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Acetylation is indispensable
for p53 antiviral activity
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Tumor suppressor p53 is known to be a direct transcriptional target of type | interferons (IFNs), contributing to virus-
induced apoptosis, and in turn activating itself the interferon pathway. Acetylation, among many other post-translational
modifications of p53, is thought to exert a crucial role regulating p53 activity. Here, we examined the contribution of this
modification on the antiviral activity mediated by p53. Our results show that virus infection induces p53 acetylation at
lysine 379, and that this modification is absolutely required for p53-dependent transcriptional transactivation of both,
pro-apoptotic and IFN-stimulated genes induced by virus infection, and for p53-mediated control of virus replication.
Thus, our study identifies p53 acetylation as an indispensable event that enables the p53-mediated antiviral response.

Introduction

Tumor suppressor protein p53 has the ability to-trigger prolifera-
tion arrest or cell death through the transcriptional activation of
its target genes to prevent cell transformation and to limit virus
replication.'”? As part of this later function, p53 plays an impor-
tant role in the activation of the interferon pathway, a system that
is crucial in the antiviral response of the cell.”’

p53 activity is tightly regulated in the cell by a complex net-
work of interacting partners and post-translational modifica-
tions."* When the cell is confronted with different sources of
stress, such as DNA damage, hypoxia or oncogene activation,
p53 expression raises and the protein is activated by multiple
covalent modifications such as phosphorylation and acetylation.
Similarly, virus infection has been shown to cause transcriptional
expression of p53 through an interferon-dependent mechanism,
and activation by phosphorylation at serine residue 18.” However,
no acetylation of p53 in response to virus infection has been
reported so far.

The acetylation of p53 has different functional consequences
and among them, it destabilizes its interaction with the negative
regulator Mdm?2, enhancing p53’s DNA binding activity on spe-
cific promoters.'*'® In the context of virus infection, acetylation
of p53 might be also very relevant to limit virus replication since
different viral proteins have been shown to target this modifi-
cation.”?? However, the importance of p53 acetylation on the
antiviral activity of this tumor suppressor has not been explored

yet.
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Here we. identify virus infection as a novel inducer of p53
acetylationand evaluate the role of this modification on the
control of vesicular stomatitis virus (VSV) replication. Loss of
p53 acetylation abolishes its ability to transactivate target genes
in response to VSV infection, and to control virus replication.
These results underscore the importance of p53 acetylation in its
antiviral activity.

Results and Discussion

Virus infection induces p53 acetylation at lysine residue 379.
We were interested in addressing whether virus infection trig-
gered p53 acetylation. To this end, we infected mouse embryo
fibroblasts (MEFs) with VSV or HSV-1 at a MOI of 5 PFU/cell,
and analyzed the acetylation of p53 at different times after infec-
tion by immunoblot analysis using an antibody against p53 acet-
ylated at the lysine residue 379 (the mouse equivalent of human
lysine 382). As shown in Figure 1A, p53 acetylated at lysine 379
was detected as early as two hours after infection with HSV-1 or
VSV.

SIRTT1 is a class III histone deacetylase within the sirtuin
family of related proteins that can have oncogenic or tumor-
suppressors effects, depending on the status of p53.%>* SIRT1
targets a plethora of substrates for deacetylation, including the
p53 protein with specificity for this lysine residue.”® Therefore,
we examined the upregulation and activation of p53 in MEFs
derived from genetically modified mice that lack expression of

SIRT1 (SIRT1-KO), normal wild type animals (WT), and mice
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Figure 1. MEFs infection with HSV-1 or VSV induces p53-acetylation. (A) WT MEFs were infected with HSV-1 (upper part) or VSV (lower part) at MOI
of 5 PFU/ml and at the indicated times, protein gel blotting using antibodies to acetyl-p53 K379 was performed. (B) MEFs derived from SIRT17, WT
or SIRT1-tg mice were infected with VSV at MOI of 5 PFU/ml and four hours after infection, immunoblot analysis with the antibodies indicated was

engineered to harbor extra copies of the SIRT1 gene under the
control of its own regulatory genomic sequences (SIRT1-Tg),”
after infection with VSV. As expected, VSV infection induced an
increase in the amount of total p53 as well as phosphorylation of
p53 at serine-18 (Fig. 1B). This upregulation and phosphoryla-
tion of p53, as well as an increase in the levels of the p53-down-
stream target Mdm2, were unaffected by the different amounts
of SIRTT expressed in the cells (Fig. 1B). However, and in agree-
ment with the results shown above, VSV infection induced the
acetylation of p53 at lysine-379, and this modification was clearly
reduced with increasing SIRT1 gene dosage (Fig. 1B), as expected
for the specific deacetylase activity of this protein. These results
demonstrate that p53 is acetylated in response to virus infection
at lysine residue 379, independently of serine 18 phosphorylation
and of Mdm?2 upregulation.

Phosphorylation of p53 at serine 18 by virus infection is
caused by changes in the chromatin structure in virus-infected
cells.” We speculate that p53 acetylation may be a consequence
of p53 phosphorylation and/or of the increase in PML levels that
occur in response to virus infection. In this sense, phosphoryla-
tion at serine 15 increases the interaction between p53 and CBP,
leading to an increase in p53 acetylation.”® Furthermore, follow-
ing viral infection cells induce type I IFN, which in turn upreg-
ulates the expression of numerous antiviral proteins including
PML,?-3" and this upregulation induces the acetylation of p53
at lysine 382.%

Transcriptional transactivation of p53-activated genes in
response to virus infection requires p53 acetylation. Activation
of p53 in response to virus infection induces transcriptional
activation of some of its classical target genes such as Mdm?2
or Puma,” and of some IFN-inducible genes such as interferon
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regulatory factor 9 or 5 (IRF9, IRF5)." To elucidate the influ-
ence of p53 acetylation on p53-mediated transcriptional trans-
activation induced in response to virus infection, we generated
a derivative of the p53-null human lung carcinoma line H1299
expressing wild-type p53 (p53-WT) or a p53 mutant in which
the eight known acetylated sites are all substituted with arginine
(p53-8KR), that has been previously described in reference 16.
Then, the cells were infected with a recombinant VSV express-
ing GFP (rVSV-GFP) and at different times after infection, GFP
expressing cells were isolated by fluorescence-activated cell (FACs)
sorting to measure the transactivation of p53-response genes
by real time quantitative PCR analysis (RT-QPCR). As shown
in Figure 2A, expression of wild-type p53 led to strong induc-
tion of both, pro-apoptotic Bax and Puma genes, as expected.
In addition, VSV infection induced the transactivation of IFN-
inducible genes, such as regulated upon activation in normal T
cell expressed and secreted (RANTES) and IRF7. However, this
transactivation was clearly reduced in those cells transfected with
empty vector or the acetylation-defective p53-8KR mutant (Fig.
2A). Similar results were obtained after RT-QPCR of FACs-
sorted p53-null MEFs transiently transfected with pcDNA,
p53-WT or p53-8KR. VSV infection induced the transactiva-
tion of IFN-inducible genes in a p53-dependent manner and loss
of acetylation completely abolished this p53-dependent tran-
scriptional transactivation (Fig. 2B). Our findings demonstrate
that acetylation is required for p53-dependent transcription of
pro-apoptotic genes in response to virus infection, in agreement
with previous reports that demonstrate that loss of acetylation
abrogates p53-mediated activation of proapoptotic targets such
as Bax, Puma and Pig3 in response to genotoxic stress.'® In addi-
tion we also demonstrate that p53 acetylation is required for
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Figure 2. Transcriptional transactivation of p53-activated genes in response to virus infection requires p53-acetylation. (A) H1299 cells stably trans-
and Q-RTPCR analysis of the infected cells was performed. (B) MEFs derived from p53” mice transiently co-transfected with GFP and pcDNA, p53-WT

RTPCR analysis was performed. The right parts represent the expression levels of p53 in each experiment.

he indicated times. Then, GFP expressing cells were selected by FACs sorting

e indicated times. Then, GFP expressing cells were selected by FACs and Q-

p53-mediated transcriptional activation of genes implicated in
innate immunity.

Acetylation is essential for p53-mediated antiviral activity.
The importance of p53 acetylation for p53 antiviral activity is
underscored by the fact that proteins from different viruses can
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inhibit p53 acetylation.”?* To examine the role of p53 acetyla-
tion on p53-mediated antiviral activity, p53-deficient MEFs tran-
siently transfected as described above were infected with VSV at

a MOI of 5 PFU/cell and at 24 or 48 h after infection, we deter-
mined virus titers in supernatants. As expected, the expression
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Figure 3. Acetylation is essential for p53-mediated antiviral activity. (A)
MEFs derived from p537 mice were transiently transfected with pcDNA,
p53-WT or p53-8KR and then infected in triplicate with VSV at MOI of 5
PFU/ml and quantification of the virus yield at the indicated time was
assessed. The same results were obtained in at least three different
experiments Data represents means + SE for one experiment. *p < 0.05
compared with pcDNA transfected cells, Student’s test. (B) p537- MEFs
were transiently transfected with pcDNA, p53-WT or 53-8KR and then
infected with VSV at MOI of 5 PFU/ml and at the indicated times, protein
gel blotting using antibodies against the M protein from VSV was per-
formed. Asterisk indicates a non-specific band.

of wild type p53 induced a statistically significant decrease in
the viral titer in comparison with the one obtained in pcDNA-
transfected cells. Importantly, no reduction in the viral titer was
observed in cells transfected with the 8KR mutant (Fig. 3A),
indicating that p53 acetylation is required for the protective role
of p53 against VSV infection. This notion was further corrobo-
rated by direct inspection of viral protein synthesis after infec-
tion of p53-deficient MEFs transfected with pcDNA, p53-WT
or p53-8KR with VSV at a MOI of 5 PFU/ml. Viral protein syn-
thesis was clearly reduced in those cells expressing p53-WT in
comparison with the VSV protein level detected in the pcDNA
or p53-8KR transfected cells (Fig. 3B).

In summary, our data demonstrate that p53 is acetylated in
response to virus infection and that acetylation is an indispensable
event for the transcriptional activation of p53-dependent genes in
response to virus infection and the subsequent control of virus
replication. These results might represent the basis to explain
the observed inhibition of p53 acetylation by viral proteins as a
mechanism of viral escape from p53-mediated antiviral activity.

Methods
Cell culture, virus and transfections. SIRT1-tg and SIRT1"

mice have been previously described in reference 27 and 33.
MEFs were isolated and cultured as described previously in

3704

Cell Cycle

reference 34. All MEFs were used before spontaneous immor-
talization. BHK-21, H1299 and BSC-40 cells were maintained
in DMEM supplemented with 10% fetal calf serum (Gibco), 5
mmol/L L-glutamine (Invitrogen) and penicillin-streptomycin
(Invitrogen). Infections were performed using Herpes simplex
virus type 1 (HSV-1), vesicular stomatitis virus (VSV) of Indiana
strain or recombinant VSV expressing GFP (rVSV-GFP) kindly
provided by Dr. Adolfo Garcia-Sastre (Mount Sinai School of
Medicine), and VSV yields were measured by plaque assays in
BSC-40 cells. To obtain the p53 or Flag-p53-8KR expressing
cell lines, H1299 cells were transfected with pcDNA-p53-WT or
pCIN4-Flag-HA-p53-8KR and selected for 2 weeks on 1 mg/ml
G418 (Invitrogen), until p53-expressing clones were obtained.
p53-null MEFs were transiently co-transfected with GFP and
pcDNA, p53-WT or p53-8KR at a 1:10 ratio of plasmids.
Transfection of H1299 was done using FuGene (Roche) and
MEFs were transfected with lipofectamine 2000, respectively,
following the manufacturer’s instructions.

Protein gel blot analysis and antibodies. 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, trans-
ferred to nitrocellulose and incubated with the corresponding
antibodies. The following antibodies were used: anti-mouse p53
(CM35, Novocastra), anti-human p53 (Santa Cruz Biotechnology),
anti-VSV, anti-Serl8-p53 (Cell Signaling), anti-K379-p53 (Cell
Signaling), anti-SIRT1 (Abcam, AB12193), anti-Mdm2 (Santa
Cruz Biotechnology) and anti-actin (MP Biomedicals).

Quantitative reverse transcription-PCR (qQRT-PCR) analy-
sis. For qRT-PCR analysis, RNA was isolated from cells using
TRIzol (Invitrogen). Quantitative RT-PCR was performed
using 100 ng of sample RNA and SYBR green (Roche) in an
ABI PRISM 7900HT instrument following manufacturer’s
instructions.

Cell sorting and flow cytometry. For H1299 sorting, cells
were infected with rVSV-GFP at a multiplicity of infection
(MOI) of 1 PFU/ml. Twelve hours after infection, cells were
trypsinized and resuspended in DMEM supplemented with 10%
FBS at 2 x 10° cells/ml. For MEFs sorting, p53-null MEFs co-
transfected at a 10:1 ratio of plasmids were infected with VSV
at a MOI of 5 PFU/ml for the indicated times. GFP positive
cells were sorted in sterile conditions using a MOFLO cell sorter
(Beckman Coulter).

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

Funding at the laboratory of C.R. is provided by BFU-2008-
03784. M. Campagna and L.M.V. are supported by Juan de
la Cierva Programme. J.G.S. is supported by an IFARHU-
SENACYT predoctoral fellowship from Panama. P.G. is sup-
ported by JAE predoctoral fellowship. The funders had no role
in study design, data collection and analysis, decision to publish
or preparation of the manuscript. The authors declare that they
have no conflict of interest.

Volume 10 Issue 21



References

Crighton D, Wilkinson S, O’Prey J, Syed N, Smith
P, Harrison PR, et al. DRAM, a p53-induced mod-
ulator of autophagy, is critical for apoptosis. Cell
2006; 126:121-34; PMID:16839881; DOI:10.1016/j.
cell.2006.05.034.

Feng Z, Zhang H, Levine AJ, Jin S. The coordi-
nate regulation of the p53 and mTOR pathways in
cells. Proc Natl Acad Sci USA 2005; 102:8204-9;
PMID:15928081; DOI:10.1073/pnas.0502857102.
Jacks T, Weinberg RA. Cell cycle control and its
watchman. Nature 1996; 381:643-4; PMID:8649505;
DOI:10.1038/381643a0.

Maiuri MC, Malik SA, Morselli E, Kepp O, Criollo
A, Mouchel PL, et al. Stimulation of autophagy by the
p53 target gene Sestrin2. Cell Cycle 2009; 8:1571-6;
PMID:19377293; DOI:10.4161/cc.8.10.8498.

Oren M. Relationship of p53 to the control of apop-
totic cell death. Semin Cancer Biol 1994; 5:221-7;
PMID:7948950.

Prives C, Hall PA. The p53 pathway. J Pathol 1999;
187:112-26; PMID:10341712; DOI:10.1002/
(SICI)1096-9896(199901)187:1<112::AID-
PATH250>3.0.CO;2-3.

Takaoka A, Hayakawa S, Yanai H, Stoiber D, Negishi
H, Kikuchi H, et al. Integration of interferon-alpha/
beta signalling to p53 responses in tumour suppres-
sion and antiviral defence. Nature 2003; 424:516-23;
PMID:12872134; DOI:10.1038/nature01850.
Vogelstein B, Lane D, Levine AJ. Surfing the p53
network. Nature 2000; 408:307-10; PMID:11099028;
DOI:10.1038/35042675.

Vousden KH, Lu X. Live or let die: the cell’s
response to p53. Nat Rev Cancer 2002; 2:594-604;
PMID:12154352; DOI:10.1038/nrc864.
Mufioz-Fontela C, Macip S, Martinez-Sobrido L, Brown
L, Ashour J, Garcia-Sastre A, et al. Transcriptional role
of p53 in interferon-mediated antiviral immunity.
J Exp Med 2008; 205:1929-38; PMID:18663127;
DOI:10.1084/jem.20080383.

Brooks CL, Gu W. p53 ubiquitination: Mdm2 and
beyond. Mol Cell 2006; 21:307-15; PMID:16455486;
DOI:10.1016/j.molcel.2006.01.020.

Kruse JB, Gu W. SnapShot: p53 posttranslational modi-
fications. Cell 2008; 133:930-30.

Vousden KH, Lane DP. p53 in health and disease. Nat
Rev Mol Cell Biol 2007; 8:275-83; PMID:17380161;
DOI:10.1038/nrm2147.

Gu W, Roeder RG. Activation of p53 sequence-specific
DNA binding by acetylation of the p53 C-terminal
domain. Cell 1997; 90:595-606; PMID:9288740;
DOI:10.1016/50092-8674(00)80521-8.

www.landesbioscience.com

20.

21.

22.

23.

24.

25.

Luo J, Li M, Tang Y, Laszkowska M, Roeder RG,
Gu W. Acetylation of p53 augments its site-specific
DNA binding both in vitro and in vivo. Proc Natl
Acad Sci USA 2004; 101:2259-64; PMID:14982997;
DOI:10.1073/pnas.0308762101.

Tang Y, Zhao W, Chen Y, Zhao Y, Gu W. Acetylation
is indispensable for p53 activation. Cell 2008;
133:612-26; PMID:18485870; DOI:10.1016/j.
cell.2008.03.025.

Allison SJ, Jiang M, Milner J. Oncogenic viral protein
HPV E7 upregulates the SIRT1 longevity protein in
human cervical cancer cells. Aging (Albany NY) 2009;
1:316-27; PMID:20157519.

Herzer K, Weyer S, Krammer PH, Galle PR, Hofmann
TG. Hepatitis C virus core protein inhibits tumor
suppressor protein promyelocytic leukemia function in
human hepatoma cells. Cancer Res 2005; 65:10830-7;
PMID:16322229; DOI:10.1158/0008-5472.CAN-
05-0880.

Liu Y, Colosimo AL, Yang XJ, Liao D. Adenovirus
E1B 55-kilodalton oncoprotein inhibits p53 acetyla-
ton by PCAE Mol Cell Biol 2000; 20:5540-53;
PMID:10891493; DOI:10.1128/MCB.20.15.5540-
53.2000.

Nishimura T, Kohara M, Izumi K, Kasama Y, Hirata
Y, Huang Y, et al. Hepatitis C virus impairs p53
via persistent overexpression of 3beta-hydroxysterol
Delta24-reductase. ] Biol Chem 2009; 284:36442-52;
PMID:19861417; DOI:10.1074/jbc.M109.043232.
Santos CR, Vega FM, Blanco S, Barcia R, Lazo PA.
The vaccinia virus BIR kinase induces p53 downregu-
lation by an Mdm2-dependent mechanism. Virology
2004; 328:254-65; PMID:15464845; DOI1:10.1016/j.
virol.2004.08.013.

Savelyeva I, Dobbelstein M. Infection with E1B-
mutant adenovirus stabilizes p53- but blocks- p53
acetylation and activity ~through E1A. Oncogene
2011; 30:865-75; PMID:20935676; DOI:10.1038/
onc.2010.461.

Brooks CL, Gu W. How does SIRT1 affect metabolism,
senescence and cancer? Nat Rev Cancer 2009; 9:123-8;
PMID:19132007; DOI1:10.1038/nrc2562.
Jung-Hynes B, Ahmad N. Role of p53 in the anti-pro-
liferative effects of SIRT1 inhibition in prostate cancer
cells. Cell Cycle 2009; 8:1478-83; PMID:19377286;
DOI:10.4161/cc.8.10.8408.

Luo J, Nikolaev AY, Imai S, Chen D, Su E Shiloh
A, et al. Negative control of p53 by Sir2alpha pro-
motes cell survival under stress. Cell 2001; 107:137-
48;  PMID:11672522;  DOI:10.1016/S0092-
8674(01)00524-4.

Cell Cycle

26.

27.

28.

29.

30.

31.

32.

33.

34.

Vaziri H, Dessain SK, Ng Eaton E, Imai SI, Frye
RA, Pandita TK, et al. hSIR2(SIRT1) functions as
an NAD-dependent p53 deacetylase. Cell 2001;
107:149-59; PMID:11672523; DOI:10.1016/S0092-
8674(01)00527-X.

Pfluger PT, Herranz D, Velasco-Miguel S, Serrano M,
Tschop MH. SIRT1 protects against high-fat diet-
induced metabolic damage. Proc Natl Acad Sci USA
2008; 105:9793-8; PMID:18599449; DOI:10.1073/
pnas.0802917105.

Lambert PE, Kashanchi F, Radonovich ME Shiekhattar
R, Brady JN. Phosphorylation of p53 serine 15 increases
interaction with CBP. J Biol Chem 1998; 273:33048-
53; PMID:9830059; DOI:10.1074/jbc.273.49.33048.
Chelbi-Alix MK, Pelicano L, Quignon F, Koken
MH, Venturini L, Stadler M, et al. Induction of the
PML protein by interferons in normal and APL cells.
Leukemia 1995; 9:2027-33; PMID:8609713.

Lavau C, Marchio A, Fagioli M, Jansen J, Falini B,
Lebon P, et al. The acute promyelocytic leukaemia-asso-
ciated PML gene is induced by interferon. Oncogene
1995; 11:871-6; PMID:7545807.

Stadler M, Chelbi-Alix MK, Koken MH, Venturini L,
Lee C, Saib A, et al. Transcriptional induction of the
PML growth suppressor gene by interferons is mediated
through an ISRE and a GAS element. Oncogene 1995;
11:2565-73; PMID:8545113.

Pearson M, Carbone R, Sebastiani C, Cioce M,
Fagioli M, Saito S, et al. PML regulates p53 acetyla-
tion and premature senescence induced by oncogenic
Ras. Nature 2000; 406:207-10; PMID:10910364;
DOI:10.1038/35021000.

Cheng HL, Mostoslavsky R, Saito S, Manis JB, Gu
Y, Patel P et al. Developmental defects and p53
hyperacetylation in Sir2 homolog (SIRT1)-deficient
mice. Proc Natl Acad Sci USA 2003; 100:10794-9;
PMID:12960381; DOI:10.1073/pnas.1934713100.
Palmero I, Serrano M. Induction of senescence by
oncogenic Ras. Methods Enzymol 2001; 333:247-
56; PMID:11400340; DOI:10.1016/S0076-
6879(01)33060-4.

3705



