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ABSTRACT Kaposi sarcoma-associated herpesvirus (KSHV) is a carcinogenic double-
stranded DNA virus and the etiological agent of Kaposi sarcoma (KS), primary effu-
sion lymphoma (PEL), and multicentric Castleman’s disease (MCD). To prevent pre-
mature apoptosis and support its replication cycle, KSHV expresses a series of open
reading frames (ORFs) that regulate signaling by the p53 tumor suppressor protein.
Here, we describe a novel viral inhibitor of p53 encoded by KSHV ORF45 and identify
its mechanism of action. ORF45 binds to p53 and prevents its interactions with
USP7, a p53 deubiquitinase. This results in decreased p53 accumulation, localization
of p53 to the cytoplasm, and diminished transcriptional activity.

IMPORTANCE Unlike in other cancers, the tumor suppressor protein p53 is rarely
mutated in Kaposi sarcoma (KS). Rather, Kaposi sarcoma-associated herpesvirus
(KSHV) inactivates p53 through multiple viral proteins. One possible therapeutic
approach to KS is the activation of p53, which would result in apoptosis and tumor
regression. In this regard, it is important to understand all the mechanisms used by
KSHV to modulate p53 signaling. This work describes a novel inhibitor of p53 signal-
ing and a potential drug target, ORF45, and identifies the mechanisms of its action.

KEYWORDS KSHV, lytic, ORF45, p53, TP53, USP7, HAUSP, primary effusion lymphoma,
PEL, ubiquitination

Kaposi Sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus 8
(HHV8), is a double-stranded DNA virus that is linked to several malignancies,

including Kaposi sarcoma (KS), primary effusion lymphoma (PEL), and the plasmablastic
form of multicentric Castleman’s disease (MCD). KSHV is necessary, but not sufficient,
for tumor development. KSHV-associated cancers carry alterations in many cellular
genes (1) but, strangely, no mutations in the p53 or Rb tumor suppressor proteins. The
experiments reported here continue a long line of research (2–4) aimed at identifying
interactions between viral proteins and p53.

The tumor suppressor protein p53 is a transcription factor colloquially known as the
“guardian of the genome” because it plays a key regulatory role in the maintenance of
genomic stability. It is involved in multiple processes, including cell cycle arrest, DNA repair,
apoptosis, cellular senescence, and cell differentiation, as well as innate immunity, includ-
ing to DNA viruses, which deposit foreign DNA into the nucleus (reviewed in reference 5).
The p53 protein levels are controlled by multiple mechanisms, including its interactions
with E3 ubiquitin-protein ligases, mainly human double minute 2 (HDM2), and the corre-
sponding deubiquitinating enzymes, such as ubiquitin-specific-processing protease 7
(USP7), also called herpesvirus-associated ubiquitin-specific protease (HAUSP), as reviewed
previously (6). USP7 binds p53 and HDM2 in a mutually exclusive manner (7, 8). Under nor-
mal conditions, USP7 is preferentially bound to HDM2 via the death domain-associated
protein DAXX, which prevents self-ubiquitination of HDM2 and leads to HDM2 accumula-
tion and consequent downregulation of p53 (9). In response to DNA damage, DNA
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damage-sensing kinases, ataxia telangiectasia mutated kinase (ATM), Rad3-related kinase
(ATR), and DNA protein kinase (DNA-PK) phosphorylate HDM2 and p53. This first leads to
the dissociation of HDM2 from its complex with USP7 and DAXX, causing subsequent
HDM2 self-ubiquitination and degradation, and second, promotes the binding of USP7 to
p53 directly. The net result is p53 accumulation, nuclear translocation, and transcription of
p53-target genes, including the cell cycle kinase (CDK) inhibitor p21 (Fig. 1A). Additionally,
ATM activation induces USP7 dephosphorylation by ATM-dependent PPM1G phosphatase,
which contributes to dissociation of the HDM2-DAXX-USP7 complex (10). In summary, the
precise regulation of ubiquitination is central to the activation of p53.

Like cancers associated with other DNA tumor viruses, KSHV-driven cancers typically
express wild-type (WT) p53 and possess functional DNA damage-induced p53 signaling
(3). This may explain the substantial clinical response rates of KS to DNA-damaging

FIG 1 p53-luciferase (Luc) screening of virus-encoded open reading frames (ORFs). (A) p53 signaling is activated either
by etoposide that binds and inhibits topoisomerase II, which results in the formation of double-strand breaks (DSB)
and activates the DNA damage response (DDR), or by nutlin-3, which inhibits MDM2 binding to p53 and results in
p53 activation. ATM senses DSB, autophosphorylates, and phosphorylates p53 and HDM2 (an E3 ubiquitin ligase),
which breaks the HDM2-USP7-DAXX complex, promotes binding of USP7 to p53, and rescues p53 accumulation.
HDM2 self-ubiquitinates and gets degraded via proteasomal pathway. As a result, p53 target genes, including cell
cycle kinase (CDK) inhibitor p21, are expressed. The response is measured using a Luc reporter assay and
immunoblotting with antibodies (Abs) specific for ATM pSer1981, ATR pThr1989, p53 pSer15, p53, and p21. (B) Cell
viability for empty vector (EV) (pCMV-Neo-Bam), p53-273 (pCMV-Neo-Bam-p53R273H), or ORF45-Flag was measured
with the CellTiter-Glo luminescent cell viability assay kit following transfection with each vector (18 h), treatment with
indicated drugs (6 h), and an additional 24 h-incubation. (C to F) p53-Luc assays for KSHV ORF45-expressing cells,
untreated or stimulated with etoposide or nutlin-3. U2OS cells were transfected with either pGL3 control reporter (C)
or p53-responsive reporter pGL13 (D to F) and EV or plasmids expressing p53R273 or ORF45-Flag. At 18 h
posttransfection (p.t.), the cells were stimulated with 5 mM etoposide (E) or 10 mM nutlin-3 (F) for 6 h or left
untreated (C and D) and then incubated for 24 h. (G) p53-Luc assay for KSHV ORF45-expressing SAOS-2 (p53-null)
cells. The cells were transiently transfected with p53-Luc reporter alone or with wild-type p53 and either EV, p53R273,
or ORF45-Flag expression vectors. Firefly luciferase levels were measured with the One-Glo luciferase assay system. P
values were calculated for comparison to the empty vector using Student’s t test (n = 4) and are indicated with an
asterisk (*) at the stringent P # 0.001 level to account for multiple comparisons.
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agents such as oral etoposide, bleomycin, and intravenous doxorubicin (11, 12).
Activating wild-type p53 has been proposed as a therapeutic modality for KS (2), but
this has not yet progressed to clinical studies. Like other DNA tumor viruses, KSHV
directly controls p53 activity, presumably for the benefit of viral replication and for the
establishment of latency. The control of p53 protein levels by KSHV is multifaceted and
involves multiple viral open reading frames (ORFs) that modulate p53 signaling. KSHV
undergoes multiple stages during infection, including entry, latency, reactivation, and
replication; therefore, it would be consistent for this virus to evolve multiple means of
interfering with p53 signaling, each specific to one particular stage of the viral life cycle
and each using a different viral protein.

Four p53-inhibitory KSHV proteins were previously identified and studied because
of their role in the latent phase of the viral life cycle. They are the latency-associated
nuclear antigen (LANA; ORF73) and the viral interferon regulatory factors (vIRF) vIRF-1,
vIRF-3 (LANA-2), and vIRF-4. LANA, vIRF-1, and vIRF-3 bind p53 directly (4, 13–17). The
vIRF1, in addition, inactivates ATM (14), and vIRF4 stabilizes HDM2, which increases
p53 degradation (18). These proteins were also shown to interact with the p53 deubi-
quitinase USP7 (19–22). Clearly, some or all the KSHV latent proteins are also expressed
during lytic replication. The vIRF-1 protein, for instance, is induced upon reactivation
(23, 24); however, it is not known if exclusively lytic KSHV proteins or tegument compo-
nents also impinge on p53 signaling. One could envision that tegument proteins are
needed to counteract p53 activation prior to immediate early viral gene expression
and that lytic KSHV proteins block additional activities of p53 signaling or simply aug-
ment the activities of LANA and the vIRFs in the face of high levels of activated p53.

To extend this prior work, we explored the possible mechanisms of KSHV-p53 inter-
actions during the lytic phase of the virus. A large-scale screen for viral interactors of
p53 identified KSHV ORF10 and ORF45 as potential hits. This initial screen and the
mechanism of the ORF10-p53 interaction were reported recently (25). ORF45 had been
shown to bind USP7 (26), but the connection between that interaction and p53 func-
tion had not been drawn previously. Here, we demonstrate first that ORF45 binding to
USP7 redirects its deubiquitinating activity away from p53. Therefore, p53 ubiquitina-
tion levels are increased and overall p53 protein levels are decreased. Second, we dem-
onstrate that ORF45 binds p53 directly, which localizes p53 to the cytoplasm, thereby
inhibiting its nuclear transcriptional transactivation function. The net effect of these
different mechanisms is complete inactivation of p53 (and inhibition of p53-dependent
apoptosis) at a time in the viral life cycle at which the KSHV DNA genome replicates
and accumulates free DNA ends and recombination products in the host cell nucleus.

RESULTS
ORF45 inhibits the transcriptional transactivation function of p53. ORF45 was

recovered as a potential hit in a high-throughput screen for viral interactors of p53
(25). To validate the result of this ectopic expression screen, potential cytotoxicity due
to overexpression was ascertained using a cell viability assay in the presence or ab-
sence of the drug (Fig. 1B). No evidence for toxicity compared to that of the empty vec-
tor control was detected. To rule out nonspecific inhibition of basal promoter activity,
a plasmid expressing luciferase (Luc) under the minimal SV40 promoter was tested
(Fig. 1C). ORF45 did not influence basal promoter activity. Next, ORF45 activity on a
p53-responsive promoter was compared between untreated or etoposide-treated
U2OS cells. U2OS cells carry wild-type p53, which is inducible by etoposide. As a posi-
tive control, a plasmid expressing the dominant negative p53 R273H mutant (27, 28),
referred to as p53-273, was used. ORF45 inhibited p53-dependent luciferase expression
in untreated cells to 44% that of empty vector (EV) (Fig. 1D). However, in etoposide-
treated cells, the inhibition was significantly more efficient (13% of EV) and was compa-
rable to that for the dominant negative mutant p53-273 (6% of EV; Fig. 1E).

To identify the stage at which the p53 signaling cascade was inhibited, U2OS cells
were stimulated with nutlin-3, a small-molecule inhibitor that binds to HDM2,
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interferes with HDM2-p53 interactions, and thereby activates p53 independently of
DNA damage (29). ORF45 interfered with nutlin-3-induced activation of the p53-re-
sponsive transcriptional reporter as well, but not nearly as efficiently as the p53-273
mutant allele (66% of EV; Fig. 1F), which is a dominant negative DNA contact mutant
that forms a poisoned tetramer (30, 31).

Finally, ORF45-mediated inhibition of p53 transcriptional transactivation was reca-
pitulated in p53-null SAOS2 cells (32). The cells were cotransfected with either p53-Luc
reporter alone or with wild-type (WT) p53 and either EV, p53-273, or ORF45 expression
vectors. Similarly to those in etoposide-treated U2OS cells, p53-Luc levels induced by
ectopic p53 in SAOS-2 cells were significantly inhibited by both the p53-273 mutant
control and ORF45 (5% and 15% of EV, respectively; Fig. 1E).

ORF45 increases p53 ubiquitination and degradation through binding to USP7.
ORF45 was recently reported to interact with USP7 and to sequester USP7 in the cyto-
plasm (26). As USP7 is a p53 deubiquitinase, we hypothesized that ORF45 downregu-
lates p53 signaling by inhibiting p53 deubiquitination through USP7. An amino acid
sequence analysis of ORF45 revealed several potential USP7-binding motifs (P/AxxS;
Fig. 2A). One of these motifs, “EGPS” at amino acid position 223 to 226, was also
observed in the KSHV vIRF-1 and vIRF-3 proteins, as well as the in the Epstein-Barr
Virus nuclear antigen 1 (EBNA1) protein (20, 21, 33). Mutation of the KSHV ORF45 EGPS
motif was shown to abrogate the ORF45-USP7 protein-protein interaction and to
restore the nuclear localization of USP7 (26).

To independently confirm the ORF45-USP7 interaction, constructs that expressed
ORF45 tagged with C-terminal 3�Flag epitope and that were either wild type or carried
the E223A-S226A mutation were transiently transfected into U2OS cells. Wild-type ORF45-
Flag bound to anti-Flag beads coimmunoprecipitated with USP7 (Fig. 2B). It retained USP7
in the cytoplasm in untreated and etoposide-stimulated cells (Fig. 2C and D, arrows). The
ORF45E223A-S226A mutation significantly affected the ORF45-USP7 interactions, as shown by
reduced levels of coimmunoprecipitated USP7 protein (Fig. 2B), and it allowed USP7 nu-
clear localization in untreated or etoposide-stimulated cells (Fig. 2E and F, arrows).

Next, p53 ubiquitination in the presence of the wild-type ORF45 and the
ORF45 E223A-S226A mutant was evaluated. Expression of the wild-type ORF45 increased
p53 ubiquitination levels compared to those in a mock-transfected control, as
judged by the abundance of ubiquitinated p53 species migrating above 250 kDa
(Fig. 2G, arrow). Conversely, ORF45 E223A-S226A mutant reduced p53 ubiquitination
levels compared to those of the wild-type ORF45 (Fig. 2G). These results suggest
that ORF45 affects p53 ubiquitination by interacting with USP7 and redirecting its
deubiquitination activity away from p53 and, presumably, toward KSHV ORF33.

ORF45 also inhibits p53 transcriptional activity independently of USP7. To fur-
ther investigate the mechanisms of p53 downregulation by ORF45 and assess the
effect of disruption of ORF45-USP7 interactions on p53 activity, the accumulation of
the following major protein components of p53 signaling were evaluated: (i) p53, total
and phosphorylated at Ser-15 (an established indicator of p53 activation by the DNA
damage response [DDR], referred to as p53-pS15 [34, 35]); (ii) p53 target protein p21;
and (iii) HDM2, whose expression is positively regulated by p53 via a negative feedback
loop; a kinase activated by ATM kinase, total or phosphorylated at S1981. U2OS cells
were transfected with either empty vector (EV) control, pcDNA3.1-ORF45-Flag, or
pcDNA-ORF45E223A-S226A-Flag plasmids or left untreated for 18 h and then incubated
with 10 mM etoposide for 6 h (Fig. 3). The cell lysates were analyzed by SDS-PAGE and
immunoblotting. Wild-type ORF45 and ORF45E223A-S226A proteins were readily expressed,
migrated at the described molecular weight (;78 kDa [36]) and accumulated to similar
levels.

Wild-type ORF45 reduced the levels of total and phosphorylated p53, as well as
those of p21, compared to those with EV (Fig. 3A). Reduction in total p53 accumulation
was reproduced in a cycloheximide chase experiment, for which expression of p53 in
U2OS cells was stimulated with etoposide for 1.5 h and then chased in the presence of
cycloheximide for 2 h. Unlike in untransfected control cells, p53 levels were virtually
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FIG 2 ORF45 interacts with USP7. (A) Schematic depiction of ORF45 amino acid sequence. The protein possesses multiple predicted
USP7 binding motifs (yellow boxes), a single nuclear localization signal (NLS; green box), and two nuclear export signal (NES; blue
boxes) motifs. (B) Endogenous p53 pulldown. U2OS cells were transfected with constructs expressing either wild-type ORF45-Flag or
ORF45E223A-S226A-Flag or left untransfected (UN). At 18 h p.t., the cells were stimulated with 10 mM etoposide for 6 h. ORF45-Flag or
ORF45E223A-S226A-Flag were immunoprecipitated with mouse a-Flag Ab. Lysates and immunoprecipitants were tested with rabbit
a-USP7 and mouse a-Flag Abs. (C to F) ORF45 retains USP7 in the cytoplasm. U2OS cells were transfected with constructs expressing
either wild-type ORF45-Flag or ORF45E223A-S226A-Flag. At 18 h p.t., the cells were left untreated or were stimulated with 10 mM
etoposide for 1.5 h (D, F), fixed with methanol, and stained with the indicated Abs. The images were taken as Z-stack sections and
subjected to a digital deconvolution. Bar, 50 mm. Arrows indicate the cell expressing KSHV ORF45 (wild-type or mutant). (G) ORF45

(Continued on next page)
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undetectable in wild-type ORF45-expressing cells after 2 h of chasing (Fig. 3B). The
phenotype was even more pronounced when evaluated using immunofluorescence.
For this experiment, U2OS cells were transfected with ORF45-expressing plasmids for
18 h, then stimulated with 10 mM etoposide for 1.5 h and processed as described in
Materials and Methods. The numbers and levels of p53–pS15-positive cells were drasti-
cally reduced, and p21 was virtually undetectable in wild-type ORF45-expressing cells
compared to levels in the neighboring cells that did not get transfected (Fig. 4A and C,
arrows; quantitation in Fig. 4E).

FIG 2 Legend (Continued)
expression, but not that of the E223A-S226A mutant, increases p53 ubiquitination. U2OS cells were transfected with constructs
expressing either wild-type ORF45-Flag or ORF45E223A-S226A-Flag or were left untransfected. At 18 h p.t., the cells were incubated in
the presence or absence of 30 mM MG132 for 6 h. p53 was coimmunoprecipitated with p53-speciifc mouse pAb421 Ab and
blotted with rabbit a-ubiquitin and mouse a-p53 DO7 Abs.

FIG 3 Expression of the p53-signaling components in the presence of ORF45. (A) Cells were transfected
with empty vector (EV) or constructs expressing either wild-type ORF45-Flag or ORF45E223A-S226A-Flag or
were left untransfected (UN). At 18 h after transfection, the cells were stimulated with 10 mM etoposide
for 6 h. Cell lysates were analyzed by SDS-PAGE and immunoblotting with indicated antibodies. (B) Total
p53 accumulation tested by cycloheximide chase assay. U2OS cells were transfected with either wild-type
ORF45-Flag or ORF45E223A-S226A-Flag or were left untransfected (UN) were stimulated with 10 mM
etoposide for 1.5 h. p53 expression was chased in the presence of 100 mg/ml cycloheximide for the
indicated time periods and tested by immunoblotting.
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FIG 4 ORF45 inhibits accumulation of phosphorylated p53 and p21 and inhibits p53 transcriptional transactivation independently of USP7. (A to D) Accumulation of
phosphorylated p53 and p21 determined by immunofluorescence (IF). U2OS cells were transfected with plasmids expressing ORF45-Flag or ORF45E223A-S226A-Flag. At 18 h
after transfection, the cells were stimulated with 10 mM etoposide for 1.5 h, fixed, and stained with anti-Flag, anti-phospho-p53Ser15, or anti-p21 antibodies. DAPI (49,6-
diamidino-2-phenylindole) was used to delineate the nucleus. The images were subjected to digital deconvolution. Each image represents an individual optical section.
Bar, 50 mm. Arrows indicate cells expressing ORF45 (wild type or mutant). (E and F) Protein levels in ORF45-Flag-expressing (E) or ORF45E223A-S226A-Flag-expressing (F)
cells determined by immunofluorescence relative to levels in untransfected cells (%UN) that were calculated based on pixel density measured using ImageJ software.
Bars indicate standard error of the mean (SEM) (n $ 8). P values were calculated using Student’s t test. ns, P . 0.05; *, P # 0.001. (G) p53-Luc assay for ORF45 (wild
type or E223A-S226A mutant)-expressing cells stimulated with etoposide. U2OS cells were transfected with either p53-responsive reporter pGL13 and EV or plasmids
expressing p53R273, ORF45-Flag, or ORF45E223A-S226A-Flag. At 18 h posttransfection (p.t.), the cells were stimulated with 5 mM etoposide and then incubated for 24 h.
Firefly luciferase levels were measured with the One-Glo luciferase assay system. P values were calculated using Student’s t test (n = 4). ns, P . 0.05; *, P # 0.001.
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The ORF45 E223A-S226A mutation partially rescued expression of total p53, p53-pS15,
and p21 upon etoposide stimulation as shown by immunoblotting (Fig. 3A), cyclohexi-
mide chase for total p53 (Fig. 3B), and immunofluorescence experiments (Fig. 4B and
D, arrows; quantitation in Fig. 4F); however, p53 transcriptional activity as quantita-
tively assessed by p53-Luc assay was not rescued (Fig. 4G). This indicated that ORF45
might use additional unidentified mechanisms to interfere with p53 function.

To exclude the possibility that ORF45 impacted p53 activation earlier in the path-
way, ATM levels were evaluated. The accumulation of total and phosphorylated ATM
was not affected by wild-type ORF45, nor by the ORF45E223A-S226A mutant, suggesting
that ORF45 does not inhibit DDR driven by ATM (Fig. 3A).

Another possible mechanism for interference with p53 function would be the modulation
of HDM2 function. HDM2/MDM2 was discovered as a suppressor of p53 (37). Because p53
expression itself is regulated by a positive feedback loop and because HDM2 is also a tran-
scriptional target of p53, HDM2 typically accumulates in p53 wild-type cells stimulated with
etoposide but not in untreated cells. In untreated U2OS cells expressing wild-type ORF45,
HDM2 levels were higher than those in the EV control (Fig. 3A, lanes 2 and 3). Because p53
levels did not increase, as the cells were not treated with etoposide, this suggests that ORF45
may regulate HDM2 expression independently of p53. HDM2 levels were upregulated even
further in the presence of the ORF45E223A-S226A mutant (Fig. 3A, lane 4), which does not bind
to USP7 and therefore does not interfere with HDM2-USP7 interactions and negative feed-
back loop. Thus, ORF45 also contributes to deubiquitination and accumulation of HDM2.

ORF45 binds to p53. Because some viral p53 inhibitors have been shown to func-
tion by preventing nuclear accumulation of p53, we examined p53 subcellular localiza-
tion in cells transiently transfected by ORF45 expression vectors using immunofluores-
cence. The p53 colocalized mostly to the cytosol in the presence of wild-type ORF45,
irrespective of whether the cells were mock-treated or stimulated with etoposide (Fig.
5A and B, arrows; quantitation in Fig. 5E). This is consistent with the hypothesis that
ORF45 sequesters p53 in the cytoplasm. ORF45E223A-S226A restored nuclear localization
of p53 (Fig. 5C and D, arrows; quantitation in Fig. 5E).

The significant overlap in fluorescence signals for wild-type ORF45, the E223A-
S226A mutant, and p53 confirmed their colocalization and pointed to a potential direct
interaction between ORF45 and p53 independent of USP7. To test this hypothesis, a se-
ries of coimmunoprecipitation experiments were conducted. First, we used Flag anti-
body (Ab) to pull down ORF45-Flag and ORF45E223A-S226A-Flag protein fusions and
probed with anti-p53 antibody. p53 coimmunoprecipitated with the wild-type ORF45
and ORF45E223A-S226A, suggesting that ORF45 interacts with p53 independently of USP7
(Fig. 6A). Second, p53 was pulled down with (i) a-p53 pab421, (ii) a nanobody binding
to the p53 N terminus, or (iii) a nanobody binding to the p53 C terminus. In each case,
the wild-type and the mutant ORF45 were coimmunoprecipitated (Fig. 6B and C). Next,
we tested ORF45 and p53 interactions in p53-null SAOS-2 cells. For this, the cells were
transfected with vectors expressing the p53-273 mutant rather than wild-type p53 to
avoid induction of cell death and ORF45. Both wild-type ORF45 and the E223A-S226A
mutant coimmunoprecipitated with p53 N terminus-binding nanobody (Fig. 6D). These
experiments establish that ORF45 binds to p53 directly or via an adaptor protein.

Finally, the ORF45-p53 interactions were confirmed in a biologically relevant cell
line. The body- and cavity-based lymphoma (BCBL1) cell line was derived from a pri-
mary effusion lymphoma (PEL) carrying the complete and replication-competent KSHV
genome (38). The TREx BCBL1-RTA cell line is a derivative in which the KSHV immediate
early transactivator ORF50/RTA can be induced by adding doxycycline (23). RTA in turn
induces the viral lytic life cycle, and with it ORF45 expression. Confirming the experi-
ments with transiently transfected U2OS cells, immunoprecipitation of ORF45 with
a-ORF45 Ab pulled down p53, as well as USP7 (Fig. 6E, lane 3). Hence, these three pro-
teins interact under physiological conditions in the context of the viral life cycle.

There was a limitation to this experiment, as native, untagged USP7 nonspecifically
sticks to protein A/G-agarose resin. Some nonspecific binding in the “agarose only”
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control was visible (Fig. 6E, lane 2). This is in contrast with earlier experiments that
used a ORF45-Flag fusion protein, Flag Ab, and Flag peptide (Fig. 6A, lanes 7 and 10).
Unfortunately, TREx BCBL1-RTA cells only express untagged ORF45, and only one anti-
ORF45 antibody was available. Nonspecific binding did not occur when p53 was immu-
noprecipitated, as the p53 N and C terminus-directed nanobodies and the negative
binding control for agarose beads showed no detectable background and successfully
coimmunoprecipitated ORF45 and USP7 (Fig. 6F). The reciprocal immunoprecipitation
thus confirmed the direct ORF45-p53 interaction in the context of viral infection.

FIG 5 ORF45 sequesters p53 within the cytoplasm. (A to D) U2OS cells were transfected with
plasmids expressing ORF45-Flag or ORF45E223A-S226A-Flag. At 18 h p.t., the cells were left untreated (A
and C) or were stimulated with 10 mM etoposide for 1.5 h (B and D), fixed with methanol, and
stained with the indicated Abs. The images were taken as Z-stack sections and subjected to digital
deconvolution. Bar, 50 mm. Arrows indicate cells expressing the ORF45 wild type or the mutant. (E)
Number of cells with nuclear (“N”) or cytoplasmic (“C”; the majority of the signal localizes in the
cytoplasm, but residual amounts of p53 can be detectable in the nucleus) p53 localization for
untransfected and cells expressing either wild-type ORF45-Flag (E) or ORF45E223A-S226A-Flag (F),
determined by immunofluorescence. Boxes indicate the interquantile range and lines the median
(n = 3). P values were calculated using nonparametric factorial analysis of variance (ANOVA) following
by post hoc pairwise comparisons using Dunnett’s adjustment. *, P # 0.05.
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FIG 6 ORF45 binds to p53. (A) Endogenous p53 pulldown. U2OS cells were transfected with plasmids expressing ORF45-Flag or
ORF45E223A-S226A-Flag or were left untransfected (UN). At 18 h p.t., the cells were stimulated with 10 mM etoposide for 6 h. Wild-type or
mutant ORF45-Flag fusions were immunoprecipitated with mouse a-Flag Ab. Lysates and immunoprecipitates were tested with mouse
a-p53 DO7 and mouse a-Flag Abs. (B and C) ORF45 pulldown using p53-binding Ab. U2OS cells were transfected with plasmids
expressing ORF45-Flag or ORF45E223A-S226A-Flag or were left untransfected (UN). At 18 h p.t., the cells were stimulated with 10 mM
etoposide for 6 h. p53 was immunoprecipitated with either pAb421 or the proteins binding to the p53 N or C terminus (VHH Ab).
Presence of wild-type or mutant ORF45-Flag, USP7, and p53 in the lysates and immunoprecipitants was tested with mouse a-Flag and
mouse a-p53 DO7 Abs. (D) Coimmunoprecipitation of ectopic p53 and ORF45 from p53-null SAOS-2 cells. Cells were transfected with
vectors expressing p53-273 or ORF45 (wild type or E223A-S226A mutant). At 24 h p.t, p53 was immunoprecipitated with p53 N-
terminal VHH Ab. Presence of wild-type or mutant ORF45-Flag and p53 in the lysates and immunoprecipitants was tested with mouse
a-Flag and mouse a-p53 DO7 Abs. (E) p53 and USP7 coimmunoprecipitation with ORF45 from PEL-derived TREx BCBL1-RTA cells
treated with 1 mg/ml doxycycline for 16 h to induce the KSHV lytic cycle. ORF45 was immunoprecipitated with a-ORF45 Ab. Presence
of ORF45, p53, and USP7 was detected with mouse a-ORF45, mouse a-p53 DO7 Abs, and rabbit a-USP7 Ab, respectively. (F) ORF45
pulldown using p53-binding proteins from PEL-derived TREx BCBL1-RTA cells. The cells were treated with 1 mg/ml doxycycline for 16
h to induce the KSHV lytic cycle. p53 was immunoprecipitated with the proteins binding to the p53 N or C terminus (VHH Ab). The
presence of ORF45, p53, and USP7 was detected with mouse a-ORF45, mouse a-p53 DO7 Abs, and rabbit a-USP7 Ab, respectively.
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These experiments establish three novel biochemical functions for ORF45. First,
ORF45 binds p53 during viral reactivation, either directly or via an adaptor protein. This
binding event is independent of the ORF45-USP7 interaction, since the ORF45E223A-S226A

mutant still immunoprecipitated p53. Second, ORF45 binding to USP7 interferes with
the p53-USP7 interaction. Third, ORF45 sequesters p53 in the cytoplasm, which abro-
gates the transcriptional transactivation functions of p53.

ORF45 binding to p53 is sufficient to abrogate its transcriptional activity
independent of cellular localization and independent of USP7. ORF45 possesses a
nuclear localization signal (NLS) and a nuclear export signal (NES), which allow the pro-
tein to shuttle between the nucleus and the cytoplasm. The previously described RC
(“restricted to the cytoplasm”) mutation in ORF45 NLS and RN1 and RN2 (“restricted to
the nucleus”) mutations in ORF45 NES restrict ORF45 to the cytoplasm or the nucleus,
respectively (39). To understand whether ORF45 localization plays a role in the modula-
tion of p53 activity, the subcellular localization of p53 in the presence of ORF45RC,
ORF45RN1, and ORF45RN2 mutants was examined using fluorescence microscopy either
in untreated cells (low p53) or in etoposide-treated cells (high and activated p53). In
untreated cells with basal levels of p53, the cytoplasm-restricted ORF45RC mutant
retained all p53 in the cytoplasm, where the proteins colocalized with each other.
However, it did not prevent accumulation of induced and activated high levels of p53
in the nucleus upon etoposide treatment (Fig. 7A and B, arrows). Rather, some
ORF45RC mutant protein was dragged by p53 into the nucleus, where both proteins
colocalized (Fig. 7B). In contrast, expression of ORF45RN1 and ORF45RN2 mutants
resulted in accumulation and colocalization of both ORF45 and p53 in the nucleus in
untreated cells and in etoposide-treated cells (Fig. 7C to F, arrows), since these mutants
can never leave the nucleus and thus retain any bound p53 there as well.

Consistent with prior work in which cytoplasmic translocation of USP7 in the presence
of ORF45 was blocked using leptomycin B (26), USP7 localization was nuclear in the pres-
ence of the nuclearly restricted ORF45RN1 and ORF45RN2 mutants and cytoplasmic in the
presence of ORF45RC (Fig. 8), i.e., the different ORF45 mutants maintained their phenotypes
with regard to USP7. The three mutations that altered the subcellular localization of ORF45
had no effect on biochemical binding to p53 or USP7. All ORF45 mutants coimmunopreci-
pitated with p53 in untreated and etoposide-stimulated cells (Fig. 9A). Likewise, the RC,
RN1, and RN2 mutations had no effect on ORF45-USP7 interactions. All ORF45 mutants
coimmunoprecipitated with USP7 (Fig. 9B). All mutants inhibited p53-Luc expression as
efficiently as the wild-type ORF45 (Fig. 9C). These experiments demonstrate that transloca-
tion of ORF45 between the nucleus and the cytoplasm drives the localization of both p53
and USP7, but it is dispensable for the abrogation of p53’s transcriptional activity.

To assess the relative importance of ORF45-p53 and ORF45-USP7 binding on the inhibi-
tion of p53’s transcriptional activity, we generated the double mutant ORF45E223A-S226A/RC,
which is deficient in binding to USP7 and is restricted to the cytoplasm, and the double
mutant ORF45E223A-S226A/RN2, which is deficient in binding to USP7 and is restricted to the
nucleus. As designed, neither mutant bound USP7 (Fig. 10A) and neither mutant affected
the cellular localization of USP7 (Fig. 10B to E). Both mutants still bound to p53, as shown
by immunoprecipitation using p53-specific nanobodies (Fig. 11A). Next, these mutants
were tested for their effect on p53-dependent transcriptional transactivation. Both mutants
inhibited p53-Luc expression as efficiently as the wild-type protein (Fig. 11B), but by two
different mechanisms, either by binding p53 and retaining it in the cytoplasm or by bind-
ing p53 and inhibiting its transactivation function in the nucleus. Both mechanisms were
independent of USP7.

DISCUSSION

ORF45 is a large multifunctional protein encoded by KSHV that is expressed as an
early gene during reactivation and that is also incorporated into virus particles (36, 40,
41). This suggests that ORF45 is present in the cell as early as initial infection, as well as
when the infection switches from the latent to the lytic phase. This bimodal expression
pattern correlates with the previously reported roles of ORF45 in downregulating type
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I interferon production at early time points (42) and promoting virus maturation and
egress at late time points as part of the virion assembly complex (26, 43–45).

Earlier studies have shown that ORF45 interacts with the USP7 deubiquitinase. USP7
has many targets; one of them is p53 and another one is the KSHV protein ORF33. ORF45

FIG 7 Shuttling of ORF45 between the nucleus and cytoplasm is required for p53 sequestration. (A to F) U2OS cells were transfected
with plasmids expressing ORF45RC-Flag, ORF45RN1-Flag, or ORF45RN2-Flag. At 18 h p.t., the cells were left untreated (A, C, E) or were
stimulated with 10 mM etoposide for 1.5 h (B, D, F), fixed with methanol, and stained with the indicated Abs. The images were taken
as Z-stack sections and subjected to digital deconvolution. Bar, 50 mm. Arrows indicate cells expressing the indicated ORF45 mutants.
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facilitates the interaction between USP7 and ORF33, thereby stabilizing its expression, as
USP7 deubiquitinates ORF33 and retains some ORF33 in the cytoplasm (26). Here, we
found that by binding to USP7, ORF45 increased the ubiquitination of p53, resulting in
p53 degradation. Whether, in addition to these two substrates, ORF45 also modulates the
interaction between USP7 and other cellular substrates remains to be determined.

In addition to binding USP7, we demonstrated that ORF45 also binds directly to
p53. The ORF45-p53 interaction was detectable in wild-type KSHV-infected lymphoma
cells undergoing viral reactivation, i.e., under normal physiological conditions. These
biochemical interactions resulted in the abrogation of p53-dependent transcriptional
transactivation, and reduced the induction of total p53, Ser-15 phosphorylated p53,
and p21 in response to etoposide treatment. Some of these phenotypes are the

FIG 8 Shuttling of ORF45 between the nucleus and cytoplasm is required for sequestration of USP7. (A to F)
U2OS cells were transfected with plasmids expressing ORF45RC-Flag, ORF45

RN1-Flag, or ORF45RN2-Flag. At 18 h
p.t., the cells were left untreated (A, C, E) or were stimulated with 10 mM etoposide for 1.5 h (B, D, F), fixed
with methanol, and stained with the indicated Abs. The images were taken as Z-stack sections and subjected
to digital deconvolution. Bar, 50 mm. Arrows indicate cells expressing the indicated ORF45 mutants.
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FIG 9 Subcellular localization of ORF45 does not affect its interactions with p53 and USP7, nor its ability to suppress p53-driven Luc
expression. (A) ORF45 pulldown using p53-binding Ab. U2OS cells were transfected with plasmids expressing ORF45-Flag, ORF45RC-
Flag, ORF45RN1-Flag, or ORF45RN2-Flag or were left untransfected (UN). At 1 8 h p.t., the cells were stimulated with 10 mM etoposide
for 6 h. p53 was immunoprecipitated with p53 C terminus-binding VHH Ab. Presence of wild-type or mutant ORF45-Flag fusions and
p53 in the lysates and immunoprecipitants was tested with mouse a-Flag and mouse a-p53 DO7 Abs. (B) USP7 pulldown using Flag
Ab binding to ORF45-Flag fusion proteins. U2OS cells were transfected with plasmids expressing ORF45-Flag, ORF45RC-Flag, ORF45RN1-
Flag, or ORF45RN2-Flag or were left untransfected (UN). Presence of USP7 and wild-type or mutant ORF45-Flag fusions in the lysates
and immunoprecipitants was tested with rabbit a-USP7 and mouse a-Flag Abs. (C) p53-Luc assay for cells expressing ORF45 (wild
type or the indicated mutants) stimulated with etoposide. U2OS cells were transfected with either p53-responsive reporter pGL13
and EV or with plasmids expressing p53R273, ORF45-Flag, ORF45RC-Flag, ORF45RN1-Flag, or ORF45RN2-Flag. At 18 h posttransfection
(p.t.), the cells were stimulated with 5 mM etoposide and then incubated for 24 h. Firefly luciferase levels were measured with the
One-Glo luciferase assay system. P values were calculated using Student’s t test (n = 4). ns, P . 0.05; **, P # 0.001.
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consequence of ORF45 modulating USP7 activity and some represent a new, direct
interaction, as the ORF45E223A-S226A mutant, which no longer binds to USP7, still inhib-
ited the transcriptional transactivation function of p53.

ORF45 shuttles extensively between the nucleus and the cytoplasm since ORF45
possesses NLS and NES motifs. Translocation between the nucleus and the cytoplasm
is important for ORF45-USP7 cytoplasmic sequestration (26). Our experiments with

FIG 10 ORF45 double mutants lack USP7-binding activity and do not alter the subcellular localization of USP7. (A) USP7 pulldown
using a-Flag Ab. U2OS cells were transfected with plasmids expressing ORF45-Flag, ORF45E223A-S226A/RC-Flag, or ORF45E223A-S226A/RN2-
Flag or were left untransfected (UN). At 18 h p.t., the cells were stimulated with 10 mM etoposide for 6 h. ORF45-Flag fusion
proteins were immunoprecipitated with a-Flag Ab. Presence of wild-type or mutant ORF45-Flag fusions and USP7 in the lysates
and immunoprecipitated fractions was tested with mouse a-Flag and rabbit a-USP7 Abs. (B to E) Subcellular localization of USP7
in the presence of ORF45 double mutants. U2OS cells were transfected with plasmids expressing ORF45E223A-S226A/RC-Flag or
ORF45E223A-S226A/RN2-Flag. At 18 h p.t., the cells were left untreated (A, C) or were stimulated with 10 mM etoposide for 1.5 h (B, D),
fixed with methanol, and stained with the indicated Abs. The images were taken as Z-stack sections and subjected to digital
deconvolution. Bar, 50 mm.
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ORF45 mutants restricted to either the nucleus or the cytoplasm demonstrate that the
shuttling of ORF45 is also required for cytoplasmic sequestration of p53.

Cytoplasmic sequestration of activated p53 and increased ubiquitination represent
two different pathways by which ORF45 interferes with p53 function. Direct inhibition
of p53 transactivation in the nucleus represent the third mode of inhibition, as the
double mutant ORF45E223A-S226A/RN2, which no longer binds USP7 and is nuclearly local-
ized, nevertheless inhibited p53 transactivation. The details of this third mechanism of
action are the subject of future studies.

One limitation of these experiments stems from the fact that ORF45 is an essential
gene. An ORF45 deletion virus is not viable in KSHV, nor in murine herpesvirus virus 68
(MHV-68) (39, 46). Point mutations in ORF45 have been generated in the context of the
viral genome that affect specific functions of the protein, such as nuclear localization
or the ORF33 interaction domain (26). Similar studies are needed in the future. Such
studies are not trivial, as most cell lines evolved to selectively change many p53 func-
tions and since in the context of KSHV infection, other proteins, such as LANA, also
impinge on p53 signaling.

Indeed, modulation of p53 has been described for multiple other KSHV-encoded
proteins (4, 13–17, 19–22). This remarkable functional redundancy emphasizes the im-
portance for the virus to counteract p53 during all stages of the viral life cycle (47–49):
during latent genome persistence using LANA, vIRF-1, and vIRF-3 and during lytic repli-
cation using ORF45. The viral interference with p53 signaling would prevent premature
p53-dependent apoptosis due to the DDR-sensing viral replication intermediates and
recombination products.

FIG 11 ORF45 double mutants bind to p53 and inhibit p53 transcriptional activity. (A) ORF45 pulldown using p53-binding Ab. U2OS cells were transfected
with plasmids expressing ORF45-Flag, ORF45E223A-S226A/RC-Flag, or ORF45E223A-S226A/RN2-Flag or were left untransfected (UN). At 18 h p.t., the cells were
stimulated with 10 mM etoposide for 6 h. p53 was immunoprecipitated with p53 C terminus-binding VHH Ab. Presence of wild-type or mutant ORF45-Flag
fusions and p53 in the lysates and immunoprecipitants was tested with mouse a-Flag and mouse a-p53 DO7 Abs. (B) p53-Luc assay for cells expressing
ORF45 (wild type or the indicated mutants) stimulated with etoposide. U2OS cells were transfected with either p53-responsive reporter pGL13 and EV or
plasmids expressing p53R273, ORF45-Flag, ORF45E223A-S226A/RC-Flag, or ORF45E223A-S226A/RN2-Flag. At 18 h posttransfection (p.t.), the cells were stimulated with
5 mM etoposide and then incubated for 24 h. Firefly luciferase levels were measured with the One-Glo luciferase assay system. P values were calculated
using Student’s t test (n = 4). ns, P . 0.05; *, P # 0.001.
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MATERIALS ANDMETHODS
Cell lines. U2OS human osteosarcoma cells were grown in Dulbecco’s modified Eagle medium

(DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The
TREx BCBL1-RTA PEL-derived cell line was grown in RPMI supplemented with 10% tetracycline (Tet)-free
FBS, 1% L-glutamine, 200mg/ml hygromycin B, and 1% penicillin-streptomycin.

Plasmid constructs. pGL13, a firefly luciferase reporter plasmid containing 13 p53 binding elements,
pCMV-Neo-Bam, and vectors expressing wild-type and dominant negative mutant p53 pCMV-Neo-Bam-
p53WT and pCMV-Neo-Bam-p53R273H (pC53-4.2N3), respectively, were described elsewhere (50, 51).
pGL3 control vector expressing firefly luciferase under SV40 promoter was purchased from Promega.
pOME0016, referred to as pDEST47-ORF45-Flag, is described elsewhere (25). pCDN3.1-ORF45-Flag
expressing wild-type ORF45 tagged with C-terminal 3�Flag (pDD2701) was generated by PCR amplifica-
tion using primers described in Table S1 in the supplemental material and by subcloning into pCDNA3.1
(1) vector using EcoRI-NotI sites. pCDNA3.1-ORF45E223A-S226A-Flag (pDD2703) that expresses ORF45-Flag
fusion harboring a mutation in the USP7 binding motif EGPS (amino acids 223 to 226) was constructed
as follows. ORF45E223A-S226A was produced by splicing by overlap extension PCR (SOE-PCR) (43) using pri-
mers described in Table 1 and then cloned into pCDNA3.1(1) vector using EcoRI-NotI sites. pCDNA3.1-
ORF45RN1-Flag (pDD2708), pCDN3.1-ORF45RN2-Flag (pDD2710), and pCDNA3.1-ORF45RC-Flag (pDD2706)
express ORF45-Flag fusions carrying mutations in NLS and NES motifs that were previously described
(39). The mutant genes were tagged with the C-terminal Flag epitope by PCR amplification of ORF45
mutant sequences using primers listed for the wild-type ORF45 in Table 1 and subcloning into
pCDNA3.1(1) vector using EcoRI-NotI sites. pCDNA3.1-ORF45E223A-S226A/RC-Flag (pDD2711) was generated
by cloning synthesized ORF45E223A-S226A/RC-Flag fragment (Genewiz) into pCDNA3.1(1) vector at EcoRI-
XhoI sites. ORF45E223A-S226A/RN2-Flag (pDD2712) was generated by subcloning pCDNA3.1-ORF45E223A-S226A-
Flag EcoRI-SalI and pCDN3.1-ORF45RN2-Flag SalI-NotI fragments into pCDNA3.1(1) vector.

Drugs and antibodies. Etoposide (catalog no. 02193918-CF; MP Biomedicals), nutlin-3 (catalog no.
N6287; Millipore Sigma), MG132 (catalog no. 10012628; Cayman Chemicals), N-ethylmaleimide (NEM)
(catalog no. E3876; Millipore Sigma), leptomycin B (LMB) (catalog no. L2913; Millipore Sigma), mouse
a-Flag (M2, catalog no. F1804; Millipore Sigma), rabbit a-Flag (D6W5B, catalog no. 14793; Cell Signaling),
mouse a-p53 pAb421 (catalog no. NBP2-62555; Novus Biologicals), mouse a-p53 (DO-7, catalog no.
MA5-12557; Invitrogen), rabbit a-p53 pSer15 (catalog no. 9284; Cell Signaling), rabbit a-HAUSP (USP7)
(D17C6, catalog no. 4833; Cell Signaling), mouse a-ATM (11G12, catalog no. 92356; Cell Signaling), rabbit
a-ATM pSer1981 (D25E5, catalog no. 13050; Cell Signaling), mouse a-p21 (187, catalog no. sc-817;
Santa-Cruz), mouse a-actin (catalog no. ab8226; Abcam), rabbit a-ubiquitin (catalog no. 3933; Cell
Signaling), mouse a-ORF45 (2D4A5, catalog no. sc-53883; Santa-Cruz), mouse TrueBlot (catalog no. 18-
8817-33; Rockland), horseradish peroxidase (HRP)-conjugated horse a-mouse (catalog no. PI-2000;
Vector Laboratories), goat a-rabbit-HRP (catalog no. PI-1000; Vector Laboratories), horse a-mouse conju-
gated to fluorescein isothiocyanate (FITC) (catalog no. FI-2000; Vector Laboratories), goat a-rabbit Texas
Red (catalog no. TI-1000; Vector Laboratories), VectaFluor Excel DyLight 488 a-mouse IgG (catalog no.
DK-2488; Vector Laboratories), VectaFluor Excel DyLight 594 a-rabbit IgG (catalog no. DK-1594; Vector
Laboratories), p53-N-term-Trap-A (epitope amino acids 1to 8, catalog no. pta-10; ChromoTek), p53-C-
term-Trap-A (epitope amino acids 302 to 393, catalog no. pta2-10; ChromoTek), binding control (catalog
no. bab-20; ChromoTek), and Protein A/G Plus-agarose (catalog no. sc-2003; Santa Cruz Biotechnology).

P53-Luc assay. U2OS cells were transfected with pGL13 and either pCMV-Neo-Bam, pCMV-Neo-Bam-
p53R273H, or a vector expressing KSHV ORF45 wild type or mutant using Lipofectamine 2000. At 18 h post-
transfection (p.t.), the cells were overlaid with fresh medium containing 5 mM etoposide or 10 mM nutlin-3
and incubated for an additional 24 h before measuring luciferase expression with the One-Glo luciferase
assay system. Cell viability to determine cytotoxicity of each expressed ORF or the drug treatment was meas-
ured with the CellTiter-Glo luminescent cell viability assay (catalog no. G7570; Promega).

Coimmunoprecipitation. U2OS cells were transfected with a vector expressing KSHV ORF45 (wild type
or mutant) using polyethylenimine (PEI) (linear, molecular weight 25,000, catalog no. 23966-1; Polysciences,
Inc.) according to a previously described protocol with minor modifications (52). DNA-PEI solution was

TABLE 1 Primer sequences

Gene or primer name Primer sequence
ORF45
ORF45-5-EcoRI-F 59-ATGAATTCGCCACCATGGCGATGTTTGTGAGGACCTCGTCTA-39
ORF45-3Flag-NotI-R 59-ATGCGGCCGCTCACTTGTCGTCGTCGTCCTTGTAGTCGATGTCGTGGTCCTTGTAGTCACCGTCGTGGTCCTTGTAGTC

GTCCAGCCACGGCCAGTTATATGC-39
ORF45-3Flag-XhoI-R 59-ATCTCGACTCACTTGTCGTCGTCGTCCTTGTAGTCGATGTCGTGGTCCTTGTAGTCACCGTCGTGGTCCTTGTAGTCGT

CCAGCCACGGCCAGTTATATGC-39
ORF45E223A-S226A

ORF45-5-EcoRI-F 59-ATGAATTCGCCACCATGGCGATGTTTGTGAGGACCTCGTCTA-39
ORF45-E223A-S226A-R 59-CAGGGGGCGCCACGCGGGCCCAGCATCAGGGTCGCTGTAT-39
ORF45-E223A-S226A-F 59-ATACAGCGACCCTGATGCTG GGCCCGCG TGGCGCCCCCTG-39
ORF45-3Flag-NotI-R 59-ATGCGGCCGCTCACTTGTCGTCGTCGTCCTTGTAGTCGATGTCGTGGTCCTTGTAGTCACCGTCGTGGTCCTTGTAGTC

GTCCAGCCACGGCCAGTTATATGC-39
aNucleotide sequences for primers that were used to design ORF45-expressing constructs.
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prepared at a 1:3 ratio in Opti-MEM (catalog no. 31985062; Gibco) and incubated for 10 min at room temper-
ature (RT) before adding it to the cells. At 18 h postinfection (p.i.), the cells were either stimulated with
10 mM etoposide or left untreated and then incubated for an additional 24 h. Harvested cells were lysed in
50 mM Tris (pH 7.4)-5mM ethylenediaminetetraacetic acid (EDTA)-0.5% Nonidet P-40 (NP-40)-150mM NaCl-
5% sucrose (TENN) buffer supplemented with Complete protease inhibitor cocktail (Sigma-Aldrich) for
30 min on ice with occasional vortexing and spun down at 15,000 � g for 10 min. The lysates were pre-
cleared by incubation with protein A/G plus agarose beads (Santa Cruz Biotechnology) or “binding control”
nonconjugated agarose beads (catalog no. bab-20; ChromoTek) and coimmunoprecipitated with either
mouse a-Flag antibody and Protein A/G Plus-agarose beads or p53-Trap N-term_A and p53-Trap C-term_A
(catalog no. pta-10 and pta2-10; ChromoTek), which are agarose-conjugated proteins specific for the p53 N
or C terminus, respectively. The beads were washed with TENN buffer. Samples were precipitated with
a-Flag Ab. The samples were analyzed by immunoblotting with the indicated Abs.

p53 Ubiquitination assay. U2OS cells transfected with a vector expressing an ORF of interest using PEI
as described above were treated with 30mMMG132 for 6 h and then incubated with 10 mMN-ethylmaleimide
(NEM) for 10 min before harvesting. Samples were lysed in radioimmunoprecipitation (RIPA) buffer (50 mM Tris
[pH 7.4] ,150mM NaCl-1% Triton X-100, 0.1% SDS, and 1% sodium deoxycholate) supplemented with 10 mM
NEM, Benzonase nuclease (Sigma-Aldrich), and cOmplete protease inhibitor cocktail (Sigma-Aldrich) on ice for
30 min. The lysates were spun down at 15,000 � g for 10 min at 4°C, precleared with Protein A/G Plus-agarose
beads for 30 min at 4°C, and immunoprecipitated by incubation with a-p53 pAb421 (18 h at 4°C) and Protein
A/G Plus-agarose beads (1 h at 4°C). The samples were washed with radioimmunoprecipitation (RIPA) buffer
and analyzed by immunoblotting with a-ubiquitin Ab and a-p53 DO7 Ab.

Cycloheximide chase. U2OS cells transfected with an expression vector for 24 h were stimulated
with 10 mM etoposide for 1.5 h and then incubated with 100 mg/ml cycloheximide for the indicated
times. The cells were lysed in RIPA buffer. Protein concentrations in lysates were normalized using a
bicinchoninic acid (BCA) protein assay kit (catalog no. 23227; Thermo Scientific Pierce) and analyzed by
SDS-PAGE and immunoblotting.

Immunoblotting. For protein accumulation assay, cells were lysed in RIPA buffer supplemented
with benzonase nuclease and Complete protease inhibitor cocktail. Otherwise, the samples were pre-
pared as indicated. The samples were separated by 6% or 12% SDS-PAGE, transferred to polyvinylidene
fluoride (PVDF) membrane, blocked with 10% skim milk, and blotted with indicated Abs diluted either in
5% skim milk or 5% bovine serum albumin (BSA).

Immunofluorescence. The cells were plated onto coverslips and transfected with an expression vec-
tor. U2OS cells were transfected with PEI as described above. U87-MG and A549 cells and HUVEC cells
were transfected with Lipofectamine LTX (catalog no. 15338100; Invitrogen) according to the manufac-
turer’s protocol. At 18 h, the cells were stimulated with 10 mM etoposide for 1.5 to 2 h and fixed/perme-
abilized with ice-cold 100% methanol. Flag-conjugated proteins were stained with either mouse or rab-
bit a-Flag Ab and goat a-mouse or goat a-rabbit Ab conjugated to Texas Red or fluorescein
isothiocyanate (FITC). Endogenously expressed cellular proteins were stained with one of the following
Abs—mouse a-p53 DO7, rabbit a-p53 pSer15, mouse a-p21, or rabbit a-USP7)—and with either the
VectaFluor Excel Amplified DyLight 594 anti-rabbit IgG kit or the VectaFluor Excel Amplified Dylight 488
anti-rabbit IgG kit (Vector Laboratories). The nuclei were stained with 49,6-diamidino-2-phenylindole
(DAPI). Z-stack images were collected using a DM4000B epifluorescence microscope (Leica) by setting
the lowest and highest plane of the Z-axes and were subjected to deconvolution using Simple PCI_5
version 6.2 microscope software. The individual optical sections were exported as a multipage tag image
file format (TIFF) file and processed using IMARIS version 7.1 software (Bitplane).
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