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ABSTRACT Human herpesvirus 8 (HHV-8) encodes four viral interferon regulatory
factors (vIRFs 1 to 4), all of which are expressed during lytic replication and inhibit a
variety of antiviral signaling pathways. Viral IRFs 1, 2, and 3 are also expressed dur-
ing latency in primary effusion lymphoma (PEL) cells, and vIRF-1 and vIRF-3 have
been reported to promote PEL cell viability. Viral IRFs 1, 3, and 4 are known to inter-
act with ubiquitin-specific protease 7 (USP7); interactions of vIRF-1 and vIRF-3 with
USP7 promote PEL cell viability and regulate productive replication. Here, we report
that vIRF-2 also targets USP7, utilizing a PSTS motif matching the USP7 N-terminal
domain-binding A/PxxS consensus, but uniquely requires catalytic domain residues
for intracellular interaction. In functional and mechanistic analyses, tumor necrosis
factor receptor-associated factor (TRAF)-mediated signaling and associated polyubiq-
uitination of TRAFs 3 and 6, specifically, were regulated negatively by USP7 and pos-
itively by vIRF-2-USP7 interaction, the latter competing for USP7-TRAF association.
Using depletion, depletion-complementation, and targeted mutagenesis approaches,
vIRF-2 was determined to promote latent PEL cell viability, likely independently of
USP7 interaction, while lytic replication was inhibited by vIRF-2, in part or in whole
via USP7 interaction. Together, our data identify a new molecular determinant of
USP7 recognition, TRAF3/6-specific targeting by the deubiquitinase, associated acti-
vation of these TRAFs by vIRF-2, and activities of vIRF-2 and vIRF-2-USP7 interaction
in HHV-8 latent and lytic biology.

IMPORTANCE Human herpesvirus 8-encoded IRF homologues were the first to be
identified in a virus. Through inhibitory interactions with cellular IRFs and other me-
diators of antiviral signaling, the vIRFs are believed to be essential for productive
replication and also for latency in particular cell types. The deubiquitinase USP7 is a
regulator of key cellular pathways, modulates HHV-8 latent and lytic infection, and is
targeted by vIRFs 1, 3, and 4. Here, we report that vIRF-2 also interacts with USP7,
via a means distinguishable from USP7 interactions with other vIRFs and other pro-
teins, that this interaction modulates antiviral signaling via disruption of USP7 inter-
actions with innate immune signaling proteins TRAF3 and TRAF6, and that vIRF-2
targeting of USP7 regulates HHV-8 productive replication. The presented data are
the first to identify vIRF-2 targeting of USP7 and its role in HHV-8 biology, expand-
ing our understanding of the repertoire and importance of virus-host interactions.
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Human herpesvirus 8 (HHV-8) is an oncogenic virus associated with the endothelial
tumor Kaposi’s sarcoma (KS), the B-cell disorders primary effusion lymphoma (PEL)

and multicentric Castleman’s disease (MCD), and MCD-related KICS (KS-associated
herpesvirus-induced cytokine syndrome) (1, 2). These diseases involve latently infected
transformed and/or hyperplastic cells, but it is also believed that viral and cellular
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cytokines and other factors secreted from lytically infected cells are involved critically
in disease onset and progression (3–5). The four viral interferon regulatory factors
encoded by HHV-8 are believed to play important roles not only in viral latency and
productive replication, in general through suppression of stress-related pathways (6, 7),
but also in disease pathogenesis. For example, shortly after its discovery, viral interferon
regulatory factor 1 (vIRF-1) was reported to function as an oncogene in experimental
systems (8), and its subsequently reported inhibitory interactions with the tumor
suppressor p53 and p53-activating ATM kinase provided a possible mechanistic expla-
nation for such activity (9–11). It is notable that vIRF-3 also interacts with and inhibits
p53 (12) and that vIRF-4 interacts with and stabilizes MDM2, an E3 ubiquitin ligase and
destabilizer of p53 (13). However, HHV-8 vIRFs have since been discovered to interact
with a variety of cellular factors involved in innate immunity, stress signaling, and
apoptosis (6, 7, 14), and through these interactions they are likely to promote not only
latently infected cell viability, when expressed in these cells, but also productive
replication. It is notable, for example, that vIRF-1 targets and inhibits mitochondrial
antiviral signaling (MAVS) protein and stress-induced and -activated BH3-only proteins
Bim and Bid, and these interactions, specifically, have been shown to contribute to the
proreplication activities of vIRF-1 (15–17). Of relevance in this respect are the reported
interactions of vIRF-1, vIRF-2, and vIRF-3 with cellular IRFs and/or IRF-interacting
transcriptional coactivators p300 and CBP, required for antiviral interferon gene induc-
tion, indicating that these vIRFs mediate proreplication activities through suppression
of interferon signaling (18–23). Other likely mechanisms of vIRF proviral activities
include inhibitory interactions of vIRF-2 with double-stranded RNA-activated kinase
(effecting antiviral responses and apoptosis) (24) and inhibitory targeting by vIRF-3 of
the NF-�B-activating and inflammatory cytokine-inducing I�B kinase � (IKK�) compo-
nent of the IKK complex (25).

Ubiquitin-specific protease 7 (USP7), alternatively called herpesvirus-associated USP
(HAUSP), is known to interact with vIRF-1, vIRF-3, and vIRF-4 (26–28), and here we
report that vIRF-2 also targets the deubiquitinase. Interactions of vIRF-1 and vIRF-3 are
through one and a pair, respectively, of EGPS motifs, which bind to the N-terminal
domain (NTD), specifically TRAF-like domain sequences, of USP7 (26, 28); vIRF-4 has an
equivalent motif (ASTS) matching the A/PxxS consensus motif found in most USP7-
interacting proteins but also possesses an adjacent sequence that interacts with the
catalytic domain of USP7 (28). USP7 is a known deubiquitinase of both p53 and its E3
ubiquitin ligase MDM2, stabilizing both substrates via removal of K48-linked polyubiq-
uitin adducts. When p53- and MDM2-targeting ATM kinase is inactive, the affinity of
USP7 for MDM2 is higher than it is for p53; under conditions of DNA damage response
activation, however, the reverse is true and p53 is stabilized by ATM phosphorylation
of MDM2 (and associated MDMX/MDM4) and consequent reduced USP7 binding to the
p53 regulator (29). The interactions of all HHV-8 vIRFs with USP7 suggest that p53
regulation, and the resulting apoptotic inhibition, is a common node of vIRF activity in
the context of infection. Indeed, it has been reported that vIRF-3 depletion in PEL cells
leads to increased levels of p53 (30). On the other hand, our own studies detected no
changes in p53 levels upon depletion of vIRF-3 or vIRF-1 in the context of latently
infected or lytically reactivated PEL cells, while phenotypic effects of such depletions on
latent PEL cell viability and productive replication were evident (27). Equivalent phe-
notypes, absent p53 changes, were evident also in lytically reactivated HHV-8� iSLK
epithelial cells infected with wild-type (WT) or vIRF-1- or vIRF-3-null viruses. The
detected vIRF-associated phenotypes were mediated, at least in part, through vIRF-1
and vIRF-3 interactions with USP7 (27). Furthermore, direct depletion of USP7, while not
altering p53 levels, promoted apoptosis and inhibited productive replication in PEL
cells (27), indicating the overall importance of USP7 activity in HHV-8 biology. This had
previously been inferred in PEL cells through the delivery of vIRF-4-based USP7-
interacting peptides, which effectively blocked USP7 enzymatic activity and induced
p53-dependent cell death (28). Thus, while p53 regulation is clearly one mechanism by
which vIRF-USP7 interactions could affect HHV-8 biology, it is apparent that there are
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other means by which these interactions can exert biological effects, presumably
through additional USP7 substrates. In this respect, it is notable that numerous USP7-
interacting proteins have been reported, and some of these are known to be substrates
of the deubiquitinase. Notably, among reported USP7-interacting proteins are several
E3 ubiquitin ligases, in addition to p53-targeting MDM2, and these include signal-
transducing tumor necrosis factor (TNF) receptor-associated factors (TRAFs) 1 to 6
(31–33); TRAF6 is the only TRAF so-far reported to be a substrate of USP7, and this is
relevant to the inhibition of antiviral signaling by herpes simplex virus immediate-early
protein ICP0 (34). It has not been determined how reported vIRF-1, vIRF-3, or vIRF-4
interactions with USP7 affect deubiquitinase- or independently mediated activities of
USP7. Other HHV-8 proteins known to interact with USP7 are viral latency-associated
nuclear antigen (LANA) and the ORF45 immediate-early and tegument-contained
protein encoded by ORF45 (pORF45). USP7 targeting by LANA appears to inhibit DNA
replication (35), a phenomenon mirroring the situation reported for the functionally
equivalent EBNA1 latency protein of Epstein-Barr virus (36). One consequence of USP7
targeting by pORF45 is the stabilization of another tegument protein, specified by
ORF33, through complexing and effective recruitment of USP7 activity to pORF33,
resulting in protease-mediated removal of K48-linked polyubiquitin adducts and
thereby rescue from proteasomal degradation (37).

Here, we identify the targeting of USP7 by HHV-8 vIRF-2, characterize the unique
requirements for this interaction, identify functionally significant and vIRF-2-regulated
interactions of USP7 with TRAFs 3 and 6, and reveal the significance of vIRF-2 to
promotion of latently infected PEL cell viability and of vIRF-2-USP7 interaction to virus
productive replication. Beyond revealing USP7 as a common target of all HHV-8 vIRFs,
this study identifies specific and unexpected activities and underlying mechanisms
associated with vIRF-2 interaction with the deubiquitinase.

RESULTS
HHV-8 vIRF-2 interacts with USP7. Interactions between USP7 and HHV-8 vIRFs 1,

3, and 4 have been reported (26–28). To test whether vIRF-2 also interacts with USP7,
we initially undertook transfection-based coprecipitation experiments employing
epitope- and affinity-tagged vIRF-2 (and also vIRFs 1 and 3, positive controls) and USP7
in reciprocal immuno- and affinity precipitations, which detected vIRF-2-USP7 binding
(Fig. 1A). To verify interactions of endogenous proteins, a USP7 immunoprecipitation
experiment was carried out using extracts of TRExBCBL1-RTA PEL cells, doxycycline
inducible for the immediate-early lytic cycle inducer RTA (38); vIRF-2 was identified in
the immunoprecipitates from both latently infected and lytically reactivated (doxycycline-
treated) cultures, using vIRF-2-specific antibody (39) for immunoblotting (Fig. 1B). Using
reciprocal precipitation, Flag-tagged vIRF-2, introduced by lentiviral vector transduction
into TRExBCBL1-RTA cells, was able to precipitate USP7 from latently and lytically
infected cell extracts (Fig. 1C). In this experiment, cultures were treated with dithiobis-
succinimidyl propionate (DSP) cross-linker prior to sodium dodecyl sulfate-mediated
cell disruption and protein denaturation, thereby confirming intracellular association of
vIRF-2 and USP7 in these naturally infected cells.

To identify the region(s) of vIRF-2 involved in USP7 interaction, we generated a
series of vectors expressing various Flag-tagged vIRF-2 fragments (Fig. 2A, top), which
were tested for their interaction with endogenously expressed USP7 via coprecipitation
assay. The resulting data (Fig. 2A, bottom) identified vIRF-2 residues between 231 and
270 as required for interaction with USP7 in the context of successively extended
N-terminal sequences, thereby potentially mapping the USP7-interacting region of
vIRF-2 to within these 40 residues. Indeed, this region of vIRF-2 and a subfragment
containing residues 241 to 260, when fused to glutathione S-transferase (GST) as
recombinant proteins, could precipitate bacterially derived and purified His6-tagged
USP7, demonstrating both sufficiency of these vIRF-2 residues for interaction and direct
interaction between the two proteins (Fig. 2B).
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We next sought to identify specific residues of vIRF-2 required for the interaction in
the context of the full-length protein. Vectors were generated to express vIRF-2 deleted
of USP7-binding residues 241 to 260 or containing penta-alanine substitutions across
this region (Fig. 2C, left), and these were used in transfection-based coprecipitation
assays. The results (Fig. 2C, right) identified residues within amino acid positions 241 to
250 (encompassed by mutations m1 and m2) as required for interaction with USP7. This
region contains two overlapping motifs, PRPS and PSTS, matching the previously
reported USP7-binding A/PxxS consensus (40–42); the second of the two vIRF-2 motifs
was altered by both the m1 and m2 substitutions (Fig. 2C). Using more refined substitution
mutagenesis and coprecipitation assays, residues 245 to 247 were identified as impor-
tant for binding, with S247, the terminal residue of the PSTS motif, alone being essential
for vIRF-2 interaction with USP7 (Fig. 2D); this is consistent with previously reported
analyses of USP7 binding by equivalent motifs (41). It is important to note, however,

FIG 1 Interaction of vIRF-2 with USP7. (A) HEK293T cells were cotransfected with expression vectors for
Flag-tagged vIRF-2 (v2), or positive control vIRF-1 (v1)-Flag or vIRF-3 (v3)-Flag, and chitin-binding domain
(CBD)-fused USP7 (isoform 2; NM_001286457); empty vectors (vec) were used as negative controls. Cell
lysates were subjected to immunoprecipitation (IP) with Flag antibody beads or affinity precipitation (AP)
with chitin beads; the respective precipitates were analyzed by immunoblotting with CBD and Flag
antibodies to identify coprecipitated USP7-CBD and vIRF-Flag proteins and with the reciprocal antibodies
to verify appropriate precipitation of the bait proteins (vIRF-Flag and USP7-CBD). Cell lysates were analyzed
analogously to verify appropriate expression of the proteins. (B) USP7 immunoprecipitations from extracts
of TRExBCBL1-RTA PEL cells either untreated (latent) or treated with doxycycline (Dox; 1 �g/ml) for 1 day
prior to cell harvest. Coprecipitated vIRF-2 was detected using a recently described monoclonal antibody
(52). Input endogenous vIRF-2 and USP7 proteins were detected by respective immunoblotting of cell
extracts; probing for vIL-6 and �-actin verified lytic induction and provided a loading control, respectively.
The observed doublet USP7 bands probably represent different splice isoforms of the deubiquitinase. Ab,
antibody; IgG, immunoglobulin G (normal, negative control); U7, USP7. (C) Coprecipitation-based analysis
of intracellular USP7 and vIRF-2 association in TRExBCBL1-RTA (BCBL-1) PEL cells. These were infected with
a lentiviral vector expressing vIRF-2-Flag, and transduced cells were either left untreated (latent) or treated
with doxycycline (1 �g/ml) for 24 h. Cells were treated with DSP cross-linker for 30 min prior to disruption
in denaturing buffer (see Materials and Methods), and immunoprecipitations (IP) from diluted extracts were
performed using Flag antibody beads directed to Flag-tagged vIRF-2 (v2); bound endogenous USP7 was
identified by immunoblotting. Lysates were probed with Flag and USP7 antibodies to verify appropriate
protein expression. (Bottom) Doxycycline-induced lytic replication was verified by vIL-6 immunoblotting.

Xiang et al. Journal of Virology

January 2020 Volume 94 Issue 2 e01553-19 jvi.asm.org 4

https://www.ncbi.nlm.nih.gov/nuccore/NM_001286457
https://jvi.asm.org


that P244, the first residue of the putative USP7 interaction motif, was not required for
binding; mutation of this residue to glycine diminished but did not abolish interaction,
similar to the effect of the Q248A mutation, outside the consensus USP7 interaction
sequence. These results were reproducible. Thus, while the PSTS sequence of vIRF-2

FIG 2 Identification of vIRF-2 region interacting with USP7. (A) Coprecipitation analysis of (endogenous)
USP7 interaction with Flag-tagged vIRF-2 and deleted derivatives (Δ1 to Δ7) expressed in transfected
HEK293T cells. The migration positions of marker bands on the different blots are indicated by shaded
(100 kDa) and black (75, 50, and 37 kDa) arrows and black lines (25 and 15 kDa). Degradation products
(multiple bands) are evident for some of the vIRF-2 deletion variants. (B) In vitro coprecipitation analysis of
interaction between recombinant, bacterially derived and purified His6-tagged USP7 and GST-fused vIRF-2
residues 226 to 275 and subfragments 226 to 245, 241 to 260, and 256 to 275. Glutathione bead precipitates
were analyzed by USP7 immunoblotting for detection of vIRF-2 fragment-USP7 interactions. In., input
His6-USP7. (C) Plasmid vectors expressing the indicated vIRF-2 proteins (left) deleted of (Δ) or mutated (m1
to m4) in the 241- to 260-residue USP7-binding region of vIRF-2 were used in transfection-based copre-
cipitation assays. Coexpressed CBD-tagged USP7 (isoform 2; NP_001273386.1) was precipitated (Precip.)
from transfected cell lysates with chitin beads, and precipitates and lysates were analyzed for USP7-
interacting and appropriately expressed vIRF-2 (v2) proteins, respectively. CBD immunoblotting confirmed
appropriate affinity precipitation and expression of USP7-CBD. (Left) Over/underlined wild-type (WT)
sequences correspond to USP7-binding consensus motifs. (D) Similar analysis of double and single point
mutations of vIRF-2 residues 241 to 250. The residues targeted for double and single mutations are
indicated below the respective sets of immunoblots of precipitates and lysates from the corresponding
transfectants.
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(identical to the USP7-binding motif of MDM2) is involved in interaction of vIRF-2 with
USP7, it is unclear whether, in the context of vIRF-2, its binding activity is precisely
analogous to similar USP7 interaction motifs identified in other proteins, where the first
P (or equivalent A) residue is involved directly in interaction (40–42).

The N-terminal TRAF-like domain of USP7 is insufficient for vIRF-2 interaction.
Having identified the PSTS247 motif as involved in vIRF-2 interaction with USP7, we
expected that vIRF-2 would interact with the N-terminal domain (NTD) of USP7, as
reported for other USP7-binding proteins containing similar interaction motifs (32). This
was tested in a coprecipitation assay, employing CBD-fused full-length USP7 or USP7
NTD and Flag-tagged vIRF-2, or vIRF-1 and vIRF-3 positive controls. While the latter
vIRFs precipitated the USP7 NTD (U7NTD), as expected, vIRF-2-Flag precipitated only
full-length USP7 (Fig. 3A). We then generated four His6-linked, bacterially expressed,
and purified USP7 fragments comprising residues 1 to 207 (N-terminal domain), 1 to
535 (N-terminal plus catalytic domains), 208 to 535 (catalytic domain), and 208 to 1086
(catalytic plus C-terminal domain) and tested their abilities to bind affinity-precipitated
vIRF-2-CBD, or vIRF-4-CBD (positive control for NTD interaction), expressed in trans-
fected cell extract. This experiment confirmed the insufficiency of the NTD region of
USP7 for vIRF-2 binding (but interaction of NTD with vIRF-4) and the ability of NTD plus
catalytic domain sequences to bind vIRF-2 (Fig. 3B). A further binding experiment
utilized transfected cell-expressed CBD-tagged USP7 fragments comprising the NTD
(residues 1 to 207) or the NTD fused to the first part of the catalytic domain (residues
1 to 220) along with bacterially expressed and purified GST-fused vIRF-2 residues 226
to 275 or 241 to 260 (each containing the USP7-binding region of vIRF-2). This
experiment determined that extension of the NTD by 13 residues was sufficient to
confer vIRF-2 binding (Fig. 3C). Together, the USP7 mapping data demonstrate that
vIRF-2 is distinct from the other HHV-8 vIRFs in its requirement for residues in addition
to the USP7 NTD for its interaction with USP7 in these experimental systems.

To identify specific residues of the catalytic domain that were required to confer
vIRF-2 binding to the USP7 NTD, triplet alanine scanning mutations were introduced
into the region of USP7 between residues 206 and 217 in the context of a CBD-fused
USP7 fragment comprising residues 1 to 220 (Fig. 3D, top). Affinity precipitations of the
CBD fusions from vIRF-2-Flag-coexpressing transfected cell lysates determined that
residues 206 to 208 were required for interaction (Fig. 3D). Interestingly, alanine
substitutions of residues 209 to 211 (m2) substantially increased the amount of coprecipi-
tated vIRF-2, suggesting that binding affinity and/or accessibility was enhanced by the
triple mutation. In a similar experiment, alanine substitutions of NTD residues known to
be important for interactions of USP7 substrates such as p53 and MDM2 (40, 42) led to
loss of (W149A and DWGFS152A5) or greatly diminished (R88A) interaction of the residue
1 to 220 USP7 fragment with vIRF-2 (data not shown), indicating canonical interaction
of the vIRF-2 PSTS motif with the USP7 TRAF-like domain despite the additional
requirements for vIRF-2 and its binding region (residues 241 to 260) to interact with
USP7.

We also analyzed interaction of vIRF-2 with USP7 using an in vitro assay employing
bacterially expressed, purified proteins. The assay utilized GST-fused vIRF-2 residues 241
to 260, or GST (negative control), and His6-tagged USP7 residues 1 to 206 (NTD), 1 to
220, or the TCY208AAA (m1) variant of 1 to 220. All of these fragments, including the m1
variant that was unable to coprecipitate vIRF-2 from transfected cell lysates, were able
to interact with the vIRF-2 peptide in vitro (Fig. 3E). Possible explanations for the distinct
results from the in vitro versus in vivo assays include binding-enhancing conformational
changes exerted by the NTD distal sequences and required intracellularly (or in the
presence of cell extract in the binding assay) due to other protein interactions and/or
particular USP7 protein conformations effected via eukaryotic cell-specific posttransla-
tional modifications of USP7. Regardless of the underlying mechanism, however, it is
clear that the vIRF-2-USP7 interaction is distinct from other reported interactions with
USP7 NTD.
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FIG 3 Identification of USP7 region required for interaction with vIRF-2. (A) Transfection-based coprecipitation
assays to assess interaction of Flag-tagged vIRF-2 (v2) and positive-control vIRF-1 (v1) and vIRF-3 (v3) proteins,
with CBD-fused USP7 NTD (U7NTD) and full-length USP7 (U7, positive control; isoform 2; NP_001273386.1). The
identities of USP7 bands on the CBD blots and vIRF bands on the Flag blots are indicated (arrowheads). The
dotted line indicates a deleted (irrelevant) region of the CBD blot. (B) Coprecipitation analysis of vIRF-2
interactions with individual and combined domains of USP7, derived from bacteria as His6-fusion proteins, and
CBD fusions of vIRF-2 or vIRF-4 (positive control for USP7 NTD binding) expressed in transfected cell extracts.
Chitin bead precipitates were His6 immunoblotted for detection of coprecipitated USP7 derivatives. (Right)
Input USP7-His6 proteins were validated and compared by Ponceau staining. (C) Coprecipitation analysis using
eukaryotically expressed, CBD-fused USP7 fragments comprising residues 1 to 220 (A) and 1 to 207 (NTD) (B)
(USP7 sequence NP_001273386.1) and bacterially expressed, purified GST fusions of vIRF-2 residues 226 to 275
(1) and 241 to 260 (2) (each containing USP7-binding sequences, as shown in Fig. 2B). The CBD-fused USP7
fragments were affinity precipitated (AP) with chitin beads, and coprecipitated GST-fused vIRF-2 peptides
were identified by GST immunoblotting. Empty vector (vec) transfectant extract provided a negative control.
Major full-length protein species (appropriately migrating; size markers not shown) are indicated by arrow-
heads; higher and lower bands likely represent posttranslationally modified and degradation products,
respectively. The dotted line in the precipitation blots indicates repositioning of lanes (from the same
membrane). (D) CBD-fused residues 1 to 220 of USP7 (WT; isoform 2; NP_001273386.1) or triplet alanine
substitutions thereof (m1 to m4) were used in chitin bead affinity precipitations along with Flag-tagged vIRF-2,
each protein pair being derived from transfected HEK293T cell lysates. Empty vector (vec) provided a negative
control. (E) In vitro coprecipitation assay employing bacterially expressed and purified GST-fused vIRF-2
residues 241 to 260, or GST (negative control), and His6-tagged USP7 NTD (USP7 residues 1 to 206), USP7
residues 1 to 220, or the m1 variant of the latter (His6-1-220m1; see panel D). Dotted lines indicate deleted
(irrelevant) lanes. Precip., precipitation.
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USP7 modulation of TRAF signaling. USP7-binding TNF receptor-associated factor
(TRAF) E3 ubiquitin ligases are essential components of antiviral signaling, They are
initiated by a variety of infection-sensing molecular pattern recognition receptors that
activate innate immune signaling pathways, leading (in part) to IRF3/7 and NF-�B
activation-mediated induction of type I interferons (alpha interferon [IFN-�] and IFN-�)
that are critical for host cell defense against infection (43, 44). Another relevant feature
of TRAFs in consideration of potential regulation by vIRF-2, via USP7 interaction, is that
they are expressed in the cytoplasm, the major location of vIRF-2, as reported by others
(23, 45) and confirmed by our own immunofluorescence studies (unpublished data).
While in vitro interactions of USP7 NTD with TRAFs 1 to 6, intracellular USP7 binding to
TRAFs 4 and 6, and USP7 deubiquitination of TRAF6 have been reported (31, 33, 34),
biological targeting and deubiquitination of the TRAFs by USP7 have generally not
been assessed. In addition to herpes simplex virus ICP0-mediated suppression of
antiviral signaling through promotion of USP7 nuclear-cytoplasmic relocalization and
consequent deubiquitination of (K63-polyubiquitinated) TRAF6 and associating IKK�

(34), USP7 has been reported to suppress interferon type I induction via K48-
polyubiquitin digestion and stabilization of the E3 ubiquitin ligase TRIM27, which
targets IRF3/7-activating TBK1 (TRAF family member-associated NF-�B activator binding
kinase-1) for K48 polyubiquitination and destabilization via proteasomal degradation
(46). We confirmed USP7 suppression of TRAF-mediated innate immune signaling in an
assay employing transfected, overexpressed mitochondrial antiviral signaling protein
(MAVS), an effector of signaling initiated by retinoic acid-inducible gene I (RIG-I)-like
receptors and functioning through TRAFs (44), and a cotransfected IFN-�-luciferase
reporter (Fig. 4A). Using a similar approach, we tested the influence of vIRF-2 and its
USP7-refractory variant, vIRF-2.S247A, on MAVS-activated signaling. Consistent with
previous data reporting inhibition of IRF1-, IRF3- and poly(I-C)/MAVS-induced IFN-�-
promoter activity by vIRF-2 (23, 47), vIRF-2 was able to inhibit IFN-� promoter-driven

FIG 4 USP7 and vIRF-2 effects on MAVS-mediated signaling. (A) USP7 suppression of MAVS-induced signaling, as
measured by IFN-�-luciferase (Luc) reporter assay, was detected in HEK293T cells cotransfected with the reporter
and empty vector (vec) or expression plasmid for USP7 (isoform 1; NP_003461.2), with or without addition of MAVS
expression vector. Luciferase activity in the extracts was determined by luminescence assay; relative values (means
from duplicate transfectants from two experiments; N � 4) are shown along with standard deviations of replicate
values from the means. Student’s t test (two tailed) was used to assess statistical significance. Immunoblots below
the respective transfectants show equivalent expression of MAVS between the �MAVS samples and appropriate
expression of introduced USP7 (samples were derived from one of the transfection replicates). (B) A similar
experiment was carried out to assess effects of vIRF-2 or USP7-refractory vIRF-2.S247A on MAVS-induced IFN-�
promoter induction. The immunoblots below show appropriate expression of the respective proteins from the
input plasmids (extracts from duplicate transfectants were pooled). P values were obtained by Student’s t test (two
tailed).
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luciferase activity (Fig. 4B). Importantly, vIRF-2.S247A effected more pronounced inhi-
bition, revealing a positive influence of vIRF-2-USP7 interaction on MAVS-induced
signaling. On the basis of these data, we investigated further the regulation of MAVS/
TRAF signaling by USP7.

As TRAF polyubiquitination, induced by MAVS, is required for TRAF activity through
signaling complex assembly (44), we assayed by immunoprecipitation and immuno-
blotting the polyubiquitination of TRAFs 2, 3, 5, and 6 (all activated by MAVS) in
appropriately transfected cells expressing each of the TRAFs (S or Flag tagged) in the
absence and presence of overexpressed MAVS and with or without overexpressed
USP7. The TRAFs were affinity precipitated (S tag) or immunoprecipitated (Flag-TRAF6)
from denatured cell extracts and analyzed by immunoblotting for their ubiquitination.
Polyubiquitination of TRAFs 3 and 6, specifically, was suppressed in response to USP7
overexpression, thereby identifying TRAF3, in addition to the previously reported
TRAF6 (34), as a potential substrate of the deubiquitinase (Fig. 5A). USP7 overexpression
correlated with decreased levels of TRAF3 and TRAF6 polyubiquitination in both the
absence and presence of MAVS (which, as expected, induced polyubiquitination),
thereby confirming the activity of USP7 in the contexts of both unstimulated cells and
during activation of MAVS-initiated innate immune signaling. TRAFs 1 and 4, not
involved in MAVS signaling and assayed in the absence of its overexpression, were not
detectably affected by USP7 overexpression (Fig. 5A, bottom right), indicating that they,
along with TRAFs 2 and 5, are not biological targets and/or substrates of the deubiq-
uitinase. A similar experiment was carried out for TRAFs 3 and 6 in cells coexpressing
hemagglutinin (HA)-tagged wild-type or K63-only ubiquitin in the absence or presence
of overexpressed USP7; TRAFs 3 and 6 were detectably modified by both native and
K63-only HA-tagged ubiquitin (detected by HA immunoblotting of TRAF3/6 precipi-
tates) and USP7 effected reductions in each, the latter confirming USP7 regulation of
signaling-associated K63-linked polyubiquitination of TRAF3 and TRAF6 (Fig. 5B). The
data confirm and extend previously reported USP7-effected deubiquitination of TRAF6
(34) and indicate that TRAF3 also is a target of inactivation by the deubiquitinase.

Physical interactions of USP7 with TRAF3 and TRAF6 and influence of vIRF-2.
While the above-described data indicated that TRAF3, in addition to TRAF6, is a
substrate of USP7, we wanted to test the interaction between the two proteins;
previously, interaction between TRAF3 and the N-terminal TRAF-like domain of USP7
was detected in vitro (31). In transfection-based coprecipitation assays, we found that
epitope-tagged TRAF3 and TRAF6, in addition to TRAFs 1, 2, 4, and 5, were able to
precipitate endogenous USP7 from HEK293T cell lysates (Fig. 6A). Furthermore, endog-
enous TRAFs 3 and 6, in addition to vIRF-2 (and p53, a positive control), were
immunoprecipitated with USP7 from PEL (TRExBCBL1-RTA) cell lysates (Fig. 6B). For
both experiments, proteins were cross-linked prior to cell disruption and protein
denaturation, enabling the verification of bona fide interactions in the intact cells.
Notably, the USP7-TRAF3/6 interactions in PEL cells were enhanced in lytically reacti-
vated relative to latently infected cultures, indicating enhanced suppression by USP7 of
TRAF3 and TRAF6 polyubiquitination and signaling in the context of productive repli-
cation (and activated TRAFs). In transfected HEK293T cells, vIRF-2 led to decreased
interaction of USP7 with TRAF3 and TRAF6, while USP7 interaction-defective vIRF-
2.S247A had no effect (Fig. 6C). These data are indicative of competitive interactions of
vIRF-2 and the potential for vIRF-2 to influence TRAF3/6-mediated signal transduction
via suppression of USP7-TRAF3/6 binding and associated TRAF deubiquitination.

Regulation of TRAF ubiquitination by vIRF-2. In view of apparent vIRF-2 compe-
tition for USP7 interactions with TRAF3 and TRAF6, the detection of USP7 modulation
of polyubiquitination of TRAFs 3 and 6 (Fig. 5), and evident USP7 binding-dependent
activation of MAVS-stimulated signaling by vIRF-2 (Fig. 4B), we assessed the effect of
vIRF-2 and its targeting of USP7 on TRAF polyubiquitination. Transfection- and
coprecipitation-based assays were carried out, as before, to detect polyubiquitination
of TRAFs 2, 3, 5, and 6 in the absence and presence vIRF-2 or vIRF-2.S247A, with or
without MAVS overexpression. The results revealed augmentation of TRAF3 and TRAF6
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FIG 5 USP7 affects ubiquitination of TRAF3 and TRAF6. (A) HEK293T transfectants expressing S-tagged TRAFs 1 to 5 (Tr1-S to
Tr5-S) or Flag-TRAF6 (Flag-Tr6) with or without cotransfected USP7 (U7) and/or MAVS expression vector(s) were analyzed for
relative levels of ubiquitination of the respective TRAF proteins. Affinity precipitation (AP; S tag) or immunoprecipitation (IP;
Flag) was used to isolate the tagged TRAFs from denatured cell extracts, and the precipitated TRAFs were analyzed by
immunoblotting for ubiquitination. Arrowheads indicate the positions of the TRAF proteins on the respective blots. �, empty
vector. The dotted lines between the TRAF2 and TRAF6 immunoblot sets indicate the same input plasmids (indicated above
the TRAF2 blots) other than the TRAF (and particular USP7 [Flag versus HA tag]) vector used. (B) Similar analyses of TRAF3 and
TRAF6 ubiquitination, here in the absence or presence of cotransfected plasmid-expressed HA-tagged wild-type (Ub) or
K63-only (Ub.K63) ubiquitin, with or without USP7 (isoform 1) expression vector cotransfection. Precipitates were immuno-
blotted for detection of HA-Ub. Cell lysates were analyzed for appropriate expression of input proteins. U7, USP7; U7-Fl,
USP7-Flag.
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polyubiquitination in the presence of vIRF-2, but not vIRF-2.S247A (unable to bind USP7
and compete for USP7-TRAF3/6 interactions), and the selective effect of vIRF-2 on these
two MAVS-activated TRAFs (Fig. 7A). A similar analysis of TRAF3 ubiquitination in the
presence of overexpressed HA-tagged K63-only ubiquitin demonstrated the ability of

FIG 6 Intracellular interactions of USP7 with TRAF3 and TRAF6 and influence of vIRF-2. (A) TRAF3 and
TRAF6, along with TRAFs 1, 2, 4, and 5, were tested by transfection-based coprecipitation assays for their
interactions with endogenous USP7 in HEK293T cells. Cells were treated with DSP cross-linker for 30 min
prior to cell disruption. Affinity precipitation (AP) of S-peptide (TRAFs 1 to 5) or immunoprecipitation (IP)
of Flag (TRAF6) from denatured cell extracts was followed by immunoblotting for USP7. Cell lysates were
analyzed by immunoblotting for input TRAFs and endogenous USP7 (loading control). vec, empty vector;
dotted line indicates repositioning/reordering of lanes. (B) A reciprocal coprecipitation experiment (again
involving DSP cross-linking prior to cell disruption and protein denaturation) was carried out by
immunoprecipitating USP7 from extracts of PEL (TRExBCBL1-RTA) cells, either latently infected (un-
treated) or induced into the lytic cycle with doxycycline, and immunoblotting to detect cosedimented
TRAF3 and TRAF6 (and also vIRF-2). Immunoblotting for p53 provided a positive control for interaction
with USP7. Lysates were probed to determine levels of TRAF3, TRAF6, USP7, p53, and vIRF-2 in latent
versus lytic cells; immunoblotting of cell lysates for detection of vIL-6 verified lytic induction in the
presence of doxycycline, applied for 36 h before cell harvest. (C) A coprecipitation experiment similar to
that of panel A was carried out using either TRAF3-S or Flag-TRAF6 in the absence (empty vector, vec)
or presence of transfected vector-expressed vIRF-2-CBD (v2-CBD) or vIRF-2.S247A-CBD (v2.247-CBD).
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FIG 7 USP7 binding-dependent regulation of TRAF signaling by vIRF-2. (A) Effects of vIRF-2 on regulation
of resting and MAVS-activated TRAF ubiquitination was tested in HEK293T-based transfection assays.
Expression vectors for TRAFs 2, 3, 5, and 6 were cotransfected with either empty vector (�) or with vIRF-2
(v2) or vIRF-2.S247A (247) expression plasmid, with or without MAVS expression vector. TRAFs were affinity
precipitated (AP) with S-protein beads (S-tagged TRAF2 [Tr2-S], TRAF3 [Tr3-S], and TRAF5 [Tr5-S]) or
immunoprecipitated (IP) with Flag antibody beads (Flag-TRAF6 [Flag-Tr6]) from denatured cell lysates, and
precipitates were immunoblotted with ubiquitin antibody. Lysates were checked for protein expression
from the input vectors; �-actin immunoblotting provided a loading control. Arrowheads indicate the
migration positions of the respective TRAF proteins. (B) A similar experiment was undertaken to analyze
K63-linked polyubiquitination of TRAF3, effected by overexpression of HA-tagged K63-only ubiquitin
(HA-Ub63), in response to expression of CBD-tagged vIRF-2 or vIRF-2.S247A, GST-fused USP7-binding
fragment (241-260) of vIRF-2, or GST-CBD or empty vector (vec) negative controls. S-protein bead precip-
itates from denatured transfected cell lysates were analyzed by HA immunoblotting for K63 polyubiquiti-
nation of TRAF3-S; lysates were checked for expression of input proteins (GST-CBD band not shown).
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vIRF-2 and USP7-binding residues 240 to 261 (fused to GST), but not vIRF-2.S247A and
GST-CBD (negative control), to augment signaling-relevant K63-linked polyubiquitina-
tion of TRAF3 (Fig. 7B). Together with the binding competition data (Fig. 6C), these
TRAF ubiquitination analyses provide evidence of vIRF-2 positive and selective regula-
tion of TRAF3- and TRAF6-mediated signal transduction through inhibition of USP7-
TRAF3/6 interactions and consequent TRAF3/6 deubiquitination.

Functions of vIRF-2 and vIRF-2-USP7 interaction in HHV-8 biology. It has been
reported very recently (during conclusion of our own studies here) that vIRF-2 inhibits
lytic gene expression during lytic reactivation in and de novo infection of endothelial
cells and inhibits virus production in the former (39); these are the only published
phenotypic studies of vIRF-2. It is notable that in the context of PEL cells, naturally
infected with HHV-8, vIRF-2 transcripts and protein have been detected in both latency
and lytic infection (24, 39, 48). We first tested for potential effects of vIRF-2 depletion
on the growth of latently infected PEL cells. Lentiviral vectors expressing three short
hairpin RNAs (shRNAs) were made and used, along with nonsilencing (NS) shRNA-
expressing lentivirus (control), to transduce JSC-1 and BCBL-1 (TRExBCBL1-RTA) cul-
tures. Despite modest reductions of vIRF-2 mRNA (41 to 64% in the JSC-1 and 49 to 66%
in the BCBL-1 cultures; data not shown), each of the vIRF-2-directed shRNAs effected
substantial depletion of vIRF-2 protein levels (13% to 23% and 16% to 27% in JSC-1 and
BCBL-1 cells, respectively; data not shown) and a significant reduction, relative to the
control, of viable cell densities over the 3-day experiment (Fig. 8A). Cells collected on
the last day were analyzed by annexin V-Cy3 and Hoechst staining to determine rates
of apoptosis in vIRF-2-depleted versus control cultures; these data revealed a significant
increase in apoptosis in the former (Fig. 8B). To assess the specific relevance to the
detected vIRF-2 latent phenotype of USP7 targeting by vIRF-2, we compared the
abilities of vIRF-2 and USP7-refractory vIRF-2.S247A, each encoded by lentiviral vector-
expressed shRNA-resistant mRNAs, to functionally complement vIRF-2 depletion. Mon-
itoring of viable cell densities over 3 days revealed that both wild-type vIRF-2 and
vIRF-2.S247A were able to complement depletion of endogenous vIRF-2 (growth inhib-
itory in the context of uncomplemented cells, transduced with red fluorescent protein
[RFP]-encoding lentivirus) (Fig. 8C), indicating that vIRF-2-USP7 interaction does not
contribute significantly to the proviability functions of vIRF-2 in these latently infected
cells. A caveat, however, is that the levels of vIRF-2 mRNA in RFP versus wild-type or
S247A vIRF-2-transduced cells were substantially higher (3- to 4-fold) in the latter (Fig.
8C, bottom-right chart), raising the possibility that any contributions of vIRF-2-USP7
interaction to cell viability could conceivably be masked by increased (and threshold-
exceeding) compensating activities of vIRF-2.

Lytic functions of vIRF-2 were tested first in lytically reactivated (doxycycline-
induced) TRExBCBL1-RTA cells (38). Depletion of vIRF-2 led to a substantial increase in
viral titers, measured both by infectious titration assay involving latency-associated
nuclear antigen (LANA) staining of PEL media-inoculated iSLK cells (Fig. 9A) and by
quantitation of encapsidated viral genomes by quantitative PCR (qPCR) of DNase
I-resistant HHV-8 genomic DNA (Fig. 9B). These data demonstrated suppression of lytic
replication by vIRF-2, reflective of the effect on lytic replication of vIRF-3 (27), which is,
like vIRF-2, expressed in latently infected PEL cells (24, 39, 48). To investigate the
generality of the vIRF-2 lytic phenotype and to facilitate biological analysis of vIRF-2-
USP7 interaction specifically, bacmid (BAC16)-based recombinant viruses were gener-
ated containing either mutation of the initiator ATG codon (ATG to TTG) or of codon
247 to specify USP7-refractory vIRF-2.S247A (Fig. 9C); these changes were reverted to
wild-type sequences to generate control repaired (R) viruses to ensure that no other
phenotypically significant changes occurred during the bacterially based genetic ma-
nipulations of the BAC16 genome (39, 49) (see Materials and Methods). The gross
integrities of each viral genome was checked by restriction analysis (Fig. 9D), and the
introduced genetic changes were verified by sequencing. Viruses reconstituted from
electroporated iSLK cells (doxycycline inducible for viral lytic transcriptional regulator
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FIG 8 Contributions of vIRF-2 and vIRF-2-USP7 interaction to latently infected PEL cell growth and viability. (A) Growth
curves (viable cell density/time) for JSC-1 and BCBL-1 (TRExBCBL1-RTA) cells transduced with lentiviral vectors expressing
vIRF-2 mRNA-targeting shRNAs (1 to 3) or nonsilencing shRNA control (ns). Data were derived from triplicate cultures for
each condition; error bars show standard deviations from the means. Statistical significance between values for each
vIRF-2 shRNA and control shRNA samples was determined by Student’s t test (two tailed); P values for vIRF-2 shRNA 1-,
2-, and 3-reduced cell densities (relative to NS shRNA-transduced controls) at day 4 were 0.00021, 0.00013, and 0.00002
for JSC-1 cultures and 0.00127, 0.00065, and 0.00108 for BCBL-1 cultures. (B) Measurements of apoptosis by Cy3-annexin
V staining of day 4 cultures (pooled for each shRNA) shown in panel A. Cells were counterstained with Hoechst dye to
identify nuclei, and the percentages of Cy3-annexin V� cells were calculated from data derived from multiple random
fields per sample (�900 total cells/sample). (C) vIRF-2 mRNA-specific shRNA3 (v2) or control (ns) shRNA was expressed
via lentiviral vector transduction in BCBL-1 (TRExBCBL1-RTA) cells pretransduced with lentiviruses expressing shRNA3-
resistant mRNAs encoding vIRF-2 (vIRF-2R) or vIRF-2.S247A (vIRF-2.S247AR) or with RFP-expressing lentiviral vector (RFP,
control). Cell growth was monitored as outlined for panel A. Charts below the growth curves show the relative levels of
vIRF-2 transcripts in the respective PEL cultures, as determined by RT-qPCR applied to RNA extracted from terminal (day
4) cultures; the rightmost chart shows the levels of vIRF-2 mRNA in vIRF-2 and vIRF-2.S247A vector-transduced cells (absent
depletion) relative to the level in the RFP-expressing control vector-transduced cells. For all charts, average values from
triplicate samples are shown, with error bars indicating standard deviations of the individual from the average values. The
P value for the growth effect of uncomplemented (RFP) vIRF-2 depletion was obtained by Student’s t test (two tailed).
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FIG 9 Contributions of vIRF-2 and its interaction with USP7 to productive replication. (A) Infectious titers of HHV-8 produced from
lytically reactivated (doxycycline-treated) TRExBCBL1-RTA PEL cells in the absence and presence of vIRF-2 depletion. Duplicate cultures
were transduced with lentiviral vector-delivered nonsilencing (NS) control shRNA or vIRF-2 mRNA-targeting shRNAs (sh1, sh2, or sh3),
and the media from doxycycline-treated or untreated cultures were harvested 4 days after lytic induction with doxycycline (1 �g/ml
for first 24 h) or mock treatment. These inocula were used to infect naive iSLK cells, and the percentages of infected cells were
determined by LANA immunostaining (see Materials and Methods). P values (Student’s t test, two tailed) for effects of shRNAs 1, 2,
and 3 in lytically reactivated cells are 0.005, 0.011, and 0.010, respectively. (B) Samples of the same media were used to determine the
yields of encapsidated (DNase I-resistant) HHV-8 genomic DNA by qPCR using primers directed to LANA open reading frame (ORF73)
sequences (see Materials and Methods). P values (Student’s t test, two tailed) for effects of shRNAs 1, 2, and 3 are 0.023, 0.003, and
0.021, respectively. (C) Diagrammatic representation of mutations introduced into BAC16 to generate the respective vIRF-2 knockout
(TTG), vIRF-2.S247A-substituted (247), and revertant (R) viruses used in subsequent phenotypic analyses. (D) Restriction analyses (NheI � XhoI)

(Continued on next page)
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RTA [50]) were then used to infect, at equal infectious doses, naive iSLK cells to
generate normalized cultures, expressing equivalent levels of latency-associated nu-
clear antigen per cell (Fig. 9E) (after drug selection for HHV-8� cells; see Materials and
Methods). Lytic reactivation was induced by treatment of the cultures with doxycycline
and sodium butyrate, and culture media were collected (and replenished) over the
course of 9 days to evaluate cumulative, total virus yields. The media were analyzed for
relative infectious titers and encapsidated viral genome yields, with these assays
producing similar results. Ablating vIRF-2 increased virus yields, consistent with the
depletion-based studies in PEL cells and the recent endothelial cell-derived findings of
Koch et al. (39), and the same phenotype was effected by abrogation of USP7 inter-
action by the S247A mutation (Fig. 9F and G). Immunoblotting of lysates from similarly
infected and induced iSLK cultures harvested at 3 days postinfection confirmed that the
ATG-to-TTG mutation led to effective loss of vIRF-2 expression rather than to appre-
ciable levels of truncated translation products reported to be initiated from down-
stream ATG codons (39) and also verified equivalent levels of expression of vIRF-2 and
vIRF-2.S247A (Fig. 9H, left). Interestingly, levels of p53 were not detectably altered as a
function of vIRF-2-USP7 interaction (WT versus vIRF-2.S247A), indicating that activities of
vIRF-2 via USP7 are mediated independently of p53 regulation. Additional immuno-
blotting for vIRF-1 and vIRF-3 confirmed that expression of these replication-regulatory
vIRFs were unaffected by the vIRF-2 TTG and S247A mutations (Fig. 9H, right). The
phenotypic data from these genetic analyses confirm the replication-inhibitory activity
of vIRF-2 and the contribution, in whole or part, of USP7 targeting to this function.

vIRF-2-regulated TRAF activation and interferon induction in the context of
infection. Our transfection-based data indicated the regulation of TRAF3- and TRAF6-
mediated signal transduction by vIRF-2 interaction with USP7. To determine the
influence of vIRF-2 targeting of USP7 on TRAF3 and TRAF6 polyubiquitination in the
context of infection, we compared the ubiquitination status of these TRAFs, expressed
in tagged form from lentiviral vectors, in lytically reactivated iSLK cells infected with
wild-type or vIRF-2.S247A-substituted viruses. The data obtained from this analysis (Fig.
10A) reflected the results of the corresponding transfection experiments (Fig. 7A), in
that the S247A mutation led to decreased polyubiquitination of TRAFs 3 and 6, indic-
ative of suppression of their activities. Consistent with these data, reverse transcription-
qPCR (RT-qPCR)-determined levels of IFN-� mRNA were substantially reduced in
the BAC16.vIRF-2.S247A-infected cells relative to those infected with wild-type virus
(Fig. 10B). Curiously, TRAF3/6 ubiquitination and IFN-� mRNA levels in lytically reacti-
vated iSLK cells infected with vIRF-2-knockout virus (BAC16.vIRF-2.TTG) were not sub-
stantially affected (TRAF3 and IFN-�) or were intermediate (TRAF6) between those
detected in cells infected with wild-type and BAC16.vIRF-2.S247A viruses (Fig. 10A and
B). These data suggest that in addition to the positive effects of vIRF-2-USP7 interaction
on TRAF activation and signaling, there is at least one counteractivity of vIRF-2 on
TRAF3/6 ubiquitination and downstream regulation of IFN-� induction. However, it is
conceivable that the small amount of truncated (likely alternatively initiated) vIRF-2

FIG 9 Legend (Continued)
of wild-type (WT), point-mutated (initiator codon ATG to TTG [TTG] and vIRF-2 S247-to-A247 codon mutation [247]), and wild-type-
reverted (TTGR and 247R) BAC16 HHV-8 genomes, showing overall integrity of the genomes (indistinguishable from wild-type BAC16).
The arrow indicates the position of the 4.3-kbp fragment containing the vIRF-2 gene. (E) LANA immunoblotting of extracts of iSLK
cultures infected with the same infectious doses (determined by LANA staining, as outlined for panel A) of the different viruses and
subsequently hygromycin selected to remove uninfected cells. These cultures were used, in duplicate, for lytic induction and
assessments of infectious virus titers (F) and encapsidated viral DNA yields (G) following 9 days of doxycycline and sodium butyrate
treatment (see Materials and Methods). P values (determined by two-tailed Student’s t test) for TTG and 247 effects, relative to the WT,
on lytic replication are 0.037 and 0.0001 for data in panel F and 0.049 and 0.018 for data in panel G. (H) Immunoblots (left) of extracts
from lytically reactivated BAC16-infected iSLK cultures (harvested 3 days postinduction), showing lack of detectable full-length vIRF-2
expression (but possibly some low-level expression of truncated, alternatively initiated vIRF-2) by the TTG mutant and equivalent
expression of vIRF-2 and vIRF-2.S247A by the respective wild-type/revertant and 247 viruses. USP7 and �-actin immunoblotting
provided loading controls; p53 was probed to identify any modulation by vIRF-2 or its interaction with USP7. The blots on the right
show (expected) vIRF-2 specificity of the TTG and S247A mutations, with unaffected expression of vIRF-1 and vIRF-3 in the respective
extracts.
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protein detected in BAC16.vIRF-2.TTG-infected cells (Fig. 9H) is functionally sufficient for
the observed effects, notwithstanding the clear replication phenotype associated with
the TTG mutant.

Finally, we compared USP7-TRAF3/6 interactions in the context of iSLK cells infected
lytically with wild-type or vIRF-2.S247A BAC16 viruses. TRAFs 3 and 6 were introduced

FIG 10 Influence of vIRF-2 and vIRF-2-USP7 interaction on innate immune signaling in the context of lytic infection.
(A) Precipitation-immunoblot analyses of (lentivirally transduced, tagged) TRAF3 and TRAF6 ubiquitination during
lytic reactivation in doxycycline- and sodium butyrate-treated iSLK cells infected with wild-type (WT), vIRF-2.S247A-
expressing (247), or vIRF-2-null (TTG) BAC16 virus. Replicate cultures were harvested at day 0 (uninduced, latent)
or at 1 or 3 days after lytic induction. Experimental procedures for precipitation were as outlined in the legends to
Fig. 5 and 7. (B) Relative levels of expression of interferon-� (IFN-�) transcripts, as determined by RT-qPCR, in
lytically reactivated iSLK cells infected with wild-type (WT), vIRF-2.S247A-expressing (S247A), or vIRF-2 initiator
ATG-mutated (TTG) BAC16 virus. Data were derived from duplicate cultures; the average level of IFN-� mRNA in
BAC16.vIRF-2.S247A- and BAC16.vIRF-2.TTG-infected cells harvested 2 days after lytic induction are expressed
relative to levels (set at 1) in parallel wild-type virus-infected cells (error bars indicate standard deviations from the
mean values; statistical significance was determined by two-tailed Student’s t test). (C) Interactions of TRAF3 and
TRAF6 with USP7 in iSLK cells infected with BAC16 (WT) or BAC16.vIRF-2.S247A (247). The HHV-8� iSLK cultures were
transduced with TRAF3-S- or Flag-TRAF6-encoding lentiviral vector, allowing S-protein affinity precipitation (AP) or
Flag-immunoprecipitation (IP) from cell lysates 2 days after lytic induction; precipitates were probed for detection
of TRAF-interacting USP7 and precipitated TRAFs 3 and 6 (Tr3 and Tr6), and equivalent expression of wild-type and
S247A vIRF-2 proteins was verified by immunoblotting of cell lysates.
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as S-peptide- or Flag-tagged proteins, and associated, coprecipitated USP7 was iden-
tified by immunoblotting. USP7-TRAF binding was more pronounced in cells infected
lytically with the vIRF-2.S247A-expressing virus than in those infected with wild-type
virus (Fig. 10C), consistent with the previous transfection-based data (Fig. 6C) showing
USP7-TRAF3/6 binding competition by vIRF-2; no vIRF-2.S247A-associated change in
USP7-TRAF3/6 interaction was detected in latently infected cells, lacking vIRF-2 expres-
sion (data not shown). Our data indicate that in the context of infection also, vIRF-2
competes for USP7 interactions with TRAFs 3 and 6 and consequently promotes their
polyubiquitination and associated signal transduction.

DISCUSSION

The present finding of USP7 targeting by vIRF-2, in addition to interactions of HHV-8
vIRFs 1, 3, and 4 with the deubiquitinase, is intriguing, especially as the biological
consequences of these interactions appear to be somewhat contradictory and coun-
terintuitive. For example, the present finding of stimulation of TRAF3- and TRAF6-
mediated antiviral signaling by vIRF-2 seems to be in functional opposition to the
downstream inhibitory effects of vIRF-2 on this pathway, in part via inactivation of
phospho-IRF3 by promotion of its cleavage by caspase 3 (23) and also the inhibitory
effects of vIRF-1 and vIRF-3 on such signaling through suppression of IRF-directed
transcription initiation complex formation (18–21, 51). With respect to vIRF functions
through USP7 binding, specifically, the apparently opposing functions of the vIRFs are
further evident, with vIRF-1 targeting of USP7 promoting HHV-8 productive replication
(in the context of PEL and iSLK cells) and vIRF-2 and vIRF-3 interactions with the
deubiquitinase effecting decreased infectious virus and nucleated virion yields (27 and
this study). With regard to latency activities in PEL cells, our studies here have failed to
identify USP7 interaction-specific effects of vIRF-2 despite proviability activity of vIRF-2
itself, contrasting with proviability functions of vIRF-1 and vIRF-3 through their inter-
actions with USP7 (27). These distinguishable functions of the respective vIRF-USP7
interactions demonstrate clearly the distinct activities and underlying mechanisms
associated with USP7 targeting by the different vIRFs. At present, one can only
speculate about the possible advantages to the virus of activation of TRAF3- and
TRAF6-mediated signaling, which would generally be expected to be detrimental to
virus replication. It is possible that activation of such signaling promotes virus latency,
as has been proposed by Koch et al. (39), notwithstanding the demonstrable negative
impact on virus production upon lytic reactivation; overall, perhaps such negative
consequences are balanced by the need to regulate appropriately latent versus lytic
infection. Another possibility is that in the context of the host, restriction of viral burst
and lytic antigen expression could help to modulate the magnitude of the immune
response to productive replication, with overall benefit for virus primary infection
and/or virus persistence. It is also possible that counterregulation by vIRF-2 and other
vIRFs of the innate immune response to virus infection allows the fine-tuning of
signaling pathways to enable appropriate regulation of latent versus lytic replication
and to establish conditions conducive to each, depending on particular intracellular
and microenvironmental contexts. The latter point would provide an explanation for
the multiple, opposing effects by vIRF-2 on innate immune responses: (i) positive
regulation of TRAF3/6 signaling via vIRF-2-USP7 interaction (evident by comparisons of
TRAF3/6 ubiquitination in wild-type and 247 virus-infected cells; Fig. 10A); (ii) potential
countering negative regulation of TRAF3/6 signaling by vIRF-2 (suggested by the
relative effects of the 247 and TTG mutations on TRAF3/6 ubiquitination; Fig. 10A)
through an unidentified mechanism; (iii) suppression of related innate immune signal-
ing through phospho-IRF3 cleavage and other mechanisms (23); and (iv) induction of
interferon-stimulated genes, notably IFITs 1, 2, and 3, by vIRF-2, apparently indepen-
dently of IFN-I induction (39). Further investigations are required and warranted to
determine the effects of these different activities of vIRF-2 on cellular and HHV-8
biology.

It is commonly assumed, in part on the basis of transfection and/or overexpression
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studies, that viral protein targeting of USP7 will negatively impact p53 expression,
generally induced upon virus infection and replication and inhibitory to virus produc-
tion. However, our own studies in the context of infected cells have failed to identify
any USP7 binding-dependent effects of vIRF-1 and vIRF-3 on p53 levels in latently
infected PEL cells and during lytic reactivation in these and/or HHV-8� iSLK cells;
indeed, depletion of USP7, which regulates p53 stability through the relative deubiq-
uitination of p53 and its E3 ubiquitin ligase MDM2 (29, 52), while phenotypically
significant in PEL latency and HHV-8 productive replication, did not detectably alter p53
expression (27). Also in the present study, p53 levels were indistinguishable between
iSLK cultures infected with wild-type HHV-8 and mutated virus expressing USP7-
refractory vIRF-2.S247A (Fig. 9H), suggesting that regulation of p53 is not effected via
vIRF-2 interaction with the deubiquitinase. On the other hand, we have identified
physical and functional interactions of USP7, namely, those with TRAF3 and TRAF6, that
are affected by vIRF-2 in the contexts of transfected and lytically infected cells. The
functional consequences of vIRF-2-USP7 interaction with respect to activating (K63-
linked) polyubiquitination of these TRAFs and downstream type I interferon gene
expression were evident in transfected cells in which vIRF-2 was expressed in isolation
and in infected cells in which vIRF-2 and other viral lytic proteins were expressed
naturally from viral genomes. Thus, our data identify likely effectors of vIRF-2 activity via
USP7 interaction; to our knowledge, this represents the first example of vIRF disruption
of USP7-protein interaction and resulting functional and phenotypic consequences.
Although this finding advances understanding of the mechanisms of vIRF activity via
USP7 targeting, it is evident that there are many other USP7-cellular and -viral protein
interactions that potentially can be (and probably are) regulated via vIRF-USP7 binding.
It is important to appreciate that effects of the vIRFs through their interactions with
USP7 may promote as well as disrupt interactions of USP7 with its substrates, analogous
to the situation reported for the stabilization of the HHV-8 ORF33-encoded tegument
protein (pORF33) by promotion of pORF33-USP7 interaction by USP7-binding pORF45
(37). Thus, while our present data identify one mechanism of USP7-associated vIRF-2
activity, i.e., via TRAFs 3 and 6, there are likely many other means by which vIRF-2, and
the other vIRFs, regulate cellular activities impacting virus biology through USP7
binding.

Our current reporting of negative effects of vIRF-2 on HHV-8 productive replication
is consistent with recently published work on vIRF-2 activity in HHV-8-infected endo-
thelial cells (39). This study found that viral early gene expression and virus yields from
lytically reactivated huARLT cells were promoted by vIRF-2 gene deletion. Productive
replication was enhanced approximately 10-fold, appreciably beyond the 2- to 3-fold
increases that we observed in our PEL and iSLK cell-based experiments. Therefore,
vIRF-2 activities, in sum, appear to limit HHV-8 productive replication, at least in culture.
This could reflect a natural function of vIRF-2 in promoting latency via limiting early lytic
gene expression, as posited by Koch et al. (39). This also may be the case for vIRF-3,
which is expressed as a bona fide latency gene in PEL cells, at least, and is clearly
inhibitory to productive replication (12, 27, 48). However, whether this can explain fully
the replication-inhibitory effects of these vIRFs in the contexts of TRExBCBL1-RTA and
iSLK cells, in which the immediate-early transactivator RTA is expressed in response to
doxycycline treatment and directly induces multiple early lytic genes, is questionable.
Rather, the observed phenotypes may be due to general effects on the cell via USP7
and other interactions of vIRF-2 and vIRF-3, resulting in an intracellular environment ill
supportive of virus replication. The induction of innate immune signaling, such as that
mediated by vIRF-2-activated TRAFs 3 and 6, would be expected to provide such
nonoptimal conditions, leading to suppressed virus replication. That said, it also is
apparent that vIRF-2-induced IFIT 1, 2, and 3 genes, when overexpressed in isolation,
inhibit HHV-8 early lytic gene expression during de novo and/or lytic infection of
huARLT cells, indicating a more direct suppression of lytic gene expression (39).
Establishing the precise mechanisms underlying the overall effects of vIRF-2 and vIRF-3
on HHV-8 productive replication must await further detailed investigations.
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An unexpected finding from our studies is that USP7 catalytic domain residues are
required for the interaction of vIRF-2, but not vIRF-1, vIRF-3, and vIRF-4, with USP7
intracellularly or in the presence of other cellular proteins (i.e., cell extract). Interest-
ingly, recombinant vIRF-2 peptide (residues 241 to 260) and USP7 NTD did interact in
vitro. Possible explanations for these findings are that binding of vIRF-2 to USP7, in the
absence of catalytic domain residues, is hindered by one or more cellular proteins, that
vIRF-2-USP7 interaction affinity is enhanced by conformational changes of NTD affected
by residues of the catalytic domain, and/or that one or more catalytic domain-binding
cellular proteins allow stearic accessibility of vIRF-2 to the N-terminal domain of USP7.
It is also possible that posttranslational modification of USP7, effected by one or more
proteins in intact cells and cell lysates, promotes NTD accessibility by vIRF-2 and/or its
binding affinity. Experimental exploration of the underlying basis for the unusual
USP7-interacting properties of vIRF-2 could conceivably uncover novel determinants of
USP7-protein interactions and interaction specificities that apply to cellular proteins as
well as to vIRF-2.

Another significant finding from this study is that TRAF3, in addition to the previ-
ously reported TRAF6 (34), is an apparent substrate of USP7, as TRAF3 polyubiquitina-
tion was suppressed in the presence of overexpressed USP7. Furthermore, ubiquitin
modifications of other TRAFs (1, 2, 4, and 5) reported to interact with USP7 (31, 33) were
completely refractory to the effects of overexpressed USP7 in parallel transfection-
based analyses, although each TRAF did interact with the deubiquitinase in this context
(Fig. 5A and 6A). To our knowledge, this is the first evidence of TRAF specificity with
respect to USP7 catalytic activity.

To conclude, our present studies have identified and characterized HHV-8 vIRF-2
interaction with USP7, USP7 binding-dependent enhancement by vIRF-2 of TRAF3 and
TRAF6 polyubiquitination and signaling, and activities of vIRF-2 and vIRF-2-USP7 inter-
action in HHV-8 latent and lytic biology. The specific identification of TRAF3 and TRAF6
regulation via vIRF-2 targeting of USP7 represents a novel mechanism of viral protein
activity via USP7 interaction. Overall, our findings extend the understanding of USP7-
protein interactions and the functional consequences and associated mechanistic
underpinnings of USP7 targeting by HHV-8 and other viral proteins.

MATERIALS AND METHODS
Plasmids and primers. Plasmids encoding Flag-TRAF6 and V5-MAVS (pICE-V5-MAVS) in addition to

reporter plasmid pIFN-�-Luc have been reported previously (53–55) and were provided by E. W. Harhaj
and K. Tolba. Expression vectors pRK5-HA-Ubiquitin-WT and pRK5-HA-Ubiquitin-K63, encoding HA-
tagged wild-type and K63-only ubiquitin (56), were obtained from Addgene (plasmid numbers 17608
and 17606) and were deposited by T. Dawson; Addgene plasmids pQHA-USP7 (46753) and pQFlag-USP7
(46751) were reported (57) and deposited by G. Peters; lentiviral packaging vectors psPAX2 and pMD2.G
were obtained from Addgene (12260 and 12259, respectively; deposited by D. Trono). The reporter
pRL-Luc was obtained from Promega (catalogue number E2231). Expression plasmids pCEBZ-vIRF1-SF,
pCEBZ-vIRF3-SF, pCEBZ-USP7-CBD, and pET22b-USP7-NTD were reported by us previously (27). Lentiviral
plasmid vector pCEBZ-vIRF2-SF (encoding StrepII- and Flag-tagged vIRF-2) was generated by insertion of
PCR-generated, NotI- and BamHI-flanked vIRF-2 coding sequences into the corresponding cloning sites
of pCEBZ-RFP-SF (58) (replacing RFP coding sequences). Various vIRF-2 open reading frame (ORF)
fragments (Δ1 [codons 1 to 164], Δ2 [1 to 347], Δ3 [348 to 680], Δ4 [1 to 190], Δ5 [1 to 230], Δ6 [1 to 270],
and Δ7 [1 to 310]), deletions or point mutations of vIRF-2 ORF sequences [Δ(241-260), m1 (alanine
substitutions of codons 241 to 245), m2 (alanines 246 to 250), m3 (alanines 251 to 255), m4 (alanines 256
to 260), SP242AA, RP244AA, ST246AA, SQ248AA, VQ250AA, P244G, S247A, and Q248A] were amplified by PCR or
overlapping PCR and inserted between the NotI and BamHI cloning sites of pCEBZ-RFP-SF (replacing the
RFP ORF) to provide vectors expressing the respective StrepII- plus Flag-tagged proteins. Lentiviral
plasmid vector pCEBZ-vIRF2-CBD and pCEBZ-vIRF4-CBD were generated by insertion of PCR-generated,
NotI- and BamHI-flanked vIRF2 and vIRF4 (genomic) coding sequences between the corresponding
cloning sites of pCEBZ-RFP-CBD (59). A bacterial expression vector for His6-tagged residues 1 to 220 of
USP7 was generated by cloning of the respective USP7 ORF sequences into pET28b(�) (catalogue
number 69865; Novagen). Lentiviral plasmid-based expression vectors for C-terminally CBD-tagged
vIRF-2, vIRF-2.S247A, and USP7 fragments containing residues 1 to 207 and 1 to 220 were generated by
PCR amplification of the corresponding coding sequences as NotI-BamHI fragments and their cloning
between these sites in pCEBZ-RFP-CBD. Sequences encoding vIRF-2 residues 226 to 275, 226 to 245, 241
to 260, and 256 to 275 were PCR amplified and cloned into BamHI-EcoRI sites of the vector pGEX-4T-1
(catalogue number 28-9545-49; GE Healthcare) to enable bacterial expression of the N-terminally
GST-fused sequences. Lentiviral plasmid vectors pCEBZ-TRAF1-S, pCEBZ-TRAF2-S, pCEBZ-TRAF3-S,
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pCEBZ-TRAF4-S, and pCEBZ-TRAF5-S were generated by insertion of PCR-generated, NotI- and BamHI-
flanked TRAF coding sequences into the corresponding cloning sites of pCEBZ-RFP-S (59). For vIRF-2
depletion, mRNA-directed shRNAs were cloned between the BamHI and MluI sites of pYNC352 lentiviral
vector (60); target sequences were GGAGCGACATAATCGAGAA (shRNA 1), GGTTTACCTTCTCCTGTTA
(shRNA 2), and GGTGTTTGTTAGATCTCTT (shRNA 3). To generate shRNA-resistant vectors expressing
vIRF-2 and vIRF-2.S247A, codon-synonymous mutations within the shRNA 3 target sequence were
introduced into the respective vIRF-2 ORFs by overlapping PCR-mediated mutagenesis; the shRNA-
resistant coding sequences were cloned between the NotI and BamHI sites of pCEBZ-CBD.

HHV-8 mutagenesis. Mutagenesis of HHV-8 bacmid BAC16 (61) for generation of HHV-8 vIRF-2-null
(ATG to TTG) and vIRF-2.S247A mutants and revertants thereof was essentially as described previously (27,
49, 62). Forward and reverse primers for ATG mutagenesis were 5=-acggaaaaggtgttttgtgtcgtggcttttgcct
aaaaagTtgcctcgctacacggagtcaggatgacgacgataagtaggg-3= (uppercase letter, introduced mutation; under-
lined, homologous to Kanr-flanking sequence) and 5=-ataaagtccgtgagccattccgactccgtgtagcgaggcaActttt
taggcaaaagccaccaaccaattaaccaattctgattag-3=. Equivalent primers containing wild-type sequences were
used for reversion of this mutation to generate the repaired control virus. Forward and reverse primers
used for S247A mutagenesis of vIRF-2 were 5=-tcgagcttattagctccggattccccgcgtccctccacgGCCcaggtgcagg
gcccattacaaggatgacgacgataagtaggg-3= and 5=-atccgtcggggtgtgcacgtgtaatgggccctgcacctgGGCcgtggagg
gacgcggggaatcaaccaattaaccaattctgattag-3=. Equivalent primers containing wild-type sequences were
used for reversion of this mutation to generate the repaired control virus. Introduced mutations were
verified by sequencing, and overall integrities of engineered genomes were checked by restriction
analysis.

Cell culture and transfection. TRExBCBL1-RTA (38) and JSC-1 (63) cells were grown in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS) and 10 �g/ml gentamicin. HEK293T and iSLK
cells (50) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS and
10 �g/ml gentamicin. HEK293T cells cultured to 40 to 60% confluence were transfected with mixtures of
plasmid DNA and cationic polymer linear polyethylenimine (593215; Polysciences).

Immuno- and affinity precipitations. For Flag-based immunoprecipitation and CBD- and S-tag-
based affinity precipitations for assessments of protein-protein interactions, HEK293T cells in 10-cm
dishes were cotransfected with appropriate bait and prey expression vectors. At 48 h posttransfection,
cells were harvested and lysed for 1 h at 4°C in 0.2% NP-40 lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 5 mM EDTA, and 0.2% NP-40) containing protease inhibitor cocktail (P8340; Sigma). Lysates were
subsequently clarified by centrifugation at 16,000 � g for 10 min at 4°C. The supernatants were used in
the subsequent coprecipitation assays, employing Flag antibody beads (catalogue number M8823;
Sigma), chitin resin (S6651; New England Biolabs), or S-protein agarose (69704; Novagen); these were
incubated with lysates at 4°C overnight with gentle shaking. Precipitates were then washed 3 to 5 times
with wash buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, and 0.05% NP-40). Coprecipitated proteins were
released from the beads by incubation at 95°C for 10 min in gel loading buffer (100 mM Tris [pH 6.8], 4%
SDS, 200 mM dithiothreitol, 0.2% bromophenol blue, 20% glycerol) prior to polyacrylamide gel electro-
phoresis and immunoblotting. For preparation of denatured cell extracts for analyses of TRAF ubiquiti-
nation, cells were treated with 150 �l of PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 [pH 7.4])
containing 1% SDS and boiled for 10 min. Subsequently, lysates were diluted 1:3 with PBS and sonicated
using a microtip sonicator (5 min per sample). After centrifugation at 16,000 � g for 10 min at 4°C, the
supernatants were harvested and diluted 5-fold in PBS. Supernatants were incubated with Flag antibody
beads (catalogue number M8823; Sigma) or S-protein agarose (catalogue number 69704; Novagen) at
4°C overnight, and then beads and associated proteins were pelleted by microcentrifugation or magnetic
capture (Flag) and washed in lysis buffer by repeated resuspension and pelleting prior to protein release
by heating/denaturation (S-protein agarose) or application of 100 ng/ml of 3� Flag peptide (catalogue
number F4799; Sigma) in lysis buffer (100 �l, �2) and analysis of released proteins by SDS-PAGE and
immunoblotting. For cross-linking-based immunoprecipitation assays (to detect endogenous TRAF-USP7
and vIRF-2-USP7 interactions), cells were washed twice with PBS to remove media and then were
incubated with disthiobis-succinimidyl propionate (DSP) cross-linker solution (1 to 2 mM DSP in PBS).
After 30 min of incubation at room temperature, the cells were incubated with stop solution (10 to
20 mM Tris-HCl [pH 7.4] final concentration) for 15 min. Immuno- and affinity precipitations were carried
out on these samples as outlined above for the denatured cell extracts. For in vitro coprecipitation
assays, appropriate expression vectors were used to transform Escherichia coli BL21(DE3) to produce
GST- or His6-linked proteins. After 24 h of induction at 18°C by addition of 1 mM isopropyl-�-D-
thiogalactopyranoside (IPTG), the cell pellets were resuspended in lysis buffer (300 mM NaCl, 10 mM
imidazole, 50 mM NaH2PO4 [pH 8.0]) for His6-tagged protein or PBS for GST fusions in the presence of
1 mg/ml lysozyme. After 10 min of sonication, the lysates were cleared by centrifugation at 12,000 � g
for 10 min at 4°C. The supernatants then were incubated with either nickel-nitrilotriacetic acid (catalogue
number 30210; Qiagen) or glutathione Sepharose (catalogue number 17-0756-01; GE Healthcare) beads
at 4°C for 1 h. Subsequently, the beads were washed 3 to 5 times with lysis buffer (His6 precipitates) or
PBS (GST precipitates) and proteins released with either His6 elution buffer (300 mM NaCl, 250 mM
imidazole, 50 mM NaH2PO4 [pH 8.0]) or glutathione buffer (50 mM Tris-Cl [pH 8.0], 10 mM reduced
glutathione). Purified proteins were checked for purity by Coomassie brilliant blue staining. For copre-
cipitation assays, GST or GST fusion proteins were incubated on ice for 2 h with His6-fused USP7 proteins
in PBS. The samples were incubated with 30 �l of glutathione Sepharose on ice for 2 h. The beads were
then collected and washed 5 times with ice-cold PBS. Finally, the proteins were eluted with glutathione
buffer and then boiled for 10 min in SDS-PAGE loading buffer prior to gel electrophoresis and immu-
noblotting (for detection of GST and His6) or Ponceau S staining for global protein detection.
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Antibodies. The following primary antibodies were used: S-tag (catalogue number ab184223;
Abcam); CBD (E8034S; New England BioLabs); Flag (F1804; Sigma); �-actin (A5316; Sigma); LANA
(13-210-100; Advanced Biotechnologies); USP7 (A300-033A [rat]; Bethyl Laboratories); V5-tag (R960-25;
Thermo Fisher Scientific); and LDH, HA, His6, GST, and p53 from Santa Cruz Biotechnologies (catalogue
numbers sc-33781, sc-7392, sc-803, sc-138, and sc-126, respectively). vIL-6 rabbit polyclonal antiserum
was reported previously (64). Mouse monoclonal antibody to vIRF-2 (39) was provided by T. Schulz. Horse
radish peroxidase (HRP)-conjugated anti-rabbit IgG and anti-mouse IgG were from Cell Signaling
Technology (catalogue numbers 7074S and 7076S, respectively).

Production of lentiviruses and HHV-8 (BAC16). For lentivirus production, �80% confluence
HEK293T cultures in T75 flasks were cotransfected with 12 �g of lentiviral vector and 9 �g and 3 �g,
respectively, of psPAX2 and pMD2.G packaging vectors. Culture media were replaced by fresh 10%
FBS-containing Dulbecco’s modified Eagle’s medium (DMEM) after 6 h, and 48 h later, the media were
harvested and lentiviruses pelleted by ultracentrifugation at 25,000 rpm using an SW-32 Ti rotor for 2 h
at 4°C. Viral pellets were resuspended in 5 ml RPMI 1640 medium containing 10% FBS; aliquots were
stored at – 80°C. For HHV-8 BAC16 virus production, BAC16 DNA was transfected into iSLK cells with
FuGENE 6 transfection reagent (catalogue number E2693; Promega), and BAC16-containing cells (green
fluorescent protein [GFP] positive) were selected by treatment of cultures with 2.3 mM hygromycin B
(catalogue number 10687010; Invitrogen) for 3 weeks. Productive replication was induced in these
cultures by addition of doxycycline (1.9 nM) and sodium butyrate (1 mM). Virus-containing media were
harvested 3 days and 5 days postlytic induction, with medium replacement after 3 days, and the two
medium sets were combined. Virus was pelleted by ultracentrifugation in an SW-32 Ti rotor at 25,000 rpm
for 2 h at 4°C; viral pellets were resuspended in 5 ml DMEM supplemented with 10% FBS, and aliquots
of virus were stored at – 80°C.

Measurements of cell growth and apoptosis. To assess the effects of vIRF-2 on cell growth and
viability, TRExBCBL1-RTA and JSC-1 cells were transduced with nonsilencing (NS) control or vIRF-2
mRNA-directed shRNA-encoding lentivirus at a multiplicity of infection yielding a rate of transduction of
�90% (determined by the proportion of cells positive for GFP encoded by the lentiviral vector pYNC352)
by incubation of cells with lentivirus in the presence of 5 �g/ml Polybrene for 6 h, prior to replacement
of lentivirus medium with fresh medium. Cells were allowed to rest for 2 to 3 days prior to cell density
normalization and experimental use. For growth assays, cells were seeded into 24-well tissue culture
plates, and hemocytometric counting of trypan blue-excluding (viable) cells was carried out daily for
3 days. For each experiment, triplicate cultures were analyzed. To assess apoptosis, cells from the last day
of growth experiments were collected and washed with annexin V binding buffer (10 mM HEPES [pH 7.4],
140 mM NaCl, and 2.5 mM CaCl2), and annexin V-Cy3 reagent (BioVision, catalogue number 1002-200)
was added to the cells at a dilution of 1:500 in annexin V binding buffer for 5 min in the dark. The cells
were then washed twice by suspension in binding buffer and pelleting by centrifugation prior to cell
fixing and nuclear staining by incubation in the dark for 15 min in PBS containing 4% paraformaldehyde
(PFA) and Hoechst 33342 stain (1 �g/ml). Cells were washed in PBS, resuspended in PBS containing 4%
PFA, and transferred to a microscope slide; after desiccation, cells were overlaid with 90% glycerol and
a coverslip for visualization of Cy3 (annexin V, red) and Hoechst (nuclei, blue) fluorescence. Four random
fields were analyzed for each sample, with �900 cells evaluated for calculation of the percentage of
apoptotic cells.

HHV-8 replication assays. For assessment of productive replication in TRExBCBL1-RTA PEL cells,
cultures were treated with doxycycline (1 �g/ml) for 24 h to induce lytic reactivation and incubated for
a further 3 days. Virus-containing media were harvested for measurements of virus yield. Infectious virus
titers were determined by immunofluorescence assay (IFA) for LANA expression in diluted medium-
inoculated iSLK cells. At 24 h postinfection, cells were washed twice with PBS, fixed with 4% PFA for
20 min, and permeabilized with 0.25% Triton X-100 in PBS for 5 min, prior to blocking with PBS
containing 2% bovine serum albumin (BSA) and 5% normal goat serum (NGS) for 2 h. LANA antibody was
added at a dilution of 1:1,000 for overnight incubation at 4°C, and following three rinses with washing
buffer (3% Triton X-100 in PBS), Cy3-conjugated secondary antibody was added at a dilution of 1:400 for
1 h at room temperature. Following 5 washes with PBS, nuclei then were stained using Hoechst 33342
(described above) and cells were visualized by UV microscopy. Random fields were visualized to calculate
the percentage of LANA-positive cells (at least 1,000 cells were assessed per sample). For determinations
of encapsidated viral genome yields, qPCR was used. Following pretreatment of virus suspensions with
DNase I overnight at 37°C to remove any unencapsidated viral DNA, viral DNA was extracted using
silica-guanidinium thiocyanate. Briefly, to 300 �l DNase I-treated medium sample was added 1 ml of 6 M
guanidine thiocyanate containing 5 �g of silica gel (catalogue number S5631; Sigma), the mixture
incubated at 55°C for 10 min, and matrix-bound DNA harvested and washed by centrifugation and
resuspension in PBS; DNA was released from the silica gel by addition of distilled water. Quantitative
PCRs, employing ORF73 sequence-directed primers, were performed in a 96-well microplate with SYBR
green 2� master mix as described previously (15). For assessments of wild-type and mutant BAC16 virus
replication in iSLK cells, iSLK cultures at ~30% confluence were infected with equal infectious doses of
viruses, and BAC16-containing cells were selected by hygromycin treatment (as described above for virus
production). Virus lytic replication was induced with doxycycline (1.9 nM) and sodium butyrate (1 mM),
and virus-containing media were harvested 3, 6, and 9 days after lytic induction and combined for assays
of infectious virus and encapsidated viral genome titers (described above).

RT-qPCR. RNA was isolated from cells using TRIzol reagent (catalogue number 15596026; Invitrogen)
according to the manufacturer’s protocol. One microgram of total RNA was treated with 1 U of
RNase-free DNase I (catalogue number M0303S; New England BioLabs) for 30 min at 37°C prior to heat
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inactivation of the enzyme at 65°C for 10 min. Reverse transcription (RT) was performed using 200 U of
Superscript III reverse transcriptase (catalogue number 56575; Invitrogen) in the presence 2.5 �M random
hexamer deoxyoligonucleotides and 0.5 mM deoxynucleotide triphosphates in RT buffer (50 mM Tris-HCl
[pH 8.3], 75 mM KCl, 3 mM MgCl2). First-strand cDNA then was analyzed by quantitative PCR using Power
SYBR green PCR master mix (catalogue number 4367659; Thermo Fisher Scientific), as described
previously (15).

Luciferase reporter assay. Reporter assays utilized a reporter plasmid, IFN-�-Luc (55), comprising
the IFN-� promoter driving firefly luciferase ORF expression. This was transfected into HEK293T cells
along with pRL-TK (catalogue number E2241; Promega), for constitutive expression of Renilla luciferase
(providing a normalization control), using 50 ng and 5 ng of the respective plasmids per well of a 12-well
tissue culture plate; cotransfected plasmids included expression vectors for MAVS (25 ng), USP7 (425 ng),
and/or vIRF-2 (425 ng). After 24 h, cells were lysed and analyzed for luminescence using Dual-Glo reagent
(catalogue number E2920; Promega) and a Promega GloMax multidetection system.

ACKNOWLEDGMENTS
We thank T. Schulz for providing us with vIRF-2 antibody, Y. B. Choi for general

advice and critical reading of the manuscript, and members of the Nicholas laboratory
for technical and other support.

This work was funded by grants R21-CA196348 and R01-AI140855 to J.N.

REFERENCES
1. Carbone A, De Paoli P, Gloghini A, Vaccher E. 2015. KSHV-associated

multicentric Castleman disease: a tangle of different entities requiring
multitarget treatment strategies. Int J Cancer 137:251–261. https://doi
.org/10.1002/ijc.28923.

2. Goncalves PH, Ziegelbauer J, Uldrick TS, Yarchoan R. 2017. Kaposi sar-
coma herpesvirus-associated cancers and related diseases. Curr Opin HIV
AIDS 12:47–56. https://doi.org/10.1097/COH.0000000000000330.

3. Ensoli B, Sgadari C, Barillari G, Sirianni MC, Sturzl M, Monini P. 2001.
Biology of Kaposi’s sarcoma. Eur J Cancer 37:1251–1269. https://doi.org/
10.1016/s0959-8049(01)00121-6.

4. Gantt S, Casper C. 2011. Human herpesvirus 8-associated neoplasms: the
roles of viral replication and antiviral treatment. Curr Opin Infect Dis
24:295–301. https://doi.org/10.1097/QCO.0b013e3283486d04.

5. Polizzotto MN, Uldrick TS, Hu D, Yarchoan R. 2012. Clinical manifesta-
tions of Kaposi sarcoma herpesvirus lytic activation: multicentric Castle-
man disease (KSHV-MCD) and the KSHV inflammatory cytokine syn-
drome. Front Microbiol 3:73. https://doi.org/10.3389/fmicb.2012.00073.

6. Lee HR, Kim MH, Lee JS, Liang C, Jung JU. 2009. Viral interferon regula-
tory factors. J Interferon Cytokine Res 29:621– 627. https://doi.org/10
.1089/jir.2009.0067.

7. Koch S, Schulz TF. 2017. Rhadinoviral interferon regulatory factor homo-
logues. Biol Chem 398:857– 870. https://doi.org/10.1515/hsz-2017-0111.

8. Gao SJ, Boshoff C, Jayachandra S, Weiss RA, Chang Y, Moore PS. 1997. KSHV
ORF K9 (vIRF) is an oncogene which inhibits the interferon signaling path-
way. Oncogene 15:1979–1985. https://doi.org/10.1038/sj.onc.1201571.

9. Nakamura H, Li M, Zarycki J, Jung JU. 2001. Inhibition of p53 tumor
suppressor by viral interferon regulatory factor. J Virol 75:7572–7582.
https://doi.org/10.1128/JVI.75.16.7572-7582.2001.

10. Seo T, Park J, Lee D, Hwang SG, Choe J. 2001. Viral interferon regulatory
factor 1 of Kaposi’s sarcoma-associated herpesvirus binds to p53 and
represses p53-dependent transcription and apoptosis. J Virol 75:
6193– 6198. https://doi.org/10.1128/JVI.75.13.6193-6198.2001.

11. Shin YC, Nakamura H, Liang X, Feng P, Chang H, Kowalik TF, Jung JU.
2006. Inhibition of the ATM/p53 signal transduction pathway by Kaposi’s
sarcoma-associated herpesvirus interferon regulatory factor 1. J Virol
80:2257–2266. https://doi.org/10.1128/JVI.80.5.2257-2266.2006.

12. Rivas C, Thlick AE, Parravicini C, Moore PS, Chang Y. 2001. Kaposi’s
sarcoma-associated herpesvirus LANA2 is a B-cell-specific latent viral
protein that inhibits p53. J Virol 75:429 – 438. https://doi.org/10.1128/JVI
.75.1.429-438.2001.

13. Lee HR, Toth Z, Shin YC, Lee JS, Chang H, Gu W, Oh TK, Kim MH, Jung JU.
2009. Kaposi’s sarcoma-associated herpesvirus viral interferon regulatory
factor 4 targets MDM2 to deregulate the p53 tumor suppressor pathway.
J Virol 83:6739 – 6747. https://doi.org/10.1128/JVI.02353-08.

14. Baresova P, Pitha PM, Lubyova B. 2013. Distinct roles of Kaposi’s
sarcoma-associated herpesvirus-encoded viral interferon regulatory fac-
tors in inflammatory response and cancer. J Virol 87:9398 –9410. https://
doi.org/10.1128/JVI.03315-12.

15. Choi YB, Nicholas J. 2010. Bim nuclear translocation and inactivation by

viral interferon regulatory factor. PLoS Pathog 6:e1001031. https://doi
.org/10.1371/journal.ppat.1001031.

16. Choi YB, Sandford G, Nicholas J. 2012. Human herpesvirus 8 interferon
regulatory factor-mediated BH3-only protein inhibition via Bid BH3-B
mimicry. PLoS Pathog 8:e1002748. https://doi.org/10.1371/journal.ppat
.1002748.

17. Hwang KY, Choi YB. 2016. Modulation of Mitochondrial Antiviral Signal-
ing by Human Herpesvirus 8 Interferon Regulatory Factor 1. J Virol
90:506 –520. https://doi.org/10.1128/JVI.01903-15.

18. Seo T, Lee D, Lee B, Chung JH, Choe J. 2000. Viral interferon regulatory
factor 1 of Kaposi’s sarcoma-associated herpesvirus (human herpesvirus
8) binds to, and inhibits transactivation of, CREB-binding protein.
Biochem Biophys Res Commun 270:23–27. https://doi.org/10.1006/bbrc
.2000.2393.

19. Burysek L, Yeow WS, Lubyova B, Kellum M, Schafer SL, Huang YQ, Pitha
PM. 1999. Functional analysis of human herpesvirus 8-encoded viral
interferon regulatory factor 1 and its association with cellular interferon
regulatory factors and p300. J Virol 73:7334 –7342.

20. Joo CH, Shin YC, Gack M, Wu L, Levy D, Jung JU. 2007. Inhibition of
interferon regulatory factor 7 (IRF7)-mediated interferon signal transduc-
tion by the Kaposi’s sarcoma-associated herpesvirus viral IRF homolog
vIRF3. J Virol 81:8282– 8292. https://doi.org/10.1128/JVI.00235-07.

21. Lin R, Genin P, Mamane Y, Sgarbanti M, Battistini A, Harrington WJ, Jr, Barber
GN, Hiscott J. 2001. HHV-8 encoded vIRF-1 represses the interferon antiviral
response by blocking IRF-3 recruitment of the CBP/p300 coactivators. On-
cogene 20:800–811. https://doi.org/10.1038/sj.onc.1204163.

22. Burysek L, Yeow WS, Pitha PM. 1999. Unique properties of a second
human herpesvirus 8-encoded interferon regulatory factor (vIRF-2). J
Hum Virol 2:19 –32.

23. Areste C, Mutocheluh M, Blackbourn DJ. 2009. Identification of caspase-
mediated decay of interferon regulatory factor-3, exploited by a Kaposi
sarcoma-associated herpesvirus immunoregulatory protein. J Biol Chem
284:23272–23285. https://doi.org/10.1074/jbc.M109.033290.

24. Burysek L, Pitha PM. 2001. Latently expressed human herpesvirus
8-encoded interferon regulatory factor 2 inhibits double-stranded RNA-
activated protein kinase. J Virol 75:2345–2352. https://doi.org/10.1128/
JVI.75.5.2345-2352.2001.

25. Seo T, Park J, Lim C, Choe J. 2004. Inhibition of nuclear factor kappaB
activity by viral interferon regulatory factor 3 of Kaposi’s sarcoma-
associated herpesvirus. Oncogene 23:6146 – 6155. https://doi.org/10
.1038/sj.onc.1207807.

26. Chavoshi S, Egorova O, Lacdao IK, Farhadi S, Sheng Y, Saridakis V. 2016.
Identification of Kaposi sarcoma herpesvirus (KSHV) vIRF1 protein as a
novel interaction partner of human deubiquitinase USP7. J Biol Chem
291:6281– 6291. https://doi.org/10.1074/jbc.M115.710632.

27. Xiang Q, Ju H, Li Q, Mei SC, Chen D, Choi YB, Nicholas J. 2018. Human
herpesvirus 8 interferon regulatory factors 1 and 3 mediate replication
and latency activities via interactions with USP7 deubiquitinase. J Virol
92:e02003-17. https://doi.org/10.1128/JVI.02003-17.

TRAF Activation by Viral IRF via USP7 Journal of Virology

January 2020 Volume 94 Issue 2 e01553-19 jvi.asm.org 23

https://doi.org/10.1002/ijc.28923
https://doi.org/10.1002/ijc.28923
https://doi.org/10.1097/COH.0000000000000330
https://doi.org/10.1016/s0959-8049(01)00121-6
https://doi.org/10.1016/s0959-8049(01)00121-6
https://doi.org/10.1097/QCO.0b013e3283486d04
https://doi.org/10.3389/fmicb.2012.00073
https://doi.org/10.1089/jir.2009.0067
https://doi.org/10.1089/jir.2009.0067
https://doi.org/10.1515/hsz-2017-0111
https://doi.org/10.1038/sj.onc.1201571
https://doi.org/10.1128/JVI.75.16.7572-7582.2001
https://doi.org/10.1128/JVI.75.13.6193-6198.2001
https://doi.org/10.1128/JVI.80.5.2257-2266.2006
https://doi.org/10.1128/JVI.75.1.429-438.2001
https://doi.org/10.1128/JVI.75.1.429-438.2001
https://doi.org/10.1128/JVI.02353-08
https://doi.org/10.1128/JVI.03315-12
https://doi.org/10.1128/JVI.03315-12
https://doi.org/10.1371/journal.ppat.1001031
https://doi.org/10.1371/journal.ppat.1001031
https://doi.org/10.1371/journal.ppat.1002748
https://doi.org/10.1371/journal.ppat.1002748
https://doi.org/10.1128/JVI.01903-15
https://doi.org/10.1006/bbrc.2000.2393
https://doi.org/10.1006/bbrc.2000.2393
https://doi.org/10.1128/JVI.00235-07
https://doi.org/10.1038/sj.onc.1204163
https://doi.org/10.1074/jbc.M109.033290
https://doi.org/10.1128/JVI.75.5.2345-2352.2001
https://doi.org/10.1128/JVI.75.5.2345-2352.2001
https://doi.org/10.1038/sj.onc.1207807
https://doi.org/10.1038/sj.onc.1207807
https://doi.org/10.1074/jbc.M115.710632
https://doi.org/10.1128/JVI.02003-17
https://jvi.asm.org


28. Lee HR, Choi WC, Lee S, Hwang J, Hwang E, Guchhait K, Haas J, Toth Z,
Jeon YH, Oh TK, Kim MH, Jung JU. 2011. Bilateral inhibition of HAUSP
deubiquitinase by a viral interferon regulatory factor protein. Nat Struct
Mol Biol 18:1336 –1344. https://doi.org/10.1038/nsmb.2142.

29. Carr MI, Jones SN. 2016. Regulation of the Mdm2-p53 signaling axis in
the DNA damage response and tumorigenesis. Transl Cancer Res
5:707–724. https://doi.org/10.21037/tcr.2016.11.75.

30. Baresova P, Musilova J, Pitha PM, Lubyova B. 2014. p53 tumor suppressor
protein stability and transcriptional activity are targeted by Kaposi’s
sarcoma-associated herpesvirus-encoded viral interferon regulatory fac-
tor 3. Mol Cell Biol 34:386 –399. https://doi.org/10.1128/MCB.01011-13.

31. Zapata JM, Pawlowski K, Haas E, Ware CF, Godzik A, Reed JC. 2001. A
diverse family of proteins containing tumor necrosis factor receptor-
associated factor domains. J Biol Chem 276:24242–24252. https://doi
.org/10.1074/jbc.M100354200.

32. Kim RQ, Sixma TK. 2017. Regulation of USP7: a high incidence of E3
complexes. J Mol Biol 429:3395–3408. https://doi.org/10.1016/j.jmb.2017
.05.028.

33. Yi P, Xia W, Wu R-C, Lonard DM, Hung M-C, O’Malley BW. 2013. SRC-3
coactivator regulates cell resistance to cytotoxic stress via TRAF4-
mediated p53 destabilization. Genes Dev 27:274 –287. https://doi.org/10
.1101/gad.203760.112.

34. Daubeuf S, Singh D, Tan Y, Liu H, Federoff HJ, Bowers WJ, Tolba K. 2009.
HSV ICP0 recruits USP7 to modulate TLR-mediated innate response.
Blood 113:3264 –3275. https://doi.org/10.1182/blood-2008-07-168203.

35. Jager W, Santag S, Weidner-Glunde M, Gellermann E, Kati S, Pietrek M,
Viejo-Borbolla A, Schulz TF. 2012. The ubiquitin-specific protease USP7
modulates the replication of Kaposi’s sarcoma-associated herpesvirus
latent episomal DNA. J Virol 86:6745– 6757. https://doi.org/10.1128/JVI
.06840-11.

36. Holowaty MN, Zeghouf M, Wu H, Tellam J, Athanasopoulos V, Greenblatt
J, Frappier L. 2003. Protein profiling with Epstein-Barr nuclear antigen-1
reveals an interaction with the herpesvirus-associated ubiquitin-specific
protease HAUSP/USP7. J Biol Chem 278:29987–29994. https://doi.org/10
.1074/jbc.M303977200.

37. Gillen J, Li W, Liang Q, Avey D, Wu J, Wu F, Myoung J, Zhu F. 2015. A
survey of the interactome of Kaposi’s sarcoma-associated herpesvirus
ORF45 revealed its binding to viral ORF33 and cellular USP7, resulting in
stabilization of ORF33 that is required for production of progeny viruses.
J Virol 89:4918 – 4931. https://doi.org/10.1128/JVI.02925-14.

38. Nakamura H, Lu M, Gwack Y, Souvlis J, Zeichner SL, Jung JU. 2003. Global
changes in Kaposi’s sarcoma-associated virus gene expression patterns
following expression of a tetracycline-inducible Rta transactivator. J Virol
77:4205– 4220. https://doi.org/10.1128/jvi.77.7.4205-4220.2003.

39. Koch S, Damas M, Freise A, Hage E, Dhingra A, Ruckert J, Gallo A,
Kremmer E, Tegge W, Bronstrup M, Brune W, Schulz TF. 2019. Kaposi’s
sarcoma-associated herpesvirus vIRF2 protein utilizes an IFN-dependent
pathway to regulate viral early gene expression. PLoS Pathog 15:
e1007743. https://doi.org/10.1371/journal.ppat.1007743.

40. Hu M, Gu L, Li M, Jeffrey PD, Gu W, Shi Y. 2006. Structural basis of
competitive recognition of p53 and MDM2 by HAUSP/USP7: implications
for the regulation of the p53-MDM2 pathway. PLoS Biol 4:e27. https://
doi.org/10.1371/journal.pbio.0040027.

41. Sarkari F, La Delfa A, Arrowsmith CH, Frappier L, Sheng Y, Saridakis V.
2010. Further insight into substrate recognition by USP7: structural and
biochemical analysis of the HdmX and Hdm2 interactions with USP7. J
Mol Biol 402:825– 837. https://doi.org/10.1016/j.jmb.2010.08.017.

42. Sheng Y, Saridakis V, Sarkari F, Duan S, Wu T, Arrowsmith CH, Frappier L.
2006. Molecular recognition of p53 and MDM2 by USP7/HAUSP. Nat
Struct Mol Biol 13:285–291. https://doi.org/10.1038/nsmb1067.

43. Cui J, Chen Y, Wang HY, Wang RF. 2014. Mechanisms and pathways of
innate immune activation and regulation in health and cancer. Hum
Vaccin Immunother 10:3270 –3285. https://doi.org/10.4161/21645515
.2014.979640.

44. Xie P. 2013. TRAF molecules in cell signaling and in human diseases. J
Mol Signal 8:7. https://doi.org/10.1186/1750-2187-8-7.

45. Kim Y, Cha S, Seo T. 2016. Activation of the phosphatidylinositol
3-kinase/Akt pathway by viral interferon regulatory factor 2 of Kaposi’s
sarcoma-associated herpesvirus. Biochem Biophys Res Commun 470:
650 – 656. https://doi.org/10.1016/j.bbrc.2016.01.087.

46. Cai J, Chen HY, Peng SJ, Meng JL, Wang Y, Zhou Y, Qian XP, Sun XY, Pang

XW, Zhang Y, Zhang J. 2018. USP7-TRIM27 axis negatively modulates
antiviral type I IFN signaling. FASEB J 32:5238 –5249. https://doi.org/10
.1096/fj.201700473RR.

47. Fuld S, Cunningham C, Klucher K, Davison AJ, Blackbourn DJ. 2006.
Inhibition of interferon signaling by the Kaposi’s sarcoma-associated
herpesvirus full-length viral interferon regulatory factor 2 protein. J Virol
80:3092–3097. https://doi.org/10.1128/JVI.80.6.3092-3097.2006.

48. Cunningham C, Barnard S, Blackbourn DJ, Davison AJ. 2003. Transcription
mapping of human herpesvirus 8 genes encoding viral interferon regula-
tory factors. J Gen Virol 84:1471–1483. https://doi.org/10.1099/vir.0.19015-0.

49. Tischer BK, von Einem J, Kaufer B, Osterrieder N. 2006. Two-step red-
mediated recombination for versatile high-efficiency markerless DNA
manipulation in Escherichia coli. Biotechniques 40:191–197. https://doi
.org/10.2144/000112096.

50. Myoung J, Ganem D. 2011. Generation of a doxycycline-inducible KSHV
producer cell line of endothelial origin: maintenance of tight latency
with efficient reactivation upon induction. J Virol Methods 174:12–21.
https://doi.org/10.1016/j.jviromet.2011.03.012.

51. Wies E, Hahn AS, Schmidt K, Viebahn C, Rohland N, Lux A, Schellhorn T,
Holzer A, Jung JU, Neipel F. 2009. The Kaposi’s sarcoma-associated
herpesvirus-encoded vIRF-3 inhibits cellular IRF-5. J Biol Chem 284:
8525– 8538. https://doi.org/10.1074/jbc.M809252200.

52. Tavana O, Gu W. 2017. Modulation of the p53/MDM2 interplay by
HAUSP inhibitors. J Mol Cell Biol 9:45–52. https://doi.org/10.1093/jmcb/
mjw049.

53. Shembade N, Harhaj NS, Liebl DJ, Harhaj EW. 2007. Essential role for
TAX1BP1 in the termination of TNF-alpha-, IL-1- and LPS-mediated
NF-kappaB and JNK signaling. EMBO J 26:3910 –3922. https://doi.org/10
.1038/sj.emboj.7601823.

54. Choi YB, Choi Y, Harhaj EW. 2018. Peroxisomes support human herpes-
virus 8 latency by stabilizing the viral oncogenic protein vFLIP via the
MAVS-TRAF complex. PLoS Pathog 14:e1007058. https://doi.org/10
.1371/journal.ppat.1007058.

55. Ishikawa H, Barber GN. 2008. STING is an endoplasmic reticulum adaptor
that facilitates innate immune signalling. Nature 455:674 – 678. https://
doi.org/10.1038/nature07317.

56. Lim KL, Chew KC, Tan JM, Wang C, Chung KK, Zhang Y, Tanaka Y, Smith
W, Engelender S, Ross CA, Dawson VL, Dawson TM. 2005. Parkin medi-
ates nonclassical, proteasomal-independent ubiquitination of
synphilin-1: implications for Lewy body formation. J Neurosci 25:
2002–2009. https://doi.org/10.1523/JNEUROSCI.4474-04.2005.

57. Maertens GN, El Messaoudi-Aubert S, Elderkin S, Hiom K, Peters G. 2010.
Ubiquitin-specific proteases 7 and 11 modulate Polycomb regulation of
the INK4a tumour suppressor. EMBO J 29:2553–2565. https://doi.org/10
.1038/emboj.2010.129.

58. Chen D, Xiang Q, Nicholas J. 2017. Human herpesvirus 8 interleukin-6
interacts with calnexin cycle components and promotes protein folding.
J Virol 91:e00965-17. https://doi.org/10.1128/JVI.00965-17.

59. Chen D, Nicholas J. 2015. Promotion of endoplasmic reticulum-associated
degradation of procathepsin D by human herpesvirus 8-encoded viral
interleukin-6. J Virol 89:7979–7990. https://doi.org/10.1128/JVI.00375-15.

60. Chen D, Sandford G, Nicholas J. 2009. Intracellular signaling mechanisms
and activities of human herpesvirus 8 interleukin-6. J Virol 83:722–733.
https://doi.org/10.1128/JVI.01517-08.

61. Brulois KF, Chang H, Lee AS, Ensser A, Wong LY, Toth Z, Lee SH, Lee HR,
Myoung J, Ganem D, Oh TK, Kim JF, Gao SJ, Jung JU. 2012. Construction
and manipulation of a new Kaposi’s sarcoma-associated herpesvirus
bacterial artificial chromosome clone. J Virol 86:9708 –9720. https://doi
.org/10.1128/JVI.01019-12.

62. Tischer BK, Smith GA, Osterrieder N. 2010. En passant mutagenesis: a
two step markerless red recombination system. Methods Mol Biol 634:
421– 430. https://doi.org/10.1007/978-1-60761-652-8_30.

63. Cannon JS, Ciufo D, Hawkins AL, Griffin CA, Borowitz MJ, Hayward GS,
Ambinder RF. 2000. A new primary effusion lymphoma-derived cell line
yields a highly infectious Kaposi’s sarcoma herpesvirus-containing superna-
tant. J Virol 74:10187–10193. https://doi.org/10.1128/jvi.74.21.10187-10193
.2000.

64. Wan X, Wang H, Nicholas J. 1999. Human herpesvirus 8 interleukin-6
(vIL-6) signals through gp130 but has structural and receptor-binding
properties distinct from those of human IL-6. J Virol 73:8268 – 8278.

Xiang et al. Journal of Virology

January 2020 Volume 94 Issue 2 e01553-19 jvi.asm.org 24

https://doi.org/10.1038/nsmb.2142
https://doi.org/10.21037/tcr.2016.11.75
https://doi.org/10.1128/MCB.01011-13
https://doi.org/10.1074/jbc.M100354200
https://doi.org/10.1074/jbc.M100354200
https://doi.org/10.1016/j.jmb.2017.05.028
https://doi.org/10.1016/j.jmb.2017.05.028
https://doi.org/10.1101/gad.203760.112
https://doi.org/10.1101/gad.203760.112
https://doi.org/10.1182/blood-2008-07-168203
https://doi.org/10.1128/JVI.06840-11
https://doi.org/10.1128/JVI.06840-11
https://doi.org/10.1074/jbc.M303977200
https://doi.org/10.1074/jbc.M303977200
https://doi.org/10.1128/JVI.02925-14
https://doi.org/10.1128/jvi.77.7.4205-4220.2003
https://doi.org/10.1371/journal.ppat.1007743
https://doi.org/10.1371/journal.pbio.0040027
https://doi.org/10.1371/journal.pbio.0040027
https://doi.org/10.1016/j.jmb.2010.08.017
https://doi.org/10.1038/nsmb1067
https://doi.org/10.4161/21645515.2014.979640
https://doi.org/10.4161/21645515.2014.979640
https://doi.org/10.1186/1750-2187-8-7
https://doi.org/10.1016/j.bbrc.2016.01.087
https://doi.org/10.1096/fj.201700473RR
https://doi.org/10.1096/fj.201700473RR
https://doi.org/10.1128/JVI.80.6.3092-3097.2006
https://doi.org/10.1099/vir.0.19015-0
https://doi.org/10.2144/000112096
https://doi.org/10.2144/000112096
https://doi.org/10.1016/j.jviromet.2011.03.012
https://doi.org/10.1074/jbc.M809252200
https://doi.org/10.1093/jmcb/mjw049
https://doi.org/10.1093/jmcb/mjw049
https://doi.org/10.1038/sj.emboj.7601823
https://doi.org/10.1038/sj.emboj.7601823
https://doi.org/10.1371/journal.ppat.1007058
https://doi.org/10.1371/journal.ppat.1007058
https://doi.org/10.1038/nature07317
https://doi.org/10.1038/nature07317
https://doi.org/10.1523/JNEUROSCI.4474-04.2005
https://doi.org/10.1038/emboj.2010.129
https://doi.org/10.1038/emboj.2010.129
https://doi.org/10.1128/JVI.00965-17
https://doi.org/10.1128/JVI.00375-15
https://doi.org/10.1128/JVI.01517-08
https://doi.org/10.1128/JVI.01019-12
https://doi.org/10.1128/JVI.01019-12
https://doi.org/10.1007/978-1-60761-652-8_30
https://doi.org/10.1128/jvi.74.21.10187-10193.2000
https://doi.org/10.1128/jvi.74.21.10187-10193.2000
https://jvi.asm.org

	RESULTS
	HHV-8 vIRF-2 interacts with USP7. 
	The N-terminal TRAF-like domain of USP7 is insufficient for vIRF-2 interaction. 
	USP7 modulation of TRAF signaling. 
	Physical interactions of USP7 with TRAF3 and TRAF6 and influence of vIRF-2. 
	Regulation of TRAF ubiquitination by vIRF-2. 
	Functions of vIRF-2 and vIRF-2-USP7 interaction in HHV-8 biology. 
	vIRF-2-regulated TRAF activation and interferon induction in the context of infection. 

	DISCUSSION
	MATERIALS AND METHODS
	Plasmids and primers. 
	HHV-8 mutagenesis. 
	Cell culture and transfection. 
	Immuno- and affinity precipitations. 
	Antibodies. 
	Production of lentiviruses and HHV-8 (BAC16). 
	Measurements of cell growth and apoptosis. 
	HHV-8 replication assays. 
	RT-qPCR. 
	Luciferase reporter assay. 

	ACKNOWLEDGMENTS
	REFERENCES

