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Tumor suppressor p53 plays a crucial antiviral role and targeting of p53 by viral proteins is a common mechanism
involved in virus oncogenesis. The activity of p53 is tightly regulated at the post-translational levels through a myriad of
modifications. Among them, modification of p53 by SUMO has been associated with the onset of cellular senescence.
Kaposi´s sarcoma-associated herpesvirus (KSHV) expresses several proteins targeting p53, including the latent protein
LANA2 that regulates polyubiquitylation and phosphorylation of p53. Here we show that LANA2 also inhibits the
modification of p53 by SUMO2. Furthermore, we show that the reduction of p53-SUMO2 conjugation by LANA2, as well
as the p53-LANA2 interaction, both require the SUMOylation of the viral protein and its interaction with SUMO or
SUMOylated proteins in a non-covalent manner. Finally, we show that the control of p53-SUMO2 conjugation by LANA2
correlates with its ability to inhibit SUMO2- and type I interferon-induced senescence. These results highlight the
importance of p53 SUMOylation in the control of virus infection and suggest that viral oncoproteins could contribute to
viral infection and cell transformation by abrogating p53 SUMOylation.

Introduction

Tumor suppressor p53 is targeted by all oncogenic viruses to
circumvent host growth surveillance and increase virus replica-
tion.1 Generally, the regulation of p53 functions by viral onco-
proteins involves mainly the alteration of its post-translational
modifications ubiquitylation, acetylation or phosphorylation.2

Kaposi’s sarcoma-associated herpesvirus (KSHV) encodes sev-
eral proteins that can compromise p53 activity, including the
latency-associated nuclear antigen 2 (LANA2) (also called
vIRF3). LANA2 inhibits both the transcriptional activation and
apoptosis induced by p53 through the inhibition of p53 phos-
phorylation, by altering its oligomerization and DNA-binding
affinity, and by increasing its polyubiquitylation.3-8 Apart from
p53, LANA2 also compromises the activity of other tumor sup-
pressors such as pRb or PML.9,10 Interestingly, the control of
these 2 tumor suppressors by LANA2 involves the regulation of
their SUMO conjugation.9,10 Since p53 activity can be also regu-
lated by SUMO we evaluated whether LANA2 could modulate
p53 SUMOylation.

Here, we demonstrate that LANA2 interacts with p53 and
downmodulates p53-SUMO2 conjugation. We also show that

both, the inhibition of p53-SUMO2 conjugation and the inter-
action of LANA2 with p53 require an intact SUMO interacting
domain (SIM) as well as SUMOylation domains in LANA2.
Finally, we show that there is a positive correlation between the
reduction of p53-SUMO2 conjugation by LANA2 and its ability
to inhibit cell senescence induced in response to SUMO2 overex-
pression or type I interferon treatment. These results suggest that
SUMOylation may be relevant for the functions of p53 in antivi-
ral immunity.

Results and Discussion

In order to analyze the effect of LANA2 expression on p53
SUMOylation, we co-transfected HEK-293 cells with Ubc9 and
His6-SUMO1 or His6-SUMO2 plasmids, in the presence or
absence of pcDNA-LANA2, and 48 h after transfection whole
protein extracts and Histidine-tagged purified proteins were ana-
lyzed by Western-blot using anti-p53 antibody. As shown in
Fig. 1A (left panel) p53-SUMO2 protein levels clearly decreased
after expression of LANA2, whereas the p53-SUMO1 levels were
not noticeably altered, suggesting that LANA2 inhibited the
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conjugation of SUMO2 to p53. Similar analysis of endogenous
p53 on B cells (Fig. 1A, right panel) provided identical results.
To evaluate whether LANA2 induces a general inhibition of
SUMO2 conjugation, Histidine-tagged purified proteins

obtained from HEK-293
cells transfected with the
indicated plasmids were
analyzed by Western-blot
using anti-SUMO2 anti-
body. We observed again a
clear decrease in the levels
of p53-SUMO2 protein
but we did not detect a
reduction in the levels of
total SUMO2-conjugated
proteins in cells expressing
LANA2 (Fig. 1B). We then
evaluated whether LANA2
can directly modulate p53-
SUMO2 conjugation using
an in vitro SUMOylation
assay. As shown in Fig. 1C,
in vitro SUMOylation of
p53 was not significantly
affected by the presence of
LANA2. However, when
we added SENP1 (Biomol)
to the reaction, we detected
a complete inhibition of
p53-SUMO2 conjugation,
suggesting that LANA2
does not directly modulate
p53-SUMO2 conjugation.
In addition to LANA2,
another latent KSHV pro-
tein, LANA1, also inhibits
p53.5 We decided to evalu-
ate whether LANA1 could
also inhibit the SUMOyla-
tion of p53. Western-blot
analysis of HEK-293 cells
transfected with His6-
SUMO2 and pcDNA,
LANA1 or LANA2, with
anti-p53 antibody revealed
that LANA2 reduced the
levels of p53-SUMO2,
confirming our results
(Fig. 1D). However, we
did not observe a reduction
in p53-SUMO2 conjuga-
tion when LANA1 was
expressed (Fig. 1D). All
together, these results indi-
cate that KSHV protein
LANA2 inhibits the conju-

gation of SUMO2 to p53 in vivo.
Both, SIM and SUMOylation domains in LANA2 are

required for its control of PML nuclear bodies.11 Therefore, we
evaluated the conjugation of p53 to SUMO2 in HEK-293 cells

Figure 1. LANA2 reduces SUMO2 conjugation to p53 in vivo. (A) SUMO2 conjugated p53 decreases in both, HEK-293
cells (left panel) and MHH–PREB-1 cells (right panel) after expression of LANA2. (B) LANA2 does not have a general
effect on SUMO2 conjugation process. (C) LANA2 does not significantly affect p53-SUMO2 conjugation in vitro. (D)
LANA2 but not LANA1 inhibits p53-SUMO2 modification in HEK-293 cells.
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co-transfected with pcDNA, LANA2-WT, a LANA2 mutant in
the SIM domain (LANA2DSIM), a SUMOylation mutant
(LANA2DSUMO), or the double SIM and SUMOylation
mutant of LANA2 (LANA2TOTAL), together with an empty
vector or Ubc9 and His6-SUMO2. Expression of LANA2-WT
induced a reduction in the levels of p53-SUMO2 that was less
evident after expression of LANA2DSIM or LANA2DSUMO,
and almost undetectable after expression of LANA2TOTAL
(Fig. 2A). We then analyzed whether the reduction in p53-
SUMO2 conjugation by LANA2 requires the interaction
between both proteins. Anti-p53 immunoprecipitates obtained
from HEK-293 cells transfected with pcDNA, LANA2-WT, or
the LANA2 mutants were probed with anti-LANA2 antibody. As
shown in Fig. 2B, p53 co-immunoprecipitated with LANA2-
WT. However, we did not detect an interaction between p53
and the LANA2 mutants. All together, these results demonstrate
that LANA2 requires intact SIM and SUMOylation domains to
interact with p53 and to effectively inhibit p53-SUMO2
conjugation.

Overexpression of SUMO2 induces a premature senescence
phenotype in correlation with the induction of SUMOylation of
both, p53 and Rb.12 Therefore, we analyzed the senescence of
HEK-293 cells transfected by using a senescence b-galactosidase
staining kit (Cell Signaling). As shown in Fig. 2C, the induction
of senescence observed after overexpression of SUMO2 was sig-
nificantly reduced after co-transfection of LANA2-WT. In con-
trast, we did not detect a decrease in b-galactosidase staining
after expression of any of the LANA2 mutants, indicating that
LANA2 inhibits SUMO2-induced senescence by a mechanism
that requires intact SIM and SUMOylation domains in the viral
protein.

In addition, SUMOylation of p53 has a role in the induc-
tion of senescence in response to type I interferon treatment.13

For this reason we evaluated senescence in H1299-p53 cells13

transfected with LANA2-WT or the LANA2 mutants after
treatment with 500 U/ml of b-interferon. As shown in
Fig. 2D, the percentage of b-galactosidase positive cells
observed after interferon treatment was significantly reduced
when LANA2-WT was expressed, but it was not affected by
the expression of the LANA2 mutants. All together, our results
indicate that there is a direct correlation between inhibition of
p53-SUMO2 conjugation by LANA2 and its ability to inhibit
senescence induced by SUMO2 overexpression or interferon
treatment.

It has been shown that, at least in some conditions, SUMO
enhances p53 activity.12,14,15 Furthermore, SUMOylation of
p53 is induced in response to DNA damage, interferon treat-
ment, or viral infection, and SUMOylation has an important
role in the induction of senescence by p53,12,13,16,17 suggesting
that this modification may represent a physiological response to
activate p53 after virus infection. Thus, it is possible to speculate
that inhibition of p53 SUMOylation may be a mechanism used
by viral proteins to control p53 activity. Along these lines,
another viral oncoprotein, human papillomavirus E6, inhibits
the SUMO ligase activity of PIASg, inhibiting p53-SUMO2

conjugation, and counteracting the onset of cell senescence asso-
ciated with induction of SUMOylation.

KSHV encodes several proteins with potential oncogenic
capacity. One of them is LANA2, a protein that has been
reported to be absolutely required for proliferation and sur-
vival of PEL cells.18 Our results suggest that modulation of
p53-SUMO2 conjugation by LANA2 might be an additional
mechanism contributing to the establishment of a latent
infection, proliferation and transformation of the infected
cells.

In summary, this report identifies a new mechanism of p53
post-translational regulation exerted by KSHV to control its
activities (Fig. 3). Finally, this is also a new example of the
important role played by SUMO in the regulation of viral pro-
teins. It is then tempting to consider the possibility of targeting
the interaction of viral proteins with SUMO as a promising
potential therapeutic intervention against viral pathogenesis that
merits further investigation.

Materials and Methods

Cell lines and transfections
HEK-293, and H1299 cells were maintained in DMEM sup-

plemented with 10% heat inactivated-fetal calf serum (Gibco),
5 mmol/L L-glutamine (Invitrogen) and 1% penicillin-strepto-
mycin solution (Sigma, 10,000 U/mL penicillin and 10 mg/mL
streptomycin). MHH-PREB-1 cells were maintained in RPMI
1640 supplemented with 10% heat inactivated-fetal calf serum,
5 mmol/L L-glutamine and 1% penicillin-streptomycin solution.
Transfection of HEK-293 was done using X-treme (Roche), and
H1299 cells were transfected with lipofectamine 2000, following
the manufacturer’s instructions. For electroporation, MHH-
PREB-1 cells (107 cells) were washed in RPMI 1640 without
fetal calf serum, resuspended in 250 ml of the same medium, and
placed with 20 mg of plasmid DNA in 0.4-cm gap electropora-
tion cuvettes. Cells were transfected using an electroporator (Bio-
Rad Laboratories) at 250 V and 960 mF.

Plasmids and reagents
pcDNA-p53, pcDNA-His6-SUMO1, pcDNA-His6-SUMO2,

pcDNA-SV5-Ubc9, pcDNA-LANA2, pcDNA-LANA2DSIM,
and pcDNA-LANA2DSUMO have been previously
described.8,10,11,19,20 Interferon was purchased fromGenScript.

Immunoprecipitation assay
Cells were lysed in TNN buffer (100 mM Tris-HCl, pH 8,

250 mM NaCl, 0.5% NP-40) at 4�C, centrifuged at 15,800 x g
for 5 min and immunoprecipitated overnight at 4�C after addi-
tion of 1 ml of the specified antibody and 50 ml of 50% protein
A-Sepharose CL-4B beads (Amersham Biosciences). Beads were
then washed 4 times with TNN buffer and resuspended in 30 ml
of SDS-PAGE loading buffer.
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Western-blot analysis and antibodies
For Western-blot analysis, cells were washed in PBS, scraped in

SDS-gel loading buffer and boiled for 5 min. Proteins of total
extracts were separated by SDS-PAGE and transferred to

nitrocellulose membrane. The following antibodies were used: anti-
p53 (DO-1) (sc-126, Santa Cruz), anti-LANA2 (Novus Biologicals),
anti-actin (MP Biomedicals), anti-SUMO2 (Zymed laboratories),
and anti-LANA (Advanced Biotechnologies Inc.) antibodies.

Figure 2. LANA2 requires intact SIM and SUMOylation domains to inhibit p53-SUMO2 conjugation, to interact with p53, and to inhibit senescence
induced by type I interferon treatment or SUMO2 overexpression. (A) LANA2 requires intact SIM and SUMOylation domains to efficiently reduce p53-
SUMO2 conjugation. (B) Interaction between p53 and LANA2 requires intact SIM and SUMOylation domains in LANA2. (C) Inhibition of SUMO2-induced
senescence by LANA2-WT but not by LANA2 mutants in the SIM or SUMOylation domains. Senescence was determined by using a senescence b-galacto-
sidase staining kit. The results are presented as mean of 3 independent experiments C/¡ SD and analyzed by Student’s t-test (*, P < 0.05 versus cells co-
transfected with SUMO2 and pcDNA). (D) Inhibition of senescence induced by interferon treatment by LANA2-WT but not by the mutants of LANA2 in
the SIM or SUMOylation domains. H1299-p53 cells transfected with LANA2-WT, LANA2DSIM, LANA2DSUMO or LANA2TOTAL were analyzed by Western
blotting (upper-left panel) and treated or not with 500 U/ml b-interferon for 4 d after which cell senescence was evaluated by b-galactosidase staining.
Representative pictures of SA-b-Gal staining (upper-right panel) and percentage of SA-b-Gal-positive cells (lower panel) in response to interferon treat-
ment. The percentage of positive staining was determined by dividing the number of b-Gal-positive cells into the total number within 10 random fields.
The results are presented as mean of 3 independent experiments C/¡ SD and analyzed by Student’s t-test (***, P < 0.0005 vs. pcDNA transfected cells).

280 Volume 14 Issue 2Cell Cycle



In vitro SUMOylation assay
In vitro SUMO conjugation assays were performed on [35S]

methionine-labeled in vitro-transcribed/translated proteins as
described previously.21

Purification of His-tagged conjugates
Purification of His-tagged conjugates using Ni2C-NTA-aga-

rose beads was performed as described.10

Senescence determination
For SA-b-Gal activity cells treated as indicated were stained

with the senescence b-galactosidase kit (Cell Signaling) following
the manufacturer´s instructions. Percentage positive staining was
determined by dividing the number of b-Gal-positive cells into
the total number within 10 random fields from duplicate dishes.

Statistical analysis
For statistical analysis between control and different groups

the Student’s t test was applied. The significance level chosen for
the statistical analysis was P<0 .05
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