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Viral Interplay with the Host 
Sumoylation System

Van G. Wilson

Abstract

Viruses have evolved elaborate means to regulate diverse cellular path-
ways in order to create a cellular environment that facilitates viral survival 
and reproduction. This includes enhancing viral macromolecular synthesis 
and assembly, as well as preventing antiviral responses, including intrin-
sic, innate, and adaptive immunity. There are numerous mechanisms by 
which viruses mediate their effects on the host cell, and this includes tar-
geting various cellular post-translational modification systems, including 
sumoylation. The wide-ranging impact of sumoylation on cellular pro-
cesses such as transcriptional regulation, apoptosis, stress response, and 
cell cycle control makes it an attractive target for viral dysregulation. To 
date, proteins from both RNA and DNA virus families have been shown to 
be modified by SUMO conjugation, and this modification appears critical 
for viral protein function. More interestingly, members of the several viral 
families have been shown to modulate sumoylation, including papilloma-
viruses, adenoviruses, herpesviruses, orthomyxoviruses, filoviruses, and 
picornaviruses. This chapter will focus on mechanisms by which 
sumoylation both impacts human viruses and is used by viruses to pro-
mote viral infection and disease.

Keywords

SUMO • Ubc9 • DNA viruses • RNA viruses

21.1  Introduction

Viral proteins were among the first defined sub-
strates for sumoylation, beginning with the dem-
onstration in 1999 that the human cytomegalovirus 
(HCMV) immediate-early 1 protein (IE1)) was 
SUMO modified (Muller and Dejean 1999). 
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Among the 7 families of DNA viruses that infect 
humans, five families (Parvoviridae, 
Papillomaviridae, Adenoviridae, Herpesviridae, 
and Poxviridae) have one or more sumoylated 
proteins, illustrating the widespread utilization of 
the sumoylation system by nuclear viruses. To 
date sumoylated proteins have not been reported 
in the Polyomaviridae and the Hepadnaviridae 
families, though this may be for lack of investiga-
tion and not the absence of substrates for these 
viruses. Additionally, a number of DNA viral 
proteins can influence sumoylation globally or 
for specific substrates, and this is likely to be a 
critical mechanism to alter the host environment 
to facilitate the viral life cycle and/or overcome 
host defenses. DNA viral proteins that are 
sumoylated and/or which regulate sumoylation 
are listed in Table 21.1.

Among the RNA viruses infecting humans, 
sumoylation was first observed for retroviruses 
which also have a nuclear phase to their life 
cycle. Specifically, both virion antigens (Gurer 
et al. 2005; Yueh et al. 2006) and the Tax regula-
tory protein (Lamsoul et al. 2005) of retroviruses 
were shown to be substrates for sumoylation. 
Subsequently, however, sumoylation of viral pro-
teins and/or effects on sumoylation by viral pro-
teins has been observed for nine other human 
RNA virus families. Many of these RNA viral 
proteins have no nuclear phase, so cytoplasmic 
sumoylation must be occurring as has now been 
demonstrated for many cellular proteins (Alonso 
et al. 2015; Hilgarth et al. 2004; Manning Fox 
et al. 2012). Whether or not sumoylation is rele-
vant for the other families of human RNA viruses 
remains to be determined, but seems likely given 
the growing appreciation of the SUMO system as 
a key target for viral manipulation. RNA viral 
proteins that are sumoylated or which influence 
host sumoylation at listed in Table 21.2.

It is clear from numerous studies over the last 
nearly two decades that sumoylation is an impor-
tant post-translational process that contributes to 
successful infection for a wide range of DNA and 
RNA viruses. In addition to viral proteins being 
substrates for and regulated by sumoylation, 
there is now extensive evidence that some viral 
proteins can act as surrogate sumoylation 

enzymes and/or modulate the activity of the 
authentic host sumoylation system. The ability of 
viral proteins to usurp the sumoylation system is 
not unexpected as this system contributes to the 
regulation of many critical cellular pathways and 
thus provides viruses with mechanisms to exert 
control over these pathways. Several recent 
reviews have covered many aspects of viral 
sumoylation (Everett et al. 2013b; Hannoun et al. 
2016; Mattoscio et al. 2013; Varadaraj et al. 
2014; Wilson 2012; Wimmer and Schreiner 
2015; Wimmer et al. 2012) and should be con-
sulted for more exhaustive coverage of this sub-
ject. In this chapter we will provide an overview 
of the role of sumoylation in human viral families 
that have been identified to date.

21.2  DNA Viruses

21.2.1  Parvoviruses

Parvoviruses have small (approximately 5000 
bp), single-stranded DNA genomes with only 
two genes, one which encodes the capsid proteins 
and the other which encodes the replication 
 proteins (designated NS or Rep proteins). Adeno 
associated virus type 2 (AAV-2) is a member of 
this family whose reproductive cycle is depen-
dent upon co-infection with unrelated helper 
viruses, typically adenovirus or herpesvirus, and 
which establishes a latent infection in the absence 
of the helpers (Berns and Linden 1995). The 
Rep78 protein of AAV-2 binds the SUMO conju-
gating enzyme, Ubc9, and is sumoylated primar-
ily at lysine 84, though other lysines may also 
serve as weaker acceptor sites (Weger et al. 
2004). Converting lysine 84 to the conserved but 
nonsumoylatable arginine causes a significant 
decrease in the half-life of Rep78, implicating 
sumoylation in the control of Rep78 levels. 
Functionally the effect of sumoylation was not 
characterized, but sumoylation could be one of 
the mechanisms that helps regulate Rep to ensure 
appropriate intracellular levels to maintain the 
latent state.

AAV based vectors have become widely used 
in gene therapy due to their ability to infect a 
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Table 21.1 DNA virus proteins and sumoylation

DNA Virus family Virus Protein Sumo sites* SIMs
Effect of sumoylation or effect on 
sumoylation system

Parvovirus AAV Rep78 K84 − Sumoylation may stabilize Rep78

Papillomavirus HPV E1 K559 − Role of sumoylation unclear

E2 K292 − Sumoylation indirectly stabilizes E2

E6 − − Blocks sumoylation of PIASy substrates; 
Degrades Ubc9

E7 − − Inhibts sumoylation of pRB

L2 K35 + Modulate L2 incorporation int capsids

Adenovirus Ad5 E1A − − Blocks pRB sumoylation; binds Ubc9

E1B-55K K104 − SUMO E3 ligase

E4orf3 − − Increases sumoylation of specific targets

Herpesvirus HSV ICP0 − + STUbL

VZV ORF29p + − Role of sumoylation unknown

OFR61 − + Possible STUbL

CMV IE1 K450 − Sumoylation prevents binding to STAT2

IE2-p86 K175/K180 + Sumoylation enhances transactivation 
activity

UL44 Multiple − Sumoylation enhances DNA binding

pp71 − − Increases sumoylation of Daxx

HHV6 IE1 K802 − Role of sumoylation unknown

IE2 − − Binds Ubc9, consequence unknown

EBV BZFL1 K12 − Sumoylation repressions transactivation 
activity

BGLF4 − + Decreases sumoyation of BZLF1

EBNA3B + Effect of sumoylation unknown

EBNA3C + + Sumoylation affects nuclear distribution

LF2 − − Enhances sumoylation of Rta

LMP1 − − Binds Ubc9 and increases sumoylation 
generally and for specific substrates

Rta 
(BRLF1)

Multiple − Sumoylation may enhance 
transactivation activity; promotes 
association with RNF4

KSHV K-bZIP K158/K207 + SUMO E3 ligase; Sumoylation enhances 
repressive activity

K-Rta − + STUbL

LANA1 
(ORF63)

K1140 + SIM facilitates interaction with host 
proteins

LANA2 
(vIRF3)

Multiple + Enhances or represses sumoylation of 
specific substrates

Poxvirus Vaccinia A40R K95 − Sumoyylation solubilizes A40R

E3 K40/K99 + Sumoylation represses transactivation 
activity

*A + symbol indicates that sumoylation has been detected but a specific site has not been mapped. A − symbol indicates 
that the feature has not been identified or has not been tested for
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wide variety of dividing and nondividing cells 
(Hastie and Samulski 2015; Lisowski et al. 2015). 
However, there are numerous impediments to 
their practical usage, including limited coding 
capacity, host immune response, and modest 
transduction efficiency. Recently, Holshcer et al. 
demonstrated that host sumoylation is one factor 
that restricts AAV transduction (Holscher et al. 
2015). Using a whole genome siRNA screen they 
found that genes encoding products in the 

sumoylation pathway, principally SAE1/SAE2 
(the activating enzyme subunits) and Ubc9 (the 
conjugating enzyme), interfered with AAV trans-
duction. The effect appears to be at the level of 
capsid entry and may involve sumoylation of 
capsid protein. Most AAV VP1 capsid proteins 
contain a putative sumoylation motif, though 
actual modification of VP1 by SUMO was not 
experimentally tested. Surprisingly, while this 
effect was observed for several AAV serotypes 

Table 21.2 RNA virus proteins and sumoylation

RNA virus family Virus Protein Sumo sites* SIMs
Effect of sumoylation or effect on 
sumoylation system

Retrovirus HIV Integrase Multiple – Unclear

HTLV Tax Multiple – Localization

Orthomyxovirus Influenza A 
virus

NS1 K70/K219 – Sumoylation needed to reduce IFN 
production

M1 K242 – Sumoylation required for binding 
NP

NP K4/K7 – Sumoylation required for 
intracellular trafickkng of NP

NS2 + – Unknown

Filovirus Ebola VP35 – – VP35 enhances the sumoylation of 
host IRF7

Paramyxovirus Parainfluenza P K254 – Sumoylation required for WT viral 
titer; no specific defect identified

Rhabdovirus Rabies/VSV – – – Increased sumoylation blocks viral 
mRNA synthesis

Coronavirus SARS N – – N binds Ubc9

Flavivirus Dengue NS5 + – Sumoylation stabilizes NS5

Envelope 
Protein

– – Binds Ubc9

Picornavirus Enterovirus 71 3C K72 – Sumoylation decreases protease 
activity and stability of 3C

EMCV 3C – – 3C enhances sumoylation of PML

Reovirus Rotavirus VP1 + + 
(tentative)

Unknown

VP2 + + 
(tentative)

Unknown

VP6 + - Unknown

NSP2 + + 
(tentative)

Unknown

NSP5 K19/K82 
(tentative)

– Sumoylation required for viroplasm 
structure formation

Delta Hepatitis delta 
virus

HDAg Multiple – Sumoylation of HDAg increases 
viral genomic and mRNA 
production

*A + symbol indicates that sumoylation has been detected but a specific site has not been mapped. A – symbol indicates 
that the feature has not been identified or has not been tested for
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tested, it was not observed for parvovirus H1. It 
was also not observed when using AAV pseudo-
virions comprised of human papillomavirus cap-
sid antigens, so this does not appear to be a 
general antiviral defense. It remains to be deter-
mined if sumoylation of AAV virions actually 
occurs under natural infection conditions and 
whether or not this impacts the viral infections 
process in any significant fashion.

21.2.2  Papillomaviruses

The human papillomaviruses (HPVs) are impor-
tant pathogens with over 200 subtypes that cause 
benign disease (warts) and promote certain epi-
thelial tumors, including cervical cancer and cer-
tain oral cancers (Lee et al. 2016; Madkan et al. 
2007). HPVs infecting the mucosa can be classi-
fied in two types based on their capacity to cause 
carcinogenesis: low risk and high risk. 
Reproduction of papillomaviruses is intimately 
coordinated with the differentiation process of 
stratified epithelium (Nguyen et al. 2014). 
Interruption of the normal virus life cycle and 
persistent expression of the two oncogene pro-
teins, high risk HPV E6 E6 and E7, underlines 
the basis for cancer progression (Galloway and 
Laimins 2015). HPV E7 stimulates the cell cycle 
by promoting E2F release from pRb, while E6 
promotes p53 degradation in an ubiquitin- 
dependent and independent manner (Doorbar 
2006). However, both of these viral proteins are 
multifunctional and make complex contributions 
to both oncogenesis and normal viral reproduc-
tion. They are also involved in the molecular 
mechanisms by which HPV hijacks the process 
of keratinocyte differentiation, leading to the 
pathology observed with common warts. In addi-
tion to E6 and E7, two other viral early proteins, 
E1 (Bergvall et al. 2013) and E2 (McBride 2013), 
are essential for normal viral replication.

Currently there are three papillomavirus pro-
teins that have been shown to be sumoylated, two 
early proteins, E2 (Wu et al. 2007, 2008) and E1 
(Rangasamy and Wilson 2000), and the minor 
capsid protein, L2 (Marusic et al. 2010). The 

papillomavirus E2 protein is a multifunctional 
polypeptide with roles in viral DNA replication 
(Chiang et al. 1992), genome segregation (You 
et al. 2004), and transcription (Demeret et al. 
1997). As a transcription factor, E2 is both an 
activator and repressor depending on the pro-
moter context (Ledl et al. 2005). E2 has a major 
sumoylation site at lysine 292, and similar to 
many transcription factors, E2 modification at 
this site regulates its transactivation ability (Wu 
et al. 2008). Furthermore, E2 can interact with a 
variety of other host cell transcription factors 
such as Sp1 (Steger et al. 2002), YY1 (Lee et al. 
1998), and C/EBP (Hadaschik et al. 2003), all of 
which are themselves sumoylated (Deng et al. 
2007; Kim et al. 2002; Spengler and Brattain 
2006). Preliminary results in our lab indicate that 
E2 reduces the sumoylation of C/EBP in vivo. 
Because sumoylation of C/EBP negatively regu-
lates transcriptional synergy (Subramanian et al. 
2003) the E2-mediated reduction of C/EBP 
sumoylation may account for the observed 
enhancement of C/EBP activity by E2 protein 
(Hadaschik et al. 2003). Similar effects of E2 on 
its other sumoylated binding partners could be a 
general feature of E2 that contributes to its dys-
regulation of cellular transcription. In addition to 
being functionally regulated by direct 
sumoylation, E2 stability is also sumoylation 
dependent with increased sumoylation resulting 
in a dramatically extended half-life (Wu et al. 
2009). However, this effect is not due to direct 
sumoylation of E2 as the lysine 292 mutant that 
cannot be sumoylated remains stabilized by 
increasing overall cellular sumoylation levels. 
This indicates that there is an indirect mechanism 
connecting sumoylation and turnover of E2 
which is likely important during the viral life 
cycle as sumoylation is known to be a dynamic 
process during keratinocyte differentiation 
(Deyrieux et al. 2007; Heaton et al. 2012).

Papillomavirus E1 proteins are replicative 
helicases that bind to the viral origin of replica-
tion, catalyze unwinding of the duplex DNA, and 
recruits host cell replication factors to direct the 
synthesis of the viral genome (Bergvall et al. 
2013). E1 proteins were the second viral protein 
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to be identified as a substrate for sumoylation 
(Rangasamy et al. 2000). Bovine papillomavirus 
(BPV) E1 is sumoylated at lysine 514 (Rangasamy 
et al. 2000) and human papillomavirus type 11 is 
sumoylated at the analogous position which is 
lysine 559 (Fradet-Turcotte et al. 2009); most 
other HPV E1 proteins have putative sumoylation 
sites in a similar location which suggests that E1 
sumoylation is a widespread and general feature 
of this protein. PIAS proteins enhance the 
sumoylation of several tested HPV types which 
supports their role as a general SUMO ligase for 
papillomavirus E1 proteins (Rosas-Acosta et al. 
2005). Initially, sumoylation was reported to be 
required for proper nuclear localization of BPV 
E1 (Rangasamy et al. 2000), but a subsequent 
investigation failed to detect a nuclear impair-
ment for either BPV or HPV E1 when sumoylation 
was inhibited (Fradet-Turcotte et al. 2009; Rosas- 
Acosta and Wilson 2008), so a functional role of 
sumoylation has not been defined.

In addition to the two early regulatory pro-
teins, E1 and E2, one of the viral capsid structural 
proteins, L2, is also sumoylated (Marusic et al. 
2010). Like E2 protein sumoylation increases the 
stability of L2, though is this case it is a direct 
effect of SUMO addition at lysine 35 of L2. 
However, while the sumoylated form of L2 is 
more stable, it cannot bind to L1, the major cap-
sid protein. These results suggest that sumoylation 
may help regulate virion assembly through mod-
ulation of L2 levels and incorporation into the L1 
virion. Interestingly, L2 also plays a role in viral 
infection as it accompanies the incoming viral 
genome to the nuclear PML bodies after virion 
disassembly. Bund et al. showed that L2 contains 
a SUMO interacting motif (SIM) that is critical 
for this localization, presumably through binding 
to sumoylated proteins in the PML body (Bund 
et al. 2014). Mutation of the SIM prevented local-
ization and reduced infectivity in a pseudovirion 
assay, while sumoylation of L2 itself was not 
required.

Beyond the modification of some papilloma-
virus proteins by SUMO, another intriguing fea-
ture of papillomaviruses is their ability to 
dysregulate the sumoylation system through the 
activity of certain viral proteins. The first HPV 

protein with known effects on sumoylation is the 
E7 protein. E7 is an early papillomavirus protein 
that both helps drive the host cell into a prolifera-
tive state and counteracts innate immunity 
(Hebner and Laimins 2006). A major target of E7 
protein is the host pRB protein that regulates the 
activity of the host E2FE2F transcription factor 
(Roman and Munger 2013). The papillomavirus 
E7 protein has an LxCxE motif that binds pRB 
(Munger et al. 2001), and E7 binding inhibits 
sumoylation of pRB (Ledl et al. 2005). Since 
sumoylation appears to reduce the repressive 
ability of pRB, interaction with E7 is likely to 
have functional consequences. Additionally, E7 
also binds many other cellular targets (Wilson 
and Rosas-Acosta 2003) and might be able to 
modulate sumoylation of these proteins to more 
generally influence cellular protein functions. 
Interestingly, many of the functions of E7 are 
inhibited by the cellular tumor suppressor, 
p14ARF (Pan et al. 2003), which is known to 
stimulate sumoylation of certain substrates 
(Rizos et al. 2005; Woods et al. 2004). This sug-
gests that antagonism between the sumoylation 
inhibition by E7 and the enhancement of 
sumoylation by p14ARF may be an important 
determinant of the outcome of infections.

Like E7, the second viral oncoprotein, E6, 
also influences host sumoylation, though in a 
broader fashion. In a study published in 2006, 
Dejean’s group showed that high risk HPV-E6, 
but not low risk E6, was capable of binding to 
and inhibiting PIASy activity (Bischof et al. 
2006). PIASy is a SUMO ligase which enhances 
sumoylation of specific substrates such as p53 
(Schmidt and Muller 2003), and E6 binding 
blocks sumoylation of PIASy-specific substrates. 
Functionally, since PIASy act as a promoter of 
cellular senescence (Bischof et al. 2006), this 
inhibition of PIASy by E6 may contribute to the 
ability of E6 to inhibit cellular senescence. 
Although E6 binds to PIASy and inhibits its 
ligase activity, it does not target this enzyme for 
degradation like it does for p53 (Huibregtse et al. 
1994). Mechanistically, E6 may be acting simply 
by sequestering or blocking PIASy in the com-
plex. Whether or not E6 binds to other members 
of the PIAS family, or to other classes of SUMO 

V.G. Wilson



365

ligases has not been reported. Subsequently, 
work in our lab demonstrated that high risk E6 
proteins can also bind to Ubc9, the SUMO conju-
gating enzyme (Heaton et al. 2011). Unlike the 
situation for PIASy, E6 targets Ubc9 for protea-
somal degradation via the ubiquitin ligase E6AP 
which results in a significant perturbation of the 
overall cellular sumoylation profile. While the 
consequences of this interaction for viral fitness 
have not yet been examined, the ability of E6 to 
dysregulate host sumoylation globally through 
attacks on PIASy and Ubc9 suggest that this will 
have important ramifications for the viral life 
cycle. As will be seen in later sections, this abil-
ity of viral proteins to modulate the sumoylation 
system has now been demonstrated for a number 
of distinct viruses, and the SUMO system appears 
to be another important host pathway that is com-
monly usurped to promote the viral agenda.

21.2.3  Adenoviruses

Adenoviruses are primarily respiratory patho-
gens that are associated with a number of human 
diseases (Lynch et al. 2011). Adenoviruses use 
complex alternative splicing to make multiple 
proteins from each of their early genes, and these 
early gene products, particularly from the E1A 
and E1B genes, are critical for reshaping the 
 cellular environment to facilitate viral gene 
expression and replication (Imperiale et al. 1995). 
To date, only one adenoviral protein has been 
identified as a substrate for sumoylation, the 
early gene product E1B-55K protein. The E1B-
55K protein interacts with the SUMO conjuga-
tion enzyme, Ubc9 (Wimmer et al. 2013) 
resulting in sumoylation of E1B-55K at lysine 
104 (Endter et al. 2001). Sumoylation of E1B-
55K also requires phosphorylation at a C-terminal 
motif (Wimmer et al. 2013), a site which is likely 
modified by cellular protein kinase CK2 (Ching 
et al. 2012). The phosphorylation site on E1B-
55K protein is not part of the SUMO recognition 
motif so addition of the phosphate moiety is not 
creating a typical phosphorylation-dependent 
sumoylation motif (Hietakangas et al. 2006). 
Instead, phosphorylation appears to be providing 

a cross-talk mechanism between phosphorylation 
and sumoylation by an as yet undefined mecha-
nism. Recently, a host cell viral restriction factor, 
KAP1, was also shown to bind E1B-55K and 
enhance sumoylation of the viral protein, though 
again the mechanism is unclear (Burck et al. 
2016). Interestingly, adenovirus infection also 
led to reduced sumoylation of KAP1 itself, result-
ing in decreased epigenetic silencing, suggesting 
a complex interplay between E1B-55K and 
KAP1 that is at least in part involving the 
sumoylation system.

Functionally, E1B-55K sumoylation is 
required for nuclear localization of E1B-55K 
(Kindsmuller et al. 2007). Sumoylation blocks a 
CRM-dependent nuclear export sequence (NES), 
thus helping retain E1B-55K in the nucleus. 
Subnuclear localization of E1B-55K is also regu-
lated by the viral E4orf6 protein such that the 
intranuclear distribution of E1B-55K changes as 
E4orf6 levels increase during infection (Leppard 
and Everett 1999). As E4orf6 levels increase 
there is a decrease in E1B-55K sumoylation, sug-
gesting that E4orf6 may in part be regulating 
E1B-55K through controlling sumoylation levels 
(Lethbridge et al. 2003). Importantly, nuclear 
retention and subnuclear localization of E1B-55k 
also relies on its interaction with the type IV and 
V isoforms of the PML protein, and the interac-
tion with PML IV requires sumoylation of E1B- 
55K protein while the interaction with PML V is 
largely independent of sumoylation (Wimmer 
et al. 2010). Surprisingly, sumoylation of E1B- 
55K was not required for its interaction with 
another PML associated protein, Daxx, but is 
required for the E1B-55K-mediated proteasomal 
degradation of Daxx (Schreiner et al. 2011; 
Wimmer et al. 2013). A mutant of E1B-55K lack-
ing the SUMO conjugation site was defective for 
Daxx degradation and for transformation of pri-
mary rodent cells, indicating that sumoylation of 
E1B-55K is important for its transforming activ-
ity (Schreiner et al. 2011). Thus, these combined 
studies indicate that modification of E1B-55K 
protein by SUMO is clearly important for various 
biological activities and functions of this viral 
regulatory protein.

21 Viral Interplay with the Host Sumoylation System



366

In addition to being a substrate for sumoylation, 
the E1B-55K protein itself has SUMO E3 ligase 
ability. A critical host target for E1B-55K is 
nuclear p53 (Weitzman and Ornelles 2005). 
Through direct binding with p53, E1B-55K 
enhances the sumoylation of p53 (Muller and 
Dobner 2008). While this study reported that 
E1B-55K SUMO ligase activity on p53 was not 
observed in vitro, a subsequent study was able to 
confirm E3 activity by E1B-55K protein in a 
reconstituted in vitro sumoylation reaction, thus 
confirming that E1B-55K itself has intrinsic 
ligase activity (Pennella et al. 2010). The 
sumoylation of p53 by E1B-55K also requires 
that E1B-55K itself be sumoylated (Muller and 
Dobner 2008). Since E1B-55K, in conjunction 
with E4orf6, mediates ubiquitinylation and pro-
teasomal degradation of p53, this was the first 
example of a viral protein having dual activity in 
both the ubiquitin and SUMO pathways. 
Mutation of the p53 sumoylation site decreased 
the ability of E1B-55K to repress the transcrip-
tional activity of p53 and to tether p53 in PML 
bodies (Pennella et al. 2010; Wimmer et al. 
2016). These results demonstrate that the E1B- 
55K protein induced sumoylation is functionally 
relevant and contributes to the overall abrogation 
of p53 defenses in the adenoviral infected cell.

Like E1B-55K protein, a second adenoviral 
protein, the E4orf3 protein, was also shown to 
affect sumoylation of cellular proteins (Sohn and 
Hearing 2012). E4orf3 protein induces 
sumoylation of the host Mre11 and Nbs1 proteins 
in a process that requires relocalization of these 
proteins into E4orf3 nuclear tracks and does not 
require the E1B-55K SUMO ligase activity. The 
sumoylation of these two proteins is transient and 
peaks during early infection. Mre11 is modified 
by SUMO2 while Nbs1 is modified by either 
SUMO1 or SUMO2, though the functional sig-
nificance of these paralog differences is not clear. 
Interestingly, the adenoviral induced sumoylation 
of these two proteins is only seen with subgroup 
C adenoviruses. Both the Mre11 and Nbs1 pro-
teins are components of the MRN complex which 
functions in DNA damage repair and which must 
be inactivated by many viruses (Hollingworth 
and Grand 2015), so presumably the sumoylation 

is helping subgroup C adenoviruses to defeat this 
defense process. E4orf 3 from type C adenovi-
ruses also induces relocalization and sumoylation 
of TFII-I, a general transcription factor that can 
repress the adenoviral intermediate promoter 
L4P (Bridges et al. 2016). Sumoylation of TFII-I 
is followed by ubiquitinylation and degradation 
of TFII-I, leading to derepression of L4P, exem-
plifying how adenovirus can modulate viral tran-
scription through the host sumoylation system. 
Furthermore, E4orf3 does not cause an overall 
increase in host sumoylation (Sohn et al. 2015), 
so the effect on these three host proteins repre-
sents a specific and targeted role for E4orf3 pro-
tein. However, these are not the only targets for 
E4orf3 as a proteomic analysis found that E4orf3 
expression influenced the sumoylation of 51 host 
proteins, most for them showing increased 
sumoylation (Sohn et al. 2015). E4orf3 protein 
was subsequently found to specifically sequester 
the PIAS3 SUMO E3 ligase into its nuclear 
tracks while not affecting the localization of 
other PIAS family members, including PIAS1, 
PIAS2, and PIAS4 (Higginbotham and O’Shea 
2015). This result suggests that PIAS3 may be 
the primary E3 ligase through which E4orf3 pro-
tein mediates its effects on sumoylation of host 
proteins. The ability of E4orf3 protein to target 
PIAS3 was not restricted to the subclass type C 
adenoviruses, suggesting that E4orf3-induced 
effects on sumoylation will have a more general 
role in the adenoviral life cycle beyond the regu-
lating the MRN and TFII-I proteins.

Another adenovirus protein that influences 
host sumoylation is the E1A protein (Ledl et al. 
2005). E1A is an early protein that regulates viral 
genome transcription and contributes to cell 
transformation (Berk 2005). A major target for 
E1A is the host pRB protein, a regulatory factor 
that binds to E2FE2F and masks the E2F tran-
scriptional activation of S phase genes (Dyson 
2016). In addition, pRB can recruit repressive 
chromatin remodeling factors to E2F bound pro-
moters to further silence gene expression (Berk 
2005). Ledl et al. showed that SUMO is attached 
to pRB at a single residue, lysine 720, in the 
B-box motif which interacts with LxCxE-motif 
proteins such as E1A (Ledl et al. 2005). Mutation 
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of lysine 720 results in a pRB protein with 
increased repressive activity on an E2F- 
responsive promoter, indicating that sumoylation 
negatively regulates pRB repressive activity. E1A 
is known to bind pRB leading to the release and 
activation of E2F. However, binding of E1A to 
pRB also prevents sumoylation of lysine 720, 
thereby providing another level of control of pRB 
by this viral protein (Ledl et al. 2005). Ultimately, 
E1A seeks to activate cellular S-phase and 
increase transcription of DNA replication related 
genes to promote viral genome reproduction, and 
influencing the sumoylation state of pRB may 
provide fine regulation of E2F activity. 
Furthermore, E1A binds to a variety of other cel-
lular proteins (Berk 2005), at least two of which 
are themselves sumoylated, CtBP (Lin et al. 
2003) and p300 (Girdwood et al. 2003). This 
raises the possibility that E1A might also decrease 
the sumoylation state of binding partners other 
than pRB if complex formation also blocks their 
sumoylation. Additionally, E1A also directly 
binds the SUMO conjugase, Ubc9 (Hateboer 
et al. 1996). The binding element in E1A is 
located within conserved region 2 and is com-
prised of the sequence EVIDLT (Yousef et al. 
2010). This E1A motif interacts with the 
N-terminal region of Ubc9, a region which also 
binds SUMO and is involved in polysumoylation 
(Knipscheer et al. 2007). While E1A binding to 
Ubc9 did not affect global sumoylation in 
 cultured human cells, this interaction did inter-
fere with polysumoylation in a yeast model, sug-
gesting that subtle alterations in host 
polysumoylation could be occurring during viral 
infection (Yousef et al. 2010). For example, 
Yousef et al. observed that E1A affected PML 
localization in an Ubc9- dependent manner, and 
PML is known to be polysumoylated (Tatham 
et al. 2001), so perhaps E1A is disrupting PML 
polysumoylation through blocking this activity 
of Ubc9. Alternatively, since E1A does not block 
the monosumoylation activity of Ubc9 (Yousef 
et al. 2010), E1A could be enhancing the 
sumoylation of specific substrates by redirecting 
Ubc9 to PML bodies or other E1A targets. 

Clearly, a great deal of further investigation is 
required to sort out all the possible ramifications 
for sumoylation in the adenoviral life cycle.

Lastly, while not a human virus, it is germane 
to mention the GAM1 protein of the avian type 1 
adenovirus known as CELO (Chicken Embryo 
Lethal Orphan virus) (Chiocca et al. 1996). 
GAM1 has the most dramatic inhibition of global 
sumoylation of all known viral proteins, and is 
well-characterized mechanistically. Moreover, a 
CELO Gam1 negative mutant is replication- 
defective, which clearly establishes GAM1 as an 
important protein for the viral life cycle. 
Interestingly, this 30 kDa viral protein has no 
homology to other known anti-apoptotic proteins 
such as E1B from the adenovirus type 5 or to the 
Bcl2 and Bax family of eukaryotic proteins. 
GAM1 is predominantly located in the nucleus, 
and sumoylation is globally reduced when GAM1 
is expressed in a dose dependent manner (Boggio 
et al. 2004; Colombo et al. 2002). GAM1 was 
also shown to re-distribute SUMO from the 
nucleus to the cytoplasm, promoting nuclear 
transcription factor and HDAC (histone deacety-
lase) de-sumoylation, thus positively influencing 
cellular transcription. Mechanistically, it was 
established that GAM1 binds to the SUMO acti-
vation enzyme complex, SAE1/SAE2 (Boggio 
et al. 2004) and reduces the half-life of SAE1/
SAE2 by recruiting a cellular ubiquitin E3 ligase 
to the GAM1-SAE1/SAE2 complex that ubiqui-
tinylates SAE1 leading to proteasomal degrada-
tion (Boggio et al. 2007). The loss of SAE1 
destabilizes both SAE2 and Ubc9, resulting in 
reduction in their levels as well. Even though the 
de-sumoylation process is unaffected by GAM1, 
the inability to perform new SUMO modification 
greatly decrease the entire pool of sumoylated 
subtracts. The net result of this GAM1 effect is 
an increase in overall cellular transcriptional 
activity which facilitates viral replication. While 
GAM1 may be an extreme example, it is likely 
that other viruses have evolved related strategies 
to target the sumoylation enzymes in order to 
enhance the cellular transcriptional environment 
to favor their replication needs.
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21.2.4  Herpesviruses

The family Herpesviridae is a diverse group with 
three subfamilies (α, β, and γ) that encompasses 
eight human viruses termed human herpesviruses 
(HHV) 1-8, though most have common names 
such as cytomegalovirus and Epstein-Barr virus 
(Grinde 2013). A characteristic feature of this 
family is that all members can establish latent 
infections, either with or without an acute disease 
presentation, leading to very complex interac-
tions with their respective host cells. Studies over 
the last 15 years have revealed that sumoylation 
plays important roles in the life cycle of the her-
pesvirus family members, both through 
sumoylation of viral proteins and through viral 
manipulation of the host sumoylation process. Of 
the eight human herpesviruses, five have been 
shown to have one or more sumoylated viral pro-
teins: cytomegalovirus (CMV) (Hofmann et al. 
2000; Muller and Dejean 1999; Sinigalia et al. 
2012), Epstein-Barr virus (EBV) (Adamson and 
Kenney 2001; Chang et al. 2004; Rosendorff 
et al. 2004), Kaposi’s sarcoma-associated herpes-
virus (KSHV) (Izumiya et al. 2005), varicella- 
zoster virus (VZV) (Stallings and Silverstein 
2006), and human herpesvirus 6 (HHV6) (Gravel 
et al. 2002; Stanton et al. 2002). These five her-
pesviruses include representatives of the alpha 
(VZV), beta (HCMV and HHV6), and gamma 
(EBV and KSHV) subgroups, further demon-
strating that sumoylation of herpesvirus proteins 
is a frequent and common event for members of 
this family. For the remaining three human her-
pesviruses (herpes simplex types 1, herpes sim-
plex type 2, and human herpesvirus 7) 
sumoylation of viral proteins has not been 
reported, though a recent proteomics study sug-
gested that several HSV 1 proteins may be modi-
fied by SUMO2 (Sloan et al. 2015). Based on 
these observations, it is likely that there will be 
sumoylated proteins identified for the remaining 
human herpesviruses types as well.

As discussed in previous sections, papilloma-
viruses and adenoviruses target the sumoylation 
system to alter the cellular milieu and/or avoid 
host defenses, and this strategy is used by several 
herpesviruses as well. For example, while HSV 

has not yet been definitely shown to have 
sumoylated viral proteins, it does modulate host 
sumoylation through the viral ICP0 protein 
(Boutell et al. 2011). A number of other herpesvi-
ruses also manipulate the host sumoylation sys-
tem through viral proteins that have SUMO 
ligase activity, SUMO targeted ubiquitin ligase 
(STUbL) activity, or undefined mechanisms. In 
some cases this reflects a global alteration in host 
sumoylation while in other cases the effects are 
confined to specific substrates. Several recent 
reviews examine the role of sumoylation for her-
pesviruses (Boutell and Everett 2013; Campbell 
and Izumiya 2012; Chang et al. 2016), and the 
following sections will provide a brief overview 
for the individual family members.

21.2.4.1  Herpes Simplex Virus
The initial observations that viruses could impact 
host sumoylation were made for an alpha herpes 
virus, herpes simplex (HSV). The HSV ICP0 
immediate early gene product (also known as 
Vmw110) is not itself sumoylated, but causes 
loss of high molecular weight isoforms of PML 
(Everett et al. 1998). These forms were eventu-
ally determined to be SUMO-modified versions 
of PML, a major component of nuclear ND10 
bodies (Muller and Dejean 1999). Similarly, 
ICP0 also decreases the amount of sumoylated 
Sp100, another major constituent of ND10s 
(Everett et al. 1998). ND10 disruption by HSV is 
necessary for effective lytic replication, and this 
disruption requires ICP0. Originally, this loss of 
sumoylated PML and Sp100 was believed to 
cause disruption of the ND10s, but subsequent 
studies showed that the SUMO protease, SENP1, 
could elicit similar loss of the sumoylated forms 
of PML and Sp100 without affecting ND10 
structures (Bailey and O’Hare 2002). ICP0 does 
not inhibit PML sumoylation nor does it cause 
desumoylation of PML in vitro (Boutell et al. 
2003), though it does recruit SENP1, at least under 
conditions of transient co-expression, which may 
contribute to desumoylation of PML components 
(Bailey and O’Hare 2002). In subsequent studies 
it became clear that the major effect of ICP0 on 
ND10 bodies appears to be due to its known 
ubiquitin ligase activity (Boutell et al. 2002). 

V.G. Wilson



369

ND10 bodies are part of an intrinsic anti- viral 
defense that blocks HSV infection effectively in 
the absence of ICP0 (Everett et al. 2006, 2008). 
Several of the components of ND10 bodies, 
including PML, Sp100, and Daxx contain SUMO 
interacting motifs (SIMs) that are critical for 
recruitment of these proteins to the HSV genome 
(Cuchet-Lourenco et al. 2011). ICP0 also has 
SIM motifs that are required for its ability to 
overcome the anti-viral function of ND10s 
(Boutell et al. 2011). These SIM motifs help 
direct ICP0 to sumoylated proteins where it 
causes their ubiquitinylation and proteasomal 
degradation. While ICP0 causes a general 
decrease in cellular sumoylated proteins, 
sumoylated PML is preferentially degraded 
(Sloan et al. 2015). One putative SIM in the cen-
tral region of ICP0 was absolutely required for 
this general effect on sumoylated host proteins 
and for PML isoforms other than type 1, while 
several putative SIMs in the C-terminal region 
also contributed (Everett et al. 2014). 
Interestingly, ICP0 can also interact directly with 
PML type 1 and target it for degradation in a 
SUMO-independent fashion, suggesting that this 
isoform may be particularly important for 
restricting HSV replication (Cuchet-Lourenco 
et al. 2012). Overall, it appears that ICP0 acts as 
a SUMO-targeted ubiquitin ligase (STUbL) that 
is highly active against PML and other compo-
nents of ND10 bodies, leading to their degrada-
tion, and thus overcoming this host defense 
mechanism sufficiently to allow HSV productive 
infections (Lanfranca et al. 2014). Since a pro-
teomic analysis of SUMO 2 identified 124 other 
host proteins whose sumoylation was signifi-
cantly reduced by ICP0 (Sloan et al. 2015), it will 
also be of interest to evaluate the biological role 
of these other proteins in HSV replication.

Further evidence for the importance of 
sumoylation in the HSV life cycle comes from 
the recent observations that the PIAS SUMO 
ligases contribute to the intrinsic anti-viral 
response to this virus. PIAS1 is localized to 
ND10 bodies in a SIM-dependent fashion (Brown 
et al. 2016), likely through interaction with 
sumoylated PML. PIAS1 causes SUMO1 accu-
mulation at sites of HSV nuclear entry, and helps 

inhibit HSV replication by a mechanism that is 
additive to PML. Like PML, the restrictive effect 
of PIAS1 is overcome by ICP0. Similarly, PIAS4 
also associates with HSV nuclear entry sites in a 
SIM-dependent process and cooperates with 
PML to restrict HSV (Conn et al. 2016). ICP0 
can reduce this accumulation and overcome the 
restriction imposed by PIAS4. These combined 
results strongly support an anti-herpes simplex 
role for PIAS1 and PIAS 4 that is functionally 
reduced by ICP0.

21.2.4.2  Varicella-Zoster Virus
The second human alpha herpesvirus is varicella- 
zoster virus, the etiological agent of chickenpox 
and the reactivation disease known as shingles 
(Gilden et al. 2015). Sumoylation in this member 
of the alpha subgroup has not been extensively 
studied, and there are only two reports concern-
ing sumoylation and this virus. It was reported 
that one of the viral early proteins, ORF29p, is 
sumoylated, but the role of sumoylation in the 
function of this protein was not investigated 
(Stallings and Silverstein 2006). A second viral 
protein, ORF61, contains three SIMs that facili-
tate binding to SUMO1 (Wang et al. 2011). These 
SIMs are required for ORF61 to interact with and 
disperse PML in ND10 bodies. During skin 
infection, the number of ND10 bodies is reduced, 
but this is not observed in ORF61 SIM mutants. 
Also, these mutants did not demonstrate typical 
skin lesions and had reduced viral spread. There 
results suggest that the SUMO binding function 
of ORF61 is critical for overcoming the anti-viral 
effects of the PML bodies, similar to ICP0 of 
HSV. ORF61 is homologous to ICP0 (Moriuchi 
et al. 1992) and has ubiquitin ligase (Everett et al. 
2010), but whether or not ORF61 has STUbL 
activity has not been determined.

21.2.4.3  Cytomegalovirus
The family of beta herpesviruses includes three 
human virus members, cytomegalovirus (CMV), 
human herpes virus 6 (HHV6), and human her-
pes virus 7 (HHV7). There is not yet a report on 
sumoylation in HHV7, but sumoylation plays a 
role in the life cycle of both HHV6 and CMV. The 
immediate early IE1 protein is sumoylated for 
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both CMV (Muller and Dejean 1999) and HHV6 
(Gravel et al. 2002). Additionally, IE2-p86 
(Hofmann et al. 2000), the UL44 protein 
(Sinigalia et al. 2012), and the pp71 tegument 
protein (Hwang and Kalejta 2009) for CMV are 
sumoylated. Multiple groups identified lysine 
450 as the SUMO acceptor site in IE1 (Lee et al. 
2004; Nevels et al. 2004; Sadanari et al. 2005; 
Spengler et al. 2002; Xu et al. 2001), but the role 
of SUMO modification in IE1 function remains 
poorly understood. Like HSV ICP0, the CMV 
IE1 disrupts ND10s and reduces the level of 
sumoylated forms of PML and Sp100 (Everett 
et al. 2013a; Muller and Dejean 1999; Tavalai 
et al. 2011), but unlike ICP0 this disruption is 
proteasome independent (Lee et al. 2004; Xu 
et al. 2001). IE1 also does not cause any global 
decrease in sumoylated proteins so it does not 
appear to be a STUbL like ICP0 (Scherer et al. 
2013). Furthermore, IE1 mutants with the SUMO 
acceptor site lysine changed are still capable of 
disrupting PML ND10 bodies and overcoming 
the anti-viral activity of these elements, indicat-
ing that sumoylation of IE1 itself is not involved 
in this process (Lee et al. 2004; Spengler et al. 
2002; Xu et al. 2001). IE1 also does not have an 
intrinsic SUMO protease activity, and it has been 
suggested that the desumoylation of PML seen 
with IE1 expression may be due to disruption of 
PML aggregation (Kang et al. 2006).

Since sumoylation of IE1 is not related to its 
function in disrupting ND10 bodies, the actual 
role of this modification remains vague, though a 
K450R mutant virus grows more slowly and with 
reduced yield, suggesting that sumoylation is 
important for a fully robust virus (Nevels et al. 
2004). Conflicting reports exist for a role for 
sumoylation in IE1 intracellular localization with 
Nevels et al. finding no sumoylation requirement 
for proper localization of IE1 (Nevels et al. 2004), 
while a second report indicated that sumoylated 
and unsumoylated IE1 exhibited different cellu-
lar fraction properties which could reflect differ-
ent intracellular locations (Sadanari et al. 2005). 
In other studies, IE1 mutants with the SUMO 
acceptor lysine altered were unaffected for pro-
tein stability and transactivation activity on sev-
eral promoters, so sumoylation is unlikely to 

contribute generally to those functions (Spengler 
et al. 2002). However, while transactivation at 
several promoters is unaffected by the SUMO 
site mutation, the mutant exhibited decreased IE2 
transcripts and protein expression, so specific 
regulation of IE1’s activity on the IE2 promoter 
may be a critical function of SUMO modification 
(Nevels et al. 2004).

To date, the only other reported effect for IE1 
sumoylation is on its interaction with the host 
STAT2 protein (Huh et al. 2008). STAT2 is anti- 
viral in that it induces interferon-stimulated 
genes, but this function is antagonized by unmod-
ified IE1 which reduces STAT2 binding to target 
promoters. Sumoylation of IE1 prevents its bind-
ing to STAT2, suggesting that sumoylation is 
actually a negative regulator of IE1 activity in 
this pathway. Thus, sumoylation of IE1 appears 
to have both a positive role in IE2 expression and 
a negative role in preventing IE1 inhibition of the 
anti-viral STAT2 pathway.

In contrast to IE1, sumoylation of IE2-p86 
protein has more clearly defined functional 
effects. IE2-p86 is a transactivator of both viral 
and cellular promoters, and it plays a role in both 
lytic and latent infections. There are two 
sumoylation sites in IE2-p86, at lysines 175 and 
180, and the protein is effectively modified by 
either SUMO1 or SUMO2 (Ahn et al. 2001; 
Hofmann et al. 2000). While targeting of IE2-p86 
to ND10 bodies was not dependent upon 
sumoylation, mutational inactivation strongly 
decreased the ability of IE2-p86 to activate viral 
early promoters (Hofmann et al. 2000). 
Conversely, over-expression of SUMO1 
increased the transactivation ability of IE2-p86 
(Ahn et al. 2001), so the combined results are 
consistent with sumoylation of IE2-p86 being a 
positive regulator of transactivation. In the con-
text of viral infections, this effect of sumoylation 
on IE2-p86 appears to be biologically important. 
While it was initially reported that mutation of 
the IE2-p86 sumoylation sites had no effect on 
growth of the CMV Towne strain (Lee and Ahn 
2004), subsequent studies with other CMV 
strains, including a clinical isolate, showed a 
major impact on viral growth for the sumoylation 
minus IE2-p86 protein (Berndt et al. 2009; Kim 
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et al. 2010). Viruses with sumoylation defective 
IE2-p86 had reduced levels of immediate-early 
gene products and much lower levels of viral 
DNA replication (Berndt et al. 2009), consistent 
with IE2-p86 sumoylation being critical for the 
normal viral replicative cycle, except perhaps in 
the Towne strain.

In addition to being sumoylated, IE2-p86 non-
covalently binds SUMO (Ahn et al. 2001; 
Hofmann et al. 2000), leading to the identifica-
tion of a SIM motif at amino acid 200 (Berndt 
et al. 2009). SIM minus mutants showed reduced 
sumoylation of IE2-p86 leading to replication 
impairment similar to SUMO site mutants 
(Berndt et al. 2009; Kim et al. 2010). Additionally, 
SIM mutants showed reductions in IE2 associa-
tion with viral promoters, formation of viral tran-
scription domains, and late protein expression 
(Kim et al. 2010). The SIM motif in IE2-p86 was 
also necessary for interaction with the host 
sumoylated form of the TATA-binding protein 
(TBP), an interaction which enhanced IE2’s 
transactivation ability (Kim et al. 2010). Given 
that many other transcription associated factors 
are known to be sumoylated, the potential for 
IE2-p86 to recruit numerous other host proteins 
through SIM-SUMO interaction is intriguing. 
Lastly, a recent study found that IE2 inhibited 
IE1 sumoylation (Kim et al. 2014). This negative 
regulation was found to be mediated through 
PIAS1 binding by IE2. PIAS1 stimulates 
sumoylation of IE1, so binding of PIAS1 by IE2 
may sequester it and prevent PIAS1-mediated 
sumoylation of IE1. Consistent with this model, 
levels of IE1 sumoylation peaked early in infec-
tion and decreased in late phase where IE2 levels 
were highest. Thus, a complex interplay between 
IE1, IE2, and the SUMO system appears to con-
tribute to the fine regulation of viral protein 
activities.

The third CMV viral protein known to be 
sumoylated is the UL44 protein (Sinigalia et al. 
2012). UL44 is a subunit of the viral DNA poly-
merase that confers processivity through binding 
to the viral DNA template. UL44 both binds 
Ubc9 and is extensively sumoylated with at least 
16 SUMO attachment sites identified by mass 
spectrometry, leading to modification of approxi-

mately 50% of the protein late in infection. 
Sumoylation with either SUMO1 or SUMO2/3 
enhanced DNA binding by UL44, but SUMO 
over-expression during infection led to a decrease 
in UL44 association with viral replication cen-
ters, suggesting that sumoylation may actually be 
a negative regulator of UL44 function for viral 
replication. Paradoxically, over-expression of 
sumoylation increased levels of viral DNA and 
resulted in two to three fold higher virus titers, 
though this effect could be due to sumoylation of 
the other viral or host proteins, so the biological 
consequences of UL44 sumoylation remain 
unclear.

The final CMV protein known to be involved 
in sumoylation is the pp71 tegument protein 
(Hwang and Kalejta 2009). Tegument proteins 
are components of the virion and are delivered to 
the host cell upon uptake of the virion. Pp71 acts 
to overcome the repressive effects of the Daxx 
host protein on viral early promoters by mediat-
ing degradation of Daxx. Hwang and Kalejta 
showed that expression of pp71 causes an 
increase in the sumoylation of cellular Daxx pro-
tein (Hwang and Kalejta 2009). This stimulation 
of Daxx sumoylation required direct interaction 
between pp71 and Daxx, but was not required for 
pp71-induced degradation of Daxx. Furthermore, 
a functional effect of this pp71-induced 
sumoylation of Daxx on viral immediate early 
promoters was not observed, so like UL44 the 
significance of this pp71 effect is not yet defined.

21.2.4.4  Human Herpesvirus 6
Like CMV, human herpesvirus 6 (HHV6) is a 
betaherpesviruses and expresses an IE1 protein, 
though the CMV IE1 and the HHV6 IE1 lack sig-
nificant identity at the protein level (Gravel et al. 
2002). Even without much relatedness to CMV 
IE1, the HHV6 IE1 still possess a transcriptional 
activating function and is sumoylated (Gravel 
et al. 2002; Stanton et al. 2002). There is a single 
SUMO attachment site in IE1 at lysine 802, and 
SUMOs 1–3 could each be conjugated (Gravel 
et al. 2004). Polysumoylation at this site was also 
observed.

Like CMV IE1, HHV6 IE1localizes to ND10 
bodies (Gravel et al. 2002; Stanton et al. 2002). 
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Also like CMV IE1, sumoylation of HHV6 IE1 is 
not required for localization to ND10s (Gravel 
et al. 2004). Surprisingly, HHV6 IE1 does not 
cause disruption of ND10s when transiently 
expressed alone. Even during viral infection, 
ND10s did not disperse and instead condensed 
into a smaller number of larger bodies (Gravel 
et al. 2002). Furthermore, it has not yet been 
reported that HHV6 IE1 affects the sumoylation 
of PML or any other cellular proteins. These 
results indicate that HHV6 does impact ND10 
structure, though whether or not is functionally 
inactivates ND10s is unknown. It was shown that 
over-expression of SUMO increases IE1 levels 
(Gravel et al. 2004; Stanton et al. 2002), however, 
this does not require an intact sumoylation site 
(Gravel et al. 2004) and is apparently an indirect 
effect whose mechanism in unknown.

There was also no indication that sumoylation 
affected the transactivation ability of HHV6 IE1, 
so the functional consequences of IE1 
sumoylation, if any, remain to be discovered.

HHV6 also expresses an IE2 immediate early 
protein that is a transcriptional transactivator. 
Unlike the CMV IE2 protein, no sumoylation of 
HHV6 IE2 has been detected (Tomoiu et al. 
2006). Interestingly though HHV6 IE2 does bind 
to Ubc9 and this binding represses transactiva-
tion activity. The repression did not require cata-
lytically active Ubc9 so appears not to involve 
sumoylation, and both the mechanism and func-
tional consequences for viral infection are 
uncharacterized.

21.2.4.5  Epstein-Barr Virus
The third herpesvirus subgroup, gamma, contains 
two human virus members, Epstein-Barr virus 
(EBV) and Kaposi’s sarcoma herpes virus 
(KSHV).). EBV is the etiological agent of infec-
tious mononucleosis and is also associated with 
several diverse cancers (Hislop 2015). 
Sumoylation plays an important role in the life 
cycle of this virus with four viral proteins known 
to be sumoylated (BZLF1, Rta, EBNA3B, and 
EBNA3C), three viral proteins that modulate 
sumoylation (LF2, LMP, and BGLF4), several 
other viral proteins that have putative SIM motifs 
(Li et al. 2012a), and one report suggesting that 

viral microRNAs may modulate the sumoylation 
system (Callegari et al. 2014). The first reported 
EBV protein identified as a SUMO substrate is 
the BZLF1 protein (also known as Z protein or 
ZTA), one of the EBV immediate early gene 
products (Adamson and Kenney 2001). Two 
groups demonstrated that BZLF1 has a single 
SUMO acceptor lysine at position 12, and that 
BZLF1 can be modified by SUMOs 1-3 
(Hagemeier et al. 2010; Murata et al. 2010). 
Sumoylation of BZLF1 can be regulated by the 
viral protein kinase (EBV-PK, also known as 
BGLF4) whose expression decreases sumoylation 
of BZLF1 (Hagemeier et al. 2010). This effect on 
sumoylation of BZLF1 does not require phos-
phorylation of BZLF1 itself so the actual mecha-
nism is unknown. Functionally, the consensus is 
that sumoylation represses that transactivation 
ability of BZLF1 (Adamson 2005; Hagemeier 
et al. 2010; Murata et al. 2010) as mutation of the 
SUMO acceptor site increases transactivation 
activity as does desumoylation of BZLF1 with 
exogenously expressed SENP. At least part of the 
repressive effect appears to be due to preferential 
interaction of cellular histone deacetylase 3 
(HDAC3) with the sumoylated form of BZLF1 
(Murata et al. 2010). Similarly, the cellular scaf-
folding protein, RanBPM, was shown to enhance 
BZLF1 transactivation by binding BZLF1 and 
inhibiting its sumoylation (Yang et al. 2015b). 
Consistent with the repressive effect of 
sumoylation on BZLF1, a nonsumoylatable 
lysine 12 to alanine mutation exhibited two-fold 
increased viral production (Hagemeier et al. 2010).

In contrast to the repression of transactivation 
activity, sumoylation of BZLF1 has no effect on 
its intracellular localization or stability (Adamson 
2005; Hagemeier et al. 2010), though it does con-
tribute to ND10 body disruption by EBV 
(Adamson and Kenney 2001; Hagemeier et al. 
2010). BZLF1 protein expressed alone is suffi-
cient to disrupt ND10 bodies, in part because it 
reduces the sumoylation of PML in ND10 bodies 
apparently by competing for limited SUMO1 
(Adamson and Kenney 2001). However, a SUMO 
site mutation in BZLF1 still shows partial ability 
to disrupt ND10 bodies, so reduction of PML 
sumoylation by competition cannot be the only 
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mechanism by which BZLF1 causes ND10 dis-
persion (Hagemeier et al. 2010). Whether or not 
BZLF1 affects the sumoylation of other proteins 
has not been examined, but would be predicted 
based on the proposed competition mechanism.

A second immediate early protein for EBV is 
the BRLF1 protein which is also known as Rta. 
Like BZLF1, Rta is sumoylated, though for this 
protein there are three sumoylation sites at lysines 
19, 213, and 517 (Chang et al. 2004). Members 
of the PIAS family act as SUMO ligases for Rta 
as PIAS1 and PIASx (alpha and beta) interact 
with Rta and stimulate its sumoylation (Liu et al. 
2006). In contrast to BZLF1, it was initially 
reported that the transactivation activity of Rta is 
enhanced by sumoylation (Chang et al. 2004; Liu 
et al. 2006). However, a later study demonstrated 
that sumoylation was not needed for transactiva-
tion (Calderwood et al. 2008), so a functional 
role for Rta sumoylation in transactivation 
remains questionable. Interestingly, there is addi-
tional complex regulation of Rta function, some 
of which involves sumoylation. Two cellular pro-
teins, RanBPM and RNF4, and one viral protein, 
LF2, have been shown to influence Rta and affect 
sumoylation. RanBPM, the nucleocytoplasmic 
scaffolding protein that inhibits BZLF1 
sumoylation has the opposite effect on Rta as 
RanBPM binds Rta and enhances its sumoylation 
leading to increased activity on several promoters 
(Chang et al. 2008). However, sumoylation of 
Rta promotes its association with a cellular 
STUbL known as RNF4 through the SIM motifs 
in RNF4 (Yang et al. 2013). Thus, Rta sumoylation 
may enhances its activity, but it also leads to its 
proteasomal degradation, perhaps providing a 
check and balance possibly to prevent excessive 
Rta activity. Rta activity is also negatively regu-
lated by the viral LF2 protein (Calderwood et al. 
2008). LF2 expression induces Rta modification 
by SUMO2 and SUMO3 at four additional resi-
dues, lysines 426, 446, 517, and 530 (Heilmann 
et al. 2010). Paradoxically, these SUMO modifi-
cations are not required for the negative regula-
tion by LF2 which is due to LF2 binding and 
relocalization of Rta to the extranuclear cyto-
skeleton. Consequently, neither endogenous 
sumoylation nor LF2-induced sumoylation 

events have a clearly defined effect on Rta and 
understanding the biological role of SUMO mod-
ification for this protein awaits further 
investigation.

The last known sumoylated EBV proteins are 
the related EBNA3B and 3C proteins (Rosendorff 
et al. 2004). EBNA3B and 3C, along with a third 
related gene product, EBNA3A are transcrip-
tional regulatory factors with both overlapping 
and distinct functions (Robertson et al. 1996). 
Both EBNA3B and 3C are sumoylated with 
sumoylation being much more prominent for 
EBNA3C; EBNA3A was not seen to be 
sumoylated (Rosendorff et al. 2004). Mutants of 
EBNA3C that could not be sumoylated were 
more diffusely distributed rather than accumulat-
ing in nuclear dots. Nonetheless, these mutants 
were still wild-type in their ability to transacti-
vate the LMP1 promoter in conjunction with 
EBNA2, so this function does not appear to 
require sumoylation. Instead of covalent modifi-
cation by SUMO, one or more SIM-like motifs in 
EBNA3C are important for LMP1 promoter acti-
vation (Lin et al. 2002; Rosendorff et al. 2004). 
EBNA3C interacts with p300/CBP at the LMP1 
promoter, but a p300 mutant that was not 
sumoylated could still be co-activated by 
EBNA3C, so p300 is not the target for the 
EBNA3C SIM motif(s) (Rosendorff et al. 2004). 
This led Rosendorff et al. to propose that binding 
of EBNA3C to an unidentified sumoylated 
repressor counteracts that repressive effect to 
allow LMP1 promoter activation. The potential 
role of EBNA3B sumoylation was not 
investigated.

As mentioned above, the EBV protein kinase 
(BGLF4) is able to inhibit sumoylation of the 
BZLF1 protein (Hagemeier et al. 2010). BGLF4 
was subsequently shown to have two SIM motifs, 
one in the N-terminal region and one in the 
C-terminal region adjacent to a nuclear export 
sequence (Li et al. 2012a). Both SIM motifs con-
tribute to nuclear accumulation of BGLF4 by 
blocking nuclear export. SUMO binding by 
BGLF4 was also required for its ability to inhibit 
sumoylation of BZLF1, as was the kinase activity 
of BGLF4. Since it was previously shown that 
phosphorylation of BZLF1 itself by BGLF4 is 
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not required for inhibition of sumoylation 
(Hagemeier et al. 2010), the requisite target for 
the kinase activity in this process is not known. 
Interestingly, BGLF4 could also globally reduced 
cellular sumoylation in a SIM- and kinase- 
dependent fashion, though what, if any, biologi-
cal role this has in the viral life cycle was not 
tested (Li et al. 2012a). Lastly, BGLF4 also con-
tributes to several other viral functions, including 
ND10 dispersion, DNA damage response induc-
tion, and production of extracellular virus, and all 
these activities required the intact SIMs. Thus, 
while targets and mechanistic pathways for all of 
these BGLF4-related functions are relatively 
undefined, it is likely that the all involve targeting 
of BGLF4 through interaction with SUMO moi-
eties conjugated to various host and/or viral 
proteins.

Lastly, a very important effect on sumoylation 
has been elucidated for latent membrane protein 
1 (LMP1). LMP1 is the primary viral oncopro-
tein and it plays a key role in maintaining the 
latent state (Li and Chang 2003). While not itself 
sumoylated, LMP1 interacts with Ubc9 through 
sequences in its C-terminal activating region 3 
(CTAR3) and causes a general increase in host 
protein sumoylation (Bentz et al. 2011). 
Subsequently, two specific cellular targets of 
LMP1-mediated sumoylation were identified, 
IRF7 (Bentz et al. 2012) and KAP1 (Bentz et al. 
2015). IRF7 is an interferon regulatory factor 
involved in innate immunity. LMP1 promotes 
sumoylation of IRF7 at lysine 452, resulting in 
decreased IRF7 function which likely helps abro-
gate the innate response during EBV latency 
(Bentz et al. 2012). KAP1 (KRAB-associated 
protein 1) also is believed to have antiviral activ-
ity, likely through its transcriptional repressive 
activity (Iyengar and Farnham 2011). KAP1 was 
shown to bind to EBV early promoters and the 
lytic origin of replication (OriLyt) in a 
sumoylation-dependent fashion (Bentz et al. 2015). 
These results suggested that LMP1- mediated 
sumoylation of KAP1 helps to repress the lytic 
phase of EBV and promote maintenance of the 
latent state. It will be of interest to see if there are 
other targets of LMP1-mediated sumoylation that 
also contribute to the viral life cycle.

21.2.4.6  Kaposi’s Sarcoma-Associated 
Herpes Virus

Like the other human virus member of the gamma 
herpesvirus subgroup, sumoylation is also highly 
important of Kaposi’s sarcoma-associated herpes 
virus (KSHV) (Campbell and Izumiya 2012; 
Chang and Kung 2014). Four KSHV viral pro-
teins, K-bZIP, K-Rta, LANA1 (ORF73), and 
LANA2 (vIRF3) modulate sumoylation of host 
and/or viral proteins. K-bZIP was the first KSHV 
protein identified as a SUMO substrate with 
modification occurring at lysine 158 (Izumiya 
et al. 2005). Sumoylation of K-bZIP is negatively 
regulated by phosphorylation at threonine 111 
catalyzed by the viral ORF36 protein kinase 
(Izumiya et al. 2007). However, it was later 
reported that K-bZIP splice variants exist, and 
that 2 of the variants lack the lysine 158 and are 
sumoylated on newly generated lysine, residue 
207 (Lefort et al. 2010). What, if any, different 
properties the variants have has not been exten-
sively investigated.

Functionally, K-bZIP is a transcriptional 
repressor, and sumoylation of K-bZIP enhances 
its repressive activity (Izumiya et al. 2005). 
Additionally, K-bZIP binds Ubc9 and recruits it 
to viral promoters where it likely sumoylates and 
inactivates other transcription factors to facilitate 
repression. One pathway that has been character-
ized for K-bZIP is interferon-stimulated gene 
expression where K-bZIP represses target genes 
(Lefort et al. 2010). A SUMO site mutant of 
K-bZIP is impaired for the ability to repress 
these target genes, indicating that sumoylation 
is a positive regulator for this activity of 
K-bZIP. Subsequently it was shown that K-bZIP 
is a viral SUMO E3 ligase that can catalyze its 
own sumoylation (Chang et al. 2010). K-bZIP 
contains a SIM motif the preferentially binds 
SUMO2/3 and not SUMO1, and its ligase func-
tion also utilizes primarily SUMO2/3. Using this 
ligase activity K-bZIP can sumoylate known 
binding partners such as p53 and pRB, and thus 
regulate their activities. More globally, during 
KSHV reactivation there is an increase of 
SUMO2/3 association with promoter regions of 
both cellular (Chang et al. 2013) and viral 
genomes (Yang et al. 2015a). For the cellular 
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genome, the viral factor(s) responsible were not 
examined, but K-bZIP would be a likely candi-
date. Consistent with this speculation, K-bZIP 
was required for the increased SUMO2/3 associ-
ation with viral DNA as a mutant lacking the 
SUMO ligase activity showed no increase (Yang 
et al. 2015a). Importantly, the SUMO ligase 
defective mutant of K-bZIP showed increased 
virus production during infection, and the same 
results were seen with a SUMO2/3 knockdown. 
These results indicated that K-bZIP induced 
sumoylation is repressing viral activation and 
may function to help maintain the latent state. 
Similarly, enhanced SUMO2/3 modification at 
cellular promoters is likely to help prevent viral 
reactivation and/or to repress cellular innate 
immune responses to the virus.

While K-bZIP has SUMO E3 ligase activity 
that enhances sumoylation of viral and cellular 
proteins, the K-Rta protein is a STUbL that tar-
gets sumoylated proteins for proteasomal degra-
dation (Izumiya et al. 2013). K-Rta has multiple 
SIM motifs that provide strong binding to multi-
merized SUMO, with a preference for SUMO2/3. 
PML is one of the specific targets for K-Rta lead-
ing to degradation of PML and contributing to 
the dispersal of the ND10 bodies by this virus. 
K-Rta can also target sumoylated K-bZIP for 
degradation, suggesting a mechanism for coun-
teracting the repressive function of 
K-bZIP. Mutations in the SIM motifs of K-Rta 
prevent PML degradation, decrease transcrip-
tional activation by K-Rta, and reduce viral repli-
cation, which is strongly consistent with the 
STUbL activity being important for all these 
functions. Further characterization of the oppos-
ing functions of K-bZIP and K-Rta will likely 
provide greater insight into the regulatory bal-
ance between viral reproduction and latency.

KSHV has two latency associated nuclear 
antigens, LANA1 and LANA2, that both contrib-
ute to modulation of substrate sumoylation sta-
tus. LANA1 contains a SIM motif that is specific 
for SUMO2 and which facilitates the sumoylation 
of LANA1 at lysine 1140 (Cai et al. 2013). 
Through this SIM element, LANA1 recruits 
poly-sumoylated host KAP1 protein which is 

part of a transcriptional repressive complex that 
also includes Sin3A. Deletion of the SIM motif 
prevents association of LANA1 with this com-
plex and results in loss of viral episomal genome 
maintenance and loss of repression of K-Rta 
expression, implicating this SIM as a critical part 
of the mechanism by which LANA1 helps to 
establish and maintain latency. LANA1 has been 
shown to enhance sumoylation of Sp100 which 
promotes its accumulation into nuclear aggre-
gates which are likely ND10 bodies, and it was 
proposed the ND10-induced restrictions may be 
necessary for establishment of viral latency 
(Gunther et al. 2014). Similarly, LANA1 
enhances sumoylation of histones in a SIM- 
dependent which is correlated with repression of 
viral genes and again may contribute to establish-
ment of latency (Campbell and Izumiya 2012). 
Interestingly, a broader proteomic study identi-
fied 151 host proteins that interacted with the 
LANA1 SIM (Gan et al. 2015). These results 
suggest that LANA1 could be modifying and 
regulating a large and complex protein network 
to facilitate its latency function for KSHV.

LANA2 is another latency associated protein 
that modulates the sumoylation state of partner 
proteins. LANA2 increases sumoylation of PML 
which ultimately leads to disruption of ND10 
bodies due to proteolytic degradation (Marcos- 
Villar et al. 2009, 2011). Both an intact SIM motif 
in LANA2 and sumoylation of LANA2 at multi-
ple sites were important for the ND10 dispersion. 
In contrast to the enhancement of PML 
sumoylation, LANA2 binding to the pocket pro-
teins (pRB, p107, and p130) (Marcos-Villar et al. 
2014) or p53 (Laura et al. 2015) inhibits their 
sumoylation. For the pocket protein, this effect 
requires binding via an LxCxE motif in LANA2 
that is typical of proteins that interact with pRB 
and the other pocket proteins (Marcos-Villar et al. 
2014). For p53, inhibition of sumoylation requires 
both the LANA2 SIM motif and sumoylation of 
LANA2 (Laura et al. 2015). The ability of LANA2 
to target and influence the sumoylation of two key 
cellular regulatory proteins, pRB and p53, 
strongly implies that modulating these pathways 
is critical in the viral life cycle.
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21.2.5  Poxviruses

Poxviruses are complicated pathogens with com-
plex virions, large genomes, and cytoplasmic 
genome replication, which is distinct from the 
typical nuclear location for genome replication 
other DNA viruses (Lefkowitz et al. 2006). The 
primary human pathogen was variola, the agent 
of smallpox, though most studies in recent 
decades have been conducted on the vaccine 
strain known as vaccinia virus (Roberts and 
Smith 2008; Voigt et al. 2016). To date, only two 
the vaccinia virus proteins, A40R (Palacios et al. 
2005) and E3 (Gonzalez-Santamaria et al. 2011) 
are known to be targets for sumoylation. E3 was 
originally shown to interact with SUMO1 in a 
yeast two hybrid assay (Rogan and Heaphy 
2000). A subsequent study confirmed the interac-
tion with SUMO and demonstrated that a SUMO 
interacting motif (SIM) was required for this 
association (Gonzalez-Santamaria et al. 2011). 
Interestingly, the SIM motif in E3 was required 
for protein stability, nuclear localization, and 
efficient sumoylation of E3. With the SIM motif 
intact, E3 could be modified by either SUMO1 or 
SUMO2, with SUMO addition sites mapped to 
lysines 40 and 99. Sumoylation of E3 occurred 
both in the context of viral infection and with 
transfected E3 expression, indicating that no viral 
components were required for E3 modification. 
Functionally, the SUMO modification repressed 
the transcriptional activation activity of E3 on 
two tested target genes, which suggests that this 
post-translational modification is likely to be bio-
logically relevant to the viral life cycle.

The other known sumoylated vaccinia protein 
is the A40R gene product which is modified by 
SUMO as a single site, lysine 95 (Palacios et al. 
2005). Like E3, modification of A40R does not 
require any viral products and is intrinsic to 
A40R in the presence of the sumoylation system. 
A unique feature of A40R is that its sumoylation 
is nearly quantitative, in contrast to most proteins 
for which only a small fraction exists in the 
sumoylated form at any time. The need for exten-
sive sumoylation is likely explained by the obser-
vation that A40R is insoluble unless sumoylated. 
A40R lacking the SUMO acceptor site self- 

aggregates in the cytoplasm forming rod-shaped 
bodies rather than localizing to the viral mini- 
nuclei where viral DNA replication occurs. 
Nonetheless, because nonsumoylated A40R 
associates with the cytosolic side of the endoplas-
mic reticulum (ER), the authors speculated that 
during viral infection a small fraction of non-
sumoylated A40R may function to bring ER 
membranes together and assist with membrane 
fusion around the viral replication foci.

21.3  RNA Viruses

Sumoylation was originally thought to be an 
exclusively nuclear event, so its role in virology 
was initially examined only for viruses with a 
nuclear phase (most DNA viruses and a few RNA 
viruses). As appreciation grew that sumoylation 
also occurs in the cytoplasm and various mem-
brane compartments, greater attention was placed 
on searching for contributions of this post- 
translational modification system to human RNA 
virus biology. There are now numerous examples 
of sumoylated proteins from RNA viruses, both 
positive and negative stranded, as well as exam-
ples of RNA virus proteins that influence the 
sumoylation of other viral and/or host proteins. 
Two RNA viruses with prominent nuclear 
aspects, influenza and retroviruses, are the most 
intensively investigated for sumoylation, while 
for most other RNA viruses there are currently 
only limited reports concerning sumoylation. 
Consequently, detailed mechanistic and func-
tional characterization of the ability of RNA 
viruses to use and/or manipulate the sumoylation 
system is still lacking for most RNA viruses. This 
section will review the current knowledge about 
the burgeoning list of RNA viruses with a 
sumoylation connection.

21.3.1  Retrovirus

Sumoylation has a role in the life cycle of two 
human retroviruses of the lentivirus subgroup, 
HIV and HTLV. Two HIV proteins, GAG (Jaber 
et al. 2009) and integrase (Zamborlini et al. 2011), 
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interact with the sumoylation system. One of the 
GAG proteolytic products, p6, is sumoylated and 
this seems to be a negative regulatory event early 
in infection, perhaps as a host defense (Gurer 
et al. 2005). Alternatively, later in infection the 
full-length GAG binds Ubc9, and reduction of 
Ubc9 by RNAi resulted in decreased incorpora-
tion of the ENV glycoprotein into released viri-
ons (Jaber et al. 2009). While not affecting total 
number of virions produced, the resulting virions 
were eight- to ten-fold less infectious. This effect 
did not require catalytically active Ubc9 so is 
unlikely to involve sumoylation of GAG. In con-
trast, integrase is sumoylated, but the functional 
consequence is unresolved as two groups have 
reported different effects. Zamborlini et al. 
reported that integrase has three SUMO consen-
sus motifs and is multiply sumoylated (Zamborlini 
et al. 2011). They found that a triple mutant at the 
three consensus sites had normal stability and 
intracellular localization, but was replication 
defective at a step after reverse transcription but 
before integration, suggesting that sumoylation 
was necessary for this undefined step. However, 
Li et al. subsequently reported that overexpres-
sion of sumoylation caused integrase to accumu-
lated in nuclear punctate bodies rather than be 
diffuse (Li et al. 2012b). They also observed that 
the degree of viral genome integration was 
inversely correlated with the levels of cellular 
sumoylation, leading to their suggestion that 
sumoylation is antiviral for HIV. While their 
studies did not directly confirm that these effects 
of sumoylation were mediated through integrase, 
it does raise questions about what sumoylation 
actually does for integrase activity. Interestingly, 
a recent report on a SENP inhibitor supports the 
antiviral nature of integrase sumoylation (Madu 
et al. 2015). Treatment of HIV infected cells with 
this inhibitor reduces the infectivity of progeny 
virions as the virions had defective integration 
during subsequent infection. The inhibitor effect 
could be abrogated by mutation of the SUMO 
acceptor sites in integrase, implying that 
sumoylation of integrase is a negative regulator 
and that the only active integrase molecules are 
ones that have been desumoylated by SENPs 

prior to virion packaging. These are clearly 
intriguing results that will need further study to 
clarify the precise mechanisms.

A second human lentivirus, human 
T-lymphotropic virus (HTLV) has one known 
sumoylated protein, Tax. Tax is a key regulator of 
the NF-ĸB pathway and is known to be modified 
by both ubiquitin and acetyl groups. Tax has also 
been reported as sumoylated for both HTLV1 
(Lamsoul et al. 2005) and HTLV2 (Turci et al. 
2009). Several groups have shown that Tax 
sumoylation is involved with its ability to accu-
mulate in nuclear bodies (Kfoury et al. 2011; 
Lamsoul et al. 2005; Nasr et al. 2006). 
Sumoylation of Tax also appears to regulate its 
targeting of NEMO, a Tax partner, to centro-
somes (Kfoury et al. 2011), and to be required for 
binding of the STUbL, RNF4,, RNF4, which 
ubiquitinylates Tax to relocalize it from the 
nucleus to the cytoplasm (Fryrear et al. 2012). 
Thus, it appears that regulation of Tax intracel-
lular localization is a complex process reflecting 
the contributions of several post-translation mod-
ification events. Unfortunately, the functional 
consequences of this complex intracellular regu-
lation are still uncertain as initial reports that 
sumoylation is required for NF-ĸB activation 
(Lamsoul et al. 2005; Nasr et al. 2006) have been 
refuted in later studies (Bonnet et al. 2012; Pene 
et al. 2014). So as for HIV integrase, it is likely 
the sumoylation of Tax is important, but our 
understanding of the relevant mechanism is poor. 
A similar situation exists for Tax2 from the 
related HTLV-2B where Tax2 is sumoylated but 
the functional role of sumoylation is not clear 
(Journo et al. 2013; Turci et al. 2009, 2012).

21.3.2  Orthomyxovirus

A second RNA virus with significant impact by 
the sumoylation system is the orthomyxovirus, 
influenza A virus (IAV). Five IAV proteins (NS1, 
PB1, NP, M1, and NS2) are modified by 
sumoylation (Pal et al. 2011), and at least some 
functional characterization has been performed 
to evaluate the role of sumoylation on four of the 
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five targets. The first identified IAV SUMO target 
was the NS1 protein (Pal et al. 2010). Two groups 
showed that sumoylation of NS1 was important 
for viral multiplication and the loss of sumoylation 
resulted in delayed growth (Santos et al. 2013; 
Xu et al. 2011). Both groups agreed that lysine 
221 is a major SUMO acceptor site, but Santos 
et al. also found that lysine 70 was a SUMO site 
(Santos et al. 2013). The groups differed in that 
Xu et al. found that sumoylation stabilized NS1 
(Xu et al. 2011) while Santos et al. found no 
effect on NS1 stability though they did report an 
effect on NS1 multimerization (Santos et al. 
2013). The difference in the stability results may 
reflect that Santos et al. examined a double 
mutant of NS1 with both SUMO sites altered 
while Xu et al. only eliminated sumoylation at 
the major SUMO site. Lastly, Santos et al. also 
reported that sumoylated NS1 was greatly 
reduced in its ability to prevent interferon pro-
duction during infection, and this might account 
for the delay replication (Santos et al. 2013).

For the remaining four sumoylated IAV pro-
teins, there is modest information available 
about the role of sumoylation in their function, 
though three of the four are interrelated in their 
functions so sumoylation may have coordinating 
effects. The M1 protein is sumoylated at lysine 
242, and this modification is required for effec-
tive interaction between M1 and the viral ribonu-
cleoprotein (NP) (Wu et al. 2011). Without 
sumoylation of M1 and formation of this com-
plex, viral maturation and assembly is greatly 
reduced which produces a strong reduction in 
viral yield. As cited above, NP is itself 
sumoylated with acceptor sites mapping to 
lysines 4 and 7; the lysine residue 7 is highly 
conserved and is critical for viral reproduction, 
so it may be the primary SUMO site (Han et al. 
2014). The sumoylation deficient mutant of NP 
exhibits altered intracellular localization which 
may prevent effective interaction with M1 and 
contribute to its functional defect in viral repli-
cation. Further regulation of this process is 
mediated by the viral NS2 protein (Gao et al. 
2015). NS2 interacts with the cellular AIMP2 

protein, and the NS2-AIMP2 complex switches 
the modification of M1 lysine 242 from ubiqui-
tin to SUMO which would facilitate the M1-NP 
interaction. Whether or not this requires the 
reported sumoylation of NS2 itself is unknown.

It is also of interest to note the influenza infec-
tion leads to a general dysregulation of cellular 
sumoylation (Pal et al. 2011). A detailed pro-
teomic study found that influenza infection spe-
cifically targeted 63 host proteins for sumoylation 
while generally promoting global desumoylation 
(Domingues et al. 2015). The pattern of changes 
was distinct from other stress responses and 
involved at least ten potential antiviral factors, so 
likely reflects a specific influenza-induced pro-
cess that reflects the battle between host contain-
ment of viral infections and viral attempts to 
interdict these defenses.

21.3.3  Filovirus

Among the human filoviruses, sumoylation has 
only been examined for the infamous Ebola virus 
(Chang et al. 2009). The viral VP35 protein binds 
Ubc9, PIAS1, and IRF7. IRF7 is a transcription 
factor required for interferon transcription, and 
VP35 enhances the sumoylation of IRF7 which 
reduces its transactivation capacity and results in 
lower levels of interferon production. In this 
example, the virus appears to be exploiting the 
host sumoylation system to reduce the innate 
immune response.

21.3.4  Paramyxovirus

Parainfluenza virus commonly causes respiratory 
infections and is a frequent cause of childhood 
illness. The P protein of this virus is sumoylated 
at lysine 254 (Sun et al. 2011). This protein is a 
co-factor of viral RNA-dependent RNA poly-
merase, and mutation of the SUMO acceptor site 
produced a virus that grew with lower levels of 
viral RNA and reduced titers. However, the 
mutant P protein remained wild-type in most 
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activities that were tested, so no biochemical or 
molecular mechanism to explain the effect of 
sumoylation was reported.

21.3.5  Rhabdovirus

This family includes the highly dangerous rabies 
virus as well as the more benign vesicular stoma-
titis virus (VSV). While sumoylation of rhabdo-
viral proteins has not yet been demonstrated, 
there is a recent report that sumoylation is 
involved in regulating both rabies and VSV infec-
tion (Maarifi et al. 2016). Stable exogenous 
SUMO expression blocked VSV viral mRNA 
synthesis, thus inhibiting all the downstream 
steps needed for viral reproduction. The host 
MxA protein is a known inhibitor of VSV tran-
scription, and blocking MxA prevents the effect 
of increased SUMO expression. MxA protein 
becomes highly stable and accumulates under 
SUMO overexpression conditions, thus it appears 
that sumoylation is a host defense that restricts 
VSV by increasing the levels of this host protein 
that inhibits early steps in the VSV life cycle. In 
contrast to VSV, exogenous SUMO expression 
led to higher titers of rabies virus, an effect that 
was specific for SUMO3 and not SUMO1. It is 
known that MxA is not inhibitory for rabies virus, 
but SUMO3 expression did increase sumoylation 
of IRF3 which decreases its transcriptional activ-
ity and reduces the viral induction of interferon. 
Thus, for rabies virus increasing sumoylation has 
a positive effect on viral production, possibly 
through reduction of the interferon response. The 
opposing effects of sumoylation on two different 
viruses in the same family illustrate the complex-
ity of the viral-host interplay and the diversity 
with which different viruses have evolved to 
interact with the sumoylation system.

21.3.6  Coronavirus

Human coronavirus are typically associated with 
mild respiratory diseases, but the SARS corona-
virus is a highly lethal agent. There is only one 
report involving SARS and the sumoylation sys-

tem, with Fan et al. demonstrating that the SARS 
nucleocapsid protein (N) bound to and co- 
localized with Ubc9 (Fan et al. 2006). 
Unfortunately, there was little functional charac-
terization of this interaction and no follow up 
studies have been reported.

21.3.7  Flavivirus

Two members of this family, dengue virus and 
hepatitis C virus (HCV), have known interactions 
with the sumoylation system. The dengue enve-
lope protein binds Ubc9 and co-localize with 
Ubc9 on the cytoplasmic side of the nuclear 
membrane (Chiu et al. 2007). Since overexpres-
sion of Ubc9 lead to reduced plaque formation, 
Ubc9 may be acting as part of the antiviral 
defense to restrict dengue infection at early 
stages. Conversely, silencing Ubc9 expression 
also reduced the replication of dengue, suggest-
ing that the sumoylation system may have both 
positive and negative effects on dengue (Su et al. 
2016). In this case the effect was related to 
sumoylation of the viral NS5 protein. Sumoylation 
of NS5 was required for viral RNA replication 
and suppression of the interferon production. 
Sumoylation of NS2 required a SIM motif in 
NS2 and led to increased stability which could 
account for both the observed effects on replica-
tion and interferon. For HCV, it was observed 
that SUMO1 is upregulated during infection and 
that knockdown of SUMO reduced viral replica-
tion (Akil et al. 2016). No specific viral target 
was identified, but the results suggest that 
sumoylation is a positive factor for this virus 
also.

21.3.8  Picornavirus

The encephalomyocarditis virus (EMCV) can 
cause disease in many mammals, likely including 
humans. The EMCV 3C protease enhances 
sumoylation of PML leading to association of 
PML with ND10s and subsequent proteasomal 
degradation of PML (El Mchichi et al. 2010). 
While the mechanism of 3C action on PML 
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sumoylation is undetermined, this study does 
suggest that EMCV has evolved anti-PML activi-
ties as have many of the DNA viruses. A second 
picornavirus, enterovirus 71 is a more definite 
human pathogen that can cause serious central 
nervous system infections. EV71 also has a 3C 
protease, and in this case 3C was shown to bind 
Ubc9 and be sumoylated at lysine 52 (Chen et al. 
2011). Sumoylation decreases protease activity 
of 3C and promotes 3C degradation. The K52R 
mutant of 3C that could not be sumoylated had 
increased viral levels during infection of cultured 
cells, consistent with sumoylation being a nega-
tive cellular regulatory event against EV71.

21.3.9  Reovirus

Rotaviruses are important human pathogens of 
the reovirus family and are the causative agents 
of acute gastroenteritis. Campagna et al. found 
that sumoylation was a positive regulator for 
rotavirus and that five viral proteins were 
sumoylated, VP1, VP2, NSP2, VP6, and NSP5 
(Campagna et al. 2013). VP1, VP2, and NSP2 
were also able to bind SUMO noncovalently and 
likely have SIM motifs. The NSP5 protein was 
further investigated and two putative sumoylation 
sites were identified, lysines 19 and 82. A mutant 
NSP5 protein that was not sumoylated was 
mostly wild-type in its activities, but did display 
hyperphosphorylation and a defect in viroplasm 
formation when co-expressed with VP2. 
However, this defect was not sufficient to reduce 
viral replication so the biological importance of 
this modification to the overall viral life cycle is 
unclear.

21.3.10  Deltavirus

The hepatitis delta virus (HDV) is a serious 
pathogen that is always found in conjunction 
with hepatitis B virus (HBV) and which exacer-
bates HBV infections (Sureau and Negro 2016). 
HDV expresses a nuclear antigen (HDAg) that 
occurs in a short (S-HDAg) and long (L-HDAg) 

form. Multiple lysines in the short form are 
sumoylated, and this modification enhances pro-
duction of viral genomic RNA and mRNA (Tseng 
et al. 2010).

21.4  Conclusion

The sumoylation system has been shown to be an 
important player in many biological processes, 
such as cellular differentiation, transcriptional 
regulation, and cell growth (Chymkowitch et al. 
2015; Eifler and Vertegaal 2015). Perturbing 
sumoylation changes cellular response to diverse 
signaling pathways (Sharrocks 2006), so this sys-
tem has huge potential as a target for pathogens 
to use to manipulate the host environment. 
Sumoylation also helps regulate host defense 
systems and appears in many cases to contribute 
to an “antiviral state” (Hannoun et al. 2016), so 
intracellular pathogens such as viruses may need 
to alter sumoylation to interfere with these 
defenses. The large body of evidence presented 
here indicates that SUMO and its enzymatic 
pathway play an important role in viral-host 
interactions for a large and growing number of 
DNA and RNA viruses. Numerous viral proteins 
are substrates for sumoylation with example of 
both positive and negative regulation of their 
activities. Thus, as with other types of host cell 
post-translational modification, viruses have 
clearly adapted to use sumoylation to regulate 
aspects of their life cycle. Additionally, there is 
an expanding list of viral proteins that can manip-
ulate sumoylation, either a globally or in a 
substrate- specific manner. Given the wide range 
of cellular pathways affected by sumoylation, 
determining how these changes impact overall 
viral fitness require extensive experimentation, 
so in most reported cases the overall effect is still 
poorly understood. It is likely that many addi-
tional viral proteins that impact sumoylation 
await to be discovered. Identifying and under-
standing these global and specific viral effects on 
sumoylation will provide new insight into viral- 
host interactions and may highlight new targets 
for therapeutic treatment of viral infections.
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