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Activation of IkB kinase subunit y (IKKvy), a key regulator of the classical NF-kB pathway, by the vFLIP
protein of Kaposi’s sarcoma-associated herpesvirus (KSHV) and the Tax protein of human T cell lymphotropic
virus type 1 (HTLV1) is essential for virus-associated cancer. We show that vFLIP and Tax activate this
pathway by different interactions with IKK<y and independently of the ubiquitin-mediated signaling pathways
induced by cytokines. Our data provide new insights into the mechanisms by which IKK~y can be activated and
show that NF-kB activation by oncogenic viruses can be targeted without affecting physiologically important

pathways.

The family of NF-«kB transcription factors are key compo-
nents of inflammation, immune responses, cell cycle regula-
tion, and cell death (10). Genetic mutations that lead to con-
stitutive NF-«B activation are evident in many human cancers
(18). Similarly, constitutive NF-«kB activation by the viral pro-
teins Tax, from human T cell lymphotropic virus type 1
(HTLV1), and viral Fas-associated death domain (FADD) in-
terleukin-1B-converting enzyme (FLICE) inhibitory protein

(VFLIP), from Kaposi’s sarcoma-associated herpesvirus
(KSHYV), contributes to the neoplastic transformation associ-
ated with these viruses (11).

In the classical NF-kB pathway, innate immune stimuli and
cytokines induce nuclear translocation of NF-kB p50/RelA
heterodimers through proteosomal degradation of the inhibi-
tor of NF-kB (IkBa). An alternative pathway with slower sus-
tained kinetics leads to processing of NF-kB p100 to p52 and
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FIG. 1. Schematic representation of IKKy domains. HLX, helix; CC, coiled coil; LZ, leucine zipper; ZF, zinc finger; KBD, kinase binding
domain; MOD, minimal oligomerization domain; UBAN, ubiquitin binding in ABIN and NEMO domain. The positions for site-directed
mutagenesis of the IKKy mutants used in this study are shown: L227P L230R (solid triangles), F238R D242R (open arrows), K277E (open
diamond), K285R K309R (open triangles), and F312A (shaded triangle).
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FIG. 2. Western blot analysis of steady-state IkBa levels in vVFLIP-transduced 1.3E2 cells deficient in IKK+y or complemented with WT IKKry
(A), quantified by densitometry normalized to B-actin levels (B). In cells transduced with an LVV encoding GFPAVFLIP, GFP™" cells (white
arrowheads) show nuclear translocation of NF-kB RelA (C and D), reflected in a significantly (P < 0.001, Mann-Whitney U test) higher
nuclear/cytoplasmic ratio of RelA staining (E) in 70Z/3, but not 1.3E2 cells (F to H). Increased NF-«kB nuclear translocation was also evident in
a proportion of 70Z/3 cells (I; white arrowheads) but not 1.3E2 cells (J) stimulated for 1 h with 10 ng/ml IL-18 and quantified by nuclear/
cytoplasmic ratios of RelA staining at the single-cell level (K). This response was heterogeneous, however, as some cells (solid arrowheads in panel
I) showed no RelA nuclear translocation. Representative confocal images of multiple experiments are shown. Data points indicate measurements
from individual cells within one experiment, representative of multiple independent experiments.

nuclear translocation of p52/RelB heterodimers. Activation of
both pathways is mediated by components of the IkB kinase
(IKK) complex; activation of the kinase subunit IKKB by IkB
kinase subunit y (IKKYy), also known as NF-kB essential mod-
ifier (NEMO), is responsible for the classical pathway, while
the kinase subunit IKKa is responsible for the alternative path-

way. Tax and VFLIP can activate both NF-«kB pathways follow-
ing direct interactions with IKKy (2, 5, 9, 12, 15, 21, 22).
IKKy is a 50-kDa protein predicted to contain two helical
domains interleaved with two coiled-coil (CC) domains, fol-
lowed by a leucine zipper (LZ) motif and C-terminal zinc
finger (ZF) (Fig. 1). Recent structural information shows that
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an N-terminal kinase binding domain of IKKry (residues 44 to
111) forms a dimeric, parallel, coiled coil that binds conserved
C-terminal NEMO binding domains in IKKa/B (11). We re-
ported that the IKK+y fragment that binds vFLIP (residues 192
to 252) also forms a parallel coiled coil recognized by two
vFLIP molecules that interact through clefts in their respective
death effector domain 1 (DED1) motifs (1). Cytokine activa-
tion of IKK involves the fragment of IKK<y spanning residues
254 to 337, which also forms a parallel coiled coil and changes
conformation upon binding linear diubiquitin (8, 14, 17). Thus,
the simplest model for activation of IKK is that much of IKKry
forms a parallel coiled coil that changes conformation upon
vFLIP, Tax, or ubiquitin binding, leading to a change in prox-
imity or conformation of the IKK« and B kinase subunits. This
is in keeping with data suggesting that IKKy forms
homodimers in the IKK complex (6).

In order to test the functional consequence of the vFLIP
interaction with IKK+y and selected mutants in vivo and to
make comparisons with alternative stimuli, we conducted stud-
ies with the IKKy-deficient mouse pre-B cell line 1.3E2 de-
rived from wild-type (WT) 70Z/3 cells (3), transduced with a
lentiviral vector (LVV) to express WT or selected mutants of
human IKK<y generated by QuikChange II XL site-directed
mutagenesis (Stratagene), and a second LVV encoding vFLIP
or Tax and green fluorescent protein (GFP) (4). This gener-
ated stable expression of IKKy that was detectable with a
polyclonal antibody at median protein levels 2- to 4-fold
greater than endogenous levels in 70Z/3 cells (Fig. SIA and B
in the supplemental material).

Semiquantitative Western blot analysis of IkBa (16) by den-
sitometry normalized to actin levels showed only very modest
degradation in 1.3E2 cells expressing WT IKKy and vFLIP
(Fig. 2A and B). However, we noted that LVVs encoding
VvFLIP and green fluorescent protein (GFP) generated hetero-
geneously transduced cells (Fig. 2C and F). Therefore, we
adopted a quantitative confocal microscopy assay (4, 20) to
image nuclear translocation of components of the NF-«B fam-
ily as a measure of activation of the pathway. 70Z/3 cells
expressing WT IKKy plus vVFLIP/GFP show nuclear transloca-
tion of NF-kB RelA (Fig. 2C and D), in contrast to 1.3E2 cells
(Fig. 2F and G). The same findings were evident in 70Z/3 cells
expressing Tax/GFP (not shown). Image analysis was used to
segregate GFP* and GFP ™ cells (Fig. S2 in the supplemental
material), and RelA nuclear translocation was assessed by
measurement of nuclear/cytoplasmic ratio of RelA staining in
individual cells (Fig. 2E and H). In comparison, neither vFLIP
nor Tax expression was associated with increased nuclear
translocation of p52 or RelB (Fig. S3A to L in the supplemen-
tal material), suggesting that vFLIP and Tax predominantly
activate the classical NF-kB pathway in this model. Interest-
ingly, adjacent GFP™ cells showed no RelA translocation, sug-
gesting that NF-kB activation in this model does not activate
bystander cells through intercellular networks. In order to
compare levels of vFLIP-mediated activation of IKK+y to phys-
iological pathways, we used the same assay to study cellular
responses to lipopolysaccharide (LPS), tumor necrosis factor
alpha (TNF-o), and interleukin-1B (IL-1B). Of these, only
IL-1B induced nuclear translocation of RelA in a subset of
cells (Fig. 2I to K). We therefore used the ratio of median
RelA nuclear translocation values in cells = GFP within the

J. VIROL.
:
’:‘é '\?‘q. ):‘é bf"?.
¢ & @ 8
N 'bq’ \?’ ﬂ,‘b
& &
& &
N N
Anti Flag-Tax
(Pull down)
. - Anti Flag-Tax
-~ - - | (Supernatant)

Anti-GST

7. Vega. Tos 78, 7s
7> %50 ?)? 0’47? o’?)?

IKKy fragments expressed as GST
fusion proteins

FIG. 3. No vFLIP is detectable in immunoprecipitates (IP) of
IKKy from 1.3E2 cells complemented with the IKKy F238R D242R
double mutant in contrast to cells complemented with WT IKKry (A).
GST pulldown assays, using GST fusions with fragments of IKKry
expressed in Escherichia coli cells and cell lysates from 293T cells
expressing Flag-tagged Tax, show that Tax interacts with IKK+y be-
tween residues 1 to 272 and 150 to 412 (B).

same culture to quantify vFLIP- or Tax-mediated effects and
the ratio of 90th percentile nuclear translocation values =
IL-1B stimulation to quantify IL-1B-responsive cells. Impor-
tantly steady-state levels of RelA translocation were not af-
fected by complementation of 1.3E2 cells with WT or mutant
variants of IKKy (Fig. S1C in the supplemental material).
Our structural data suggested that vFLIP DED1 binding to
IKKry involves direct interactions with residues F238 and D242
in the HLX2 region (1). Therefore, we tested the effect of
site-directed mutagenesis of these two residues on the inter-
action of vFLIP with IKKy. Immunoprepcipitation studies
with 1.3E2 cells complemented with WT or mutant IKKvy and
transduced with LVV expressing vFLIP showed that the inter-
action of VFLIP is detectable in 1.3E2 cells complemented with
WT IKKYy, but disrupted by F238R and D242R mutations (Fig.
3A). We then used GST pulldown assays (5) with IKKvy frag-
ments to show that Tax does not bind to the vFLIP binding
fragment from positions 150 to 272 but alternatively interacts
with fragments spanning positions 1 to 272 and 150 to 412 (Fig.
3B). This is compatible with previous reports of site-directed
mutagenesis of putative LZs between residues 96 to 131 and
311 to 346 of IKKry, showing that both regions are involved in
Tax binding (22). We found that vFLIP-mediated activation of
NF-kB was attenuated to levels comparable to those in IKK+y-
deficient cells when an F238R D242R mutant was expressed in
1.3E2 cells, but that this mutant remained functional in re-
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FIG. 4. Activation of the classical NF-kB pathway was assessed in WT 70Z/3 cells, IKK~y-deficient 1.3E2 cells and 1.3E2 cells complemented
with WT IKKy or selected mutants of IKKry, following transduction with LVVs expressing VFLIP or Tax for 48 to 72 h or stimulation with IL-18
(10 ng/ml for 1 h) or LPS (5 pg/ml for 6 h), by quantification of RelA nuclear translocation (A) or luciferase assay (Promega Bright-Glo luciferase
assay system) in two separate series of cell clones encoding the NF-«B luciferase reporter gene (B). Comparisons of vFLIP-, Tax-, and
IL-1B-induced activation of the classical NF-kB pathway by quantitative confocal microscopy are shown as ratios of values for nuclear versus
cytoplasmic RelA staining. Bars represent means * standard errors of the means of separate experiments. *, cells which show significantly greater
activation of NF-kB in comparison to IKK+y-deficient 1.3E2 cells; V, cells which show attenuated activation of NF-«B in comparison to 1.3E2 cells
complemented with WT IKKy (P < 0.05, Mann-Whitney U rank test). The heat map represents the mean fold induction of luciferase activity

compared to the level in unstimulated cells.

sponse to Tax or IL-1B activation (Fig. 4A). Finally, we used
the K277E mutant, which was reported to be unresponsive to
cytokine stimulation (13). Figure 4 shows that this mutant
responds to VFLIP, but fails to respond to Tax. These data
confirm the functional significance of the residues that contact
VFLIP in the IKKy crystal structure; importantly this interac-
tion can be targeted without affecting physiological NF-kB
activation pathways. Tax clearly interacts with different regions
of IKK+y compared to vFLIP, one of which overlaps with the
ubiquitin binding region. Like cytokine activation via the ubig-
uitin binding region of IKKry, Tax activation of IKK is inhibited
by a K277E mutation within the coiled coil, which may block a
conformational change induced by binding Tax or ubiquitin
and required for activation.

Mutation of IKK+y residue L227P is associated with a rare
functional deficiency of IKKvy in anhydrotic ectodermal dys-
plasia with immunodeficiency (EDA-ID) (7). This mutation
has a destabilizing effect, rendering the recombinant protein
susceptible to proteolysis (1). We had previously noted that
within the IKKy-vFLIP crystal structure, 1227 occupies the
hydrophobic interface between the two IKKy molecules adja-
cent to the IKK+y-vFLIP interaction region. Another residue,
L2230, within this region was also predicted from the crystal
structure to contribute to stabilization of the complex. There-
fore, in order to test the functional significance of the hydro-
phobic coiled-coil interface further, we generated an L227P

L230R mutant. This mutant rendered the classical NF-«B
pathway resistant to IL-1B-, vFLIP-, or Tax-mediated activa-
tion (Fig. 4). These data suggest that dimerization mediated by
the hydrophobic interface in HLX2 is critical for all three
activating signals.

Finally, we tested whether physiologically important ubiqui-
tin pathways participated in either vVFLIP- or Tax-mediated
activation of NF-«kB. Previous studies demonstrate that muta-
tions K285R and K309R, which disrupt linear polyubiquityla-
tion, and F312A, which disrupts binding of linear polyubiqui-
tin, prevent TNF activation of IKK (17, 19). We found both of
these mutants were unresponsive to IL-1B stimulation, but the
levels of vFLIP- and Tax-mediated stimulation of NF-kB were
comparable to that of WT IKKy (Fig. 4). Hence linear poly-
ubiquitylation and linear polyubiquitin binding are not neces-
sary for vFLIP- or Tax-mediated classical NF-kB activation.

We tested key findings with an independent assay using an
NF-«B luciferase reporter system (1). 1.3E2 cells transduced
with an LVV encoding WT or mutant IKK+y with the fluores-
cent marker mCherry were subjected to limiting dilution clon-
ing to generate mCherry-positive cell clones and transduced
with LVV encoding the NF-«B luciferase reporter gene.
NF-«B activation in these clones was then tested after further
transduction with LVV encoding vFLIP or Tax and stimulation
of classical NF-«kB activation by LPS. Some clonal variability
was observed in this model. Therefore, the results of two in-
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dependent clones for cells expressing each IKKy mutant are
presented (Fig. 4B). LPS, vFLIP, and Tax all increased lucif-
erase activity in 70Z/3 cells and 1.3E2 cells expressing WT
IKKry, but not in IKK+y-deficient 1.3E2 cells (Fig. 4B and Fig.
S4 in the supplemental material). In keeping with the RelA
nuclear translocation assay, VFLIP-mediated activation of lu-
ciferase was deficient in cells expressing the F238R D242R
mutant of IKKvy, and Tax-mediated activation was deficient in
cells expressing the K277E mutant. LPS-mediated activation
was deficient in one of two clones expressing the K277E mu-
tant or F312A ubiquitin binding mutant.

In the present study, we demonstrate that vFLIP and Tax
interact with distinct regions of IKKy and directly activate IKK
without involvement of ubiquitin binding or ubiquitinylation
involved in cytokine signaling. These two viral proteins share
no obvious homology, and their convergent evolution to stim-
ulate IKK via IKKry is remarkable. Our findings support the
possibility of therapeutic targeting of vFLIP or Tax interac-
tions with IKKvy, without the potentially deleterious effects of
blocking normal NF-«kB activation pathways.
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