
Online Submissions: http://www.wjgnet.com/esps/
wjv@wjgnet.com
doi:10.5501/wjv.v2.i2.79

World J Virol  2013 May 12; 2(2): 79-90
ISSN 2220-3249 (online)

© 2013 Baishideng. All rights reserved.

World Journal of 
VirologyW J V

Viral manipulation of cellular protein conjugation pathways: 
The SUMO lesson

Domenico Mattoscio, Chiara V Segré, Susanna Chiocca

Domenico Mattoscio, Chiara V Segré, Susanna Chiocca, 
Department of Experimental Oncology, European Institute of 
Oncology, Via Adamello 16, 20139 Milan, Italy
Author contributions: Mattoscio D, Segré CV and Chiocca S 
wrote the paper.
Correspondence to: Susanna Chiocca, PhD, Department of 
Experimental Oncology, European Institute of Oncology, Via 
Adamello 16, 20139 Milan, Italy. susanna.chiocca@ieo.eu
Telephone: +39-2-57489835  Fax: +39-2-94375990
Received: December 5, 2012  Revised: January 23, 2013
Accepted: February 5, 2013
Published online: May 12, 2013

Abstract
Small ubiquitin-like modifier (SUMO)ylation is a key post-
translational modification mechanism that controls the 
function of a plethora of proteins and biological process-
es. Given its central regulatory role, it is not surprising 
that it is widely exploited by viruses. A number of viral 
proteins are known to modify and/or be modified by the 
SUMOylation system to exert their function, to create a 
cellular environment more favorable for virus survival 
and propagation, and to prevent host antiviral respons-
es. Since the SUMO pathway is a multi-step cascade, 
viral proteins engage with it at many levels, to advance 
and favor each stage of a typical infection cycle: rep-
lication, viral assembly and immune evasion. Here we 
review the current knowledge on the interplay between 
the host SUMO system and viral lifecycle. 
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INTRODUCTION
Pathogenic organisms possess the remarkable ability to 
hijack the cellular machinery of  host cells to their advan-
tage. Viruses in particular manipulate several physiologi-
cal cellular pathways to prevent antiviral responses and to 
create an environment that facilitates their survival and 
propagation.

A common strategy to create a more conducive milieu 
to viral development consists in exploiting cellular post-
translational modifications (PTMs) mechanisms.

Between the numerous PTMs occurring in cells, small 
ubiquitin-like modifier (SUMO)ylation is emerging as 
a key PTM that controls the function of  a plethora of  
proteins and biological processes. Hence, given its central 
regulatory role, the SUMOylation pathway is widely ex-
ploited by viruses, whose proteins can either modify and/
or be modified by the SUMOylation system with various 
consequences.

The aim of  this review is therefore focused on the 
mechanisms through which viruses exploit the SU-
MOylation pathway and the implications for viral infec-
tions and diseases. First, we will describe the general 
characteristics of  the SUMO cycle and the enzymes 
involved in this pathway. Next, we will give a compre-
hensive overview on the latest findings on viral proteins 
and SUMOylation interplay, focusing in particular on the 
mechanisms that can promote viral infections by altering 
the SUMO system.

SUMO Pathway
The SUMO is a member of  the ubiquitin-like proteins 
(Ubls) family. The common feature of  Ubls is that they 
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are attached to a target protein amino group of  a lysine 
residue through similar but distinct enzymatic cascades[1]. 
After conjugation, Ubls reversibly alter protein functions, 
without the need for new protein synthesis, thus provid-
ing cells with a rapid and versatile mechanism to quickly 
respond to changes in the surrounding environment.

SUMOylation was identified as a reversible PTM in 
1996[2,3]. There are four different genes in the human ge-
nome coding for the different SUMO modifiers: SUMO-1, 
-2, -3 and -4. SUMO-2 and -3 are nearly identical in se-
quence, differing from each other by only three N-terminal 
residues, and are therefore collectively referred to as 
SUMO-2/3[4]. On the contrary, SUMO-2/3 significantly 
diverge from SUMO-1, sharing only about 45% similarity 
with its sequence[5]. Finally, a SUMO-4 isoform has been 
described[6], which shares 86% homology with SUMO-2. 
In humans, while SUMO-1 and SUMO-2/3 are ubiqui-
tous, SUMO-4 expression seems to be restricted to kid-
neys, lymph nodes and spleen[6].

SUMO-1 conjugation has been implicated in the regu-
lation of  physiological processes because it is virtually all 
bound to target proteins, while SUMO-2/3 appears to be 
more widely expressed as a pool of  free non-conjugated 
proteins, readily available for stress responses[4]. SUMO-4 
is probably not conjugated under normal conditions and 
its biological role is still unclear[7]. Moreover, the different 
SUMO paralogs do preferentially conjugate some sub-
strates[4,8,9], although other proteins can be equally modified 
by SUMO-1 or SUMO-2/3[8,10,11].

SUMO attachment to target proteins is mediated by 
enzymatic reactions (schematized in Figure 1) that catalyze 
the formation of  an isopeptide bond between the SUMO 
C-terminus and the e-amino group of  an internal lysine 
in the target, generally but not necessarily found within a 
SUMO modification consensus motif, yKxE[12,13] (where 
y is a bulky aliphatic residue, X is any residue).

Interestingly, SUMO-2/3 also bear the yKxE motif  
and therefore can be SUMOylated, forming chains on 
substrate proteins through their internal lysine residue[14]. 
Although the formation of  SUMO-1 chains has also been 
observed both in vitro and in vivo via non canonical con-
sensus sites[15-17], usually SUMO-1 acts as terminator of  
SUMO-2/3 polymeric chains[15]. Although target proteins 
are predominantly conjugated to monomeric SUMO, 
SUMO chains also play roles in replication, turnover of  
SUMO targets, mitosis and meiosis[18].

SUMO proteins are 11 kDa and, similarly to most other 
Ubls, are synthesized as inactive precursor proteins carry-
ing an extension of  variable length (ranging from 2 to 11 
amino acids). These primary translated products undergo 
a C-terminal cleavage to expose the diglycine motif  that 
will be linked to the target proteins. Removal of  this 
C-terminal end is mediated by a specific protease belong-
ing to the sentrin-specific proteases (SENPs) family[19]. In 
addition to its role in SUMO processing, SENP activity is 
also required for SUMO depolymerization and deconju-
gation from its substrates[19], as detailed below. 

The mature form of  SUMO is conjugated to the target 

proteins by a three-step enzymatic cascade, very similar to 
the ubiquitin pathway but involving different enzymes: E1 
activating enzyme, E2 conjugating enzyme and E3 ligases 
(Figure 1). 

SUMO E1 is a 110 kDa protein, composed of  a het-
erodimer of  SUMO-activating enzyme subunit (SAE) 1/2 
subunits (also known as AOS1-UBA2[20,21]). During each con-
jugation cycle, SAE1/2 activate SUMO proteins[20] through  
the formation of  a high-energy thioester bond between 
SAE2 and the C-terminal portion of  SUMO[22]. Activated 
SUMO is then transferred[22] to the E2 enzyme ubiquitin-
conjugating 9 (Ubc9). Opposite to the ubiquitin path-
way, where numerous conjugating enzymes have been 
described, Ubc9 is the only known SUMO-conjugating 
enzyme[23,24] and is essential for viability in most eukary-
otes[25]. Although Ubc9 itself  can transfer SUMO to tar-
gets[26], specific SUMO E3 ligases are required for efficient 
modification.

SUMO E3 ligases can be classified into three groups 
on the basis of  their similarity to the ubiquitin E3 ligases 
and in their mechanism of  action, but they share the abil-
ity to act as a bridge between the Ubc9-SUMO complex 
and the target protein, functioning as substrate recogniz-
ers[27]. The first group encompasses members of  the pro-
tein inhibitor of  activated STAT (PIAS) family (PIAS1, 
PIAS3, PIASxα, PIASxβ and PIASy, reviewed in[28]). In 
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Figure 1  Schematic representation of the small ubiquitin-like modifier 
conjugation enzymatic cascade. The cartoon schematically represents the 
enzymatic steps of small ubiquitin-like modifier (SUMO) protein conjugation on 
lysines of substrate proteins. 1: SUMO protein precursors are processed by 
SUMO proteases (SENP) that remove the C-terminal tetrapeptide (X) and free 
the diglycine motif (-GG); 2: The mature form of SUMO is activated by adenyl-
ation at the C-terminal diglycine motif by the E1 enzyme (the SUMO activating 
enzyme, SAE1-SAE2 or AOS1-UBA2) promoting a thioester bond with a con-
served Cys of the E1 enzyme; 3: SUMO is then transferred to a Cys on the E2 
conjugating enzyme (Ubc9) forming an E2-SUMO thioester; 4: An isopeptide 
bond is formed between the diglycine motif of SUMO and a lysine (K) residue 
in the substrate. E3 ligases are dispensable in vitro but most likely required in 
vivo; 5: SUMO proteins are removed from substrates by the action of SUMO 
proteases (SENPs) or DeSumoylating-isopeptidase (DeSI) and free SUMO 
proteins are available for another cycle of conjugation. 
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addition to the PIAS proteins, other secretory protein (SP)-
RING domain-containing proteins function as SUMO E3 
ligases (TOPORS[29], MUL1[30] and MMS21[31]). All these 
members contain a RING domain (SP, Siz/PIAS-RING) 
similar to the one found in ubiquitin E3 ligases. The sec-
ond group is represented exclusively by the nucleoporin 
RanBP2 that seems to act as a composite E3 ligase in the 
RanBP2/RanGAP1*SUMO1/Ubc9 complex[32]. The third 
group comprises E3 ligases lacking the RING-domain 
such as the polycomb member Pc2[33], histone deacetylase 
(HDAC)4[34], HDAC7[35], the G-protein Rhes[36], the RNA-
binding protein translocated in liposarcoma[37] and tumor-
necrosis-factor-associated protein 7[38]. Moreover, members 
of  the diverse tripartite motif  (TRIM) family have been 
very recently discovered as a new group of  SUMO E3 
ligases, requiring TRIM (defined by a RING domain, one 
or two zinc-binding domains and a coiled-coil dimerization 
region) to stimulate the conjugation of  both SUMO-1 and 
SUMO-2/3 to target proteins[39,40].

SUMOylation is a reversible process, governed by SU-
MO-specific proteases belonging to the SENP family and 
by the recently found DeSumoylating-isopeptidase (DeSI) 
proteins. Six true human SENP proteins have been de-
scribed so far (SENP1, 2, 3, 5, 6, 7), differing in their 
cellular distribution, selectivity for SUMO maturation 
and deconjugation towards different SUMO paralogs[41]. 
SENP1 and SENP2 are specific for both SUMO-1 and 
SUMO-2/3 processing and deconjugation, while SENP3 
and SENP5 act preferentially on SUMO2/3. SENP6 and 
SENP7 seem involved mainly in deconjugating SUMO2/3 
chains (see[41] and citations therein). Finally, SENP8 shows 
substrate specificity to another Ubl, NEDD8[42]. All the 
SENPs localize to the nucleus or nucleus-associated struc-
tures; on the contrary, DeSI (-1 and -2) proteins localize 
also in the cytoplasm and show deSUMOylating but not 
processing activity for SUMO1 and for both monomeric 
and polymeric SUMO2/3 chains[43].

Most cellular SUMO targets are transcription factors 
and usually SUMOylation exerts an inhibitory effect on 
their transactivating activity[44], by sequestering the tran-
scription factor in ProMyelocyticLeukemia nuclear bodies 
(PML-NBs)[45], a nuclear domain whose assembly requires 
an active and efficient SUMOylation pathway[46].

Usually, after undergoing SUMOylation, the substrate 
protein is recognized by a binding partner containing a 
SUMO-interaction motif  (SIM)[47]. This interplay can lead 
to an altered binding with interacting proteins or DNA, 
promotes the recruitment of  another SIM-containing ef-
fector, and affects the stability, localization or enzymatic 
activity of  the SUMOylated protein. Through these mecha-
nisms, SUMOylation regulates a number of  cellular pro-
cesses, such as transcriptional regulation, mRNA matura-
tion, meiosis, mitosis, chromatin remodeling, ion channel 
activity, cell growth and apoptosis (reviewed in[48]).

Therefore, because of  SUMOylation marked involve-
ment in the regulation of  cell functions, it is easy to under-
stand why viruses have evolved a variety of  mechanisms to 
exploit this system to their advantage.

Manipulation of the SUMO 
pathway: a versatile switch to 
promote viral lifespan
Many different viral proteins have been characterized for 
their ability to interact with the SUMO pathway. Since 
the SUMO pathway is a multi-step cascade, viral proteins 
can interact with and exploit it at many levels, in order to 
promote each stage of  a typical infection cycle (Table 1). 
Indeed, viruses can utilize the SUMO cellular machinery 
to support viral persistence and replication, assembly of  
the virus, and to avoid the host immune system. 

In the following sections we will detail some examples 
of  the current knowledge about the interplay between 
SUMO dysregulation and viral lifecycle. 

SUMOylation and viral replication
Viruses lack some of  the components required to repli-
cate their genetic material and therefore need to redirect 
cell activities to promote their own reproduction. A large 
body of  evidence supports a role for SUMOylation in 
replication of  many viruses. In particular, viruses can 
subvert the transcriptional profile or the proliferation 
activity of  the host cell, dysregulate the host cell cycle 
or interfere with the apoptotic process, or exploit SU-
MOylation to regulate the transcriptional activity of  viral 
proteins involved in virus replication (Figure 2). Here 
we will describe only some illustrative examples of  the 
strategies used by viruses to promote their own replica-
tion using the SUMOylation machinery. In fact, there are 
many other viral proteins known to interact with and/or 
modify the SUMO pathway and in many cases the bio-
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Figure 2  Viral proteins exploit small ubiquitin-like modifier at different 
steps of virus lifecycle. Scheme representing the different stages of viral in-
fection (entry, replication, assembly, release) in host cells. Viral proteins interact 
with the small ubiquitin-like modifier (SUMO) machinery to promote different 
steps of viral life cycle, as represented. Viral proteins are designed with their 
acronym. The asterisk (*) indicates that the marked viral protein has not been 
formally shown to directly influence viral life cycle by exploiting SUMOylation, 
but indications of a mechanistic link are known. See text for further details on 
exploitation of the SUMO machinery by single viral proteins.
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logical significance of  this interplay is still obscure.
A hallmark of  viral infection is the increase of  host 

transcription to sustain viral replication. Gam1 is an early 
gene expressed by chicken embryo lethal orphan (CELO) 
Adenovirus that has the remarkable ability to inhibit glob-
al SUMOylation. Work from our group demonstrated that 
Gam1 decreases the overall SUMOylation by interaction 
and consequent degradation of  the E1 heterodimer[49,50]. 
Specifically, Gam1 recruits both SAE1 and SAE2 into 
Cul2/5-EloB/C-Roc1 ubiquitin ligase complexes and 
subsequently targets SAE1 for ubiquitylation and degrada-
tion. SAE2 depletion is not tightly related to Gam1, but is 
rather an effect of  SAE1 disappearance[50].

We also observed that Ubc9 levels are reduced upon 
Gam1 expression, by a yet undefined mechanism[49]. Fur-
thermore, Gam1 disperses PML-NBs concomitant to a 
strong loss of  SUMO-1 from the nucleus[51]. As SUMO 
conjugation to many transcription factors represses their 
activities[48], the overall decrease in SUMO conjugation 

caused by Gam1 could increase cellular transcriptional ac-
tivity, which in turn could facilitate viral replication. Gam1 
also interferes with SUMOylation of  endogenous proteins 
such as HDAC1[51]. HDAC1 SUMOylation has an impact 
on the transcriptional repressive potential of  the deacety-
lase[52,53]. Moreover, HDAC1-containing chromatin remod-
eling complexes are known to be exploited by viruses to 
regulate the progression of  their infection[54]. Interestingly, 
a replication deficient ∆Gam1 CELO virus[55] can be res-
cued by HDAC inhibitors treatment[56], suggesting the ex-
istence of  a cross talk between cellular SUMOylation and 
acetylation that can be subverted and exploited by Gam1, 
an essential gene for CELO replication[55].

While Gam1 promotes broad changes in the global 
SUMOylation pattern of  the host cell, AL1 protein 
encoded by the plant pathogen Geminivirus alters the 
SUMOylation status of  only selected proteins[57]. AL1 is 
the only plant pathogen protein described so far as in-
teracting with the SUMO pathway[58], by associating with 
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Table 1  Viral life cycle and small ubiquitin-like modifier pathway

Virus Protein Interaction with SUMO Proposed impact on viral or cellular 
activity

Ref.

Chicken embryo lethal 
orphan Adenovirus

Gam1 Overall SUMOylation decrease through SAE1/2 
degradation and reduced Ubc9 expression

Cellular transcriptional activation [49,50]

PML-NBs dispersion [51]
Interference with HDAC1 SUMOylation Cellular transcriptional activation [51]

Geminivirus AL1 Promotes SUMOylation of selected host factors Viral replication [57,58]
Adenovirus E1B-55K E3 ligase SUMO-1 specific Regulator of cell cycle and apoptosis [59,60]

SUMOylated Cellular transformation [63]
Interaction with PML-NBs [62,64]

Kaposi’s sarcoma-associated 
herpesvirus

K-bZip E3 ligase SUMO-2/3 specific Regulator of cell cycle and apoptosis [66]
SUMOylated Cellular transcriptional repression [65,66]

K-Rta E3 ubiquitin ligase activity against SUMOylated proteins PML-NBs dispersion [119]
Vaccinia E3 SUMOylated Regulator of apoptosis [69]

A40R SUMOylated Viral replication [74]
Bovine papillomavirus E1 SUMOylated Viral replication [71,72]
Human papillomavirus L2 SUMOylated Viral capsid assembly [93]

Increase in cellular SUMO 2/3 conjugation [93]
Moloney murine leukemia CA SUMOylated Viral replication [75]
Influenza A NS1 SUMOylated Viral replication [78]
Cytomegalovirus IE1 SUMOylated Viral replication [80,81]

Interaction with selected host factors PML dispersion [123]
SUMOylated

IE2 Interaction with SUMOylated proteins Viral replication [82]
SUMOylated Viral replication [83]

UL44 Interaction with Ubc9 Viral replication [84]
Epstein-Barr BZLF1 SUMOylated Reactivation of latent infections [85,86,88]

Rta SUMOylated Reactivation of latent infections [89]
BGLF4 Interaction with SUMOylated proteins Viral replication and reactivation of 

latent infections
[91]

PML-NBs dispersion
Hantaan NP Interaction with Ubc9 and SUMO-1 Virus assembly [95,96]
Mason-Pfizer; 
human immunodeficiency

Gag Interaction with Ubc9 Virus assembly [97]
[98-100]

Influenza A M1 SUMOylated Virus assembly [102,103]
Ebola Zaire VP35 Promotes SUMOylation of selected host factors IFN inhibition [109,111]
Herpes simplex type-1 ICP0 E3 ubiquitin ligase activity against SUMOylated proteins PML-NBs dispersion [115-117]
Varicella zoster ORF61 Interaction with SUMOylated proteins PML-NBs dispersion [120,121]
Encephalomyocarditis 3C Interaction with selected host factors PML degradation [122]

The table schematizes known viral proteins interacting with the small ubiquitin-like modifier (SUMO) pathway, with a brief description of their relationship 
with the SUMOylation machinery and the proposed biological outcome. References are also reported (see text for further details). SAE: SUMO-activating 
enzyme subunit; HDAC: Histone deacetylase; PML-NBs: ProMyelocyticLeukaemia nuclear bodies; IFN: Interferon.
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the plant E2 conjugating enzyme SCE1. As mentioned, 
AL1-SCE1 complex in plants does not produce an over-
all alteration of  host proteins, but seems to modulate the 
SUMOylation level of  selected host factors to create an 
environment suitable for viral infection.

E1B-55K is an Adenoviral early protein that functions 
as an E3 SUMO ligase that specifically conjugates SUMO-1 
but not SUMO-2/3 to p53, inhibiting its transcriptional 
activity[59]. Indeed, expression of  E1B-55K protein induces 
p53 SUMOylation[60] and E1KB-55K/p53 co-localization 
to PML-NBs, thus restricting p53 nuclear mobility in liv-
ing cells[59]. p53 sequestration in PML-NBs seems to be 
a prerequisite to the altered p53 localization and activity 
observed in Adenovirus infected cells, preceding and 
addressing its ubiquitin-proteasome dependent degrada-
tion in cytoplasmic aggresomes[61]. Notably, E1B-55K 
associates with PML-NBs at early times after infection[62], 
as does p53[61]. Hence, since p53 is one of  the most rec-
ognized regulators of  cell cycle arrest and apoptosis, the 
p53-SUMO-1 conjugation could be a key event in the 
oncogenic transformation of  primary cells induced by 
Adenoviruses. Interestingly, E1B-55K is also itself  SU-
MOylated by all SUMO paralogs in a phosphorylation-
dependent mechanism[63] and both SUMOylation[64] and 
phosphorylation[63] are required for its activity. In addi-
tion, the recent findings that E1B-55K itself  interacts 
with Ubc9 strongly highlight that this viral protein exten-
sively cooperates with the SUMO pathway to promote 
Adenovirus lifespan[63].

The K-bZIP protein encoded by Kaposi’s sarcoma-
associated herpes virus (KSHV) is another viral protein 
that utilizes the SUMO pathway to alter the host cell 
cycle. K-bZIP is a strong transcriptional repressor whose 
activity, similarly to E1-55K, depends on SUMOylation[65], 
catalyzed by K-bZip itself[66]. Other similarities to the ad-
enoviral protein include the PML-NBs localization[65] and 
the ability to recruit p53 to PML-NBs[67]. Finally, K-bZIP 
also exhibits E3 SUMO ligase activity but, unlike E1-
55K, shows preferential selectivity towards SUMO-2/3 
paralogs[66]. Notably, p53 SUMO-2/3 conjugation cata-
lyzed by K-bZIP enhances p53 transcription factor abil-
ity, suggesting a p53-mediated growth arrest by prolonga-
tion of  the G1 phase of  the cell cycle[66]. Growth arrest 
is a common outcome of  herpes viruses infection[68], that 
poses the cell in a specific phase of  the cell cycle, encour-
aging viral replication and protecting the host cells from 
undergoing apoptosis.

An additional viral protein that takes advantage of  
the SUMO pathway to regulate the cellular apoptotic 
process is the E3 protein encoded by Vaccinia virus. In-
deed, recent findings[69] demonstrate that E3 SUMO-1 or 
SUMO-2 modification has a negative effect on E3 tran-
scriptional transactivation of  the p53-upregulated modula-
tor of  apoptosis and APAF-1 genes. Therefore, these re-
sults could indicate that SUMO conjugation is a negative 
regulator of  the transcriptional activation of  p53 by E3.

Also, bovine papillomavirus (BPV) E1, the major ini-
tiator protein for BPV replication[70], is SUMO modified 

but, opposite to Vaccinia virus E3, only by the SUMO-1 
paralog[71]. This covalent modification is required for E1 
intranuclear localization and influences viral replication 
activity[72]. 

A40R is another Vaccinia virus protein that interacts 
with the SUMO system to accomplish its function. Vac-
cinia are unique among DNA viruses because DNA 
replication occurs entirely in discrete cytoplasmic struc-
tures enveloped by endoplasmic reticulum (mini-nuclei) 
membrane, rather than in the nucleus of  the infected 
host cell[73]. A40R gene product is SUMO-1 modified, but 
unlike what has been described so far, this modification 
appears to be very stable and not subjected to SENP de-
conjugating activity[74]. Consistently, all other viral proteins 
SUMO-1 modified are localized into the nucleus, while 
A40R-SUMO-1 expression has been found in the cyto-
solic side of  endoplasmic reticulum, the same membranes 
that wrap the virus replication sites. The specific localiza-
tion of  A40R strongly suggests a role for SUMOylation in 
Vaccinia replication[74].

Also, Moloney murine leukemia retrovirus capsid pro-
tein (CA) utilizes a similar mechanism. In fact, this protein 
interacts simultaneously with both Ubc9 and E3 ligase 
PIASy[75], resulting in covalent transfer of  SUMO-1 to CA. 
Surprisingly, suppression of  SUMO-1 attachment by CA 
mutations at Ubc9 or PIASy binding sites blocks virus rep-
lication in vivo, but does not affect late stages of  viral gene 
expression or virion assembly[75]. On the contrary, Rous 
sarcoma virus (RSV) CA-Ubc9 interaction and SUMO-1 
conjugation does not influence RSV replication[76].

Nonstructural protein 1 (NS1) is one of  the major fac-
tors involved in Influenza A virus replication[77]. NS1 is able 
to interact with human Ubc9 and is preferentially modified 
by SUMO-1[78]. This characteristic seems to be conserved 
among most Influenza virus strains, underlining the impor-
tance of  SUMO modification in Influenza virus infection. 
SUMO-1 modification enhances the stability of  NS1 and 
its ability to suppress host protein expression causing an 
acceleration in viral replication rate[78].

Cytomegalovirus (CMV) immediate early 1 (IE1) is 
a viral protein that acts as a key regulator of  early events 
in virus infection cycle together with IE2. While IE2 ac-
tivates a wide range of  viral and cellular promoters, IE1 
only modestly promotes both cellular and viral transcrip-
tion[79]. However, SUMO modification of  IE1 contributes 
to efficient CMV replication by enhancing the expression 
of  IE2 mRNA derived from the same transcription unit, 
by a yet unidentified post-translational mechanism[80,81]. 
Furthermore, IE2 is also SUMOylated by both non-
covalent and covalent SUMO-modification[82]. IE2 
SUMOylation is necessary for the function of  this viral 
transcription factor and for human CMV replication[82], 
opposite to the activities of  most transcription factors 
that are regulated in a negative manner by SUMO attach-
ment[44]. Importantly, IE2 also contains a SIM motif  to 
interact with other SUMOylated partners, such as TAF12, 
a component of  the transcription factor IID complex[83]. 
This interaction enhances the transactivation activity 
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of  IE2, playing a further role in the progression of  the 
CMV lytic cycle[83].

Recently, Loregian’s group reported the first evidence 
of  SUMOylation of  a viral DNA-polymerase processiv-
ity factor: the UL44 protein from human CMV[84]. UL44 
strongly binds to cellular Ubc9 and is widely SUMOylat-
ed during CMV infection, with accumulation at a later 
time post-infection. Interestingly, UL44 SUMOylation is 
dependent on its correct dimerization and proper DNA 
binding. CMV infection in cells overexpressing SUMO1 
protein results in increased viral replication and viral titer, 
as well as a faster relocalization of  UL44 from replicative 
foci, suggesting that UL44 SUMOylation could perhaps 
support later functions important for viral propagation[84].

Finally, other interesting examples of  viral proteins 
SUMO-modified are Epstein-Barr virus (EBV), BZLF1 
(also known as Zta), Rta and BGLF4 proteins. 

EBV is usually maintained under latent conditions in 
B lymphocytes and to proliferate it must enter the lytic 
cycle driven by BZLF1 and Rta. BZLF1 is post-transla-
tionally modified by both SUMO-1[85] and SUMO-2/3[86]. 
BZLF1 is a transcriptional activator involved in the re-
activation of  EBV[87], allowing its switch from latent to 
lytic stage, characteristic of  the EBV infection cycle. SU-
MOylation of  BLZF1 plays a key role in this mechanism, 
negatively affecting its transcriptional activity. In fact, 
SUMOylated BLZF1 associates with HDAC3 and this 
association allocates HDAC3 to BLZF1-responsive pro-
moters, repressing the transcription of  BLZF1-induced 
genes[88]. Furthermore, the SUMO-mediated repression 
of  BLZF1 is reverted by the action of  a specific protein 
kinase (EBV-PK) that, by inhibiting BLZF1 SUMO-
conjugation, promotes the transcription of  BLZF1 target 
genes and replication of  the viral genome[86]. 

Similarly, also Rta SUMOylation, mediated by the adap-
tor cellular protein RanBPM, enhances its transactivation 
activity and promotes viral replication of  the latent EBV 
virus[89].

BGLF4 is a protein kinase that phosphorylates both 
viral and host proteins[90], strongly contributing to the 
EBV infection cycle. BGLF4 carries SIM motifs respon-
sible for its binding to SUMO-2 conjugated proteins. The 
SUMO binding function of  BGLF4, among others, is 
also required to enhance the production of  extracellular 
virus during EBV lytic replication and to disperse PML-
NBs[91]. Indeed, BGLF4 seems to inhibit SUMOylation, 
thus promoting activation of  the EBV BZLF1 protein 
(see above), probably by SIM-mediated recruitment and 
phosphorylation on SUMOylated BZLF1[91]. 

SUMO and virus assembly
Virus assembly is the result of  a series of  protein-protein 
and protein-lipid interactions that permits localization 
of  different viral components at sites of  virus budding. 
Although specific for each virus strain, virus assembly 
typically involves the expression of  late genes that direct 
capsid assembling and enveloping. Besides its key role in 
the activity of  the early expressed viral proteins that drive 

viral replication, SUMOylation also plays fundamental 
roles in viral assembly processes (Figure 2). 

L2, together with L1, is a structural protein of  the hu-
man papillomavirus (HPV) capsid critical for the genera-
tion of  infectious viral particles as well as in early events 
of  HPV infection[92]. L2 is preferentially modified by 
SUMO2/3, affecting its stability[93]. In fact, SUMOylated 
L2 has an increased half-life compared to the non-SU-
MOylated mutant. Moreover, the effect of  SUMOylation 
negatively affects L2 capacity to interact with its physi-
ological interactor L1, suggesting a mechanism by which 
capsid assembly may be modulated in HPV infected 
cells[93]. Moreover, L2 also increases the overall SUMO-2/3 
conjugation of  host proteins[93].

Nucleocapsid protein (NP) of  Hantaan virus (HTNV) 
is a structural protein that, through its oligomerization and 
ability to bind RNA[94], is involved in viral assembly in the 
infected cell. Ubc9 and SUMO-1 interaction with NP[95] 
determines its localization at the perinuclear region where 
viral replication occurs[96] and, therefore, could regulate the 
assembly of  the HTNV. Notably, Ubc9 was also identified 
as a cellular protein that interacts with the Gag protein 
of  Mason-Pfizer monkey[97] and Human Immunodefi-
ciency viruses[98-100], regulating viral assembly, trafficking 
and Env incorporation. However, these activities are not 
dependent on Ubc9 conjugation activity, indicating that 
SUMOylation may not be strictly required for assembly of  
these viruses[97,99]. 

A large body of  evidence shows that Influenza A virus 
M1 protein is essential for viral assembly and budding[101]. 
M1, together with other viral proteins are SUMOylated 
during Influenza virus infection[102,103]. Moreover, abolish-
ment of  M1 SUMOylation resulted in dramatic reduction 
of  the virus titer in the culture fluid, accompanied by ac-
cumulation of  intracellular viral proteins and viral RNA, 
indicating that SUMOylation of  M1 modulates the assem-
bly of  Influenza A virus. On the other hand, other steps 
of  the viral life cycle, such as virus entry, RNA replication 
and translation, are not affected by M1 SUMOylation[103].

SUMOylation and viral host immune evasion
Multicellular organisms normally fight infections via their 
immune system. The immune system recognizes and com-
bats invading foreign agents through two main canonical 
pathways, the innate and adaptive immunity. In addition, 
intrinsic cellular defenses are also employed by the host to 
clear viral infections[104]. Intrinsic resistance represents the 
first line of  intracellular antiviral defense that employs the 
classical pathogen recognition receptors (PRRs), shared by 
the innate immunity response, to sense viruses and to rap-
idly produce antiviral molecules in order to limit the initial 
stages of  infection. Consequently and not surprisingly, vi-
ruses have evolved a variety of  mechanisms to overcome 
cellular defenses and SUMO represents one of  the most 
exploited pathways to this end (Figure 3). 

The intrinsic and innate immune responses are primed 
by the activation of  PRRs, such as the toll-like receptors 
and retinoic acid-inducible gene Ⅰ which, in turn, lead to 
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interferons (IFNs) production by IFN regulatory factor 
(IRF)-dependent mechanisms[105]. 

Ebola Zaire virus (EBOV) is a human pathogen that 
infects initially dendritic cells and macrophages[106], inhibit-
ing the production of  the pro-inflammatory IFN type Ⅰ  
(IFN-Ⅰ)[107]. Namely, EBOV VP35 protein potently in-
hibits IFN-Ⅰ transcription[108] using the cellular SUMO 
machinery in dendritic cells. Indeed, VP35 increases 
SUMOylation of  IRF7[109], the principal cellular factor re-
quired for IFN-Ⅰ transcription[110], in a PIAS1 dependent 
manner. VP35 forms a complex with the SUMO ligase 
PIAS1 and IRF7, thus increasing PIAS1-mediated IRF7 
SUMO-1 and SUMO-3 conjugation[109]. Interestingly, 
IRFs SUMOylation appears to be a physiological process 
orchestrating INFs production after viral infection[111], al-
lowing clearing of  the infecting virus. Therefore, VP35 
exploits SUMO to turn off  IFN-Ⅰ production by den-
dritic cells, probably worsening the maturation of  these 
cells[112] and weakening the host innate immunity against 
EBOV infection.

Taken together, these reports strongly suggest the ex-
istence of  a correlation between SUMO pathway exploi-
tation by viruses and escape from the host innate immune 
system. However, viruses also possess a large number of  
mechanisms to escape the intrinsic immune system. This 
is not surprising, considering that the intrinsic response is 
the first host defense to fight viral infections. 

PML-NBs are nuclear inclusions rich of  SUMOylated 
proteins, known to be crucial organelles involved in in-
trinsic anti-viral response. In fact, PML-NBs seem to be 
implicated in the downstream effect of  INF-mediated 
antiviral action[113]. Notably, PML-NBs are disassembled 

during most viral infections at very early stages, indicating 
that targeting PML-NBs could be an efficient viral strate-
gy to evade IFN action[113]. Therefore, most of  the mech-
anisms developed by DNA viruses to overcome cellular 
defense disperse PML-NBs: one rapid way to achieve this 
goal is by hijacking the SUMOylation pathway.

Herpes simplex virus type-1 (HSV-1) protein ICP0 
structure encompasses a RING finger domain that acts as 
an E3 ubiquitin ligase, redirecting specific cellular proteins 
for proteasome-dependent degradation[114]. Earlier during 
infection, PML-NBs components are quickly recruited at 
sites closely associated with the viral genome in a SUMO-
dependent manner[115,116], promoting the transcription of  
anti-viral genes. However, ICP0 counteracts this PML-
NBs response targeting SUMOylated proteins for degrada-
tion, thanks to its E3 ligase activity[115]. This HSV-response 
is strictly required for its infection cycle, since in this way 
ICP0 inhibits cellular mechanisms that would otherwise re-
press viral transcription[114]. Interestingly, it has been shown 
that ICP0 falls in the SUMO targeted ubiquitin ligases 
(STUbLs) family[117], a class of  RING finger ubiquitin 
ligases that contains SIMs[118]. Therefore, through its SIM 
motifs, ICP0 binds to important SUMOylated transcrip-
tion factors in PML-NBs that, in turn, are degraded by the 
E3 ubiquitin ligase activity of  its RING motif. This dual 
action of  ICP0 efficiently counteracts intrinsic antiviral re-
sistance to HSV-1 infection[117].

Like ICP0, KHSV K-Rta protein also belongs to the 
STUbLs family. Indeed, K-Rta contains SIM motifs and 
conjugates ubiquitin to SUMO and SUMO-chains, disrupt-
ing PML-NBs in a ubiquitin ligase dependent fashion[119].

A similar mechanism is also conducted by Varicella 
Zoster virus protein ORF61. Indeed, ORF61 colocalizes 
and disperses PML-NBs shortly after virus entry in its 
target cell[120]. It also contains three SIM motifs through 
which it counteracts intrinsic SUMO-promoted anti-viral 
control by PML-NBs[121]. Consistently, ORF61 SIM mu-
tants are unable to disperse PML and the overall degree 
of  virus infection is dramatically impaired when SUMO-
conjugation is inhibited[121]. As for ICP0, PML-NBs 
dispersal by ORF61 is a two-step process accomplished 
by different protein domains: the ORF61 SIMs that rec-
ognize SUMOylated PML protein in PML-NBs and the 
RING domain that executes their dispersal[121]. However, 
ORF61 RING domain does not share the E3 ligase activ-
ity with ICP0 and is thus not able to degrade PML-NBs. 
A similar PML-NBs disruption mechanism seems to be 
also carried out by the already described EBV BGLF4 
protein[91]. 

While in all the examples described above viruses ex-
tensively interact with a number of  proteins in PML-NBs, 
encephalomyocarditis virus (EMCV) counteracts antiviral 
pathway targeting the PML protein alone[122]. In fact, dur-
ing infection, PML is first transferred by EMCV from 
the nucleoplasm to the nuclear matrix and then the viral 
protease 3C induces PML degradation. Both PML delo-
calization and degradation are a consequence of  covalent 
SUMO-1, -2 and -3 conjugation promoted by EMCV[122].

ICP0
K-Rta(*)
ORF61
3C
IE1(*)
BGFL4(*)
Gam1(*)

VP35

IRF7
S

IFN

IFN

PML-NBs

Inhibition of IFN
transcription

PML-NBs
disassembly

Figure 3  Viral proteins exploit small ubiquitin-like modifier to promote im-
mune escape from innate and intrinsic responses. Schematic representa-
tion of the strategies used by viral proteins to counteract host innate and intrin-
sic responses through small ubiquitin-like modifier (SUMO). Viral proteins are 
designated with their acronym. S stands for SUMO. The asterisk (*) indicates 
that the marked viral protein has not been formally shown to directly influence 
cellular antiviral activity by exploiting SUMOylation, but indications of a mecha-
nistic link are known. See text for further details on exploitation of the SUMO 
machinery by single viral proteins. IFN: Interferon; IRF: IFN regulatory factor; 
PML-NBs: ProMyelocyticLeukemia nuclear bodies.
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In addition to the ability to be itself  SUMOylated (see 
above) for its transactivation functions, CMV IE1 also ef-
ficiently inhibits the intrinsic antiviral response by prevent-
ing the accumulation of  SUMOylated forms of  PML[123]. 
In this regard, CMV seems to behave as EMCV, since IE1 
does not induce PML degradation.

CONCLUSION
In recent years, SUMOylation has emerged as a major 
regulator system involved in a variety of  cellular processes. 
SUMO is indeed conjugated to a number of  proteins that 
in turn can interact with many other partners through 
the SUMO interacting (SIM) motifs. Therefore, the SU-
MOylation machinery virtually affects and directs most of  
cellular activities, crucially regulating cellular homeostasis. 
Thus, exploiting SUMOylation represents a very conve-
nient way to quickly promote and sustain pathogen sur-
vival in the host. 

Viruses, in particular, exploit SUMOylation in several 
key steps of  their intracellular life and, importantly, they 
also use the SUMO pathway to subvert the immune re-
sponse of  the host (Table 1). Both DNA and RNA viruses 
can use SUMOylation to promote viral genes transcription, 
virus assembly (Figure 2) and immune evasion (Figure 3), 
using apparently different mechanisms. Some viral pro-
teins (i.e., E3, E1, L2, A40R, CA, IE1, IE2, BLZF1, Rta, 
BGLF4, M1, E1B-55k, K-bZip, UL44) are modified by 
SUMO in order to activate their function; alternatively, they 
can influence the SUMOylation level of  a specific target 
protein (AL1, VP35) or the global SUMOylation status of  
infected cells (Gam1, ICP0, K-Rta, L2). Finally, other viral 
products could interact with SUMO components or with 
host SUMO-containing proteins (NP, Gag, 3C, ORF61), 
usually through a SIM motif, or mimicking SUMOylation 
enzymes (K-bZIP, E1B-55K). Remarkably, the same vi-
rus (KSHV, CMV, EBV, Vaccinia Virus, Papillomavirus) 
can exploit the SUMO pathway through various proteins, 
as well as the same protein (Gam1, IE1, IE2, E1B-55K, 
K-bZIP, BGLF4) can interact with SUMO using several 
mechanisms perhaps also to promote different steps of  
viral infection.

It is interesting to note that the vast majority of  viral 
proteins known to interact with the SUMOylation system 
are immediate-early or early proteins, suggesting a crucial 
role for SUMO in counteracting viral infection.

What we can learn from the complex network of  
interplay between the SUMO pathway and viruses in the 
virus-host interactions is that the same crucial pathway 
can be hijacked by different pathogens in very different 
ways to obtain a common goal, i.e., sustaining viral infec-
tion. More studies are required to define the global picture 
but the findings presented here can strongly indicate the 
SUMO pathway as a promising target for specific antiviral 
therapies.
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