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Abstract
Kaposi’s sarcoma-associated herpesvirus (KSHV) K13/vFLIP (viral Flice-inhibitory protein)
induces transcription of numerous genes through NF-κB activation, including pro-inflammatory
cytokines, which contribute to the pathogenesis of Kaposi’s sarcoma (KS). In this study, we report
that KSHV vFLIP induces the expression of the NF-κB regulatory proteins A20, ABIN-1 and
ABIN-3 (A20-binding NF-κB inhibitors) in primary human endothelial cells, and that KS spindle
cells express A20 in KS tissue. In reporter assays, A20 strongly impaired vFLIP-induced NF-κB
activation in 293T cells, but ABIN-1 and ABIN-3 did not. Mutational analysis established that the
C-terminal domain (residues 427–790) is critical for A20 modulation of NF-κB, but the ubiquitin-
editing OTU (ovarian tumor) domain is not. In functional assays, A20 inhibited vFLIP-induced
expression of the chemokine IP-10, reduced vFLIP-induced cell proliferation and increased IKK1
protein levels. Thus, we demonstrate that A20 negatively regulates NF-κB activation directly
induced by KSHV vFLIP. By attenuating excessive and prolonged vFLIP-induced NF-κB
activation that could be harmful to KSHV-infected cells, A20 likely has an important role in the
pathogenesis of KSHV-associated diseases, in which vFLIP is expressed.
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INTRODUCTION
Kaposi’s sarcoma-associated herpesvirus (KSHV) is the etiological agent of Kaposi’s
sarcoma (KS), primary effusion lymphoma (PEL), a subset of multicentric Castleman’s
disease and an (interleukin) IL-6-related inflammatory syndrome associated with AIDS.1,2

In these malignancies, KSHV establishes a mostly latent infection where transcription of
viral genes is limited.3 ORF K13, one of the few KSHV genes expressed during latency, is
believed to have important roles in viral persistence and disease pathogenesis.4–8 For
example, the growth and survival of PEL cells in culture is dependent upon continued
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expression of the KSHV K13 gene product, named vFLIP (for viral Flice-inhibitory
protein)/K13 protein.9

The vFLIP protein activates the canonical NF-κB pathway through direct binding to NEMO
(NF-κB essential modulator, also known as IKKγ), which functions as a regulatory subunit
of the IKK (IκB kinase) complex.10,11 The IKK complex, composed of two catalytic
subunits, IKKα and IKKβ, and the scaffolding subunit IKKγ/NEMO, phosphorylates IκBα
(inhibitor of NF-κB) at specific serine residues.12–16 This leads to the ubiquitin/proteasome-
dependent degradation of IκBα, and to release of NF-κB components such as RelA/p65 and
p50, which subsequently translocate to the nucleus where they function as DNA-binding
transcription factors.17

Expression of vFLIP in primary endothelial cells activates NF-κB resulting in increased
transcription of inflammatory cytokines (IL-1, IL-6, granulocyte-macrophage colony-
stimulating factor and others), chemokines (RANTES, IP-10 and others), interferon-induced
anti-viral genes (Mx1, ISG15 and others) and other genes.18–22 In previous studies, we
found that vFLIP promotes the endothelial cell expression of certain NF-κB signaling
modulators, including A20 (also known as tumor necrosis alpha-induced protein 3,
TNFAIP3), ABIN-1 (A20 binding inhibitor of NF-κB 1), ABIN-3, IκBα, cIAP2 and
TRAF1 (TNFR-associated factor 1).21 Recently, vFLIP was reported to promote A20
expression in PEL cells.23

A20 is a zinc finger protein identified in endothelial cells stimulated with TNFα,24 which
inhibits TNFα-induced cell death by blocking NF-κB activation.25,26 Subsequent
experiments showed that NF-κB activates A20 expression with the contribution of the
transcriptional apparatus, certain transcription factors and co-activators.27,28 Biochemical
and genetic studies indicated that A20 downregulates NF-κB signaling through the
combined activity of its two distinct ubiquitin-editing domains at the N- and C-
terminus.29,30 Other studies showed that A20 regulates LPS-TLR4-induced signaling, and
that the carboxy-terminal domain of A20 is sufficient to inhibit LPS-TLR4-induced NF-κB
activation.31 A20 has several binding partners, including the E3 ubiquitin ligases TRAF1,
TRAF2, TRAF6, Itch and RNF11, and other proteins, including TAXBP1 (Tax-binding
protein) and A20-binding NF-κB inhibitors (ABINs), suggesting the potential for complex
functional interactions.32–35 The ABIN proteins (ABIN-1, -2 and -3) were originally
identified as NF-κB inhibitors, which bind A20 through the ABIN homology
domain-1.28,33,36,37 Expression of ABIN-1 and ABIN-3 is regulated by NF-κB.28,37–39

In the present study, we examined the relationship between KSHV vFLIP and A20, ABIN-1
and ABIN-3, and analyzed the potential roles of these NF-κB regulators in KSHV infection
of endothelial cells. We show that A20 functions as a negative regulator of KSHV vFLIP-
induced NF-κB activation, modulating chemokine secretion and cell growth. Furthermore,
we find that A20 is expressed in KSHV-infected cells within KS tissue. These results
support an important modulatory role for A20 in the context of KS pathogenesis.

RESULTS
Transduction of KSHV vFLIP in endothelial cells activates the NF-κB pathway and
stimulates expression of A20, ABIN-1 and ABIN-3 We transduced the KSHV vFLIP gene
in primary human umbilical vein endothelial cells (HUVEC) using the Ires-Gfp retroviral
vector (LZRSpBMN-ORF13-Ires-GFP) described previously.21 Expression of vFLIP was
reflected by GFP fluorescence detected by microscopy 24 h after infection of HUVEC
(Figure 1a). We examined early changes in expression of selected cellular proteins, with a
focus on components of the canonical NF-κB pathway (Figure 1b), which is activated by
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vFLIP.7,10 Phosphorylation of the inhibitory protein IκBα, a critical step for release and
nuclear translocation of NF-κB components, was first detected 24 h after transduction with
vFLIP-retrovirus but not control retrovirus. Expression of some of the NF-κB target genes
was induced early, as evidenced by increased protein levels of COX2 and RelB 24–48 h
after vFLIP transduction. Expression of the NF-κB target gene p100/NF-κB2 was detected
at low levels 48 h and 72 h after transduction with vFLIP but not control retrovirus. As we
previously reported,21 vFLIP induced STAT1 phosphorylation after 48 h, somewhat later
than IκBα phosphorylation. vFLIP also induced ERK1/2 phosphorylation, which was
sustained over 72 h. Consistent with activation of the NF-κB canonical pathway, vFLIP-
transduced HUVEC displayed p65/RelA in the nucleus, whereas control cells displayed p65/
RelA in the cytoplasm (Figure 1c).

Expression of the NF-κB target chemokine genes IP-10 and MCP2 was evaluated by
measuring mRNA and protein levels in HUVEC transduced with vFLIP. IP-10 and MCP2
mRNAs were first detected 24–48 h after vFLIP transduction, peaked at 72–96 h, and
decreased by 144 h (Figure 1d). Consistent with this pattern of mRNA kinetic expression,
IP-10 and MCP2 proteins were first detected in the culture supernatant after 48–72 h, peaked
at 72–96 h and decreased by 144 h (Figure 1e). Levels of phosphorylated IκBα protein
(Figure 1b) also decreased by 144 h after vFLIP transduction (not shown). This suggested
the occurrence of a negative feedback loop inhibiting NF-κB activation and expression of
IP-10 and MCP2 in HUVEC.

On the basis of a microarray analysis, we previously reported that vFLIP enhances the
expression of A20/TNFAIP3 (TNFα-induced protein 3) and ABIN-3 (A20-binding NF-κB
inhibitor 3), and moderately enhances the expression of ABIN-1 in endothelial cells.21

Expression of ABIN-2 was very low or undetectable in vFLIP-expressing endothelial cells
(not shown). To confirm that vFLIP induces the expression of these genes, we used RT–
PCR analysis and immunoblotting. When vFLIP or vector-only expression was detected in
76–96% of HUVEC (Figure 2a), the mRNAs of A20, ABIN-1 and ABIN-3 were markedly
increased in vFLIP-expressing HUVEC compared with control (Figure 2b). The A20 protein
was detected in vFLIP-transduced HUVEC at much higher levels than in vector-only
expressing cells (Figure 2b). Similarly, vFLIP was reported to upregulate A20 expression in
PEL cells.23

vFLIP is generally expressed in KS tissues.8 We examined whether A20 is also expressed in
KS tissues. Using immunofluorescence microscopy, we easily detected A20 protein in these
tissues (representative example, Figure 2c). Double staining for KSHV-LANA indicated that
a proportion of cells in which A20 is detected are infected with KSHV. These KSHV-
infected cells resembled morphologically KS spindle cells.8 At the margins of KS lesions
where LANA-positive cells are rare, a few A20-positive CD31-positive endothelial cells
were also identified (Figure 2c), likely reflecting normal capillary endothelium. Thus, A20 is
expressed in KSHV-infected KS lesions.

A20 inhibits vFLIP-induced NF-κB activation and IP-10 secretion A20, ABIN-1 and
ABIN-3 were reported to inhibit NF-κB activation induced by TNFα or LPS.29,37–40 To test
whether A20, ABIN-1 and ABIN-3 can also inhibit NF-κB activation induced by vFLIP, we
used luciferase reporter assays. Expression of vFLIP in 293T cells activated NF-κB-driven
luciferase activity by approximately 65-fold. The HA (hemagglutinin)-tagged A20 reduced
this vFLIP-induced luciferase activity, reflective of NF-κB inhibition (Figure 3a).
Expression of ABIN-1 (HA-tagged) in 293T cells partially reduced vFLIP-induced NF-κB
activation, whereas expression of ABIN-3 (Myc-tagged) was not inhibitory (Figure 3a).
However, A20, ABIN-1 and ABIN-3 all effectively inhibited TNFα-induced NF-κB
activation in 293T cells (Figure 3b).

Sakakibara et al. Page 3

Oncogene. Author manuscript; available in PMC 2013 March 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We examined whether A20 can inhibit vFLIP-induced IP-10 secretion in 293T cells.
Previous studies documented that the IP-10 promoter region contains two kappa B sites that
control interferon gamma and LPS-induced IP-10 transcription.41 We and others have
established that IP-10 is rapidly induced by vFLIP expression in endothelial cells.20,21 By
enzyme-linked immunosorbent assay (ELISA), we confirmed that vFLIP expression induces
IP-10 (~130 pg/ml) release in the culture supernatant of 293T cells (Figure 3c). A vFLIP
mutant (A57L)21 that fails to bind NEMO and does not activate the canonical NF-κB
pathway induced minimal release of IP-10 from 293T cells (Figure 3c), indicating that the
vFLIP-NEMO axis is the predominant contributor to NF-κB activation here. In this system,
we observed that A20 inhibited IP-10 production (Figure 3c) induced by vFLIP through NF-
κB activation. Similarly, A20 inhibited vFLIP-induced IL-8 and MIP3α production in 293T
cells.23

The C-terminal domain of A20 is required for inhibition of vFLIP-induced NF-κB activity
vFLIP binds to the IKK complex (composed of IKKα, IKKβ and IKKγ/NEMO subunits)
through NEMO. Because A20 also binds to NEMO,42 we examined whether A20 inhibits
vFLIP-induced NF-κB activity by competing with vFLIP for binding to NEMO. Therefore,
we co-transfected 293T cells with V5-tagged vFLIP and FLAG-tagged NEMO with or
without HA-tagged A20 (Figure 4a). Immunoprecipitation of vFLIP with an anti-V5
antibody followed by immunoblotting showed the expected presence of vFLIP and NEMO
in the immunoprecipitates. Importantly, the amount of vFLIP and NEMO proteins detected
in the precipitates was similar with or without expression of A20. This indicated that A20
does not prevent or reduce vFLIP binding to NEMO. Similarly, other studies have shown
that A20 does not physically disrupt the vFLIP-IKK complex.23 In addition, we detected
little or no A20 protein after immunoprecipitation of vFLIP in 293T cells that expressed
A20 and vFLIP, suggesting that A20 does not directly bind to vFLIP. This conclusion
contrasts with the results showing that A20 directly interacts with vFLIP in PEL cell lines.23

Endogenous IKKα was also co-precipitated with vFLIP with little interference by A20.
Although Hsp90 was reported to bind the vFLIP-NEMO complex,11 we could not detect
Hsp90 in the precipitate of V5 antibody.

Previous studies provided evidence that vFLIP binds to TRAF2 (TNF receptor-associated
factor 2),7,43 but the role of TRAF2 in vFLIP-induced activation of the NF-κB pathway is
controversial.19 We examined the effects of A20 on the binding of vFLIP to TRAF2 (Figure
4b). By immunoprecipitation, we find that vFLIP binds to TRAF2, but that A20 does not
alter this binding. These results provide evidence that A20 does not inhibit vFLIP-induced
NF-κB activation by competing with vFLIP for binding to NEMO, by competing for vFLIP
binding to TRAF2 or by directly binding to vFLIP.

A20 is a ubiquitin-editing enzyme that inhibits NF-κB activity through opposing effects on
ubiquitination: at the amino-terminus, A20 contains a conserved motif, called OTU domain,
responsible for the de-ubiquitination of lysine 63-linked chains; at the carboxy-terminus,
A20 contains a zinc-finger motif that displays ubiquitin ligase activity inducing
polyubiquitination and proteosomal degradation of receptor interacting protein (RIP). A
previously described mutation in the OTU motif (D100A/C103S; aspartic acid 100 replaced
with alanine and cysteine103 replaced with serine) disrupted the ability of A20 to de-
ubiquitinate NEMO/IKKγ resulting in the loss of A20 inhibition of NF-κB activity.38,44 To
examine the importance of the OTU domain in the regulation of vFLIP-induced NF-κB
activity, we tested A20 mutants in reporter assays. The A20 D100A/C103S mutant that lacks
de-ubiquitination activity inhibited vFLIP-induced NF-κB activity as strongly as wild-type
A20 (Figure 4c). By contrast, a large deletion of the C-terminal ubiquitin ligase domain (aa
428–790) markedly reduced the inhibitory effect of A20 (Figure 4c). Thus, these results
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indicate that the de-ubiquitination activity of A20 is not required for inhibition of vFLIP-
induced NF-κB activity.

As the large deletion at the carboxy-terminus, which contains the zinc finger domains 1–7,
reduced A20 inhibitory activity of vFLIP-driven NF-κB activation, we next tested the effect
of point mutations within the zinc-finger domains. We selected a minimal mutation (C624A/
C627A) at zinc finger motif 4 (ZNF4), which was previously reported to attenuate the
ubiquitination activity of A2029 and a previously untested mutation (C779A/C782A) in zinc
finger motif 7 (ZNF7). As shown in Figure 4d, the A20 ZNF4 mutant was as effective as
WT A20 and the ZNF7 mutant at reducing vFLIP-induced NF-κB activity. These results
demonstrate that the carboxy-terminal residues 428–790 are critical for A20 inhibition of
NF-κB activation induced by vFLIP, and suggest that this activity of A20 is independent of
its de-ubiquitinating and ubiquitinating functions.

A20, but not ABIN-1, regulates cell growth in vFLIP-expressing cells
NF-κB regulates growth in various cell types, including KSHV-infected PEL cells.7,10,43 As
we demonstrated that A20 serves as a negative regulator of vFLIP-induced NF-κB activity
in model systems, we tested the effects of A20 on the proliferation of cells that express
vFLIP.

We used the endothelial-like cell line EA.hy926 (EAHY) transduced with a vFLIP lentivirus
as we could not perform these experiments in primary endothelial cells due to extensive cell
death following vFLIP transduction21 combined with A20 silencing. We achieved high-level
vFLIP expression in EAHY cells as assessed by quantitative PCR analysis (Figure 5a, top
panel), which was associated with increased expression of endogenous A20 (Figure 5a,
bottom panel). The silencing lentivirus vectors shA20-1 and shA20-2 reduced expression of
A20 in vFLIP-expressing EAHY cells as assessed by quantitative PCR (Figure 5a, bottom
panel) and immunoblotting (Figure 5b). Proliferation assays using 3[H] thymidine
incorporation showed that A20 silencing increases significantly (P<0.05) the proliferation of
vFLIP-expressing EAHY cells in comparison with control EAHY cells (Figure 5c), but
minimally affects the proliferation of EAHY cells that do not express vFLIP (not shown).
These results show that the silencing of A20 promotes the proliferation of EAHY cells that
express vFLIP. Consistent with these results, the forced expression of A20 in vFLIP-Rat1
fibroblasts reduced soft-agar colony formation.23

Taking advantage of EAHY cells stably expressing vFLIP, we further explored the
mechanisms underlying A20 regulation of cell growth. As shown (Figure 5d), vFLIP
expression in EAHY cells was associated with increased IKK1 protein levels in comparison
with control cells (not expressing vFLIP), whereas levels of IKK2 and NEMO protein levels
minimally differed. The silencing of A20 in these cells selectively reduced IKK1 protein
levels but not the levels of IKK2 or NEMO (Figure 5d). These results indicated that A20
regulates IKK1 protein levels in these cells, and raised the possibility that IKK1 may
contribute to A20 modulation of cell growth in this system. To test for this possibility, we
examined the effects of IKK1 silencing on EAHY cell proliferation. By using a pool of
silencing RNAs (siRNAs), we effectively and specifically reduced IKK1 expression in
vFLIP-expressing EAHY cells (Figure 5e). In proliferation assays, the knockdown of IKK1
significantly (P<0.05) enhanced the proliferation of EAHY cells compared with the control
(Figure 5f), albeit to a somewhat lower degree than the silencing of A20 (Figure 5c).
Instead, the knockdown of IKK1 failed to enhance the proliferation of EAHY cells that do
not express vFLIP (not shown). These results support a role for IKK1 as a contributor to
A20 modulation of cell growth in vFLIP-expressing EAHY cells.

Sakakibara et al. Page 5

Oncogene. Author manuscript; available in PMC 2013 March 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To examine the specificity of A20-induced growth modulation, we silenced expression of
ABIN-1 in EAHY cells that express vFLIP. The silencing lentiviral vectors shABIN-1a and
shABIN-1b reduced expression of ABIN-1 in vFLIP-expressing EAHY cells as assessed by
quantitative PCR (Figure 5g) and immunoblotting (Figure 5h). In addition, ABIN-1
silencing minimally altered the proliferation of vFLIP-expressing EAHY cells (Figure 5i).
Thus, we conclude that A20 is a specific negative regulator of cell proliferation in
endothelial cells that express vFLIP.

DISCUSSION
We report that the KSHV latency gene vFLIP promotes the expression of A20, a previously
identified zinc-finger protein that inhibits NF-κB activity,31 and that A20 can inhibit NF-κB
activation induced by KSHV vFLIP in endothelial cells. As a similar inhibitory effect of
A20 was recently described also in PEL,23 the current results provide evidence for a broader
role of vFLIP-induced A20 activation in KSHV-associated diseases, including KS. Thus,
KSHV vFLIP can exert seemingly opposing effects on the NF-κB pathway, as it can directly
promote NF-κB activation by binding to NEMO, the regulatory subunit of the IKK
complex, and can indirectly inhibit NF-κB activation by inducing expression of A20. KSHV
vFLIP and vFLIP-induced A20 bind to NEMO/IKKγ. However, we find that A20 does not
compete with vFLIP for binding to NEMO, providing evidence that KSHV can target the
NF-κB pathway at different points. By directly activating the NF-κB pathway thereby
inducing cell growth and cytokine production, and indirectly reducing NF-κB activity
thereby modulating cell growth and cytokine production, KSHV vFLIP likely has important
regulatory functions for the survival and spread of KSHV in humans.

Analysis of the crystal structure of vFLIP binding to the IKK complex, which consists of
IKKα/β and NEMO/IKKγ, suggested that the conformational change induced by vFLIP
binding to NEMO resembles the conformational change occurring in NEMO during
physiological activation of the canonical NF-κB pathway by inflammatory responses.12 In
inflammation, TNFα engagement of TNFR1 induces the assembly of a proximal signaling
complex that includes of RIP, which becomes polyubiquitinated at Lys63 and recruits
NEMO.45 Non-covalent binding of linear or K63-linked ubiquitin to NEMO would
determine a conformational change believed to be essential for the recruitment and the
IKKα/β kinases and subsequent NF-κB activation.46–48 A20 can bind to NEMO at residues
95–218 (included in the CC1 and HLX2 regions), a similar binding site to that of the linear
ubiquitin chain and vFLIP,46 but we found no evidence of competition between vFLIP and
A20 for binding to NEMO. Similarly, A20 failed to physically disrupt the vFLIP-IKK
complex.23

When TNFR signaling is induced, A20 inhibits NF-κB activation by targeting TNFR-
associated RIP through the combined effects of the two ubiquitin-editing enzymes: the N-
terminal A20 domain (OTU domain) removes Lys63-linked ubiquitin chains from RIP
preventing its binding to NEMO, and the C-terminal A20 domain, composed of seven zinc
fingers, conjugates Lys48-linked ubiquitin chains to RIP promoting its proteosomal
degradation.29 When vFLIP is expressed, binding to RIP is unlikely the mechanism by
which A20 inhibits NF-κB activation because RIP does not contribute to vFLIP activation
of the NF-κB pathway.49 Other studies indicated that A20 inhibits the Toll-like receptor
pathway of NF-kB activation by antagonizing interactions of TRAF2, TRAF6 and cIAP1
with the ubiquitin-conjugating enzymes Ubc13 and UbcH5c.40 We considered the
possibility that TRAF2 might be a target for A20 when vFLIP-induces NF-κB activation, as
we found that vFLIP strongly binds to TRAF2. However, A20 did not compete for vFLIP
binding to TRAF2. In addition, based on mutational analysis we conclude that the OTU
domain and the C-terminal zinc finger 4 motif are not required for A20 inhibition of vFLIP-
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induced NF-κB activation. However, other studies concluded that the N-terminal (1–380)
and C-terminal (373–790) domains contribute to A20 inhibition of vFLIP-induced NF-κB
activation.23

Taking advantage of an endothelial-like cell line, EAHY, in which stable expression of
vFLIP was achieved to mimic more closely persistent expression of this gene as seen in
natural KSHV infection, we noticed that IKK1 protein levels were selectively increased as a
consequence of A20 expression. The silencing of IKK1 in these vFLIP-expressing EAHY
cells was associated with increased cell proliferation similar to the effect of A20 silencing in
these cells, pointing to a potential role for IKK1 as a mediator of A20 inhibition of NF-κB
activation induced by vFLIP. Additional studies will be required to elucidate the
mechanisms by which A20 increases IKK1 levels and the mechanisms by which IKK1
inhibits vFLIP-induced NF-κB activation. It is notable that IKK1 has been reported to be a
negative regulator of canonical NF-κB activity in other contexts.50–52 For example,
macrophages from IKK1-null mice show greater production of pro-inflammatory cytokines
as a result of canonical NF-κB activation.51 In addition, IKK1 has been shown to inhibit
NF-κB and inflammatory signaling by phosphorylating PIAS1, an inhibitor of STAT1
activation.52 Furthermore, IKK1 has been shown to phosphorylate TAX1BP1 thereby
negatively regulating NF-κB canonical signaling.50

We find that KSHV vFLIP promotes the expression of ABIN-1 (A20-binding inhibitor of
NF-κB-1) and ABIN-3. The three ABIN proteins (ABIN-1, -2, and -3) were originally
identified as NF-κB inhibitors that bind A20 through the ABIN homology domain 1.28,33,36

Here, we find that ABIN-1 only modestly inhibited vFLIP-induced NF-κB activation and
ABIN-3 did not inhibit. In addition, ABIN-1 silencing did not change the proliferation of
vFLIP-expressing endothelial cells, and thus the function of ABIN-1 and ABIN-3 in KSHV
infection remains to be defined.

What is the role of A20 in the context of endothelial cell infection with KSHV? Previous
studies have illustrated that A20 is a critical homeostatic regulator of inflammation that
helps terminate TNFα-dependent and TNFα-independent NF-κB activation. A20-null mice
develop severe inflammation in many tissues, and die prematurely attributed to
hypersensitivity to TNF and Toll-like receptor-4 activation.53,54 The protective effects of
A20 were related to its anti-apoptotic activity, which appears to be stimulus and cell-
specific,55 and to repression of NF-κB activation.53,56,57 We find that A20 silencing in
endothelial-like cells transduced with vFLIP enhances significantly cell growth. Thus, in
endothelial cells that express vFLIP, A20 appears to function as an inhibitor of cell growth
and an inhibitor of IP-10 chemokine secretion. KSHV vFLIP is a potent inducer of NF-κB
target genes and many other pro-inflammatory cytokines. By simultaneously inducing A20
expression, KSHV can temper excessive cell growth and modulate the extent of
inflammation surrounding the virus-infected cells, which could be harmful to the virus-
infected cells.

Consistent with the results presented here, A20 appears to have the role of a tumor repressor
in certain B-lineage tumor cells.23 A20 is frequently inactivated by somatic mutations or
deletions in many types of B-cell lymphomas.58–60 A20-deficient B-lineage cells generated
tumors in immunodeficient mice, but re-expression of A20 reduced their tumorigenicity. In
vitro, expression of A20 into a lymphoma-derived cell line deficient of A20 promoted
growth arrest and cell death in conjunction with downregulation of NF-κB activation.58,59

These results have broadened our understanding of KSHV-vFLIP regulation of endothelial
cell growth and chemokine secretion providing evidence for a role of A20 as a modulator of
NF-κB activation in the context of KSHV-induced disease pathogenesis.
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MATERIALS AND METHODS
Cells

HUVEC were maintained in M199 complete medium, as described.61 The HUVEC-
epithelial A594 hybrid cell line EAHY62 from American Type Culture Collection
(Manassas, VA, USA); the Phoenix cell line (from Dr G Nolan, Stanford University); and
the human kidney 293T cell line (gift of Dr H Mitsuya, HIV and AIDS Malignancy Branch,
NCI) were cultured in DMEM Glutamax (Invitrogen, Carlsbad, CA, USA) with 10% fetal
bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA).

Plasmids
LZRSpBMN-ORFK13-Ires-GFP was described.21 pTriEX-K13FLAG and pTriEX-
K13A57LFLAG were constructed by inserting PCR-amplified K13FLAG and K13A57L-
FLAG21 into the pTriEX1.1/Hyg vector (Merck KGaA, Darmstadt, Germany). For V5-
tagged vFLIP, vFLIP was inserted into pLenti6 (Invitrogen). pcDNA3.1-HA-A20, A20
OTU mutant (D100A/C103S) and ABIN-1 were gifts of Dr A Leonardi (University of
Naples, Italy).38 The FLAG-A20 plasmids, pcDNA3.1/Zeo-FLAG-A20, pcDNA3.1/Zeo-
A20A103, pcDNA3.1/Zeo-A20ZNF4MT, and pcDNA3.1/ZeoA20ZNF7MT were gifts of Dr
R Lin (Jewish General Hospital, Canada).63 pcDNA3.1-Myc-ABIN-3 was a gift of Dr BK
Weaver (Missouri State University).39 pcDNA3-3 × FLAG-NEMO was provided by Drs JM
Peloponese Jr and KT Jeang (National Institutes of Allergy and Infectious Diseases
(NIAID), NIH). pNF-κB-Luc was from Clontech (Mountain View, CA, USA). pRL-TK was
from Progema (Fitchburg, WI, USA). Restriction enzymes used for plasmid construction
were from New England Biolabs (Ipswich, MA, USA).

Antibodies and other reagents
Antibodies were purchased: anti-A20 rabbit polyclonal antibody, anti-Myc tag mouse
monoclonal antibody 9E10, anti-HA rabbit polyclonal antibody (Abcam, Cambridge, MA,
USA); anti-KSHV LANA/HHV-8 ORF73 rat monoclonal antibody (Advanced
Biotechnologies, Columbia, MD, USA); anti-V5 mouse monoclonal antibody (Invitrogen);
anti-FLAG mouse monoclonal antibody M2 (Sigma-Aldrich, St. Louis, MI, USA), (Abcam),
anti-GFP mouse monoclonal antibody, anti-COX2, anti-HSP90 α/β rabbit polyclonal
antibodies and anti-actin goat polyclonal antibody (Santa Cruz Biothechnology, Santa Cruz,
CA, USA); anti-IKK1 (IKKα), anti-phosphorylated STAT1 (Tyr701), anti-p100/NF-kB2,
anti-RelB, and anti-phopspho-ERK1/2/p44/p42 MAPK (The202/Tyr204) rabbit polyclonal
antibodies, anti-ERK1/2p44/p42 MAPK rabbit monoclonal antibody, anti-phosphorylated
IκB (Ser32/Ser36), anti-IκB mouse monoclonal antibody, anti-A20 rabbit monoclonal
antibody, rabbit IgG anti-ABIN-1/TNFAIP3 (Cell Signaling Technology, Danvers, MA,
USA); HRP (horseradish peroxidase)-conjugated anti-rabbit antibody (GE Healthcare,
Piscataway, NJ, USA); and HRP-conjugated anti-mouse IgG light chain-specific antibody
(Jackson ImmunoResarch Laboratory, West Grove, PA, USA). Recombinant human TNFα
was from R&D Systems (Minneapolis, MN, USA).

Retroviral and Lentiviral vFLIP infection; A20, ABIN-1 and IKK1 silencing
Retrovirus for vFLIP and empty control vector expression were prepared as described.21

Infection rate was evaluated by microscopy and flow cytometry for detection of GFP.
Images were taken with Olympus IX51 (Olympus Optical, Melville, NY, USA) equipped
with a 120-W mercury lamp (X-cite 120Q; Exfo, Ontario, Canada). Lentivirus for vFLIP
and control (pLenti6-LacZ, Invitrogen) were prepared as described.64 Infection was by spin-
inoculation.65 Selection of vFLIP-expressing cells was achieved by selection with
Blasticidin (5 μg/ml). vFLIP expression was evaluated by quantitative RT–PCR. Two
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preparations of lentiviral particles for silencing expression of the A20 protein
(TRCN0000050958, sequence: 5′-CC
GGCGGCTATGACAGCCATCATTTCTCGAGAAATGATGGCTGTCATAGCCGTTTTT
G-3′ and TRCN0000050959, sequence: 5′-
CCGGGCACCGATACACACTGGAAATCTCGAGATTTCCAGTGTGTATCGGTGCTT
TTTG-3′) were purchased from Sigma-Aldrich. Two preparations of lentiviral particles for
silencing of ABIN-1 protein (TRCN0000356647, sequence: 5′-
CCGGCCACCCAGAAGGCTTTCATTTCTCGAGAAATGAAAGCCTTCTGGGTGGTT
TTTG-3′ and TRCN0000378197, sequence: 5′-
CCGGTGATGAGCAATGGCAACAAAGCTCGAGCTTTGTTGCCATTG
CTCATCATTTTTG-3′) were purchased from Sigma-Aldrich. Control lentiviral particles
were produced using non-target shRNA control vector (Sigma-Aldrich). Lentivirus
infections were performed by standard techniques.64 Selection of A20-silenced, ABIN-1-
silenced and control cells was achieved by culture with 1 μg/ml Puromycin. ON-TARGET
plus SMARTpool siRNAs for human IKK1 and risk-free control siRNA were from
Dharmacon, Thermo Scientific (Walthan, MA, USA). Cells were transfected with siRNAs
using Oligofectamine reagent (Invitrogen) as described64 and were tested 72 h after
transfection.

RNA extraction, reverse transcription-PCR (RT–PCR) and quantitative PCR
Total RNA was extracted with Trizol (Invitrogen) and purified using RNeasy mini kit
(Qiagen, Gaithersburg, MD, USA) after DNase I (Invitrogen) treatment. cDNA from
HUVEC was synthesized by Superscript II (Invitrogen) following the manufacturer’s
protocol; from EAHY cDNA was synthesized by High capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA). A20 and vFLIP mRNAs
were measured by real-time PCR from 1 μg cDNA with Power Syber green PCR Master
Mix (Applied Biosystems). Primer sequences for A20: forward 5′-CG
CTGAAAACGAACGGTGAC-3′ and reverse 5′-GGGTATCTGTAGCATTCCTGGG
CAG-3′; for vFLIP: forward 5′-CCCTGTTAGGGGAATGTCTGTTTC-3′ and reverse 5′-
GTAAGAATGTCTGTGGTGTGCTGC-3′. IP10 and MCP-2 mRNAs were measured by
real-time PCR from cDNA amplification of 1 μg RNA with Taqman PCR Universal Master
Mix (Applied Biosystems) and Taqman gene expression probes (Applied Biosystems).

Enzyme-linked immunosorbent assay (ELISA)
ELISA for IP-10 and MCP2 were performed with Quantikine Human CXCL10/IP-10 and
Human CCL8/MCP2 Duo sets (R&D Systems) according to manufacturer’s protocol.

Transfection and luciferase assays
The NF-κB luciferase plasmid (100 ng) and pTK-RL (20 ng) were co-transfected with (500
ng per well) pTriEX-K13FLAG and various amounts of pcDNA-HA-ABIN-1, pcDNA-
Myc-ABIN3, or pcDNA-HA-A20 in 12-well plates. Parallel transfections were performed
with empty vectors (pTriEX1.1/Hyg and pcDNA3.1( + )mycHisA (Invitrogen)) for
normalization. Luciferase assays were performed with the Dual-Luciferase Assay System
from Promega. Firefly and Renilla luciferase activities (10 μl from 100 μl total lysate each)
were read using the FLUOstar Omega microplate reader (BMG Labtech, Offenburg,
Germany). One hundred microliters of luciferase reagent were injected and samples were
read sequentially in a luminometer. Luciferase activity was normalized by TK promoter-
driven Renilla luciferase activity. Results are expressed as relative luciferase activity.
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Immunoprecipitation assays
For immunoprecipitation, pcDNA3-3 × FLAG-NEMO (50 ng/well), pLenti6-vFLIP-V5
(100 ng or 500 ng/well), and various amount of pcDNA3.1-HA-A20 in combinations were
mixed for transfection into 293T cells. One day after transfection, cells were harvested and
lysed in IP buffer (10 mM of Tris-HCl (pH 7.4), 50 mM of NaCl, 0.1% [v/v] of IGEPAL
CA-630 (Sigma-Aldrich), 0.1 mg/ml of bovine serum albumin (BSA) and proteinase
inhibitors). Lysates were centrifuged (12 000 r.p.m., 4 °C for 15 min) and rocked (30 min at
4 °C with 10 μl of Protein A agarose, Upstate, Lake Placid, NY, USA). Cleared supernatants
were incubated with 0.6 μg of anti-V5 antibody (Invitrogen) and 10 μl of Protein A agarose
(Upstate) for 4 h at 4 °C. Beads were washed in IP buffer without BSA, and subjected to
western blotting.

Proliferation and viability assays
Cells were seeded at varying densities (2000–30 000 cells/well) in flat-bottom 96-well
microtiter plates (Corning Incorporated, Corning, NY, USA) in complete culture medium.
Proliferation was measured by evaluating (methyl-3H thymidine uptake 0.6 μCi/well (0.022
MBq/well)); New England Nuclear) during the last 18 h culture of a 2–3 day culture.
Viability was measured by trypan blue staining. Each assay was performed in triplicate
cultures. The results of proliferation are expressed as mean c.p.m./well.

Immunostaining
Biopsies of cutaneous KS lesions were from patients volunteering on protocols in the HIV
and AIDS Malignancy Branch, approved by the Institutional Review Board of the National
Cancer Institute; all patients gave written informed consent. AIDS-KS biopsies were fixed
(2% paraformaldehyde), incubated in PBS with 15% sucrose overnight, followed by
incubation in PBS with 30% sucrose for 1 day in 4 °C, and embedded in optimal cutting
temperature compound (Sakura Finetek, Tokyo, Japan), frozen in a dry ice-methyl butanol
bath, and kept at − 80 °C. Frozen tissues were sectioned (15 μm thick), placed on glass
slides (Histoserv Inc., Germantown, MD, USA) and stored at − 80 °C until use. Slides were
fixed with 4% paraformaldehyde for 5 min (room temperature), washed in PBS and soaked
in PBS with 0.1% of Triton, 1% of BSA and 5% of fetal bovine serum (PBSTB) for 1 h
(room temperature). Sections were incubated with primary antibodies (1:50–1:100 in
PBSTB) overnight at 4 °C, washed in PBS three times, followed by incubation with Alexa
Fluor 488 and Alexa Fluor 594-conjugated donkey secondary antibodies (Invitrogen, Grand
Island, NY, USA, 1:500 dilution; 1 h, room temperature). After washing, samples (mounted
with the mounting solution, DAKO, Carpinteria, CA, USA) were visualized through a laser
scanning confocal LSM510 microscope fitted with the objective lens Plan Neofluar X25/0.8
(Carl Zeiss MicroImaging, Thornwood, NY, USA). Images were converted into jpeg files by
ZEN 2007 Light software (Carl Zeiss MicroImaging).

Statistical analysis
Group differences were evaluated by two-tailed Student’s t-test. P values less than 0.05 were
considered significant.
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Figure 1.
Early events following vFLIP transduction of primary human endothelial cells. (a) HUVEC
were transduced with either the vFLIP-expressing retroviral vector ORFK13-IRES-Gfp or
the empty vector IRES-Gfp. The representative fluorescence and phase-contrast microscopy
images show evidence of retroviral infection, reflected by the green fluorescence and change
in cell morphology (original magnification × 100). (b) Kinetic analysis of vFLIP-induced
expression of phospho-STAT1 (Tyr701), p100/NF-κB2, RelB, p65/RelA, phospho-IkBα,
IkBα, phospho-ERK1/2, ERK1/2, GFP, Cox2 and actin detected by western blotting (WB)
of HUVEC lysates. (c) Nuclear localization of NFκBp65 protein in vFLIP-expressing but
not control HUVEC detected by immunofluorescence staining. HUVEC were tested 3 days
after vFLIP transduction. Original magnification 100 ×. (d) Kinetics of IP-10 and MCP2
mRNA expression in vFLIP-transduced or control-transduced HUVEC detected by
quantitative PCR analysis. The results reflect the means of triplicate determinations,
representative of three experiments performed. (e) Kinetics of IP-10 and MCP2 protein
secretion in the culture supernatant of HUVEC transduced with vector only (open circles) or
vFLIP (black circles) detected by specific ELISAs. The results reflect the means (±s.d.) of
triplicate cultures.
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Figure 2.
vFLIP transduction in primary endothelial cells induces A20, ABIN-1 and ABIN-3 mRNAs.
(a) HUVEC infected with control (IRES-Gfp) or vFLIP (ORFK13-IRES-Gfp ) retrovirus
detected by GFP fluorescent microscopy (top) and flow cytometry (bottom) were examined
in parallel (b) for expression of A20, ABIN-3 and actin mRNAs by RT–PCR (top), and for
A20, GFP and actin proteins by western blotting (bottom). (c) A20 expression in KS tissues.
Upper panels: KS tissue was stained with anti-A20 rabbit polyclonal antibody and anti-
CD31 mouse monoclonal antibody (the right panel is a magnification of the boxed area on
the left); nuclei are visualized by DAPI. Lower panels: KS tissue was stained with anti-A20
rabbit polyclonal antibody and anti-LANA rat monoclonal antibody; nuclei are visualized by
DAPI (the right panel is a magnification of the boxed area on the left; the two boxed squares
within the right panel are further magnifications) Magnified areas are outlined with white
dotted or continuous lines. Arrows point to representative cells expressing both LANA and
A20. Original magnification 60 ×.
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Figure 3.
A20 inhibits vFLIP-induced NF-κB activation. (a) The NF-κB-Luc reporter plasmid was
co-transfected in 293T cells with expression plasmids for vFLIP (500 ng/well) ABIN-1,
ABIN-3 or A20 (each, 500 ng/well). After 16 h incubation, luciferase activity was measured
by the dual-luciferase assay system; the results are expressed as fold activation compared
with luciferase activity in cell transfected with the luciferase reporter and empty vectors.
Expression of HA-ABIN-1, HA-A20 and Myc-ABIN-3 was detected by immunoblotting the
cell lysates with anti-HA or anti-Myc specific antibodies (shown below the bar graph). The
assays were performed in triplicate; the results are representative of three experiments
performed. (b) The NF-κB-Luc reporter plasmid was co-transfected in 293T cells with
expression plasmids for ABIN-1, ABIN-3 or A20 (each, 500 ng/well). TNFα (10ng/ml) was
added to the 293T cell culture immediately after transfection. The immunoblot below the bar
graph documents expression of ABIN-1, ABIN-3 and A-20 by using antibodies to the HA or
Myc tags. The assays were performed in triplicate; the results are representative of three
independent experiments performed. Protein expression of the transduced plasmids was
confirmed by western blotting shown below the bar graphs. (c) Levels of IP-10 detected by
ELISA in the conditioned media of 293T cells transduced 24 h earlier with vFLIP, the
vFLIP A57L mutant (which is defective at binding to NEMO), or vFLIP plus A20. IP-10
measurements were performed in duplicate and representative results from three
independent experiments are shown.
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Figure 4.
A20 does not alter vFLIP-NEMO and vFLIP-TRAF2 interactions; the OTU domain and the
zinc finger domain 4 do not contribute to A20 inhibition of vFLIP-induced NF-κB
activation. (a and b) Immunoprecipitation assays. The 293T cells were transfected with
FLAG-tagged NEMO (10 ng/well) alone, with FLAG-NEMO plus V5-tagged vFLIP
(vFLIP-V5), or with FLAG-NEMO plus K13-V5 plus HA-tagged A20 (HA-A20). Cell
lysates were analyzed before (Lysate) or after immunoprecipitation with anti-V5 antibody
(V5 IP) followed by protein A agarose for 4 h at 4 °C. Antibody-bound beads were washed
in lysis buffer five times and precipitated proteins were analyzed by western blotting with
the indicated specific antibodies. Representative results from three experiments each. (c )
Top: schematic representation of A20: full-length HA-tagged WT A20 plasmid containing
the WT OTU motif and the WT zinc finger motifs (ZnF) 1–7; OTU mutants: HA-tagged
A20 OTU mutants C103S (cysteine 103 replaced by serine) and D100A/C103S (aspartic
acid 100 replaced by alanine and cysteine 103 replaced by serine; the C-terminal deletion
(aa 428–790) mutant; and ΔC: HA-tagged C-terminal deletion 428–790 mutant. Bottom: the
full-length WT A20 plasmid (A20 WT), A20 OTU mutants C103S and D100A/C103S, and
the C-terminal deletion 428–790 mutant (ΔC) (100, 30, 10 ng/well each) were tested in NF-
κB reporter assays after transfection of the vFLIP plasmid (500 ng/well) in 293T cells. (d)
Top: schematic representation of A20: FLAG-tagged WT A20 plasmid (A20); ZNF4MT:
FLAG-tagged A20 zinc finger 4 mutants C624A/C627A (cysteine 624 replaced by alanine
and cysteine 627 replaced by alanine); and ZNF7 MT: FLAG-tagged A20 zinc finger 7
mutant C779A/C782A (cysteine 779 replaced by alanine and cysteine 782 replaced by
alanine). Bottom: the WT A20 plasmid (A20 WT), the A20 zinc finger mutants ZNF4 and
ZNF7 (100, 30, 10 ng/well each) were tested in NF-κB reporter assays after 293T cell
transfection with the vFLIP plasmid (500 ng/well). For results shown in c and d, the reporter
assays were performed in duplicate and representative results from three independent
experiments are shown.
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Figure 5.
A20 and IKK1 silencing, but not ABIN-1 silencing, enhances the proliferation of vFLIP-
expressing endothelial cells. (a) Relative expression of vFLIP (top) and A20 (bottom)
mRNAs in EAHY cells transduced with control vector (control) or vFLIP-lentivirus (vFLIP)
and further transduced with A20-silencing lentiviral vectors (shA20-1 and shA20-2) or a
control lentivirus; selection was performed with Blasticidin (vFLIP and control) and
Puromycin (A20 silencing and control). The results are from quantitative PCR. (b) A20
protein detected by immunoblotting in EAHY cells transduced with control or vFLIP
lentivirus, and subsequently transduced with A20-silencing lentiviral vectors or a control
vector. Note that the two panels reflect different exposure times to account for increased
levels of A20 in vFLIP-expressing cells. The membranes were re-probed for actin as a
loading control. (c) Proliferation in vFLIP-expressing EAHY cells in which A20 was
silenced (shA20-1 or shA20-2) in comparison with control silenced cells (control). All cells
were incubated (12.5 × 105 cells/ml; 96-well plates) for 18 h in the presence of 3H-
thymidine. The results reflect the mean cpm/culture (±s.d.) from three experiments, each
performed in triplicate. (d) IKK1, IKK2 and NEMO proteins detected by immunoblotting in
EAHY cells transduced with vFLIP lentivirus or control, and further transduced with a
control or A20 silencing lentivirus (shA20-1 or shA20-2). The cells were cultured for ≥4
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weeks after selection with Blasticidin and Puromycin. (e) Reduction of IKK1 protein levels
in vFLIP-expressing EAHY cells resulting from SMARTpool IKK1 siRNA transfection.
Immunoblotting results. Control: lipofectamine only; control siRNA: Risk-free siRNA
control. (f) Proliferation in IKK1-silenced EAHY cells expressing vFLIP. Control: Risk-free
siRNA control. The culture conditions are those described for panel c. The results are
expressed as mean cpm/culture (±s.d.) from three independent experiments, each performed
in triplicate. (g) Relative expression of vFLIP (top) and ABIN-1 (bottom) mRNAs in EAHY
cells transduced with control vector (control) or vFLIP-lentivirus (vFLIP) and further
transduced with ABIN-1 silencing lentiviral vectors (shABIN-1a and shABIN-1b) or control
lentivirus. The results are from quantitative PCR after Blasticidin (vFLIP) and Puromycin
(ABIN-1) selection. (h) ABIN-1 protein detected by immunoblotting of EAHY cells
transduced with control or vFLIP lentivirus and further transduced with ABIN-1 silencing
lentiviral vectors or control lentivirus. Actin levels serve as a loading control. (i)
Proliferation of EAHY cells transduced with vFLIP lentivirus and further transduced with
the ABIN-1 silencing vectors shABIN-1a, shABIN-1b or with control lentivirus. The culture
conditions are those described for panel c. The results reflect the mean c.p.m./culture (±s.d.)
from three experiments.
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