passive form of cell death due to overwhelming physicochemical stress. Recent
advances identified a regulated type of necrosis termed programmed necrosis or
necroptosis.! Induction of necroptosis requires the activation of RIP1 and RIP3 (receptor-
interacting protein 1 and 3), which forms the necroptotic cell death complex termed
necrosome.2# The activated necrosome then engages MLKL through R1P3-dependent
phosphorylation. Phosphorylated MLKL oligomerizes and binds to phospholipids to disrupt
membrane integrity, resulting in necroptotic cell death. 5-6 Necroptosis has been implicated
in a number of pathological conditions such as ischemic injury, neurodegenerative diseases,
viral infection and inflammation. However, the regulation and significance of necroptosis in
the heart remain poorly understood. Moreover, whether and how necroptosis can be targeted
for the treatment of myocardial remodeling and heart failure has not been investigated.

Apoptosis and necroptosis are induced via specific death receptors such as tumor necrosis
factor receptor 1 (TNFR1), among other modules. The pleiotropic nature of TNFR1
signaling results from the formation of different signaling complexes.”-8 Under normal
conditions, ligation of TNFR1 induces the assembly of a plasma membrane bound signaling
complex, termed complex I, which contains TNF receptor associated-protein with death
domain (TRADD), TNF receptor associated protein 2 (TRAF2), receptor-interacting protein
1 (RIP1), and cellular inhibitor of apoptosis protein 1 and 2 (clAP1 and clAP2).2 The
recruitment of TGFp-activated kinase 1 (TAK1) and the 1xB kinase (IKK) complex to
complex I leads to the activation of NFxB. Under cell death inducing conditions, the TNFR1
complex internalizes and converts to a cell death-inducing complex, termed complex |1, with
additional recruitment of Fas-Associated protein with Death Domain (FADD) and caspase
8.9 TNFR1 signaling can also induce the necroptotic cell death complex, termed necrosome,
consisting of RIP1, RIP3, and FADD, which often occurs when apoptosis is blocked.10

Traf2 is a key component of the TNFR1 signaling complex, which is recruited to TNFR1 by
interacting with the adaptor protein TRADD.1! Like other TRAF proteins, Traf2 has a
conserved TRAF-C domain, a coiled coil TRAF-N domain, and an N-terminal RING E3
ubiqutin ligase domain.12 Traf2 plays a pivotal role in transducing signals from receptors of
the TNFR superfamily and the interleukin-1 /Toll-like receptor superfamily, regulating cell
proliferation, inflammation, immune response as well as cell survival and apoptosis. In
addition to transducing TNFa-induced NFxB activation, Traf2 can regulate apoptotic cell
death independent its role in NFxB activation,13 but the effector mechanisms remain
unclear. Traf2 also mediates mitochondrial autophagy, which confers protection against
hypoxia/reoxygenation injury in cardiomyocytes.14 Importantly, recent studies indicate that
Traf2 plays a role in necroptotic cell death induced by several death ligands including
TNFa, Apo2L/TRAIL, and Fas/CD95L.1516 However, the molecular mechanisms by which
Traf2 regulates necroptosis remain elusive.
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Genetic deletion of Traf2 in mice led to early lethality with severe developmental and
immune defects and increased cellular sensitivity to TNFa killing.1” It has been shown that
mice with cardiac-restricted expression of low levels of Traf2 were protected against
ischemia-reperfusion injury.1® However, transgenic mice expressing high levels of Traf2
developed adverse remodeling and heart failure.1® The necessary role of Traf2 in myocardial
survival and cardiac homeostasis has not been investigated by a loss-of-function approach.
In this study, we identified a critical role for Traf2 in myocardial survival and homeostasis
by suppressing both apoptosis and necroptosis, independent of the NFxB signaling. Cardiac-
specific deletion of Traf2 in mice promoted apoptotic and necroptotic cardiac cell death,
which led to pathological remodeling and heart failure. We also provide genetic evidence
that ablation of TNFR1 or RIP3 largely rescued the pathological phenotype associated with
Traf2 deficiency in vivo, revealing a crucial role of the TNFR1-mediated, RIP3-dependent
necroptotic signaling pathway in the heart.

A detailed Methods section is available in the Online Data Supplement.

Animal models

The generation of 7raf2loxP-targeted (floxed) mice was described previously.20 7raf2fil/fl
mice were crossed with aMHC-Cre2! or BMHC-Cre?2. Tnfrsfla-/- mice were obtained from
the Jackson Laboratory. Rjpk3-/- mice were provided by Dr. Vishva M. Dixit from
Genentech, Inc. All experiments involving animals were approved by the Institutional
Animal Care and Use Committees of the University of Washington and all studies were
carried out in accordance with the approved guidelines.

Echocardiography, TAC, MI, and measurement of HMGB1, cTnl, and TNFa plasma levels

Echocardiography was performed with a VisualSonics Vevo 2100 imaging system as
described previously.23 Transverse aortic constriction (TAC) and myocardial infarction (MI)
were performed as previously described.2425 Mouse HMGB1 plasma levels were measured
using an enzyme-linked immunosorbent assay kit from Chondrex.23 cTnl plasma levels were
measured using an ELISA kit from Life Diagnostics, Inc. TNFa plasma levels were
measured using a TNF-alpha Quantikine ELISA kit from R&D Systems.

Cell culture, Adenoviral and lentiviral vectors, and cell death analysis

Primary neonatal rat cardiomyocytes were prepared from hearts of 1- to 2-day-old Sprague-
Dawley rat pups as previously described.2324 Traf2+/+and Traf2-I- MEFs were from Tak
Mak (University Health Network, Canada). Adpgal and AdTAK1-AN have been described
previously.28 Adenoviruses encoding mouse Traf2 were generated using the ViraPower
Adenoviral Expression System (Invitrogen). Lentiviral particles encoding shRNA sequences
for specific target genes were obtained from Sigma. Cell death was measured as we
previously described.23
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Sample size was estimated before performing the study based on our previous experience
with similar studies or by conducting pilot experiments to estimate effect size followed by
power analysis (a=0.05; power=80%). Results are presented as mean + s.e.m. Mann-
Whitney U-test or Kruskal-Wallis test followed by post-foc Mann-Whitney U-test with
Bonferroni's correction was used for studies with small sample sizes. Some data were
analyzed by Friedman test followed by pairwise comparisons with post hoc Wilcoxon
signed-rank test. Data groups with normal distribution were evaluated by one-way ANOVA
with the Bonferroni's post hoctest. P< 0.05 was considered statistically significant.

Loss of Traf2 in the heart induces cardiomyocyte death, pathological cardiac remodeling,
and dysfunction

To assess the role of Traf2 in the heart, we first examined cardiac Traf2 expression following
pathological stress. Intriguingly, Traf2 expression was markedly increased in the mouse
heart subjected to TAC and Ml injury for 2 weeks (Figure 1A,B), suggesting a potential role
of Traf2 in myocardial response to pathological stress. To study the function of Traf2 in the
heart /in vivo, we generated mice with cardiomyocyte-specific deletion of 7raf2. Mice
homozygous for the 7raf2-loxp (fl)-targeted allele ( 7rar2fl/f1)20 were crossed with
cardiomyocyte-specific Cre lines, including a-myosin heavy chain a-MHC-Cre?! and g-
MHC-Cre?2, Western blot analysis showed efficient deletion of Traf2 (> 90%) in the heart
from the Traf2fl/fl-a MHC-Cre mice (Figure 1C). Histological analysis of cardiac sections of
TrafZfl/fl-aMHC-Cre mice revealed high levels of myocardial fibrosis and cardiomyocyte
dropout (Figure 1D). A significant increase in TUNEL-positive cells was also detected in
Traf2-deficient mice (Figure 1E). Consistent with this, Western blot analysis showed
increased PAPR cleavage and up-regulated Bax expression in the Traf2-deficient heart
compared with 7rafZfl/fl controls, indicating increased apoptosis (Figure 1F). Importantly,
increased plasma levels of high mobility group box 1 (HMGB1, Figure 1G), a new
biomarker for necrotic cell death and myocardial infarction,2”+28 was also detected in Traf2-
deficient mice. Therefore, loss of Traf2 promoted apoptotic and necrotic cardiac cell death /n
vivo, suggesting an essential role for Traf2 myocardial survival and homeostasis.

Importantly, 7rarfl/fl-aMHC-Cre mice developed significant cardiac dysfunction,
ventricular dilation, and cardiac hypertrophy as compared to the littermate controls (Figure
1H-J, Supplemental Figure 1). To confirm these results, we also crossed 7rafZfl/fl mice with
another cardiac-specific p-MHC-Cre line (Supplemental Figure 2). 7rafZfl/fl-BMHC-Cre
mice again developed severe cardiac dysfunction, ventricular dilation, cardiac hypertrophy,
and fibrosis (Supplemental Figure 2). These results indicate that ablation of Traf2 promotes
pathological cardiac remodeling and dysfunction, further suggesting a protective role of
Traf2 in the heart.

We further investigated the role of Traf2 in regulating myocardial remodeling and heart
failure propensity following pathological stimulation. Here we used mice heterozygous for
Traf2-loxP allele with a MHC-Cre ( 7rafZfl/+a.Cre) to evaluate the role of Traf2 in MI-
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induced pathological remodeling and heart failure. In contrast to the 7rafZfl/fl-aCre mice,
TrafZfl/+a.Cre mice were overtly normal at baseline, with no signs of cardiac dysfunction
(Supplemental Figure 3). However, 7rafZfl/+a.Cre mice showed a greater propensity for
cardiac dysfunction and ventricular dilation following MI, which was associated with
elevated myocardial cell death assessed by TUNEL staining and plasma HMGBL1 levels
(Supplemental Figure 3). An increase in infarct size as well as cTnl plasma levels was also
detected after acute Ml for 24 h (Supplemental Figure 3). Thus, reduced Traf2 expression
predisposed mice to cardiac dysfunction and failure after MI, suggesting a critical cardio-
protective role for Traf2 in response to pathological stress.

Ablation of TNFR1 prevents the pathological cardiac remodeling and dysfunction in Traf2-
deficient mice

TNFR1 is an important death receptor that has been implicated in the pathogenesis of
myocardial remodeling and heart failure.2? Traf2 can be recruited to the TNFR1 to form the
complex | and activates downstream signaling.1! Here, we detected a significant increase in
the plasma level of TNFa. in Traf2-deficient mice (Figure 2A). These observations prompted
us to investigate the role of TNFR1-mediated cell death pathway in pathological remodeling
and heart failure in Traf2-deficient mice. To explore this, we crossed 7nfrsfla-/- mice with
TrafZfl/fl-aCre mice (Figure 2B). Strikingly, deletion of TNFR1 largely rescued the
pathological phenotype of 7rafZl/fl-aCre mice by preventing cardiac fibrosis, contractile
dysfunction, ventricular dilation, and cardiac hypertrophy (Figure 2C-H). Moreover, ablation
of TNFR1, but not TNFR2, effectively blocked TNF-induced, RIP3-dependent cell death in
Traf2-deficient cardiomyocytes /in vitro (Supplemental Figure 4). These data suggest that
TNFR1 signaling plays a critical role in the development of adverse cardiac remodeling and
dysfunction triggered by Traf2 deficiency.

Traf2 is a nodal regulator of apoptotic and necrotic cell death

Based on data presented above, we hypothesized that deletion of Traf2 triggers adverse
cardiac remodeling and heart failure by promoting TNFa-mediated cell death signaling.
Indeed, deletion of Traf2 in mouse embryonic fibroblasts (MEFs) induced a rapid cell death
with propidium iodide (P1) uptake upon TNFa stimulation (Figure 3A). This effect was
largely blocked by the RIP1 inhibitor necrostatin-1 (Nec-1),3° but not by the pan-caspase
inhibitor z-Vad-fmk (zVad), suggesting the induction of necroptosis. Moreover, HMGB1, a
biomarker for necrosis, was released into the culture supernatants of 7raf2-/- MEFs upon
TNFa stimulation, which was further increased by the addition of zVad (Figure 3B).
Deletion of Traf2 also promoted TNFa-induced PARP cleavage and caspase 8 activation, an
effect that was reversed by both Nec-1 and zVad (Figures 3B,C). These results indicate that
inhibition of TAK1 promotes apoptotic and necroptotic signaling through the activation of
RIP1 and caspases. Next, we examined whether Traf2 regulates apoptosis and/or necroptosis
in cardiomyocytes by silencing Traf2 with an adenoviral vector. Consistent with the results
in Traf2-/- MEFs, ablation of Traf2 similarly promoted TNFa-induced apoptosis and
necroptosis in cardiomyocytes (Figures 3D,E).

To further examine the regulatory role of Traf2 in necroptosis, cardiomyocytes were infected
with an adenovirus encoding wild-type Traf2 (Ad-Traf2), a dominant-negative Traf2 mutant
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lacking the RING E3 ubiquitin ligase domain (Ad-Traf2AR), or a control B-galactosidase
adenovirus (Ad-pgal), followed by TNFa stimulation. Overexpression of wild-type Traf2
suppressed necroptotic cell death as well as HMGBL release induced by TNFa plus zVad
(Figure 3F,G). In contrast, overexpression of Traf2AR promoted TNFa-induced necroptosis,
which was blocked by Nec-1 but augmented by zVad (Figure 3F,G). Thus, the RING E3
ubiquitin ligase domain of Traf2 plays a critical role in cell survival and necroptosis
inhibition, probably through ubiquitination of key necroptosis signaling proteins such as
TAK1 and RIP1 (see below).

Traf2 has been shown to mediate TNFa-induced NFxB activation, a transcription factor that
drives the expression of pro-survival genes. However, consistent with previous studies,31:32
we observed that deletion of Traf2 in MEFs or overexpression of Traf2AR in
cardiomyocytes had minimal effects on TNFa-induced NFxB activation, as assessed by
phosphorylation and degradation of IxB (Supplemental Figure 5). To further evaluate the
role of NFxB in TNFa-induced necroptosis, cardiomyocytes were infected with an
adenovirus encoding the non-degradable IxBa mutant (IkBa-S32/36A; Ad-IxBaM) that
completely blocked NFxB activity,33 in the presence of Ad-Traf2AR followed by TNFa
stimulation. TNFa stimulation for 4 h failed to induce necroptosis or HMGBL release in Ad-
IxBaM-infected cells (Supplemental Figure 5). On the other hand, TNFa induced robust
necroptosis and HMGBL release in Ad-Traf2AR infected cells, which was not altered by
NF«xB inhibition (Supplemental Figure 5). These data indicate that Traf2 regulates TNF-
induced necroptosis, at least in the acute phase, through an NFxB-independent mechanism.

Traf2 regulates necroptotic cell death signaling through TAK1 and TRADD

To investigate the underlying mechanisms, we examined the role of several key components
of TNFR1 signaling pathway in necroptotic cell death triggered by Traf2 inhibition. The
adapter protein TRADD mediates the recruitment of Traf2 to TNFR1, which is critical for
the induction of downstream signaling complexes.1! However, the role of TRADD in
necroptotic signaling remains unclear. Cardiomyocytes were infected with adenoviral
vectors encoding TRADD shRNA (Ad-shTRADD) or a scrambled sequence (Ad-shScram)
along with Adpgal or AdTraf2AR, followed by stimulation with TNFa plus zVad.
Importantly, ablation of TRADD largely blocked necroptotic cell death as well as HMGB1
release induced by TNFa plus zVad in Ad-Traf2AR-infected cells (Figure 4A,B). In
addition, knockdown of TRADD also largely abrogated the RIP1-RIP3 necrosome formation
(Figure 4C). Therefore, these data indicate an indispensable role for the adaptor protein
TRADD in necroptotic signaling upstream of Traf2.

Traf2 has been shown to critically regulate polyubiquitination and activation of TAK1,34-36
an important regulator of necroptosis.23 To determine if TAK1 acts as an effector
downstream of Traf2 in necroptotic signaling, we examined if forced activation could affect
necroptotic signaling in Traf2-deficient cells. Cardiomyocytes were infected with an
adenovirus encoding a constitutively active TAK1 mutant (Ad-TAK1AN) in the presence or
absence of AdTraf2AR, followed by stimulation with TNFa and zVad. Indeed, TAK1AN
overexpression largely blocked necroptotic cell death and HMGBL release induced by
TNFa plus zVad in AdTraf2AR-infected cells (Figure 4D,E). TAK1AN overexpression was
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associated with auto-phosphorylation on Thr187, indicating kinase activation.2% Forced
activation of TAK1 also inhibited the necrosome formation by inhibiting RIP1-RIP3-FADD
interaction (Figure 4F). Therefore, TAK1 activation is sufficient to inhibit necroptotic
signaling triggered by Traf2 inhibition, suggesting that TAK1 may act downstream of Traf2
in necroptotic signaling.

CYLD is a deubiquitinating enzyme that has be shown to counteract with the effect of Traf2
in regulating protein ubiquitination such as TAK1 and RIP1.3%37 To examine if and how
CYLD affects necroptotic signaling triggered by Traf2 inhibition, cardiomycytes were
infected with an adenovirus expressing CYLD shRNA in the presence or absence of
AdTraf2AR, followed by stimulation with TNFa and zVad. Surprisingly, ablation of CYLD
had no significant effect on necroptotic cell death or HMGBL release induced by Traf2
inhibition (Supplemental Figure 6). Moreover, overexpression of wild-type CYLD by
adenoviral vectors didn't affect necroptosis induced by Traf2 inactivation (Guo X, et al.,
unpublished data). These data suggest that CYLD is dispensable for necroptotic signaling in
the setting of Traf2 inhibition.

Loss of Traf2 promotes necroptotic signaling through RIP1-RIP3-MLKL

To investigate the molecular mechanism by which Traf2 regulates necroptosis, we assessed
whether Traf2 exerts its effects on necroptotic signaling by regulating the RIP1-RIP3-FADD
necrosome formation. Inactivation of Traf2 by Ad-Traf2AR markedly promoted the
interaction of RIP3 with RIP1 and FADD (Figure 5A). It has been suggested that the
activated necrosome further engages MLKL, which oligomerizes and forms pores in the
plasma membrane to initiate necroptotic cell death.>® Indeed, overexpression of Traf2AR
also promoted the RIP1-RIP3-MLKL interaction induced by TNFa plus zVad (Figure 5B).
Of note, both endogenous Traf2 and Traf2AR mutant constitutively interact with MLKL,
which was not altered by TNFa plus zVad (Figure 5B).

Consistent with the data above, ablation of RIP3 largely abolished HMGBL release as well
as necroptotic cell death triggered by Traf2 inhibition (Figure 5C,D). Interestingly, ablation
of RIP3 induced a mild increase in PARP cleavage and apoptotic cell death, which was
blocked by zVad (Figure 5C, Supplemental Figure 7). On the other hand, zVad further
increased HMGB1 release and necroptosis that was blocked by RIP3 knockdown (Figure
5C,D). Similarly, silencing of MLKL blocked TNFa-induced HMGBL1 release and
necroptotic cell death in Ad-Traf2AR-infected cells (Figure 5E,F). Deletion of MLKL also
mildly increased PARP cleavage and apoptotic cell death (Figure 5E, Supplemental Figure
7). These data suggest a crosstalk between necroptosis and apoptosis that is delicately
regulated by RIP3/MLKL and caspases.

Ablation of RIP3 rescues pathological cardiac remodeling and dysfunction in Traf2-
deficient mice by inhibiting necroptosis in vivo

To directly assess whether necroptosis contributes to cardiac cell death and pathological
remodeling in Traf2-deficient mice /in vivo, we generated cardiac-specific Traf2 knockout
mice on a Ripk3-/- background, by crossing 7rafZfl/fl-a MHC-Cre mice with Rjpk3-/- mice.
Mice of different genotypes were confirmed by Western blot analysis of RIP3 and Traf2
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expression in the heart (Figure 6A). Traf2fl/fl-ac MHC-Cre mice on the Rjpk3+/+
background again developed severe contractile dysfunction, ventricular dilation, fibrosis,
and hypertrophy (Figure 6B-G). This was associated with a marked increase in TUNEL
positive cells as well as plasma HMGBL, indicating elevated cardiac cell death (Figure
6H,1). Importantly, ablation of RIP3 largely reversed cardiac dysfunction, ventricular
dilation and fibrosis, as well as hypertrophy in Traf2-deficient mice (Figure 6B-G). As
expected, necrotic HMGBL release was also abolished by RIP3 ablation (Figure 61).
Intriguingly, a mild increase of myocardial TUNEL staining was observed in Traf2-deficient
mice on the Rijpk3-/- background compared with those on the Rjpk3+/+ background (Figure
6H), suggesting that blockade of necroptosis was associated a mild but significant increase
in apoptosis. Moreover, ablation of RIP3 in cardiomyocytes also largely blocked cell death
triggered by Traf2 deletion or inactivation (Supplemental Figure 4C; Figure 5C,D). Taken
together, these data reveal a critical role of myocardial necroptosis in the development of
cardiac remodeling and dysfunction in Traf2-deficient mice. These results also validate RIP3
as a therapeutic target for heart failure since its ablation prevented pathological remodeling
and heart failure in a mouse model of myocardial necroptosis induced by 7raf2ablation.

Discussion

This study identified a critical role for Traf2 in myocardial survival and homeostasis by
suppressing apoptosis and necroptosis. We showed that mice with cardiac-specific deletion
of Traf2 developed pathological remodeling and heart failure through the induction of
apoptotic and necroptotic cardiac cell death. We also provided genetic evidence identifying
TNFR1-mediated, RIP3-dependent necroptosis in the pathogenesis of adverse cardiac
remodeling and heart failure in Traf2-deficient mice. Our results support a model that
ablation of Traf2 promotes TNFR1-mediated apoptotic and necroptotic signaling via a feed-
forward mechanism through increased TNFa production (Figure 6J). Inhibition of Traf2
promotes necroptotic cell death through an NFxB-independent, but RIP1-RIP3-MLKL
dependent mechanism (Figure 6J). Mechanistically, the adaptor protein TRADD is required
in TNFa-induced necroptosis signaling triggered by Traf2 ablation. TAK1 acts downstream
of Traf2 to regulate RIP1-mediated cell death complex formation and apoptosis/necroptosis.

We observed that Traf2 expression in the heart was significantly up-regulated following
pathological stress including pressure overload and myocardial infarction. Intriguingly, other
cellular stress, such as UV irradiation or translational inhibition, promotes Traf2
degradation.38 Up-regulation of Traf2 may represent an important cardio-protective
mechanism upon pathological stress. Indeed, it has been shown that mild overexpression of
Traf2 provided protection against cardiac ischemic injury in transgenic mice.1® However,
cardiac-specific overexpression of high levels of Traf2 provoked adverse remodeling and
heart failure.1® Loss-of-function approaches may have greater biological relevance in
elucidating the function of Traf2 signaling under physiological and pathological conditions.
In this case, we showed that Traf2-deficient mice spontaneously developed dilated
cardiomyopathy and heart failure with elevated cardiac cell death, thus validating a
protective role of Traf2 in the heart. It has been shown that Traf2 and Traf5 play redundant
roles in TNFa-induced NFxB activation.3® However, unlike Traf2, deletion of Traf5 has no
effects on TNFa-induced cardiac cell death (Chen Y et al., unpublished data). Consistent
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with this, Traf5-/- mice showed no obvious abnormalities in contrast to early lethality and
tissue necrosis found in Traf2-/- mice.1”40 Moreover, Traf3-/- and Traf6-/- mice showed
distinct phenotypes compared with Traf2-/- mice, indicating Traf3 or Traf6 is not essential
for cell survival.#142 Thus, unlike other TRAF proteins, Traf2 is a dedicated regulator of
cardiac cell survival/death and heart failure propensity.

We detected elevated plasma levels of TNFa in our cardiac-specific Traf2-deficient mice /n
vivo, consistent with a previous study using the global Traf2 knockout mice.1” It has been
shown that deletion of Traf2 led to increased TNFa production in L929 cells /n vitro,
through a RIP1- and EDD-dependent mechanism.*3 Elevated TNFa production may
represent an important feed-forward mechanism to promote cell death in Traf2-deficient
cells in vivo and in vitro. Importantly, ablation of TNFR1 largely blocked adverse
remodeling and heart failure in Traf2-deficient mice, further indicating the dysregulated
TNFa signaling contributes to the pathological cardiac phenotype induced by Traf2
deficiency. Of note, genetic deletion of TNFR1 didn't fully rescue the pathological and
functional defects in Traf2-deficient mice, suggesting the existence of additional TNFR1-
independent mechanisms for cardiac cell death and disease development. It is possible that
certain aspects of the pathological phenotype in Traf2-deficient mice could be mediated by
other receptors (such as DR3 and DR6) or other pathological drivers (such as death ligands
FasL or Apo2L/TRAIL).

We showed that Traf2 inhibition promoted TNFa-induced caspase activation and apoptosis,
which were blocked by Nec-1, indicating the induction of RIP1-dependent apoptosis. The
underlying mechanism probably involves RIP1-dependent induction of a caspse 8 activating
complex consisting RIP1-FADD-caspase 833. Moreover, Traf2 inhibition also promoted
necroptosis by inducing the RIP1-RIP3 necrosome. A significant decrease in RIP1
ubiquitination has been detected in the TNFR1 complex from Traf2-/- cells upon TNFa
stimulation,32 which was reversed by reconstituting with wild-type, but not the RING
domain-deleted form of Traf2. Decreased RIP1 ubiquitination, which promotes RIP1
activation and RIP1-RIP3 interaction,*#4 may account for the enhanced necrosome
formation in Traf2-deficient cells. In line with this, we showed that overexpression of wild-
type Traf2 inhibited, but Traf2 lacking RING domain (Traf2AR) promoted, TNFa-induced
necroptosis in cardiomyocytes. However, Petersen et al.1® reported that transfection of
Traf2-/- MEFs with Traf2AR suppressed TNFa-induced necroptosis as effectively as
reconstitution with wild-type Traf2. The reason for this obvious discrepancy is unclear,
potentially caused by different cell lines used (cardiomyocytes vs. MEFs) and different
necroptosis-inducing conditions (TNF+zVad vs. TNF+cylcoheximide+zVad). Nonetheless,
we provided further evidence showing that the RING domain of Traf2 is critical in
suppressing necrosome formation and necroptotic cell death through a RIP1-RIP3-MLKL
dependent mechanism. Also of note, although ablation of MLKL abrogated necroptosis in
Traf2-deficient cells, we observed a constitutive interaction between MLKL and Traf2 (both
wild-type and AR), which was not altered by necroptosis induced by TNFa plus zZVAD
(without cycloheximide). Thus, our data didn't support the model proposed by Petersen et
al.1> where TNFa-induced necroptosis disrupts Traf2-MLKL interaction to promote RIP3-
MLKL binding. Those effects observed by Petersen et al.1> could be caused by enhanced
degradation Traf2 induced by TNFa and cycloheximide treatment and thus decreased Traf2-
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MLKL association.38 Our data clearly indicate that Traf2-MLKL dissociation is dispensable
for necroptotic signaling under certain necroptosis-inducing conditions (e.g., without
cycloheximide).

Ablation of Traf2 in the heart led to pathological myocardial remodeling and heart failure,
which was largely rescued by genetic deletion of Rjpk3, suggesting that unchecked
myocardial necroptosis contributed significantly to the observed the pathological phenotype
in Traf2-deficient mice. However, the rescue of the pathological and functional cardiac
defects in Traf2-deficient mice by Rijpk3 deletion was not complete. Actually, Rijpk3
deletion largely blocked necroptosis but mildly increased apoptosis in the Traf2-deficient
heart. These results highlight the complexity of cell death regulation involving the crosstalk
between apoptotic and necroptotic pathways. Thus, therapies targeting both apoptotic and
necroptotic pathways may prove to be more effective under certain pathological conditions.

Our results also defined the roles of several key components of the TNFRL1 signaling
pathway, including TRADD, TAK1, and CYLD, in necroptotic cell death in the setting of
Traf2 inhibition. TRADD binds directly to the death domain of TNFR1 and transduces
signals both for NFxB activation and apoptosis,1! by recruiting distinct signaling proteins of
the TNFR1 complex, including Traf2, RIP1, or FADD.1145 Here we showed that deletion of
TRADD prevented TNFa-induced necrosome formation and necroptotic cell death in the
setting of Traf2 inhibition, thus revealing an essential role of TRADD in necroptotic
signaling. Deletion of TRADD may inhibit necroptotic signaling by preventing the
recruitment of RIP1 to TNFR1 complex I. Indeed, it has been shown that recruitment of
RIP1 to the TNFR1 complex is required for its ability to subsequently interact with FADD
or RIP3 to induce cell death complexes.*6 These data indicate that TRADD, which acts
upstream of Traf2, functions as a critical regulator of necroptotic signaling, in addition to its
known role in NFxB activation and apoptosis. Moreover, Traf2 has been shown to regulate
TAK1 activation through Lys63-linked ubiquitination i vitro and in vivo.3® Inhibition of
Traf2 may cause defective TAK1 signaling that in turn promotes necroptosis. In supporting
this, forced activation of TAK1 blocked necrosome formation and necroptotic cell death in
Traf2-deficient cells, indicating that TAK1 exerts its anti-necroptotic effect by acting
downstream of Traf2. CYLD has also been shown to function as a deubiquitinating enzyme
for TAK1, RIP1, and Traf2.154748 CYLD and Traf2 may play opposite roles in regulating
protein ubiquitination as well as necroptotic signaling. In contrast to a previous study,® our
data showed that deletion of CYLD failed to block TNFa-induced necroptosis in Traf2-
deficient cells. By comparison, we observed that CYLD is required for RIP1 kinase
activation and subsequent necrosome formation in the setting of TAK1 inhibition.33
Therefore, CYLD doesn't seem to be critical in transducing necroptosis in the setting of
Traf2 inhibition, although it is required for necroptotic signaling under certain conditions.

In conclusion, our results demonstrated that Traf2 functions as a critical pro-survival factor
in the heart by suppressing both myocardial apoptosis and necroptosis. We provide novel
evidence that inhibition of necroptosis by Traf2 is critical for myocardial homeostasis and
the prevention of pathological remodeling and heart failure progression. Our data also
identify several signaling proteins in the TNFR1 pathway (e.g., TRADD, Traf2, and TAK1)
as critical regulators of necroptosis in cardiac myocytes. Targeting key components of the
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necroptotic signaling may represent a valid therapeutic strategy for pathological cardiac
remodeling and heart failure.
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Clinical Perspective
What is new?

. This study identified an important Traf2-mediated, NFxB-independent, pro-
survival pathway in the heart by suppressing apoptosis and necroptosis.

. This study defined novel molecular mechanisms whereby Traf2 suppresses
TNFR1-mediated, RIP3-dependent necroptosis, which is critical for
myocardial survival and homeostasis.

What are the clinical implications?

. These findings suggest that the necroptosis-suppressing Traf2 signaling
pathway and its effectors may serve as novel therapeutic targets for
pathological cardiac remodeling and heart failure.
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Figure 1. Loss of Traf2 in the heart induces cardiomyocyte death, pathological remodeling and
cardiac dysfunction

A, Western blotting for Traf2 and a-tubulin (loading control) in cardiac extracts from 2
months old wild-type mice subjected to TAC or sham surgery for 2 weeks. B, Western
blotting for Traf2 and a-tubulin in cardiac extracts from 2 months old wild-type mice
subjected to M1 or sham surgery for 2 weeks. C, Western blotting for Traf2 and a-tubulin in
cardiac extracts from 7raf2fl/fland Traf2fl/f-a MHC-Cre mice at 2 months of age. D,
Masson's trichrome-stained, paraffin-embedded sections from the hearts of 7raf2fl/fland
Traf2 fl/f-a MHC-Cre mice. Myocardial fibrosis was determined by MetaMorph software.
*P<0.01 versus Traf2fl/fl. N = 7 per group. Scale bars, top: 1 mm; bottom: 50 um. E,
TUNEL-positive nuclei of paraffin-embedded sections from the hearts of 7raf2fl/fland
Traf2fl/ff-aCre mice. *P < 0.05 versus 7raf2fl/fl. N = 6 per group. Scale bars, 10 um. F,
Western blotting for the indicated proteins from cardiac extracts of the indicated mice. G,
Plasma HMGBL levels from Traf2fl/fland Traf2fl/fl-aCre mice. *P < 0.05 versus Traf2fl/fl.
N =5 per group. H and I, Echocardiographic assessment of fractional shortening (FS) and
left ventricular dimension in diastole (LVED) in the indicated mice at 2 months of age. *P<
0.05 versus Wt, aCre, or Traf2fl/fl. J, Heart weight to body weight ratio (HW/BW) of the
indicated mice. *P < 0.05 versus Wt, aCre, or Traf2fl/fl. Mann-Whitney U-test was used in
D, E, G. Kruskal-Wallis test followed by post-hoc Mann-Whitney U-test with Bonferroni's
correction was performed in H-J.
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Figure 2. Ablation of TNFR1 prevents the pathological cardiac remodeling and dysfunction in
Traf2-deficient mice
A, Plasma TNFa levels from Traf2fl/fland Traf2fl/fl-aCre mice at 2 months of age. *P <

0.05 versus Traf2fl/fl. N = 5 per group. B, Western blotting for the indicated proteins in
cardiac extracts from mice of the indicated genotypes at 2 months of age. C, Masson's
trichrome-stained, paraffin-embedded cardiac sections from mice of the indicated genotypes.
Scale bars, top: 1 mm; bottom: 50 um. D, Myocardial fibrosis quantified by MetaMorph
software. *P< 0.01 versus 7nfrsflat+/+ Traf2fl/fl. #P < 0.05 versus Tnfrsflat/+ Traf2fl/fl-
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aCre. E-G, Fractional shortening (FS), left ventricular dimension in diastole (LVED) and
systole (LVES) determined by echocardiography in mice of the indicated genotypes. *P <
0.05 versus Tnfrsflatl+ Traf2fl/ff, #P < 0.05 versus Tnfrsflat+/+ Traf2fl/fl-aCre. H, Heart
weight to body weight ratio (HW/BW) of mice of the indicated genotypes. *£ < 0.05 versus
Tnfrsflat/+ Traf2fl/ff, #P < 0.05 versus Tnfrsflat/+ Traf2fl/fl-aCre. The number of mice
analyzed is shown in the bars of each panel. Mann-Whitney U-test was performed in A.
Kruskal-Wallis test followed by post-Aoc Mann-Whitney U-test with Bonferroni's correction
was performed in D-H.
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Figure 3. Traf2 is a nodal regulator of apoptotic and necrotic cell death

A, Cell death assessed by propidium iodide (PI) staining of TRAF2+/+ and TRAF2-/- MEFs
treated with vehicle control or 10 ng/ml TNFa for 4 h, in the presence or absence of Nec-1
(necrostatin-1; RIP1 inhibitor) or zVad (zVad-fmk; pan caspase inhibitor). *~< 0.01 versus
Con; #P< 0.05 versus Traf2-/- TNF. B, Western blotting for the indicated proteins from
TRAF2+/+ and TRAF2-/- MEFs treated as in A. Sup, supernatant; Lys, lysate. C, Caspase 8

activity in TRAF2+/+ and TRAF2-/- MEFs treated as in A for 2 h. *P<

0.01 versus Con; #P

< 0.05 versus TNF only. D, Cell death assessed by Pl staining of cardiomyocytes infected
with an adenovirus expressing Traf2 shRNA (shTraf2) or a scrambled sequence (shScram),
followed by 10 ng/ml TNFa or vehicle control for 4 hours, in the presence or absence of
Nec-1 or zVad. *P < 0.05 versus Control; #P< 0.05 versus shTraf2 TNFa. E, Western
blotting for the indicated proteins in cardiomyocytes infected with shScram or shTraf2
adenovirus, then treated as indicated for 4 h. F, Cell death in cardiomuocytes infected with
adenoviruses encoding wild-type Traf2 (AdTraf2Wt), Traf2 lacking the RING domain
(AdTraf2AR), or p-galactosidase control (AdBgal), then treated as indicated for 4 h. *P<
0.05 versus Vehicle; #P < 0.05 versus Ad-Traf2AR TNF; § < 0.05 versus Ad-Traf2AR TNF

+zVad. G, Western blotting for the indicated proteins in cardiomyocytes

treated as in F. One-

way ANOVA with Bonferroni's post-foc test was used in A, C, D, F. Data were from at least
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3 independent experiments with = 900 cells per group analyzed for cell death. All
immunoblot data represent at least three independent experiments with similar results.
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Figure 4. Traf2 regulates necroptotic cell death signaling through TAK1 and TRADD
A, Western blotting for the indicated proteins from cardiomyocytes infected with

adenoviruses encoding TRADD shRNA (Ad-shTRADD) or a scrambled sequence (Ad-
shScram) along with Adpgal or AdTraf2AR then treated with zVad plus TNF for 4 h. B, Cell
death assessed by Pl staining of cardiomyocytes treated as in A for 4 h. *£< 0.05 versus

vehicle control; #P < 0.05 versus Adpgal zVad+TNF; 8P <

0.05 versus shScram zVad+TNF

in the corresponding group. C, Western blotting following IP with an anti-RIP3 antibody
from extracts of cardiomyocytes treated as in A for 1 h. D, Western blotting for the indicated
proteins from cardiomyocytes infected with Adpgal or AdTraf2AR along with an adenovirus
expressing a constitutively active TAK1 mutant (AdTAK1AN), then treated with vehicle
control or 10 ng/ml TNFa for 4 h with or without zVad. E, Cell death in cardiomyocytes
treated as in D. *P < 0.05 versus vehicle control (Con); #£ < 0.05 versus AdTraf2AR TNF;
8P < 0.05 versus Ad-Traf2AR TNF+zVad. F, Western blotting following IP with an anti-
RIP3 antibody (top) or pre-immune 1gG control (bottom) from extracts of cardiomyocytes
infected with Adpgal, AdTraf2AR, or AdTAK1AN, then treated with vehicle control or zVad
plus TNFa for 1 h. One-way ANOVA with Bonferroni's post-hoc test was used in B and E.
Data were from at least 3 independent experiments with > 900 cells per group analyzed for

cell death.
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Figure 5. Loss of Traf2 promotes necroptotic signaling through RIP1-RIP3-MLKL
A and B, Western blotting for the indicated proteins following IP with anti-RIP3 (A, top

panel), anti-MLKL (B), or pre-immune IgG control (A, bottom panel) from extracts of
cardiomyocytes infected with Adpgal or AdTraf2AR, then treated with TNFa plus zVad for
0-3 h. C, Western blotting for the indicated proteins from cardiomyocytes infected with the
indicated adenoviral vectors then treated with vehicle control, TNF, or TNF+zVad for 4 h. D,
Quantification of necroptosis (Pl positive without chromatin condensation) from cells
treated as in C. *£ < 0.05 versus vehicle control; #P < 0.05 versus Ad-shScram in the
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corresponding group; 8P < 0.05 versus Ad-shScram Adpgal TNF+zVad. E, Western blotting
for the indicated proteins from cardiomyocytes infected with the indicated adenoviral and
lentiviral vectors then treated with vehicle control, TNF, or TNF+zVad for 4 h. F,
Quantification of necroptosis (Pl positive without chromatin condensation) from cells
treated as in E. *P< 0.05 versus vehicle control; #£ < 0.05 versus Lv-shScram in the
corresponding group; 8~ < 0.05 versus Ad-shScram Adpgal TNF+zVad. Data were from at
least 3 independent experiments with > 900 cells per group analyzed for cell death. One-way
ANOVA with Bonferroni's post-hoc test was performed in D and F.
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Figure 6. Ablation of RIP3 rescues pathological cardiac remodeling and dysfunction in Traf2-
deficient mice by inhibiting necroptosis

A, Western blots for the indicated proteins in cardiac extracts from mice of indicated
genotypes at 2 months of age. B-D, FS, LVED, and LVES in 2 months old mice of the
indicated genotypes. *P < 0.01 versus 7raf2fl/ff. #P < 0.05 versus Ripk3+/+Traf2fl/fl-aCre.
E, Masson's trichrome-stained cardiac sections from mice indicated in B, C, and D. Scale
bars, top: 1 mm; bottom: 50 um. F, Myocardial fibrosis quantified by MetaMorph software.
*P<0.01 versus Traf2fl/ff, #P < 0.05 versus Ripk3+/+Traf2fl/fl-aCre. G, Heart weight to
body weight ratios (HW/BW) in mice of the indicated genotypes. *P < 0.05 versus
Traf2fl/ff, #P < 0.05 versus Ripk3+/+Traf2fl/fl-aCre. H, TUNEL positive myocytes in
cardiac sections from mice indicated in B, C, and D. *P < 0.05 versus 7raf2fl/ff #P < 0.05
versus Ripk3+/+Traf2fl/fl-aCre. |, Plasma HMGB1 levels from mice indicated in B, C, and
D. *P<0.01 versus Traf2fl/ff #P < 0.05 versus Ripk3+/+Traf2fl/fl-aCre. J, Proposed
model: Traf2 functions as a nodal regulator in TNFR1-mediated apoptosis and necroptosis.
Kruskal-Wallis test followed by post-hoc Mann-Whitney U-test with Bonferroni's correction
was performed in B-I.
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