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Abstract

The proapoptotic protein Siva-1 plays an important role in some of the extrinsic and intrinsic
apoptosis signaling pathways in cancer cells. Previously, we showed that Siva-1 inhibited the
activity of the prosurvival transcription factor NF-xB. In the present study, upon TCR cross-
linking of Jurkat T leukemia cells, we demonstrated that the inhibitory target of Siva-1 is upstream
of the IKK complex in the NF-xB signaling pathway. Additionally, Siva-1 also suppressed the
activity of another crucial transcription factor AP-1, and a common mediator of both these
pathways is the adaptor protein TRAF2. Further, we observed that Siva-1 indeed interacted with
TRAF2 and negatively regulated its activity by promoting K48-linked polyubiquitination. Siva-1
specifically interacted with the ring finger domain of TRAF2, which is essential for its E3 ligase
activity and its ability to subsequently activate NF-xB. TCR cross-linking of Jurkat T cells that
lacked Siva-1 revealed significantly lowered K48- but elevated K63-ubiquitinated TRAF2 levels
upon TCR cross-linking, suggesting that the differential pattern of ubiquitination in these cells
essentially contributed to a robust and sustained activation of NF-xB. The above results
demonstrated an important role for endogenous Siva-1 in negatively regulating NF-xB activation
by targeting TRAF2.
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Introduction

NF-x B signaling is crucial for regulating inflame-mation, innate and adaptive immunity,
and cell survival. Dysregulated NF-kB activity is known to promote tumorigenesis.! In T-
cell receptor (TCR) signaling, the adaptor proteins TRAF2 and TRAF®6 play crucial roles by
relaying signals from the CARMA1-BCL10-MALT1 (CBM) complex to the IKK complex,
through the TGF-B-associated kinase 1 (TAK1), which activates both NF-B and AP-1.2

Ubiquitination plays a central role in the activation of both canonical and noncanonical
limbs of the NF-xB pathway. Ubiquitin has 7 lysine residues, and polyubiquitination occurs
through different lysine linkages of the ubiquitin moiety generating functionally distinct
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signals. Typically, proteins bearing K48-linked polyubiquitin (K48-Ub) chains get
proteasomally degraded,34 whereas those having K63-linked (K63-Ub) chains provide
signals for kinase activation.> Although predominantly K48 and K63 ubiquitin linkages have
been demonstrated to have a role in the NF-xB pathway, linkages through the other lysine
residues of ubiquitin, such as K11, K33, K27, and K6, have also been found in cells.®
TRAF2 and TRAF6 are E3 ligases that undergo K63-Ub to activate NF-xB in TNF- and
TCR-mediated signaling events.2:” On the other hand, K48-linked ubiquitination of TRAF2
and RIP results in their degradation and subsequent termination of NF-xB signaling upon
TNF-a stimulation.82

This article focuses on the mechanism by which the p53- and E2F1-induced proapoptotic
protein Siva-110 inhibits NF-xB activity.1! Siva-1 was originally discovered as an
interacting partner of the co-stimulatory TNF family receptor CD2712 and appears to
promote both extrinsic and intrinsic apoptotic pathways.13-14 Recently, we demonstrated that
Siva-1 plays a nonredun-dant role in TCR-mediated activation-induced cell death (AICD) by
inhibiting the activity of prosurvival transcription factor NF-xB but not NFAT. Knockdown
of Siva-1 expression in Jurkat T cells results in hyperactivation of both canonical and
noncanonical NF-kB pathways through TCR stimulation.11 Here, we report that Siva-1 also
inhibits the transcriptional activity of AP-1 and specifically interacts with a common
upstream mediator, TRAF2. Siva-1 promotes K48-linked ubiquitination of TRAF2, which
suppresses the TCR-mediated NF-xB activation by an as yet unknown mechanism. T cells
devoid of Siva-1 lack the negative regulatory effect-mediated by K48-ubiquitinated TRAF2,
therefore resulting in a sustained activation of NF-kB, as seen by the persisting levels of
K63-ubiquitinated TRAF2.

Materials and Methods

Transfection and treatment

Plasmids

Electroporation of Jurkat T cells and cross-linking of their TCRs using anti-CD3 antibodies
have been described.1! The proteasome inhibitor MG-132 was added to the cell cultures at a
final concentration of 25 uM for 1 hour before TCR cross-linking was performed. The
calcium phosphate method was used for transfection of 293T cells.

Flag-TRAF2 and Flag-TRAF6 plas-mids were obtained from Dr. Zhijian Chen (UT
Southwestern, TX, USA), myc-NIK was from Dr. Xin Lin (M. D. Anderson Center, TX,
USA), and Flag-IKKp was from Dr. Richard Ye (University of Illinois at Chicago, Chicago,
IL, USA). HA-tagged mutants of ubiquitin retaining only K48 or K63 were a kind gift from
Dr. Vishva Dixit (Genen-tech, CA, USA). Siva-1-expressing plasmids, such as GST-Siva-1
and pEF-Siva-1, have been described earlier.1> Generation of the lentiviral constructs
expressing control and Siva-1-specific SIRNA, as well as NF-xB- and AP1-luciferase
reporter vec- tors and the p-galactosidase plasmid, have been described earlier.11
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Anti-IKKB, anti-TRAF2, anti-NIK, and anti-myc antibodies were obtained from Santa Cruz
Biotech, CA. Anti-Flag and anti-HA epitope monoclonal antibodies were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The generation of Siva-1 polyclonal antibody has
been described earlier.12 The anti-CD3 antibody (Clone OKT3) was obtained from
eBiosciences (CA, USA). For immunoprecipitation studies, the True blot secondary anti-
mouse and anti-rabbit-HRP antibodies were also from eBiosciences.

Immunoprecipitation

Luciferase

Cell lysates were prepared as described earlier.16 For immunoprecipi-tations, cell lysates
were prepared using RIPA lysis buffer containing 0.01% SDS, and 1 pg final concentration
of various antibodies and their respective isotype controls were used. A 50% slurry of
proteinA/G beads equilibrated in the lysis buffer was used to pull down the protein-antibody
complexes. For separation of ubiquit-inated proteins, gradient gels (4%—-15%) were used
(Biorad, CA, USA). Blots were developed using ECL (Pierce, IL, USA). In case of nickel
beads (Qiagen, CA, USA) pull down or GST-pull down (Amersham Pharmacia Biotech,
Sweden), respective beads were added to the lysates for 4 hours at 4°C. The rest of the
protocol was similar to the above procedure.

and p-galactosidase assays

Both assays were performed as described previously.1! The luci ferase assay was performed
using substrate from Promega (WI, USA) and a single-tube luminometer (Turner
Biosystems, CA, USA). B-galactosidase assay was performed using substrate containing
ortho-nitro-phenyl-galactoside (ONPG) (Sigma-Aldrich).

Statistical analysis

Results

All the values for the lu-ciferase assays were presented as mean +/— SD. The Student’s t test
was used to calculate the statistical significance of various groups. A p value of < 0.01 was
found to be significant. The luminescence in the luciferase assays was normalized to -
galactosidase expression to avoid variation arising due to transfection efficiencies.
Typically, in all the experiments, the normalized luminescence of control SiRNA
unstimulated cells was taken as 1. The fold luminescence of the other groups was calculated
and plotted relative to this group.

Siva-1 Targets Proteins Upstream of the IKK Complex

Our earlier study has shown that Siva-1 promotes TCR-mediated AICD by inhibiting the
NF-xB activity.1 Therefore, to understand the underlying mechanism and identify the target
of Siva-1 in this pathway, Jurkat T cells were co-transfected with Siva-1 and/or IKK}-
expressing vectors along with the NF-xB luciferase reporter and B-galactosidase plasmid.
After 24 hours, cells were either left un-stimulated or subjected to TCR-cross-linking for 6
hours. Relative levels of NF-kB activity were then determined and normalized to the -
galactosidase activity in these cells. As expected, expression of IKKp alone resulted in
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significantly high NF-xB activity, which was further enhanced upon TCR cross-linking.
Although Siva-1 expression alone inhibited both the basal and TCR-induced NF-xB activity,
co-expression of Siva-1 with IKKJ did not show a significant inhibition of the basal and
induced levels of NF-xB activity. This suggests that IKKp acts downstream of Siva-1 and
hence, exogenous IKKf expression can relieve the inhibitory effect of Siva-1 on the NF-xB
signaling pathway (Fig. 1).

Siva-1 Inhibits TCR-Induced AP-1 Activity

NF-xB, NFAT, and AP-1 are the three major prosurvival transcription factors that are
induced upon T-cell activation. We have previously shown that Siva-1 appears to have no
effect on TCR-induced NFAT activity,11 whereas the effect of Siva-1 on AP-1 was not
known. Because both NF-xB and AP-1 activation involves some common mediators, in
order to further understand the mechanism of action of Siva-1 in inhibiting TCR-induced
NF-xB activity, we examined whether Siva-1 expression has any effect on TCR-mediated
activation of AP-1. Jurkat cells were co-transfected with AP-1 luciferase reporter and 3-
galactosidase plasmids in conjunction with either the control siRNA or Siva-1-specific
SiRNA (siSiva)-expressing vectors. The effectiveness of siSiva in abrogating Siva-1
expression has been previously demonstrated!! and is depicted in Figure 2C. These cells
were then tested for luciferase activity, with and without anti-CD3 cross-linking, after 6
hours. As observed in Figure 2A, the abrogation of Siva-1 expression in T cells using siSiva
resulted in enhanced CD3 cross-linking-induced AP1 activity. On the other hand, co-
expression of Siva-1 resulted in a profound inhibition of the basal as well as the TCR-
induced AP1 activity (Fig. 2B). The inhibition of basal AP-1 activity suggests that the
effects of Siva-1 are not limited to TCR stimulation. This is in line with our observation that
Siva-1 also inhibits TNF-a-induced NF-xB and AP-1 activities (unpublished observation).
The above results suggest that the target of Siva-1 is upstream of the IKK complex and is
required for the TCR-mediated activation of both NF-xB and AP1.

Siva-1 Inhibits TRAF2- and NIK- but Not TRAF6-Induced NF-xB Activation

Some of the known common mediators that activate NF-xB and AP-1 are the adaptor
proteins TRAFs and the kinases such as NF-kB inducing kinase (NIK) and TAK1.17 The
adaptor proteins TRAF2 and TRAF6 activate TAK1, which is known to act upstream of the
IKK complex. TAK1, in turn, activates the mitogen-activated protein kinase (MAPKKK),
which initiates the c-Jun kinases (Jnk) and p38 MAP kinase pathways responsible for
translocation of the AP-1 complexes to the nucleus.18 A kinase inactive mutant of NIK was
able to inhibit NF-xB and AP-1 activation induced by TRAF2, suggesting that NIK acts
downstream of TRAFs.18 Hence, we next examined whether Siva-1 targets the TRAFs or
NIK by measuring the NF-xB activation-induced luciferase activity in cells co-transfected
with Siva-1 and TRAF2, TRAF6, or NIK expression vectors. Jurkat cells were transfected
with control or myc-Siva-1-expressing vectors and Flag-TRAF2-, Flag-TRAF6-, or myc-
NIK-expressing plasmids along with the NF-xB luciferase construct. As shown in Figure
3A, the TCR cross-linking-induced NF-kB activation was significantly higher in cells
overexpressing TRAF2, TRAF6, and NIK by themselves. Although Siva-1 expression by
itself significantly inhibited the TCR-induced NF-«B activity (data not shown), co-
expression of Siva-1 specifically inhibited the TCR-mediated NF-«xB activity in TRAF2 and
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NIK, but not TRAF6 overexpressing cells (Figs. 3A and 3B). Luciferase activity in NIK-
and Siva-1-expressing cells was measured at the same time as TRAF2 and TRAF6 with all
the controls but has been represented as a separate panel because NIK, being a kinase, is a
potent activator of NF-xB. Interestingly, exogenous expression of Siva-1 could still inhibit
the activation of NF-xB induced by a potent activator such as NIK.

Siva-1 Interacts Specifically with TRAF2, and RING Finger Motif of TRAF2 Mediates This
Association

Because Siva-1 overexpression resulted in the inhibition of TRAF2- and NIK-mediated
activation of NF-xB, we hypothesized that Siva-1 regulates NF-kB activation by interacting
with TRAF2 and/ or NIK. Therefore, we examined these interactions in 293T cells
exogenously overexpressing Siva-1 and TRAF2, TRAF6, or NIK. To test for interaction
with the TRAFs, the His-myc tagged Siva-1 and Flag-tagged TRAF2 and TRAF6 proteins
were co-expressed in 293T cells. Siva-1 complexes were isolated using nickel beads and
analyzed by immunoblotting. Probing with the anti-Flag antibody revealed significant co-
precipitation of TRAF2 but not TRAF6 with Siva-1, although comparable amounts of Siva-1
were pulled down with an anti-myc antibody (Fig. 4A). In a similar experiment, we did not
observe any interaction between Siva-1 and NIK (data not shown). This data suggests that
Siva-1 appears to be interacting only with TRAF2, but not TRAF6 and NIK.

The TRAF2-Siva-1 interaction was confirmed further by immunoprecipitating myc-tagged
Siva-1 using the anti-myc antibody in 293T cells and probing for endogenous TRAF2
binding (Fig. 4B) as well as by immunoprecipitating endo genous Siva-1 and TRAF2
complexes from lysates of Jurkat cells using anti-Siva-1 and anti-TRAF2 antibodies (Fig.
4C). As seen in Figures 4B and 4C, signifi cant amounts of TRAF2 and Siva-1 co-
precipitated along with Siva-1 and TRAF2 when anti-myc or anti-Siva-1 and anti-TRAF2
antibodies, respectively, were used. These observations unequivocally demonstrate that
Siva-1 regulates NF-xB activation through its interaction with TRAF2.

Ubiquitination of TRAF2 plays a prominent role in regulating NF-«xB activation. The RING
fi nger domain of TRAF2, which lies between the amino acid residues 1-83, is critical for
this process.1® A dominant negative mutant of TRAF2 that lacks the ring fi nger domain
(TRAF2AN) was overex-pressed along with GST-tagged Siva-1 exogenously and tested for
their interaction using the glutathione beads. As expected, pull down of exogenously
expressed GST-Siva-1 resulted in co-precipitation of full-length TRAF2 but not TRAF2AN
(Fig. 4D, compare left and right panels). This suggests that the ring finger domain in TRAF2
is necessary for its interaction with Siva-1.

Siva-1 Inhibits K63-Polyubiquitination-Mediated Activation of NF-xB by TRAF2

The dependence of Siva-1 interaction on the ring finger motif of TRAF2 led us to
investigate the role of Siva-1 on the ubiquitination of TRAF2. Intracellular levels of TRAF2,
as well as its function, are regulated through ubiquitination. Although it has been shown that
K48-Ub of TRAF2 results in its proteasomal degradation and, therefore, termination of NF-
kB activity upon TNF-a treatment,” K48-ubiquitination-mediated degradation of TRAF2
upon TCR-cross-linking per se has not yet been shown. K63-Ub-mediated ubiquitination of
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TRAF?2 is essential for the activation of its downstream signaling component TAK1.2
Hence, using vector constructs encoding for Siva-1, TRAF2, and mutant forms of ubiquitin
that retain only the lysine at positions 63 or 48,° we studied the effect of Siva-1 on the
ubiquitination of TRAF2 in a luciferase reporter assay system. As observed in Figures 5A
and 5B, exogenous overexpression of TRAF2 in the presence of both ubiquitin mutants
resulted in a significant activation of NF-«xB after TCR-cross-linking. However, TRAF2-
mediated NF-xB activation was signifi-cantly lower in the presence of K48 compared to
K63 transfected cells. Importantly, Although co-expression of Siva-1 inhibited the K63-Ub-
TRAF2-mediated NF-xB activation profoundly (Fig. 5A), it had only a marginal inhibitory
effect on K48-Ub-mediated NF-xB activation (Fig. 5B) (compare 40% decrease in A to 10%
decrease in B). These observations suggest that Siva-1 differentially affects K48-Ub- and
K63-Ub-mediated ubiquitination of TRAF2.

Siva-1 Promotes K48-Linked Polyubiquitination of TRAF2 in 293T Cells

To further understand the influence of Siva-1 in K48-Ub- and K63-Ub-mediated
ubiquitination of TRAF2, we examined the levels of K63- and K48-ubiquitinated TRAF2 in
the presence or absence of exogenous Siva-1 in 293T cells. Control or his-myc-tagged
Siva-1 vector was co-transfected with Flag-tagged TRAF2 along with either HA-tagged
K48-Ub or K63-Ub expressing vectors, as described in Figures 6A and 6B, respectively.
TRAF2 protein complexes were immunopre-cipitated using anti-TRAF2 antibody and
protein A/G beads. The proteins were then separated on a gradient gel (4%-15%) and
immunoblotted. As indicated in Figure 6A, the top panel reveals the K48 ubiquitination
pattern of TRAF2 as discerned from anti-HA antibody immunoblotting. Overexpression of
Siva-1 resulted in increased K48 ubiquitination of TRAF2, although the amount of Flag-
tagged TRAF2 pulled down in both cases was equivalent. In a similar experiment, wherein
HA-K63 Ub was co-expressed, no significant difference in the polyubiquitination of TRAF2
between control and Siva-1 expressing cells was observed (Fig. 6B). These results indicate
that Siva-1 promotes K48- but not K63-mediated polyubiquitination of TRAF2.

Siva-1 Knockdown T Cells Demonstrate Decreased K48 and Increased K63 Ubiquitination

of TRAF2

To further elucidate the role of Siva-1 in poly-ubiquitination of TRAF2, we determined the
TCR cross-linking-induced ubiquitination status of TRAF2 in Jurkat cells that express
endogenous and knockdown levels of Siva-1. Control siRNA or siSiva-expressing Jurkat
cells were co-transfected with Flag-TRAF2 in combination with HA-K63-Ub- or HA-K48-
Ub-expressing plasmids. Cells were either left unstimulated or subjected to TCR cross-
linking for 30 minutes. A parallel experiment was carried out using cells that were pretreated
with the inhibitor MG-132 (25 puM) to prevent proteasomal degradation of TRAF2. The
exogenously expressed TRAF2 was immunoprecipitated from cell lysates using an anti-Flag
antibody. The basal as well as TCR-cross-linking-induced K63 polyubiquitination of
TRAF2 was significantly higher (Fig. 7A, lanes 2 and 4) in the Siva-1 knockdown cells as
compared to the control cells (Fig. 7A, lanes 1 and 3). This is in line with our earlier
observation that Siva-1 knockdown T cells have higher basal and TCR-induced NF-xB
activities.
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On the contrary, the pattern of K48-ubig-uitinated TRAF2 was significantly different in
control and Siva-1 knockdown cells. A dramatic reduction in the basal K48-ubiquitinated
TRAF2 levels in the Siva-1 knockdown cells was observed compared to the control cells
(Fig. 7B, left panel, lane 2 versus lane 1). Both control and Siva-1 knockdown cells,
however, had comparable levels of K48-polyubiquitinated TRAF2 (Fig. 7B, left panel, lane
3 and lane 4) upon CD3 stimulation. Interestingly, in the presence of proteasome inhibitor
MG-132, the accumulation of K48-Ub complexes of TRAF2 was significantly less in Siva-1
knockdown cells compared to the control cells under resting condition (Fig. 7B, right panel,
lane 2 vs. 1). In addition, the levels of K48-Ub-polyubiquitinated TRAF2 were also lower in
cells stimulated with anti-CD3 Ab (Fig. 7B, right panel, lane 4 vs. 3) as compared to
unstimulated cells (Fig. 7B, right panel, lanes 1 and 2 versus lanes 3 and 4) upon MG132
treatment. This observation, that the relative amounts of K48-polyubiquitinated TRAF2
being profoundly less under both un-stimulated as well as TCR-stimulatory conditions in
Siva-1 knockdown cells, suggests that Siva-1 is required for mediating the K-48
ubiquitination of TRAF2.

Collectively, these results demonstrate that Siva-1 promotes K48-mediated ubiquitination
and, thereby, inhibits NF-kB activation. Our data also indirectly suggest that during the
TCR-cross-linking-induced NF-kB activation process, there is a continuous degradation of
K48-ubiquitinated TRAF2 by the proteasome (Fig. 7B, left panel, lanes 3 and 4). This can
be concluded from the accumulation of these K48-complexes upon treatment of the
proteasomal inhibitor, MG-132 (Fig. 7B, right panel, lanes 2, 3, and 4). However, as
mentioned earlier, this accumulation is significantly reduced in the absence of Siva-1,
suggesting a lack of K48-ubiquitinated TRAF2 being generated.

Hence, Siva-1 primarily promotes the K48-Ub-mediated ubiquitination of TRAF2, and the
increased K63-Ub-mediated ubiquitination observed in the Siva-1 knockdown T cells is very
likely to be an effect secondary to the absence of the negative regulatory effect of Siva-1 on
TRAF2 through K48-Ub (Figs. 7A and 7B). Therefore, the lower K48-Ub but the higher
persisting levels of K63-Ub levels of TRAF2 might translate into enhanced NF-xB and
AP-1 activities that could have a detrimental effect and lead to T-cell tumorigenesis,
suggesting Siva-1 to be an important regulatory protein for the basal NF-xB signaling
machinery.

Discussion

In our previous work, we have shown that Siva-1 is expressed in double positive
thymocytes!® and in highly activated T cells that are targeted for TCR-mediated AICD,
which led us to investigate the role of Siva-1 in AICD. Using specific siRNA against Siva-1
(siSiva), we clearly demonstrated a significant role for Siva-1 in AICD using two
transformed T-cell lines—Jurkat and DO11.10. Abrogation of endogenous Siva-1 resulted in
a profound increase in TCR-mediated NF-xB activation in the AICD model, leading to
elevation of the key NF-«xB-induced antiapoptotic gene products—Bcl-xL and c-FLIP.11

In this study, we have investigated the mechanism underlying Siva-1-mediated inhibition of
NF-kB. Using constitutively active IKKp, we found that Siva-1 acts upstream of the IKK
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signalo-some (Fig. 1A) in the NF-xB signaling pathway. TNF and LIGHT are known
activators of the NF-kB pathway,20 and our unpublished results show that Siva-1 negatively
regulates NF-kB activity also induced by these stimuli. On the basis of this additional
information and the ability of Siva-1 to also inhibit AP-1 activation (Figs. 2A and 2B), we
surmised that Siva-1 could be targeting the upstream elements, TRAFs. In fact, our results
clearly demonstrate that Siva-1 interacts with TRAF2, but not TRAF6. Although other
studies have shown that TRAF6 but not TRAF2 associates directly with the CARMAL-
BCL10-MALT1 complex, significant suppression of TCR-induced NF-«xB activity was seen
only when expression of both the TRAFs was abrogated.2 However, in our studies, we have
observed that the ectopic expression of Siva-1 which targets TRAF2, is sufficient to inhibit
TCR-mediated increase in NF-xB activity.

The interaction between Siva-1 and TRAF2 is intriguing because both molecules can
independently associate with the cytoplasmic tails of some of the TNFR family members,
such as CD27, GITR, 4-1BB, and 0X-40.1319.21 Therefore, it is likely that elevated levels
of Siva-1 can prevent the binding of TRAF2 to the above receptors and vice versa, thus
either inhibiting NF-«xB activation and promoting apoptosis or facilitating NF-xB activation,
respectively. Interestingly, CD27, GITR, OX40, and 4-1BB are expressed on memory T
cells.19 At the end of an immune response, most of the activated T cells undergo cell death
(AICD).22 Very few T cells survive in circulation as memory T cells. Therefore, Siva-1 may
be important for the regulation of immunological memory through its interaction with the
co-stimulatory receptors GITR, CD27, and 4-1BB.

Lack of endogenous Siva-1-expression results in significant activation of both the canonical
and noncanonical NF-xB pathways.! In this study, we have demonstrated that Siva-1 can
inhibit the NF-xB activation induced by the exogenous expression of TRAF2 and NIK
(Figs. 3A and 3B); however, it interacts specifically with TRAF2, but not with NIK and
TRAF6 (Fig. 4A). In this context, it is important to note that in TRAF27~ B cells, the
noncanonical pathway is highly active, revealing a regulatory role for TRAF2 in NF-xB
activation.23 NIK is one of the key molecules required in this pathway. In addition,
intracellular NIK-expression levels are tightly regulated by the adaptor protein TRAF3.24
Because TRAF2 is known to target TRAF3 for proteasomal degradation,® it is possible that
the inhibitory effect rendered by Siva-1 on NIK-induced NF-xB activity could be secondary
to its suppression of TRAF2-mediated activation of NF-xB. Therefore, it is not surprising
that Siva-1 knockdown cells have hyperactive TRAF2 (elevated K63-Ub, Fig. 7A, lanes 2
and 4), which downmodulates TRAF3, thereby facilitating NIK-mediated activation of the
noncanonical pathway.1!

Cellular deubiquitinases play a vital role in the regulation of NF-«B activity. For instance,
CYLD deubiquitinates the K63-Ub chains of TRAF2 and, to some extent, TRAF6, and
inhibits NF-kB activity.26 A20, another deubiquitinase that has the DUB domain in addition
to the Ring finger, mediates sequential deubiquitination of K63 followed by K48-Ub of RIP,
resulting in its proteasomal degradation and arrest of NF-kB signaling.8 In comparison,
Siva-1 has only a B-box and cysteine-rich C-terminal region, and yet, it promotes K48-Ub
of TRAF2. Because Siva-1 lacks a true Ring finger domain, it is unlikely to harbor any
ligase activity by itself. Interestingly, a yeast two-hybrid study using Siva-1 as bait has
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revealed its binding ability with an E1-like enzyme (unpublished observation). Therefore,
we can speculate that Siva-1 promotes ubiquitination of TRAF2 by interacting with the E1-
like enzyme and is part of the basal ubiquitination machinery. Further studies are needed to
understand the mechanism by which Siva-1 mediates the ubiquitination of TRAF2 at the
K48 residue. The increased K63-Ub of TRAF2 observed in siSiva T cells is possibly a
consequence of the lowered K48-Ub TRAF2 levels, suggesting lowered negative regulation
by TRAF2 on the NF-xB pathway. Our data, for the first time, demonstrate the possible
degradation of TRAF2 through K48-polyubiquitination upon TCR-cross-linking, and Siva-1
has an important role in this process (Fig. 7B, compare left panel, lane 3 versus right panel
lane 3).

In summary, we have demonstrated a specific interaction between Siva-1 and TRAF2 that
offers a mechanistic explanation for the observed inhibitory effect of endogenous Siva-1 on
NF-xB activation. The primary consequence of the above interaction appears to be an
increase in K48-Ub of TRAF2 that, in turn, decreases the K63-Ub of TRAF2 and inhibits
the NF-kB activity. Our findings suggest that Siva-1, through its interaction with TRAF2, is
likely to have a significant impact on T-cell homeostasis and autoimmune disorders as well
as T-cell memory.
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TCR T-cell receptor
NF-xB nuclear factor-kappaB
AP-1 activator protein-1
TRAF2 tumor necrosis factor receptor-associated factor 2
TRAF6 tumor necrosis factor receptor-associated factor 6
IKK Ikappa B kinase
K48-Ub ubiquitination at lysine 48 position
K63-Ub ubiquitination at lysine 63 position
AICD activation-induced cell death
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FIGURE 1.

Siva-1 acts upstream of the IKK complex in the TCR-mediated NF-xB signaling pathway.
Jurkat cells were co-transfected with either Siva-1-myc and/or IKKf vectors along with the
NF-kB-luciferase reporter and p-galactosidase vectors. The inset shows immunoblots of
whole-cell lysates with anti-myc antibody and anti-IKKf antibodies. Results shown are
drawn from three independent experiments. Abrogation of endogenous Siva-1 resulted in a
significant increase in TCR-induced AP-1 reporter activity (p < 0.01), and, conversely,
expression of Siva-1 led to a dramatic inhibition of both basal and TCR-induced AP-1
reporter activity (p < 0.001).
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Siva-1 inhibits TCR-induced AP1 activity. Jurkat cells were co-transfected with either
control siRNA or siSiva (A) or human Siva-1-expressing or control vector (B) along with
the AP-1 luciferase reporter vector, and the Siva-1 expression was confirmed (inset).
Luciferase assay was performed after 6 hours, and the normalized fold activity was plotted
in comparison with unstimulated control cells. Results shown are representative of three
independent experiments and are statistically significant (p < 0.01). Lysates of lentivirus-
infected Jurkat cells expressing either control siRNA or siSiva-1 siRNA were
immunoblotted with polyclonal anti-Siva-1 antibody to demonstrate the knockdown of
endogenous Siva-1 expression in them. Actin levels serve as loading controls (C).
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FIGURE 3.

Siva-1 inhibits TRAF2- and NIK- but not TRAF6-induced NF-xB activity. Jurkat cells were
co-transfected with control and Siva-1-myc vectors with either Flag-TRAF2 or Flag-TRAF6
(A) or myc-NIK constructs (B), along with the NF-xB-luciferase reporter vector. Cells were
left unstimulated or stimulated by TCR cross-linking, and the normalized fold activity was
plotted in comparison with unstimulated cells transfected with control vector. Expression
levels were confirmed by immunoblotting (inset). Results shown were compiled from a

minimum of three independent experiments. Co-expression

of Siva-1 with TRAF2 or NIK
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resulted in a significant inhibition of TCR-induced activation of NF-xB (p < 0.01) and are
statistically significant (p < 0.01), but not when TRAF6 was co-expressed.
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FIGURE 4,

Siva-1 interacts with TRAF2. 293T cells were co-transfected with either control or Siva-1-
myc/His vectors along with either Flag-TRAF2 or Flag-TRAF6 constructs. Anti-flag and
anti-myc antibodies were used for immunaoblotting (A). 293T cells were transfected with
control or myc-tagged Siva-1 vectors. Siva-1 was immunoprecipitated using anti-myc
antibody, and immunoblotting was performed using anti-TRAF2 and anti-myc antibodies
(B). Endogenous complexes of Siva-1 and TRAF2 were immunoprecipitated from Jurkat
cells using anti-Siva-1 and anti-TRAF2 antibodies (C). Ring finger motif of TRAF2 is
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required for association with Siva-1. 293T cells were co-transfected with either GST or
GST-Siva-1 and Flag-TRAF2 (left panel) or GST or GST-Siva-1 and Flag-TRAF2AN (right
panel) expressing plasmids. Glutathione beads were used to precipitate GST-tagged
proteins, and the complexes were separated and immunoblotted with anti-FLAG and anti-
GST antibodies (D).
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FIGURE 5.

Exogenous expression of Siva-1 dramatically inhibits the K63- but not K48-ubiquitylated
TRAF2-mediated NF-xB activation. Jurkat cells were co-transfected with either the control
or Siva-1 vectors along with the TRAF2 construct and either K63-Ub- (A) or K48-Ub-
expressing plasmids (B) and the NF-xB luciferase reporter vector. Luciferase assay was
performed after 6 hours, and the fold activity was plotted in comparison with unstimulated
control siRNA cells. Results were compiled from three independent experiments.
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FIGURE 6.
Siva-1-expression results in increased K48 but not K63 polyubiquitination of TRAF2. 293T

cells were co-transfected with control or Siva-1 and TRAF2 constructs along with either
HA-K63-Ub- (A) or HA-K48-Ub-expressing plasmids (B). Immunoprecipitation of the
lysates was performed using anti-TRAF2 antibody. The complexes were separated and
immunoblotted with the HA antibody to visualize the ubiquitination of TRAF2. Siva-1- and
TRAF2-expression levels in the lysates were determined using anti-myc and anti-Flag
antibodies.
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Siva-1 knockdown T cells demonstrate decreased K48 and increased K63 ubiquitination of
TRAF2. Control siRNA or siSiva Jurkat T cells were co-transfected with Flag-TRAF2 and
K63-Ub (A) or K48-Ub constructs (B). After 36 hours, T cells were either left unstimulated
or subjected to TCR cross-linking for 30 minutes. TRAF2 complexes from detergent cell
lysates containing 0.01% SDS were collected by immunoprecipitation with anti-Flag
antibody. Complexes were separated on gradient gels, and immunoblotting was performed
with anti-HA and anti-TRAF2 antibodies to check ubiquitina-tion and TRAF2 levels. Data
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from K48-Ub-transfected cells pretreated with MG-132 for 1 hour and then subjected to
TCR cross-linking are shown in the right panel of B.
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