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Abstract

SUMO is a ubiquitin-like protein that cova-
lently binds to lysine residues of target
proteins and regulates many biological pro-
cesses such as protein subcellular localization
or stability, transcription, DNA repair, innate
immunity, or antiviral defense. SUMO has a
critical role in the signaling pathway
governing type I interferon (IFN) production,
and among the SUMOylation substrates are
many IFN-induced proteins. The overall effect
of IFN is increasing global SUMOylation,
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pointing to SUMO as part of the antiviral
stress response. Viral agents have developed
different mechanisms to counteract the
antiviral activities exerted by SUMO, and
some viruses have evolved to exploit the host
SUMOylation machinery to modify their own
proteins. The exploitation of SUMO has been
mainly linked to nuclear replicating viruses
due to the predominant nuclear localization
of SUMO proteins and enzymes involved in
SUMOylation. However, SUMOylation of
numerous viral proteins encoded by RNA
viruses replicating at the cytoplasm has been
lately described. Whether nuclear localization
of these viral proteins is required for their
SUMOylation is unclear. Here, we summarize
the studies on exploitation of SUMOylation by
cytoplasmic RNA viruses and discuss about
the requirement for nuclear localization of
their proteins.

Keywords
SUMO - RNA viruses - Interferon

11.1  SUMO Conjugation

SUMOylation consists in the covalent attachment
of the small ubiquitin-like modifier (SUMO)
proteins to specific lysine residues of a target
protein. This conjugation is an enzymatic process
that occurs in cascade. The precursor SUMO
proteins are proteolytically processed to the
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mature forms, exhibiting their C-terminal
diglycine motifs, by sentrin/SUMO-specific
proteases (SENPs). The resulting mature forms
of SUMO are then activated by the SUMO-
activating E1 enzyme (SAE1/SAE2). Subse-
quently, the SUMO molecule is transferred to
the E2-conjugating enzyme Ubc9, the only E2
SUMOylation enzyme discovered to date.
Finally, the carboxyl group of the glycine
residues at the SUMO carboxy terminus forms
an isopeptide linkage with the e-amino group of
a lysine residue on the target protein, a step that
can be facilitated by SUMO E3 ligases.
SUMOylation can be then reversed by SENPs.
Usually, the target lysine for SUMO is located in
the consensus sequence WKxE (where y is a
hydrophobic residue and x any residue) in the
target protein, although SUMO can be also con-
jugated to lysine residues located in
non-consensus sequences. Four different SUMO
isoforms have been described in mammals
(SUMOL1 to SUMO4). SUMOL1 protein is found
mainly conjugated to targets due to its limited
quantity and only shares 50% identity with
SUMO2/3. SUMO2 and SUMO3 share 97%
sequence identity and often are referred to as
SUMO2/3, and its conjugation is stress-inducible
[1]. SUMO4 remains poorly characterized and its
physiological relevance is still unclear [2, 3]. The
main function of SUMO proteins is to regulate
protein—protein interaction, which ultimately
results in changes in protein subcellular localiza-
tion or stability, transcription, DNA repair, innate
immunity, or antiviral defense. Interestingly,
many SUMO-modified proteins contain SUMO-
interacting motifs (SIMs), allowing the
noncovalent interaction of SUMO substrates
with SUMO or non-SUMOylated proteins [4, 5].

11.2 Regulation of the Type
| Interferon (IFN) Production
by SUMO

The first line of defense against viruses is the
induction of type I interferons (IFNs). During
RNA virus infection, the viral genomic RNA
and replication intermediates produced by the
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virus are recognized as pathogen-associated
molecular pattern (PAMP) by pattern-recognition
receptor (PRR) proteins such as Toll-like
receptors, retinoic acid-inducible gene I (RIG-I),
melanoma differentiation-associated gene
5 (MDADS), and laboratory of genetic and physi-
ology 2 (LGP2), initiating a signaling cascade
that results in the production of type I IFN.
SUMO interacts with different intermediates
along this signaling cascade modulating the tran-
scriptional transactivation of type I IFN
(Fig. 11.1).

SUMOylation of MDAS and RIG-I, promoted
by the SUMO E3 ligase TRIM38, has been
shown to be required for its dephosphorylation
and activation upon virus infection [6]. Once
RIG-I is activated, it recruits the inhibitor of kB
kinase (IKK) a, f, and € through its interaction
with MAVS, leading to the activation of NF-kf3,
interferon regulatory factor (IRF)3, and IRF7, and
consequently resulting in IFNf and NF-kf pro-
moter activation. Frequently, the activation of
both NF-kf and IRF3/7 pathways by RIG-I in
response to virus infection requires the NF-kf
essential modulator (NEMO), an adaptor protein
that organizes the assembly of IKKs into
activated  high-molecular-weight complexes.
Conjugation of SUMO2/3 to NEMO, a process
downmodulated by SENP6, inhibits its interac-
tion with the deubiquitinase CYLD strengthening
the activation of IKK [7]. The noncanonical IKK
kinase TANK-binding kinase 1 (TBK1), which
mediates the activation of IRF3, has also been
shown to be a pivotal player in antiviral innate
immunity, and its modification by SUMO
supports its antiviral function, likely through
contributing to adaptor binding for the transduc-
tion of antiviral signaling [8].

In addition to its role as a modulator of the
RIG-I phosphorylation, SUMO1 conjugation
to RIG-I also inhibits its K48-linked
polyubiquitination and degradation [6] and
promotes its interaction with MAVS [9],
inducing activation of the IFNP promoter. In
addition, upregulation of IFN expression has
been observed as a result of the modification
of the virus sensor MDA5 by SUMOI after
Ubc9 or PIAS2p overexpression [10].
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Fig. 11.1 Transactivation of type I IFN upon RNA virus
infection by SUMO. Detection of the viral RNA by RIG-I
and MDAS led to activation of IFN production. SUMO, by
conjugating MDAS and RIG-I, inhibits their

SUMOylation can also have a negative impact
on IFN production. SUMOI1 can inactivate
NF-kB by modifying IkBa and inhibiting its deg-
radation [11]. In addition, SUMOylation of IRF3/
7 in response to Toll-like receptor (TLR) and
RIG-I activation can act as a transcriptional
repressor of IRF3 and IRF7, a mechanism that
has been postulated to be part of the negative
feedback loop of normal IFN signaling [12]. How-
ever, conjugation of SUMO to IRF3 not necessar-
ily inhibits IRF3. Ran and colleagues found that
SUMO can conjugate to K87 in IRF3, a lysine
residue involved in IRF3 K48-ubiquitin

Type | IFN

phosphorylation and induces their stabilization [6]. Conju-
gation of SUMO to NEMO inhibits its interaction with the
deubiquitinase CYLD strengthening the activation of IKK
and inducing an increase of type I IFN production [7]

conjugation and degradation [13]. Consequently,
I IFN downmodulation of IRF3 SUMOylation
induced by SENP2 promotes its ubiquitination,
negatively regulating the virus-triggered type
induction and cellular antiviral response
[13]. Whereas PIAS1 has been reported to work
as E3 SUMO ligase for both IRF3 and IRF7 [14],
the repression of the ability of IRF7 to induce
type I IFN transcription by SUMOylation has
been shown to be promoted by TRIM28
[15]. Together, these studies show that SUMO
plays an important role in the type I IFN expres-
sion in response to RNA virus infection.
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11.3 SUMO and Type | IFN
Responses

IFN binding to specific receptors at the cell sur-
face activates the receptor-associated protein
tyrosine kinases Janus kinase 1(JAK1) and tyro-
sine kinase 2 (TYK?2), which phosphorylate the
signal transducer and activator of transcription
1 (STATI1) and STAT2. These two proteins
form dimers and associate with IRF9 to form a
transcriptionally active IFN-stimulated gene fac-
tor 3 (ISGF3). ISGF3 binds to IFN-stimulated
response elements (ISREs) leading to transcrip-
tion of IFN-stimulated genes (ISGs). This canon-
ical type I IFN signaling can be modulated by
SUMO (Fig. 11.2).

SUMO has been shown to interact with
STAT1 in a covalent manner, and this interaction

Fig. 11.2 Effect of SUMO on type I IFN response. Acti-
vation of STATI in response to IFN is downmodulated by
SUMO conjugation. However, SUMO does not alter the
IFNa signaling, likely because STAT?2 is not affected by
SUMO and it can compensate for the reduction in STAT1

has been proposed to inhibit STATI activity,
since a STAT1 SUMOylation mutant is
hyperphosphorylated and exhibits increased
DNA binding on STATI1 responsive gene
promoters [16-18], and phosphorylation of
STATI1 induced by IFNp treatment inhibits its
SUMOylation [19]. In addition, SUMO
overexpression has been shown to reduce the
IFN-induced STAT1 phosphorylation and
downmodulate IFNy transcriptional responses
[20]. However, SUMO does not alter IFNa sig-
naling, likely because STAT?2 is not affected by
SUMO and it can compensate for the reduction in
STAT1 phosphorylation [20].

IFN establishes an antiviral state in cells by
inducing a number of proteins with antiviral
activity.  Interestingly, many of these
IFN-induced proteins are SUMO substrates and

phosphorylation [16-20]. Conjugation of SUMO to p53,
PML, and MxA promotes their antiviral activities. The
regulation of the antiviral activity of PKR by SUMO
may depend on the SUMO isoform [21-23]
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their activities are regulated by SUMOylation
and/or noncovalent interaction with SUMO.

The GTPases Mx exert antiviral activity against
a variety of RNA and DNA viruses. MxA protein
has been reported to interact with SUMOI,
SAE2, and Ubc9 [24, 25]. In addition, a recruit-
ment of Mx to PML-NBs and its modification by
SUMO2/3 have also been reported [24]. Interest-
ingly, noncovalent SUMO interaction but not
SUMOylation has been found to be essential for
the antiviral effect exerted by MxA on vesicular
stomatitis virus (VSV), since Ubc9 depletion does
not affect the protective effect of MXA on VSV
replication [26].

The Tumor Suppressor Protein p53 can inter-
fere with the replication of several viruses, and
activation of p53 has been proposed as a potential
therapy against viral infections [27]. IFN treat-
ment induces the transactivation of p53 [28], but
it also induces its SUMOylation, modification
that contributes to the antiviral functions of IFN
[29]. In addition, SUMOylation of p53 induced
by IFN has also been shown to contribute to
senescence induction, a process that helps to con-
trol virus replication [29, 30].

The Double-Stranded RNA (dsRNA)-Dependent
Protein Kinase (PKR) is an IFN-inducible pro-
tein that can phosphorylate the alpha subunit of
the protein synthesis initiation factor elF2a,
resulting in a shut-off of protein translation, apo-
ptosis induction, and inhibition of virus replica-
tion [31]. PKR is regulated by covalent and
noncovalent interaction with SUMO [21-
23]. SUMOylation, as well as noncovalent
SUMO interaction, is required for -efficient
PKR-dsRNA interaction, PKR dimerization,
phosphorylation of elF-2a, and inhibition of
VSV replication [21, 22]. Although virus infec-
tion promotes the modification of PKR by
SUMOI1 and SUMO2/3, recently, a specific role
of SUMO3 counteracting PKR activation and
stability upon virus infection has been
proposed [23].
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PML is an IFN-induced protein that plays a key
role in the establishment of innate antiviral
responses. Thus, PML KO mice are more sensi-
tive than WT to infection with different viruses
such as lymphocytic choriomeningitis virus
(LCMYV), encephalomyocarditis virus (EMCV),
or VSV, and cells from these mice are also more
sensitive to infection with rabies virus [32-34]. In
addition, overexpression of specific PML
isoforms confers resistance to some virus
infections. Thus, PMLIII protects against human
foamy virus (HFV) [35], poliovirus [36], VSV, or
influenza A virus [37], and PMLIV confers resis-
tance to rabies virus and EMCV infection
[34]. PML interacts with SUMO in a covalent
and noncovalent manner. SUMOylation of PML
is required for PML-NB formation and for pro-
moting SUMOylation of specific substrates
recruited on PML-NBs [38—40]. Moreover, mod-
ification of PMLIV by SUMO positively
regulates IFNP synthesis through IRF3 activation,
and it is required for protecting cells from virus
infection [41]. PML-III and PML-IV also recruit
Ubc9 to PML-NBs, and this recruitment has been
shown to be essential for the increase in global
SUMOylation induced by IFN [42]. This is not
the unique mechanism that contributes to the
increase in global SUMOylation upon IFN treat-
ment. Among the IFN-regulated proteins is
Lin28B, a RNA binding protein that represses
the expression of miRNAs from let-7 family
[43-47] which targets SUMO transcripts [48].

The IFN-induced global SUMOylation, as
well as the SUMOylation of viral restriction
factors induced by IFN, is likely part of the cellu-
lar antiviral defense mechanisms of the host since
some viruses have developed strategies to inhibit
those processes. In addition, some viruses have
evolved to hijack the SUMOylation machinery of
the cell to regulate their own proteins.

SUMO and Ubc9 proteins are mainly located
at the cell nucleus. Therefore, for many years it
has been suggested that SUMOylation was rele-
vant mainly for infection of nuclear replicating
viruses. In agreement with this hypothesis,
exploitation of the SUMO pathway has been
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reported to be a common strategy of DNA viruses
and of those few RNA virus replicating in the
nucleus, such as influenza virus or human immu-
nodeficiency virus (HIV)-1 [49, 50]. Lately,
numerous reports demonstrate that the SUMO
pathway is also relevant for cytoplasmic RNA
viruses.

11.4 SUMO and RNA viruses

11.4.1 Reoviridae

Viruses of the Reoviridae family are
non-enveloped icosahedral virus of around
60-80 nm that contain from 9 to 12 segments of
linear double-stranded RNA. Although reovirus
replication occurs in the cytoplasm, several viral
proteins have been detected in the cell nucleus.
Thus, the nonstructural sigma 1 protein, a deter-
minant of reovirus virulence, contains a func-
tional nuclear localization signal (NLS) [51],
and it can be detected in the nucleus during reo-
virus infection [52, 53]. The avian reovirus core
protein sigma A accumulates in the nucleoplasm
of mammalian cells or in the nucleolus and cyto-
plasm of avian cells [54], and the reovirus minor
capsid protein mu 2 of specific strains localizes to
nuclear speckles [55].

The Reoviridae family is constituted by sev-
eral genera, whose members have a varied host
range. Rotavirus is a genus in the Reoviridae
family that is recognized as the single most
important cause of severe gastroenteritis in
infants of a wide range of mammals. Rotavirus
genome is constituted by 11 dsRNA segments
encoding six structural (VP1-4, VP6, and VP7)
and six nonstructural (NSP1-6) proteins. Early
stages of viral assembly and viral RNA replica-
tion take place in virus-induced inclusion bodies
called viroplasms localized in the infected cell
cytoplasm. Viroplasms are formed by VPI,
VP2, VP3, VP6, NSP2, and NSP5. Five out of
six of the viroplasms components, VP1, VP2,
NSP2, VP6, and NSP5 proteins, are modified by
SUMO; and three of them, VP1, VP2, and NSP2
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proteins, also interact in a noncovalent manner
with SUMO. SUMOylation of NSP5 has been
shown to be essential for the formation of
viroplasm-like structures (VLS) generated by
overexpression of VP2 (VLS-VP2i). In addition,
upregulation of SUMOylation positively
modulates rotavirus replication and viral protein
production, whereas interference of Ubc9
produces a marked decrease in the synthesis of
viral proteins and virus titer [56]. The extensive
exploitation of the SUMOylation machinery by
rotavirus evokes to that described for influenza
virus [57]. However, in contrast to influenza
virus, rotavirus conducts its life cycle in the cyto-
plasm and, so far, nuclear localization of rotavirus
proteins has not been reported.

Members of the Orthoreovirus genus have been
evaluated as putative anticancer agents and, as
reported for rotavirus, Ubc9 also contributes to
their efficient replication. Ubc9 has been shown to
interact with the outer fiber protein VP55 from the
grass carp reovirus (GCRV)-104 or the type II
GCRYV, with sigma C from avian reovirus (ARV)
and with sigma 1 from mammalian reovirus
(MRYV) by using yeast two-hybrid system. Further-
more, a positive correlation between Ubc9 levels
and (GCRV)-104 replication has been reported
[58]. Therefore, SUMOylation has been proposed
as a tool to improve the therapeutic efficacy of
oncolytic reoviruses. Although it has been
hypothesized that SUMOylation of the outer fiber
proteins may increase tropism for host cells, so far,
no SUMOylation of orthoreovirus proteins has
been demonstrated.

11.4.2 Paramyxoviridae

Paramyxoviridae family is constituted by single-
stranded negative-sense RNA genome viruses.
Paramyxovirus replication takes place in the cyto-
plasm; however, several paramyxoviral proteins
have been detected in the nucleus in infected
cells. So far, there is just one example of exploi-
tation of SUMOylation machinery by
paramyxovirus.
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Parainfluenza virus 5 (PIVS5) is a prototypic
member of the Rubulavirus genus. The genome
of PIVS encodes eight known proteins. After
evaluation of the putative SUMOylation of four
proteins of the virus (the two components of the
viral RNA-dependent RNA polymerase L and P,
the nucleocapsid NP protein, and the nonstruc-
tural V protein), only the P protein was found to
be SUMOylated and only by SUMOI and not by
SUMO2/3 [59]. Analysis of a recombinant PIV5
containing a mutant of the P protein in the
SUMOylation motif revealed a reduction in the
titer, viral RNA synthesis, and protein expression
relative to the WT PIVS. Therefore,
SUMOylation was proposed to regulate PIV5
gene expression through the regulation of viral
RNA transcription [59]. Whether the P protein of
PIVS can enter into the nucleus is unknown.

11.4.3 Pneumoviridae

Prneumoviridae is a family of large enveloped
single-stranded negative-sense RNA virus. One
of the members of the family that affects humans
is the respiratory syncytial virus (RSV). Although
RSV is a cytoplasmic virus able to replicate in
enucleated cells, its matrix (M) protein has been
found inside the nucleus of infected cells [60].

Different reports reveal a relationship between
RSV and the host cell SUMOylation machinery.
Thus, an association between a cluster of host
proteins involved in the SUMOylation process
and the phosphoprotein (P) of the virus has been
found after integration of proteome and
transcriptome datasets [61]. In addition, SUMO
seems to play a role in the pathogenesis of the
virus [62]. The cellular damage and lung inflam-
mation caused by RSV infection are associated
with the generation of reactive oxygen species
(ROS) and oxidative stress, via degradation of
the transcription factor NF-E2-related factor
(NRF2), which occurs in a SUMO-specific E3
ubiquitin-ligase-RING finger protein (RNF4)-
dependent manner [62]. However, so far, no
SUMOylation of pneumovirus proteins has been
demonstrated.
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11.4.4 Nodaviridae

Nodavirus are non-enveloped viruses with a
genome consisting in two molecules of single-
stranded positive-sense RNA. The family
includes two genera, Alphanodavirus and
Betanodavirus. Viruses belonging to the first
genus infect insects, whereas betanodaviruses
infect fishes. Nodavirus replicate in the host cell
cytoplasm. However, the capsid protein of
nodavirus contains a nuclear localization signal
that targets the viral capsid to the nucleus of
infected cells [63]. Infection with the
betanodavirus red-spotted grouper nervous necro-
sis virus (RGNNV) induces the transcriptional
upregulation of SUMO3, and SUMO3
overexpression increases IFN and ISRE promoter
activity, suggesting that SUMOylation may play
a role in the immune response of fish to viral
infection [64]. However, SUMO3 has been
shown to enhance RGNNV replication in vitro
[64], suggesting that RGNNYV is able to exploit
the host SUMOylation machinery. So far, no
SUMOylation of nodavirus proteins has been
demonstrated.

11.4.5 Picornaviridae

Picornaviridae is a family of non-enveloped
viruses with single-stranded positive-sense RNA
genome containing usually a single open reading
frame encoding a precursor protein that can be
processed by viral proteinases. It contains more
than 30 genera and more than 75 species.
Although the replication of picornaviruses occurs
in the cytoplasm, some viral 3C proteases have
been found to enter the nucleus using a NLS
present in the RNA-dependent RNA polymerase
(3D), in order to prevent host transcription and
cap-dependent translation to provide cellular
resources for viral replication [65]. In addition to
3C and 3D, EMCV nonstructural 2A and 3B
proteins have been also found in the cell
nucleus [66].

The Enterovirus 71 (EV71) belongs to the
Enterovirus genera within the Picornaviridae
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family, and it is the common cause of hand, foot,
and mouth disease. The polymerase 3D of EV71
is modified by SUMOI1 and SUMO3, and this
modification promotes its K63-linked
ubiquitination enhancing the stability of the viral
protein. Consequently, SUMOylation is required
for 3D polymerase activity and virus replication,

and this may explain why SUMOI
overexpression enhances viral replication
[67]. Interestingly, a  SUMO-dependent

ubiquitination of the protease 3C has also been
described. SUMO modification of 3C has been
proposed to be a host cell defense mechanism
against virus replication and apoptosis induction
during EV71 infection because SUMO-
dependent ubiquitination of 3C was associated
with reduced protease activity of 3C in vitro,
increased degradation, decreased apoptosis
induction and virus replication, and reduced

EV71-elicited neurovirulence in a mouse
model [68].
A connection between the human

enteroviruses Coxsackievirus B5 (CVB5) or
CVB3 and the host cell SUMOylation system
has also been proposed. CVBS5 infection induces
redistribution of SUMOI and Ubc9 all over the
cell, which has led to the hypothesis that CVBS5
might interfere with, and perhaps destabilize, pro-
tein SUMOylation [69]. In addition, CVB3 infec-
tion has been shown to induce the degradation of
p53, likely through the promotion of the
SUMOylation of the proteasome regulator REG
to promote viral replication [70]. However, so far,
no SUMOylation of CVBS5 or CVB3 proteins has
been demonstrated.

Another picornavirus that exploits the host cell
SUMOylation machinery to modulate the activity
of restriction factors is EMCV, the prototype of
the Cardiovirus genus. EMCV, likely through the
protease 3C, induces proteasome and SUMO-
dependent degradation of PMLIII [33].

11.4.6 Bunyaviridae
Bunyaviridae is a large family of enveloped

single-stranded RNA viruses. It is constituted by
5 genera: Phlebovirus, Nairovirus, Hantavirus,
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Orthobunyavirus, and Tospovirus. Although
bunyavirus replication occurs in the cytoplasm,
virus production is blocked in enucleated cells.
Therefore, the role of the nucleus is unclear.

So far, arole of SUMO in the viral life cycle of
viruses belonging to this family has only been
reported for Hantavirus. The hantaviruses
genome consists of three RNA segments
encoding the nucleocapsid protein NP, two sur-
face glycoproteins G1 and G2, and the viral poly-
merase L [71]. Interaction between the
nucleocapsid protein of different hantaviruses,
including Hantaan virus (HTVN), Seoul virus
(SEOV), Tula virus (TULV), Puumala virus,
and Andes virus (ANDV), and SUMOI1 or
SUMOylation pathway proteins, such as Ubc9,
PIAS1, PIASxf, or RanGAP, has been reported
[72-74]. However, so far, no SUMOylation of
NP was observed and the function of these
interactions in the viral life cycle remains
unknown.

11.4.7 Coronaviridae

Coronaviridae is a family of enveloped single-
stranded positive-sense RNA viruses. It has two
subfamilies, Coronavirinae and Torovirinae. The
entire replication cycle takes place in the cyto-
plasm. However, the multifunctional nucleocapsid
N protein of coronavirus can be detected in the
nucleolus [75, 76], although this ability varies
between N proteins of different coronaviruses.
The severe acute respiratory syndrome-related
coronavirus (SARS-Cov) N protein can directly
interact with human Ubc9 [77] and is modified by
SUMO [78]. Analysis of an N protein
SUMOylation mutant revealed that SUMOylation
promotes N homo-oligodimerization and nucleolar
localization and plays certain roles in the N-
protein-mediated interference of host cell division.

11.4.8 Arteriviridae

Arteriviridae is a family of enveloped, single-
stranded positive-sense RNA virus that includes
only the Arterivirus genus. One of the members
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of the family is the porcine reproductive and
respiratory syndrome virus (PRRSV). The
genome of PRRSV contains several overlapping
open reading frames. The ORF1a and 1b encode
the viral nonstructural proteins that play impor-
tant roles in replication and transcription of the
viral genome, in modulation of the host innate
immunity, and in pathogenesis and virulence. The
remaining ORFs encode the structural proteins of
PRRSV including the viral nucleocapsid N pro-
tein. The N protein is one of the most abundant
PRRSV proteins, highly immunogenic in pigs
and with important roles in PRRSV replication
and immune evasion. PRRSV replicates in the
cytoplasm of infected cells. However, the N pro-
tein localizes specifically in the nucleus and
nucleolus of virus-infected cells, localization
that modulates the pathogenesis of the virus in
pigs [79].

Wang and collaborators found many
conserved lysine residues in various proteins of
PRRSV that were predicted to be SUMOylated
using in silico prediction analysis of the amino
acid sequences of PRRSV structural and non-
structural proteins [80]. Furthermore, the authors
demonstrated that the PRRSV N protein can be
modified by SUMO and that the nonstructural
PRRSV proteins NSP1p, NSP4, NSP9, NSP10,
and N colocalize and interact with Ubc9
[80]. Altogether these data suggest that the virus
can exploit the cell host SUMOylation pathway.
However, the overall effect of SUMO on PRRSV
seems to be negative, as knockdown of Ubc9
promotes virus replication and overexpression of
Ubc9 inhibits viral genomic replication [80]. The
role of PRRSV N protein SUMOylation, the
consequences of the interaction between Ubc9
and the viral proteins, or the molecular
mechanisms by which Ubc9 modulates PRRSV
replication are still unknown.

11.4.9 Filoviridae

Filoviridae is constituted by enveloped virus
containing a non-segmented negative-strand
RNA genome. This family contains some of
the deadliest pathogens known to date. There
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are three Filoviridae genera: Ebolavirus,
Marburgvirus, and Cuevavirus. So far, only one
of the virus of the family, Ebola virus (EBOV),
has been probed to exploit the SUMOylation
pathway.

EBOV encode seven structural proteins: the
nucleoprotein NP, the polymerase cofactor
VP35, the matrix protein VP40, the transcription
activator VP30, the minor matrix protein VP24,
the glycoprotein GP, and the RNA-dependent
RNA polymerase L. The GP transcript can be
edited giving rise to four alternative forms of
gene products. In addition to serve as structural
components, EBOV proteins play multiple roles
in the virus life cycle.

SUMO has been proposed to be critical for
EBOV life cycle, and modulation of the interac-
tion between SUMOylation pathway components
and viral proteins may represent a novel target for
therapeutics to block EBOV infection. VP35 has
been reported to interact with Ubc9 and PIAS1
and induce a PIAS1-mediated SUMOylation of
IRF7 and IRF3, a mechanism through which
EBOV VP35 disrupts antiviral responses
[14]. In addition, EBOV hijacks the cellular
SUMOylation system in order to modify its own
proteins. Thus, the multifunctional VP40 protein,
involved in regulating virus budding, nucleocap-
sid recruitment, virus structure and stability, and
viral genome replication and transcription, is
modified by SUMO [81]. Interestingly, SUMO
was also found to be included into the viral
particles formed by VP40. One consequence of
VP40 SUMOylation is the regulation of its
ubiquitination [81]. Although EBOV replication
takes place in the cytoplasm of the infected cells,
EBOV VP40 protein has been detected in the cell
nucleus [82].

11.4.10 Flaviviridae

Flaviviridae is a family of small enveloped
viruses with non-segmented positive-sense RNA
genomes. Flaviviridae genome encodes a single
polyprotein that is cleaved into three structural
proteins (capsid (C), premembrane (prM), and
envelope (E)), and seven nonstructural
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(NS) proteins. Although flavivirus replication
occurs in the cytoplasm, some viral proteins
translocate to the nucleus during infection
contributing to viral replication [83]. The
Flaviviridae family includes four genera: Flavivi-
rus, Pestivirus, Hepacivirus, and Pegivirus.

The Flavivirus genus consists mainly of
arthropod-borne viruses and includes important
human pathogens such as dengue virus (DENV),
Zika virus (ZIKV), or yellow fever virus (YFV).
Several studies indicate that SUMO plays an
important role in flavivirus replication and sug-
gest that SUMO inhibitors may be a broad spec-
trum anti-flaviviral strategy. Thus, treatment with
the SUMOylation inhibitor 2-D0O8 has been
reported to significantly reduce the replication of
ZIKYV in vitro in different cell types and in a dose-
response manner [84]. How SUMOylation favors
ZIKV replication is not clear. The ZIKV
RNA-dependent RNA polymerase NS5 has a
putative SIM domain that is highly conserved
among Zika strains that is required for the
NS5-mediated suppression of type I IFN signal-
ing [84]. However, functionality of the SIM
domain in the interaction between ZIKV NS5
and Ubc9 or SUMO or SUMOylation of the
viral protein has not been demonstrated.

2-D08 treatment, as well as Ubc9 interference,
also reduces replication of DENV [84, 85]. Several
DENV proteins might interact with the
SUMOylation machinery. Ubc9 has been
predicted to bind to different DENV proteins by
using a computational approach [86]. Further-
more, interaction between Ubc9 and the nonstruc-
tural proteins NS2B, NS4B, and NS5, as well as
with the envelope protein E, was probed using a
yeast two-hybrid assay [87, 88]. However, after
evaluation of the putative SUMO1 modification
of ten different DENV proteins, only
SUMOylation of NS5 was demonstrated
[85]. An intact SIM domain in NS5 was shown
to be required for its SUMOylation, which
protected DENV NS5 against proteasome degra-
dation, supporting virus replication [84]. Interest-
ingly, NS5 protein contains two functional NLS
and is one of the DENV proteins that can be
found inside the nucleus, where it interferes with
cellular splicing [89]. Although Ubc9 was
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required for efficient replication of DENV, a
study on type 2 dengue virus (DV-2) showed
that overexpression of Ubc9 reduces the viral
plaque formation in mammalian cells, likely due
to the involvement of Ubc9 in the host defense
system to prevent virus propagation [87].

SUMOylation inhibitor treatment also signifi-
cantly inhibited the replication of other flavivirus
such as Japanese encephalitis virus (JEV), West
Nile virus (WNV), or YFV. In addition, in silico
analysis of 78 representative flaviviruses revealed
the presence of a putative SIM domain at the NS5
protein in 92.3% of the analyzed viruses
[84]. Interestingly, the authors found that only
the insect-specific flavivirus lacked putative
SIMs. Therefore, they proposed that it can be an
evolutionarily conserved modification process
among flaviviruses to enhance virus replication
and suppress host antiviral response.

The SUMO system has been shown to be also
required for the replication of hepatitis C virus
(HCV), the best characterized member of the
Hepacivirus genus of the Flaviviridae family
with several proteins containing functional
NLSs and nuclear export signals (NESs) includ-
ing the core, NS2, NS3, and NS5 proteins
[90]. HCV infection upregulates SUMO1 expres-
sion, a host factor essential for HCV replication
[91]. Ubc9 has also been shown to be required for
HCV RNA replication [92]. The requirement of
the host cell SUMOylation machinery for HCV
replication is probably linked to the
SUMOylation-dependent stability of NS5A [92]
and to the SUMO-mediated regulation of the
expression of the viral core protein [91]. The
importance of NS5 SUMOylation for HCV was
also supported by the constant reversion of the
SUMO-defective mutant K348R of HCV NS5 to
the WT sequence during virus replication
[92]. In addition, SUMOI is also required for
lipid droplet accumulation, organelles that work
as a platform for virus replication, assembly, and
production [91].

In contrast to the essential role of SUMO1 and
Ubc9 in HCV replication, PIAS2-mediated
SUMOylation has been identified as a restriction
factor against HCV replication [93]. Thus, an
enhancement of HCV core, NS3, and NS5A
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protein expression in infected cells, as well as of
viral assembly and budding efficiency, was
observed after knockdown of PIAS2 [93]. In con-
trast, exogenous overexpression of PIAS2
decreased HCV core, NS3, and NS5A expression
and the viral assembly and budding efficiency.
When expressed together with SUMOI1, PIAS2
induced the degradation of HCV core, NS3, and
NS5A proteins expressed from individual
plasmids and after treatment with the proteasome
inhibitor MG132, PIAS2 interacts with and
enhances SUMOylation of the core protein.
Therefore, PIAS2 has been proposed to mediate
the degradation of the core, NS5A, and NS3
proteins  through a  ubiquitin-independent
proteasomal pathway [93].

Interestingly, SUMO1 may have a role in the
promotion of HCV replication by alcohol expo-
sure. Thus, alcohol treatment has been shown to
induce upregulation in PIASy expression which
induces autophagy, at least partially through pro-
moting the accumulation of SUMO1 conjugated
proteins, and consequently promotes HCV
replication [94].

SUMO has also been demonstrated to be rele-
vant for members of the Flaviviridae family not
pathogenic for humans such as the classical swine
fever virus (CSFV). CSFV belongs to the genus
Pestivirus within Flaviviridae family. It has three
structural components, including the core protein.
Core protein of CSFV interacts with SUMO1 and
Ubc9, and mutant viruses with deletions in the
putative SUMOylation sites of the core protein
show attenuated phenotypes and limited spread-
ing within infected swine, suggesting that
SUMOylation pathway may contribute to
curtailing viral clearance [95]. Only mutation for
both SUMOI1 and Ubc9 interaction led to com-
plete attenuation. However, whether the core pro-
tein is indeed modified by SUMO or whether the
attenuation is related with reduced SUMOylation
is not known.

11.4.11 Rhabdoviridae

Viruses from the Rhabdoviridae family are
single-stranded negative-sense RNA viruses.
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The prototypes of this family are VSV and rabies
virus (RABV). Although VSV infection does not
induce global SUMOylation [26, 49], it induces
the SUMOylation of specific proteins, promoting
their antiviral activity, such as the tensin homolog
deleted for chromosome 10 (PTEN) [96], the
double-stranded RNA-dependent protein kinase
(PKR) [22], p53 [29], and MxA [26]. Based on
these reports, an upregulation of SUMOylation
will likely be negative for VSV replication. In
fact, although SUMO expression reduced IFN
synthesis upon VSV infection, stable expression
of SUMOI1 or SUMO3 resulted in resistance to
VSV infection [26]. However, whether the con-
trol of VSV replication by SUMO overexpression
is mediated by SUMOylation is not so clear, since
the synthesis of VSV proteins is not affected by
Ubc9 knockdown [26].

Whether SUMOylation of p53, PKR, or PTEN
protects against RABV infection is unknown.
What it has been reported is that SUMO3
overexpression has a positive effect on RABV
infection, likely due to the inactivation of IRF3
caused by its SUMOylation in response to RABV
infection [26].

11.5 Conclusions

Type I interferon induces the transcription of
multiple genes leading to immunomodulatory
effects. Among these IFN upregulated genes,
there are SUMO proteins as well as multiple
targets of SUMO, suggesting that SUMO may
play a role in immunity. Viruses have evolved
to exploit the SUMOylation machinery of the cell
to improve their replication. Many viral proteins
are SUMOylated or influence the SUMOylation
of cellular proteins. Initially, most of the viral
proteins evaluated as putative SUMO substrates
were nuclear proteins of DNA viruses or RNA
viruses replicating in the nucleus because SUMO
and SUMOylation pathway components are
localized mainly at the cell nucleus. However, in
recent years numerous studies have demonstrated
that cytoplasmic RNA viruses also exploit
the cellular SUMO pathway. Although
SUMOylation may contribute to the control of
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virus replication, SUMO seems to have an overall
positive effect in most of the cytoplasmic RNA
viruses. Thus, SUMO proteins or components of
the SUMOylation pathway such as Ubc9 are
required for the replication of some picornavirus,
reovirus, nodavirus, and flavivirus and play a role
in pnemovirus or flavivirus pathogenesis. In addi-
tion, SUMO conjugates to viral proteins from
reovirus, paramyxovirus, picornavirus, coronavi-
rus, arterivirus, filovirus, and flavivirus, and only
a few examples of a negative effect of SUMO
have been reported for members of the
Flaviviridae, Arteriviridae, and Rhabdoviridae
families. Interestingly, many of the viral proteins
from cytoplasmic RNA viruses that are SUMO
substrates can be detected at the cell nucleus
during the viral cell cycle. Additional information
will be required in order to determine whether
there is a relationship between these two events.
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