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there is growing evidence that many host proteins involved in innate and intrinsic immunity are regulated by 
SUMoylation, and that SUMo contributes to the regulatory process that governs the initiation of the type I interferon 
(IFN) response. the tumor suppressor p53 is a modulator of the IFN response that plays a role in virus-induced apoptosis 
and in IFN-induced senescence. Here we demonstrate that IFN treatment increases the levels of SUMoylated p53 and 
induces cellular senescence through a process that is partially dependent upon SUMoylation of p53. Similarly, we show 
that vesicular stomatitis virus (VSV) infection induces p53 SUMoylation, and that this modification favors the control of 
VSV replication. thus, our study provides evidence that IFN signaling induces p53 SUMoylation, which results in the acti-
vation of a cellular senescence program and contributes to the antiviral functions of interferon.
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Introduction

Interferons (IFNs) are a critical initial defense barrier that 
dampens pathogen growth.1 In addition, IFNs affect many other 
cellular functions, such as cell growth, and manifest anti-onco-
genic activity.2-4 Tumor suppressor p53 is a direct transcriptional 
target of type I IFNs (IFN-α/β) contributing to the antitumor 
activity and antiviral actions mediated by the interferon path-
way.4,5 Type I IFNs stimulate p53 expression,4 acetylation at 
lysine residue 320, and phosphorylation at serine 15,5 resulting 
in growth arrest and senescence.5 Cell infection with vesicular 
stomatitis virus (VSV) also upregulates p53 and induces both 
its acetylation and phosphorylation modifications, which prime 
virus-infected cells for enhanced apoptosis.4,6

The activity of p53 can be modulated by covalent interaction 
with small ubiquitin-related modifiers (SUMO), although the 
result of this interaction may depend upon the promoter con-
text, stimuli, or cell type studied, as previously suggested.7 In 
this sense, there are reports showing enhanced,8-11 no effect,7 or 
decreased p53 transcription activity12,13 after SUMOylation.

Here we identify IFN treatment and infection with VSV as 
novel inducers of p53 SUMOylation. We examined the contribu-
tion of p53 SUMOylation to the cytostatic activity mediated by 

IFN and evaluated the role of this modification on the antiviral 
activity exerted by p53. Loss of p53 SUMOylation significantly 
reduced its ability to induce apoptosis in response to infection 
with VSV, which resulted in enhanced viral replication. In addi-
tion, a p53 SUMOylation mutant also showed reduced ability to 
induce cell senescence in response to IFN treatment. These find-
ings provide new insights into the mechanisms that mediate the 
antiproliferative and antiviral activities of type I IFNs.

Results

IFN treatment induces p53 SUMOylation
p53 SUMOylation is induced upon hydrogen peroxide treat-

ment and other genotoxic stresses,7,9,11 and type I IFN has been 
shown to induce the DNA damage-signaling pathway.5 Therefore, 
we decided to evaluate whether IFN treatment induced post-
translational modification of p53 by SUMO. To this end, 
HEK-293 cells were transfected with pcDNA, Ubc9 and His6-
SUMO1 or Ubc9 and His6-SUMO2, and then treated with 
500 or 1000 U/ml of IFN-α for 16 h. Whole-cell extracts and 
Histidine purified proteins were then analyzed by western blot. 
As shown in Figure 1A, incubation of cells with 500 or 1000 U/
ml of IFN induced a clear increase in the levels of p53-SUMO1 
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and p53-SUMO2 proteins. Similar results were observed when 
HEK-293 cells transfected as described above were analyzed at 
an earlier time point after treatment with 500 U/ml of IFN-α. 
A clear increase in the levels of p53-SUMO1 and p53-SUMO2 

proteins was detected at 8 h after IFN treatment. However, the 
level of p53-SUMO2 protein was even higher at 16 h after IFN 
treatment (Fig. 1B). All together, these results indicate that IFN 
induces the conjugation of p53 to SUMO1 and SUMO2.

VSV infection induces the conjugation of SUMO1 and 
SUMO2 to the lysine residue 386 in p53

The expression of IFN-α and -β is upregulated in response to 
viral infection.14 For this reason, we decided to evaluate whether 
infection with VSV can also induce the SUMOylation of p53. 
To this end, HEK-293 cells were transfected with pcDNA, Ubc9 
and His6-SUMO1 or Ubc9 and His6-SUMO2, and 36 h after 
transfection cells were infected with VSV at an MOI of 1 PFU/
cell. At 4 h after infection, whole-protein extracts and Histidine 
purified proteins were analyzed by western blot using an anti-p53 
antibody. As shown in Figure 2A, infection with VSV induced an 
increase in the levels of p53-SUMO1 and p53-SUMO2 proteins. 
To corroborate these results and to analyze whether the induction 
of p53 SUMOylation occurs early after infection, we performed a 
time-course analysis of p53 SUMOylation after VSV infection. As 
shown in Figure 2B, a slight increase in the intensity of the p53-
SUMO1 band was already detected as early as 2 hpi. However, 
the level of this band was even higher at 4 hpi, when we detected 
the maximum amount of SUMO1- and SUMO2-modified p53 
proteins. To further corroborate these data, we decided to analyze 
the co-localization of both p53 and SUMO in cells infected with 
VSV. It has been previously reported that p53 and SUMO1 co-
localize in the nucleoli of MCF7 and in PML nuclear bodies of 
HEK-293 cells.7 Accordingly, we decided to analyze the localiza-
tion of p53 and SUMO in both cell lines. Cells were transfected 
with GFP-p53 and 36 h after transfection cells were infected with 
VSV at an MOI of 1 PFU/ml. At 4 h after infection cells were 
immunostained with anti-SUMO1 or anti-SUMO2 antibody, 
and the localization of both SUMO1 or SUMO2 and GFP-p53 
was determined by confocal microscopy analysis. Mock-infected 
cells showed GFP-p53 homogenously distributed throughout the 
nucleus excluding nucleoli, while SUMO appeared as discrete 
nuclear dots (Fig. 2C). We observed a clear translocation of both 
SUMO2 and GFP-p53 to the nucleoli in around 50% of the 
MCF7-infected cells, resulting in co-localization of both proteins 
(Fig. 2C, left panel). In HEK-293 cells SUMO1 and GFP-p53 
also co-localized in the nucleus of infected cells, even though 
SUMO1 was not translocated to the nucleolus.

Lysine 386 is the main SUMO acceptor in p53.8,11 For this rea-
son, we decided to analyze whether the induction of p53-SUMO 
conjugation by VSV infection occurred in this particular lysine 
residue. For this, p53-null mouse embryo fibroblasts (MEFs) were 
co-transfected with wild-type (p53-WT) or the SUMOylation 
mutant (p53-K386R) p53, in combination with pcDNA, Ubc9 
and His6-SUMO1 or Ubc9 and His6-SUMO2, and 36 h after 
transfection cells were infected with VSV as described above. 
Whole-cell extracts and Histidine purified proteins were then 
analyzed by western blot using anti-p53 antibody. We detected 
an increase in the levels of p53-SUMO1 and p53-SUMO2 pro-
teins in those cells transfected with p53-WT after infection 
with VSV, as expected (Fig. 2D). However, no SUMO-p53 
bands were detected in the cells transfected with p53-K386R, 

Figure  1. IFN-α treatment of HeK-293 cells induces p53 SUMoylation. 
(A) Stimulation of p53 SUMoylation after treatment for 16 h with differ-
ent concentrations of IFN-α. (B) Stimulation of p53 SUMoylation after 
treatment with 500 U/ml of IFN-α for different periods of time.
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Figure 2. VSV infection induces the conjugation of SUMo1 and SUMo2 to the lysine residue 386 in p53. (A) p53 SUMoylation after 4 h of VSV infection. 
(B) time-course experiment showing p53 SUMoylation during VSV infection. (C) Co-localization of GFP-p53 and SUMo2 or SUMo1 in VSV infected MCF7 
cells (left panel) and HeK-293 cells (right panel), respectively. (D) VSV infection induces the SUMoylation of p53-Wt, but not of p53-K386r mutant.
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independently of VSV infection. These results demonstrate that 
VSV infection induces an increase in the conjugation of both 
SUMO1 and SUMO2 to the lysine residue 386 in p53. It is note-
worthy that in all cases we observed significantly higher levels of 
p53 protein conjugated to SUMO2 than to SUMO1, likely due 
to the limited amount of SUMO 1 vs. SUMO2 protein available 
for conjugation.

SUMO contributes to the antiviral effect mediated by p53
Activation of p53 in response to virus infection induces tran-

scriptional activation of some of its classical target genes, such as 
Puma,4 and of some IFN-inducible genes, such as ISG54.15 To 
elucidate the influence of p53 SUMOylation on p53-mediated 
transcriptional transactivation induced in response to virus infec-
tion, we generated derivatives of the p53-null human lung car-
cinoma cell line H1299 expressing p53-WT or the p53-K386R 
mutant. Cells were infected with a recombinant VSV-expressing 
GFP (rVSV-GFP), and at 3 h after infection, cells expressing 
GFP were isolated by fluorescence-activated cell sorting (FACS) 
and subjected to RNA extraction to measure the transactivation 
of p53-response genes by real-time quantitative PCR analysis 
(qRT-PCR). As shown in Figure 3A, VSV infection induced 
the transactivation of the pro-apoptotic Puma gene and the 
IFN-inducible gene ISG54 in cells expressing wild-type p53, as 
expected. However, this transactivation was clearly reduced in 
those cells transfected with empty vector or the SUMOylation-
defective p53-K386R mutant (Fig. 3A). These results suggest that 

SUMOylation positively regulates p53-dependent transcrip-
tional activity in response to virus infection. Tumor suppressor 
p53 contributes to virus-induced apoptosis, and alterations in 
p53 expression or activity may have profound effects on virus 
replication.4,6,15,16 To evaluate the consequences of blocking 
p53 SUMOylation on apoptosis induction in response to virus 
infection, H1299 cells transfected with pcDNA, p53-WT, or 
p53-K386R were infected with rVSV-GFP at an MOI of 0.1 
PFU/ml, and 12 h after infection, we determined the number 
of apoptotic GFP-positive cells using Annexin-V staining as a 
readout. As shown in Figure 3B, and as expected, more than 
20% of the infected cells expressing p53-WT entered apoptosis 
in comparison with pcDNA-transfected cells, in which less than 
5% of the virus-infected cells underwent apoptosis. The percent-
age of apoptotic p53-K386R-expressing cells in response to VSV 
infection was significantly lower than the percentage observed 
in p53-WT cells and higher than the one detected in cells 
transfected with pcDNA (Fig. 3B). These results indicate that 
SUMOylation is required, at least to some extent, for p53-depen-
dent apoptosis in response to virus infection. Finally, to examine 
the role of p53 SUMOylation on p53-mediated antiviral activ-
ity, cells transfected with pcDNA, p53-WT, or p53-K386R were 
infected with VSV, and at 48 h after infection we determined 
the virus titers in cell supernatants. As expected, expression of 
wild-type p53 induced a statistically significant decrease in viral 
titer in comparison with pcDNA-transfected cells (Fig. 3C). 

Figure 3. SUMoylation is required for the full antiviral activity mediated by p53. (A) SUMoylation is required for p53-dependent transcriptional activity 
in response to VSV infection. the levels of mrNa expression are shown as induction relative to uninfected cells transfected with pcDNa. Presented are 
the mean values and SD of 3 replicates. the right panel represents the expression levels of p53 in the cells. (B) SUMoylation is required for p53-depen-
dent apoptosis in response to virus infection. Bar graphs show the percentage of apoptotic cells (+/− SD) of triplicate samples. (C) SUMoylation is 
required for the control of virus replication mediated by p53. Data represents means ± SD for data obtained in 3 independent experiments.  
*P < 0.05, ** P < 0.005, ***P < 0.0005, Student t test.
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Importantly, the viral titer obtained in cells expressing the p53-
K386R mutant was significantly higher than the one detected 
in p53-WT expressing cells and lower than the one recovered 
from pcDNA transfected cells (Fig. 3C). Altogether, these 
results indicate that SUMOylation is an event required for the 
full transcriptional activation of p53-dependent genes and apop-
tosis induction in response to virus infection and the subsequent 
control of virus replication.

SUMOylation of p53 contributes to the senescence program 
induced by IFN

Tumor suppressor p53 is a major mediator of premature cell 
senescence in response to IFN-β treatment5,17 or after overex-
pression of SUMO2/3.9 In addition, it has been proposed that 
p53 SUMOylation contributes to the induction of senescence 
observed after PIASγ overexpression.18 We then speculated that 
the increase in p53 SUMOylation induced by IFN might play 

Figure 4. IFN treatment induces cellular senescence in a p53 SUMoylation-dependent manner. (A) Increased sensitivity of p53-Wt cells to IFN-α. the 
clonogenic capacity of H1299 cells treated with IFN-α was assessed. the colony number relative to untreated cells (average +/− SD of triplicates) is shown. 
*P < 0.05, Student t test when comparing the reduction in the clonogenicity of pcDNa or p53-K386r- and p53-Wt-expressing cells. (B) SUMoylation of 
p53 contributes to the senescence program induced by IFN. representative pictures of Sa-β-Gal staining (upper-left panel) and quantification of data, 
showing the percentage of Sa-β-Gal-positive cells (upper-right panel). Data shown average +/− SD from 2 independent experiments. Fold change in 
the fraction of p53-Wt- or p53-K386r-expressing cells that were positive for Sa-β-Gal staining after IFN-α treatment relative to the change observed in 
the control cells (lower-right panel) (average +/− SD from 4 independent experiments) *P < 0.05, ***P < 0.0005, Student t test. Western blot analysis of 
protein extracts from cells treated or not with IFN-α (lower-left panel). Numbers under the bands, densitometric analysis showing fold change in p21 
levels compared with untreated cells.
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a role in the induction of senescence triggered by this cytokine. 
To evaluate this possibility, we analyzed the clonogenic capac-
ity of the H1299 derivative cells expressing pcDNA, p53-WT, 
or p53-K386R in the absence or presence of IFN-α. The num-
ber of colonies formed by cells treated with IFN-α was signifi-
cantly lower than the number obtained in untreated control cells 
(P < 0.05), independently of the expression or not of p53-WT or 
p53-K386R (Fig. 4A). However, the p53-WT expressing cells 
were significantly (P < 0.05) more sensitive to IFN-α compared 
with pcDNA- or p53-K386R-expressing cells (Fig. 4A). We 
then analyzed the senescence-associated β-galactosidase (SA-β-
Gal) activity. Consistent with previous studies, we observed that 
treatment of p53-WT expressing cells with IFN induced the 
appearance of SA-β-Gal-positive cells (Fig. 4B). In contrast, the 
number of cells transfected with pcDNA that were positive for 
SA-β-Gal staining was lower and did not increase significantly 
after IFN treatment (Fig. 4B). In addition, the percentage of 
cells expressing the SUMOylation mutant p53-K386R that were 
positive for SA-β-Gal staining after IFN treatment was signifi-
cantly lower than in p53-WT-expressing cells and did not differ 
significantly to untreated cells (Fig. 4B). Of note, the percent-
age of SA-β-Gal positive cells detected in untreated p53-WT 
or p53-K386R cells was higher than in cells transfected with 
pcDNA. In addition, western blot analysis revealed that IFN 
treatment induced the upregulation of PML, independently 
of the transfection with pcDNA, p53-WT, or p53-K386R 
(Fig. 4C). However, we only detected the upregulation of p21 
in the IFN-treated p53-WT-expressing cells and not in the 
pcDNA- or p53-K386R-transfected cells. Finally, as it has been 
well established that E2F-dependent transcription is repressed 
in cells undergoing senescence,19-22 qRT-PCR to monitor the 
expression of the E2F target gene MCM6 was performed. We 
only detected downregulation of MCM6 in response to inter-
feron treatment in the p53-WT-expressing cells (0.5-fold relative 
to untreated p53-WT-expressing cells) and not in the pcDNA- 
or p53-K386R-transfected cells. Altogether, these results indi-
cate that SUMOylation of p53 contributes to the senescence 
program induced by IFN, although it may be not required for 
other senescence-inducing stimuli.

Discussion

Type I IFN induces the transcription of multiple genes leading 
to immunomodulatory as well as growth-inhibitory effects.23,24 
Tumor suppressor p53 is a direct transcriptional target of type I 
IFNs, contributing to their antitumor and antiviral actions.4,5 In 
this study we demonstrate that both treatment with type I IFN 
and infection with VSV, a negative sense single-stranded RNA 
virus that is extremely sensitive to the antiviral actions of the 
IFNs, induce p53 SUMOylation. These observations, together 
with the results showing that pronounced SUMOylation of p53 
was detected very early after infection, suggest that SUMO mod-
ification might be involved in the positive regulation of the anti-
viral immunity exerted by p53. A role for SUMO modification 
in p53 antiviral activity is also consistent with the observation 
that a p53 SUMOylation mutant fails to control VSV infection 

as efficiently as the p53-WT protein. There are several examples 
demonstrating that VSV infection can alter the SUMOylation 
status of host cell proteins,25,26 and that this modification can 
contribute to the control of virus replication,25,27 suggesting that 
SUMOylation is a positive regulator of innate immunity. Thus, 
the IFN-induced SUMOylation of p53 is part of the complex 
host innate antiviral response.

In addition, we showed that IFN-induced senescence in 
H1299 cells stably expressing p53 was dependent to a great extent 
upon SUMOylation of p53. Similarly, other authors have also 
proposed a contribution of p53 SUMOylation to the induction 
of senescence after PIASg overexpression.18 These findings raise 
the possibility of modulating p53 SUMOylation as a potential 
mechanism to regulate cell senescence.

p53 SUMOylation is induced in response to hydrogen perox-
ide treatment9 and other genotoxic stresses.7,11 Both, IFN treat-
ment and VSV infection can activate a DNA damage response 
in the cell.4,5 Thus, it is conceivable that DNA damage works 
as a mediator for the induction of p53 SUMOylation, although 
the exact molecular mechanism is not known. At the molecular 
level, SUMOylation of p53 can be induced by MDM2, ARF, 
and L11,28,29 PIAS1,13,30,31 PIASxb,13 PIASg,12,18 E1B-55k,32 RAX/
PACT,33 PKC activation,34 or by direct targeting of p53 to the 
nucleolus.28 Due to the high number of molecular targets of IFN, 
several pathways may account for the IFN-dependent effect on 
p53 SUMOylation. Additional analyses are required to elucidate 
the exact mechanisms that mediate this effect.

In summary, our results open up the possibility that both the 
antiviral and antiproliferative effects that depend on the cross-
talk between the p53 and IFN pathways may be promoted by 
strategies directed toward the upregulation of SUMOylated 
p53, which may lead to novel anticancer and antiviral therapies. 
Consequently, viral interference with SUMOylation of p53 could 
diminish defense mechanisms and/or confer a more favorable 
host cell environment for viral propagation. Identification of viral 
factors with this capability will shed light on this.

Materials and Methods

Cell lines and transfections
MEFs derived from null p53 mice or WT mice, and the cell 

lines MCF-7, HEK-293, BSC40, and H1299 were maintained 
in DMEM supplemented with 10% heat inactivated-fetal calf 
serum (Gibco), 5 mmol/L L-glutamine (Invitrogen), and 1% 
penicillin-streptomycin solution (Sigma, 10 000 U/mL peni-
cillin and 10 mg/mL streptomycin). Transfection of HEK-293 
and MCF-7 was done using X-treme (Roche), and H1299 cells 
and p53 null MEFs were transfected with lipofectamine 2000, 
following the manufacturer’s instructions. Infections were 
performed using VSV of Indiana strain or recombinant VSV 
expressing GFP (rVSV-GFP) kindly provided by Dr Adolfo 
Garcia-Sastre (Mount Sinai School of Medicine), and virus yields 
were measured by plaque assays in BSC-40 cells. To obtain the 
p53-WT- or p53-K386R-expressing cell lines, H1299 cells were 
transfected with pcDNA, pcDNA-p53-WT or pcDNA-p53-
K386R and selected for 2 weeks on 1 mg/ml G418 (Invitrogen). 
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GenScript.
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extracts were separated by SDS-PAGE and transferred to nitro-
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Fluorescence-activated cell sorting
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cell sorting of GFP+ cells using a FACS-Aria instrument (BD).
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Immunofluorescence staining and confocal analysis were per-

formed as previously described.37 Analysis of the samples was 
performed on a Leica TCS SP5 confocal laser microscope using 
simultaneous scans to avoid shift between the optical channels. 
Images were exported using Adobe Photoshop CS2 version 9.0.2.

Purification of His-tagged conjugates
Purification of His-tagged conjugates using Ni2+-NTA-

agarose beads was performed as described.38

Quantitative reverse transcription-PCR (qRT-PCR) analysis
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 instruc-
tions. Specific MCM6 primers were previously reported.22

Apoptosis determination
Cells were infected with rVSV-GFP at a multiplicity of infec-

tion (MOI) of 0.1 PFU/ml. At 12 h after infection, GFP-positive 
cells were harvested and stained with Annexin-V-APC and 
propidium iodide. Cells were then analyzed in a FACs canto II 
instrument.

Cell proliferation, clonogenic assay, and senescence 
determination

For clonogenic assay, cells were seeded at 1000 cells per 60 cm 
tissue culture dishes in triplicate and incubated with or without 
IFN-α (1000 U/mL) for 7 d. Cells were fixed with methanol, and 
colonies were stained with 0.5% crystal violet solution. For SA-β-
Gal activity, cells were plated in 12 multi-well, 0.5 × 104 cells 
per well, and treated with 1000 U/mL of IFN-α for 3 d, or left 
untreated, and then stained with the senescence β-galactosidase 
kit (Cell Signaling) following the manufacturer’s instructions. 
Percentage positive staining was determined by dividing the 
number of β-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 t test was applied. The significance level chosen for 
the statistical analysis was P < 0.05
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