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The entry of Herpesviruses in cells to replicate triggers host defense systems. Constitutively expressed
proteins contribute to the intrinsic immunity. They constitute nuclear domain 10 by their post-
translational modification by the addition of small ubiquitin-like modifier. These domains repress viral
gene expression. Moreover, ubiquitin addition on viral proteins leads to their degradation. However,
viruses hijack cellular deubiquitinase to prevent this process. Finally, innate immunity is activated by a
cascade of ubiquitination which can be counteracted by viral proteins. This review gives an overview of
ubiquitin and ubiquitin-like modifications roles in host defenses and the way Herpesviruses counteract

these mechanisms.

Introduction

Herpesviruses infect vertebrate as well as non-
vertebrate animals. Eight species of Herpesviruses
infect humans. Most of them lead to benign infections,
like Herpes Simplex Virus type 1 (HSV-1) causing cold
sore near the mouth, but they can be responsible for
severe diseases in immunocompromised individuals,
like cancers Burkitt lymphoma, caused by Epstein-Barr
Virus, EBV [1]. They are enveloped viruses with a
genome containing a double strand DNA of 125 to
230 kb allowing them to encode for 80 to 180 viral
proteins. This family includes three subfamilies of
viruses: Alpha-, Beta- and Gammaherpesviruses [2].
After the infection of a new host, the virus replicates in
the infected cells: it is the primary infection. Then the
virus is able to enter in a latent phase in wich the viral
DNA is maintained in the cells but no virion are
produced. This phase is interrupted by reactivation
phases during which viral particles are produced. They
allow the dispersal of the virus in a new host. The
severity of the symptoms during the reactivations is
extremely variable [3,4]. As Herpesvirus are able to
establish a permanent infection in their hosts, they can
evade the host's defense mechanisms established by
the immune system.

The immune system is divided in three parts: the
intrinsic, the innate and the adaptative systems. The
first one is characterized by the presence of
intracellular constitutive proteins with antiviral functions
that inhibit viral gene expression and viral replication.
The second one is induced by viruses outside or in a
cell: cellular genes implicated in defenses are induced
to protect the cell and surrounding cells. The sensing of
viruses triggers signaling pathways leading to antiviral
gene expression and protein syntheses, including
InterFeroNs (IFNs), IFN Stimulated Genes (ISGs) and
Tumor Necrosis Factor (TNF). Repressions made by
these two systems can be regulated by post-
translational modifications, like the covalent addition of
a ubiquitin or a ubiquitin-like protein. Small Ubiquitin-

like MQOdifier (SUMO) is the main ubiquitin-like protein
and possesses 3 isoforms; others are: 1ISG15, NEDD8
(Neddylin), ubiquitin D (also called FAT10),
AuTophaGy-related protein 12 (ATG12) [5]°°. Unlike the
others, the adaptative immune system requires
specialized cells (T lymphocytes, B lymphocytes...) and
is longer to be established (several days).

Herpesviruses are the most studied viruses as
regards ubiquitin and ubiquitin-like modifications. Here,
an overview of recent findings about the roles of those
modifications in intrinsic and innate immunity involved
in cellular defense against Herpesvirus and ways by
which viruses evade this defense is provided.

Modifications by ubiquitin and
ubiquitin-like proteins in intrinsic
immunity and evasion by
Herpesviruses

See Box 1 (page 2) for details about modifications by
ubiquitin and ubiquitin-like proteins.

Sumoylation is involved in inhibition of
viral gene expression

In cells newly infected with HSV-1, mostly during the
primary infection, an accumulation of subnuclear
globular discrete structures localized near the sites of
the viral genome after entry into the nucleus is
observed [6]. These structures, found associated with
the nuclear matrix, are called ND10 (Nuclear Domain
10) — but also PML NBs (ProMyelocytic Leukemia
Nuclear Bodies) or PML Oncogenic Domains (PODs).
Major ND10 components are PML, Sp100 (Speckled
protein of 100 kDa) and hDaxx (human death domain-
associated protein 6) [7]. It has been shown that these
3 components act cooperatively for the restriction of
the viral genome [8]. ND10 have a number of different
roles within the cell, among them DNA damage
response, stress response, apoptosis, senescence,
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IFN response and viral resistance [5]°°.

Box 1. Post-translational modifications by ubiquitin
and ubiquitin-like proteins:

Ubiquitin and ubiquitin-like proteins are
constitutively expressed in eukaryotic cells. They
can be added post-translationally on other proteins.
These modifications have roles in regulation of
cellular pathways including protein activation, protein
localization, signaling pathways and protein
degradation pathways [5]°*[51]. The ubiquitination is
the process by which ubiquitin, a protein of 76 amino
acids with a molecular weight of 8.5 kDa, is added
on a lysine (K) residue of a target protein. Similarly,
sumoylation is the addition of SUMO, a protein
around 100 amino acids and 12 kDa, on a lysine
residue of the substrate protein [5]°*[33]. That is
made by three catalytic proteins: an activating
enzyme (E1), a conjugating enzyme (E2) and a
ligase (E3)[51]. Several ubiquitin proteins can be
added on the same protein: this is called poly-
ubiquitination, contrary to mono-ubiquitination. K48
poly-ubiquitination leads to proteasomal dependent
degradation of the target protein whereas K63
mono-ubiquitination leads to the functional change
of the target protein. These modifications are
reversible, leading to regulation and homeostasis
return, after signaling pathways activation for
example. Deubiquitin proteases (DUBs) and SUMO
specific proteases remove respectively ubiquitin and
SUMO modifications [33].

The accumulation of ND10 previously observed
contributes to the intrinsic cellular defense against viral
infections. Indeed, ND10 inhibit expression of early
genes necessary for the viral replication. Sp100 is one
of protein responsible of this inhibition. For instance,
during HSV-1 infection, Sp100 represses the
Immediate Early (IE) and early classes proteins
expression (Infected Cell Protein 4 — ICP4 - and UL42)
and during EBV infection, it regulates viral gene
expression[9]. In cells infected by Human
CytoMegaloVirus (HCMV), Sp100 restricts the
acetylation of histones in viral promoter Major
Immediate Early (MIE), resulting in the inhibition of viral
gene expression [10]. Sp100 is able to interact with
Heterochromatin Protein 1 (HP1), leading to formation
of heterochromatin and thus to inhibition of viral DNA
transcription [11]. Moreover, hDaxx protein is also
required for the repression of viral gene expression,
using another strategy: its interaction with Alpha
Thalassemia/mental Retardation syndrome X-linked
(ATRX) — chromatin remodeling factor belonging to
ND10 — leads to chromatin remodeling and repression
of viral gene expression [12]°.

The PML protein is the major component of ND10. Its
N-terminal domain contains a RING finger domain, 2
B-boxes - zinc binding and stabilized domains - and a
coiled-coil domain [13]. Those domains constitute a
TRIpartite Motif (TRIM), hence the other name of PML:
TRIM19. PML possesses 7 isoforms sharing a

homologous N-terminal end, generated by alternative
splicing and found in different subnuclear structures [7].
Post-translational modifications of PML are required for
its function. They include sumoylation in 3 sites: one in
the RING finger (K65), another in the B-box 1 (K160)
and the last one at the level of the Nuclear Localization
Signal NLS (K490) [7,13]. Finally, a SUMO Interaction
Motif (SIM), motif allowing a non-covalent binding with
SUMO, is found on PML (from amino acids (aa) 556 to
562) [14]. SUMO modifications, TRIM and SIM are all
required for the restriction of HSV-1 infection [14].

PML is required for the formation and maintenance of
ND10 (Figure 1 left part, page 3). Depletion of PML in
cells causes dispersal of hDaxx and Sp100 within the
cells. A model was proposed for the formation of ND10:
PML is first post-translationally modified by isoform 1 of
SUMO: SUMO-1 [9,15]. Indeed, it is proposed that the
RING finger of PML could have a SUMO E3 ligase
activity, and could sumoylate itself or other proteins
[13]. This would allow its nuclear localization [12]* and
recruitment of other sumoylated PML thanks to its SIM
[13]. However, it was recently proposed that the SIMs
are involved in the regulation of ND10 components but
not on ND10 formation [14]. Furthermore, the coiled-
coil domain of PML permits its hetero and homo-
oligomerization and is crucial for ND10 formation [7].
Then, other sumoylated proteins or those possessing a
SIM, like hDaxx, can interact with the lattice of PML
previously formed to constitute ND10 formation.
Depletion of PML induces the alteration of expression
or stabilization of Sp100 and also alters its SUMO
modification on K297 [9,15,16]. Thus, ND10 formation
is highly dependent on sumoylation. However, this
modification is not required for Sp100 recruitment to
ND10 [15].

Viral proteins disrupt ND10, leading to
viral gene expression

Whereas the sumoylation of cellular proteins is used
to inhibit the viral replication after the entry of the virus
in a cell, certain viruses desumoylate these proteins to
escape cellular restriction, with or without degrading
these proteins themselves (Figure 1 right part, page 3).
As shown previously, ND10 formation is initiated at
sites near viral genome entry in the nucleus and
depends on the modification of PML by SUMO-1.

IE1 protein of HCMV, also called IE72, counteracts
intrinsic antiviral defense mediated by ND10. This
protein is not required for viral replication at high MOI
but is required at low MOI [12]. It has been shown to
interact with the periphery of ND10 2h post-infection,
resulting in the removal of PML, Sp100 and SUMO 4h
post-infection [12]. Indeed, IE1 causes the loss of the
sumoylated forms of numerous ND10 components in a
proteasome independent manner [17]*°, resulting in
ND10 disruption and inability to repress viral genome
expression. IE1 is a hydrophobic (except for C-terminal
region) nuclear phosphoprotein encoded by UL123 [12].
The hydrophobic domain (aa 132 to 346), contrary to
the C terminal domain (aa 421 to 491), is required for
desumoylation. L174P mutation in IE1 prevents the
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Figure 1. Nuclear Domain 10 (ND10) formation and inhibition by viral proteins. Cellular and viral components are shown
on the left and on the right of the figure respectively. SUMO (Small Ubiquitin-like MOdifier) proteins post-translationally modify
Sp100 and PML, cellular proteins. Thanks to the SIMs — SUMO Interaction Motifs - contained in PML and hDaxx and to the
coiled-coil domains of PML and Sp100, ND10 are formed (left part of the figure). This leads to the inhibition of viral gene
expression. However, viruses encode proteins which disrupt ND10 and/or degrade ND10 components (right part of the figure),

leading to the recovery of viral gene expression.

targeting, desumoylation and disruption of ND10 [18],
implying that this residue is essential for the function of
IE1. However, the C-terminal domain is not involved in
PML targeting, as it was shown by deletions in IE1
[12]°. Indeed, this domain inhibits IE1 binding on PML
[12]°. More recently, it has been shown that IE1 does
not possess a SUMO protease activity in vitro against
PML but that IE1 induces the desumoylation of PML in
vivo [19]. Moreover, in the absence of IE1, the
phosphoprotein IE2 (encoded by UL122) is trapped
and accumulates in ND10. IE2 is necessary for the
progression of the lytic cycle and the expression of
delayed-early and late viral genes [20].

EBV also encodes proteins able to disrupt ND10.

BamHI Z fragment Leftward open reading Frame 1
protein (BZLF1, also known as Z or Zta or ZEBRA), is
an early viral protein required for the activation of viral
gene expression. It has been shown that it is also able
to disrupt ND10 but this disruption is less efficient when
BZLF1 is modified by SUMO-1 [21]. BNRF1 protein
interacts with and disrupts the hDaxx/ATRX complex,
leading to the activation of the early viral gene
expression [22]. Thus, Herpesviruses are able to
counteract ND10 defense with the desumoylation
and/or the disruption of these structures.

Another strategy used by Herpesviruses is the
degradation of cellular proteins implicated in intrinsic
immunity, contrary to the basic desumoylation detailed
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previously. This also occurs when a cell is newly
infected.

One of the most studied viral protein possessing this
function is ICPO, an IE protein. It interacts with SUMO
thanks to its SIM [23]**. It is known for a long time that
ICPO also possesses a RING finger domain which
allows the protein to act as an E3 ubiquitin ligase [24].
When the RING finger of ICP0O is mutated, PML and
ND10 are not disrupted. This implies that ICPO is
required for ND10 disruption through PML degradation,
allowing viral escape from intrinsic defense [5]**[9].
While the degradation of PML happens the fastest,
ICPO also induces the degradation of sumoylated
Sp100 in a proteasome dependent way, and more
generally, it induces degradation of SUMO conjugates
and dispersal of hDaxx and ATRX [23]**. Therefore,
ICPO recognizes its substrates both specifically and via
their sumoylation. ICPO also possesses a number of
SIM-Like Sequence (SLS) which is necessary for its
functions [23]°".

Other Herpesviruses encode proteins with a similar
role to ICPO of HSV-1. The Murine gamma
HerpesVirus 68 (MHV68) tegument protein open
reading frame 75c¢ also induces the destruction of PML
[8]. Contrary to other Herpesviruses, ORF3 protein of
the Herpesvirus Saimiri induces the degradation of
Sp100 but not the degradation of PML or hDaxx [25].
Finally, the tegument protein pp71 of HCMV, encoded
by the UL82, is also able to interact with ND10,
targeting hDaxx and ATRX [26], and then inducing the
proteasome-dependent but ubiquitin-independent

degradation of hDaxx [12]°[17]**[27].

Viruses use deubiquitinases to restrain
the degradation of their proteins

Addition of ubiquitin upon viral proteins by cellular
ubiquitin ligases in infected cells leads to the
degradation of these viral proteins in a proteasome
dependent manner and therefore to a decreased viral
replication. This mechanism is included in intrinsic
immunity. Furthermore, the sumoylation of viral
proteins could also occur in infected cells. IE proteins
of HCMV are sumoylated in the host cell and this
modification on IE2 inhibits its role of activation of early
viral gene expression [28]. However, IE1 sumoylation
does not trigger a change in its interaction with ND10
[29]. BZLF1 of EBV and IE1 of Human HerpesVirus 6B
(HHV6B) are also immediate early viral proteins
sumoylated by the host cell [28]. The accurate function
of this sumoylation remains to be clarified.

Viruses may counteract this ubiquitination of their
proteins by hijacking ubiquitin proteases. The cellular
deubiquitinase Ubiquitin Specific Protease 7 (USP7,
also called Herpesvirus Associated Ubiquitin Specific
Protease or HAUSP) was the first protein discovered in
interaction with ICPO of HSV-1[30]°. Indeed, ICPO
induces ubiquitination and degradation of USP7 and
also its own degradation by auto-ubiquitination in a
RING finger dependent manner [31] (Figure 2, page 4).
However, interaction of USP7 with ICPO inhibits this
ubiquitination and degradation of ICP0: USP7

stabilizes ICP0[32]. To determine which action is
dominant on the other — degradation of USP7 by ICPO
or stabilization of ICPO by USP7 -, a study was
conducted on mutated ICPO — which could not bind
USP7 - in human fibroblasts. The authors showed that
there was a decreasing number of HSV-1 proteins in
the cells. They also reduced the level of USP7 proteins
with siRNA before the infection with HSV-1 WT (Wild
Type) and they observed a lowering rate of ICP0O and
IE genes expression. They conclude that stabilization
of ICPO by USP7 is dominant over degradation of
USP7 by ICPO [31]. Other Herpesviruses, like Kaposi
Sarcoma HerpesVirus (KSHV), use USP7 to stabilize
their proteins [33]. Epstein-Barr Nuclear Antigen 1
(EBNA1) is a protein of EBV required for viral
replication and particularly for survival of infected cells
during the phase of latency of the virus. USP7 interacts
with  EBNA1, allowing the removal of polyubiquitin
chain in K48, the proteasomal degradation signal
(reviewed in [34]). Furthermore, in EBV infected cells,
an increase number of USP5, -7, -9, -15i (cellular
ubiquitin proteases) has been observed [35]: this may
be in response to the rise of cellular stress due to
infection.

®
%o

Figure 2. USP7 cellular deubiquitinase is used to
stabilize ICPO viral protein. USP7 (Ubiquitin Specific
Protease 7) is ubiquitinated, leading to its proteasome-
dependent degradation. This is promoted by ICPO (Infected
Cell Protein 0) (top). Similarly, ICP0O auto-ubiquitinylates and
is therefore degraded like USP7 (bottom). However, USP7
stabilize ICPO, inhibiting its ubiquitination and degradation.
The stabilization of ICPO is dominant over the degradation of
USP7.

Moreover, viruses can also encode deubiquitinases
to inhibit the degradation of their proteins. High
Molecular Weight Protein (HMWP or pUL48) of HCMV
is a ubiquitin protease encoded by the UL48 gene and
found in the capsid of HCMV. This protein cleaves only
ubiquitin linked with K48. Its active site comprises two
important residues: C24 and H162. A mutation in these
residues leads to a loss of enzyme activity and slows
down virus production [36].

Thus, Herpesvirus have evolved diverse
mechanisms to evade the intrinsic immunity set up by
the host cells through ubiquitin and ubiquitin-like
proteins immediately after the infection of a new cell.
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Roles of ubiquitin and ubiquitin-like
protein modifications in innate
immunity and evasion by
Herpesviruses

Viral entry triggers the interferon response

The second line of defense against pathogens is
innate immunity. The presence of a pathogen in a cell
is sensed by Pattern Recognition Receptors (PRRs)
which trigger the activation of signaling pathways,
leading to the production of InterFeroNs (IFNs) which
set up a local antiviral state (Figure 3, page 6).
Ubiquitination at different levels of the pathways
controls the activation of IFNs production. Herpesvirus,
mainly during the phases of latency [3], are sensed by
different PRRs located upon membranes or in the
cytosol [37]. One sensor able to recognize viral double
strand DNA and to induce the downstream pathway to
control the virus is Toll-Like Receptor 9 (TLR9), located
on endosomal membranes [17]**. TLR9 deficient mice
produce less IFNs in response to Murine
CytoMegaloVirus (MCMV) infection compared to WT
mice, showing the importance of this receptor [38].
TLR9 interaction with viral DNA induces the recruitment
of different proteins forming a complex (Figure 3, A,
page 6). This complex contains in particular the
adaptor protein Myeloid Differentiation factor 88
(MyD88) and kinases Interleukin-1 Receptor
Associated Kinase (IRAK). Then, this complex recruits
TNF Receptor Associated Factor 6 (TRAF6) which
oligomerizes, activating its E3 ubiquitin ligase function.
Activated TRAF6 polyubiquitinylates itself as well as
Receptor-Interacting Protein 1 (RIP1). This leads to the
recognition of Nuclear factor kB Essential MOdifier
(NEMO, also called Inhibitor of kB Kinase y : IKKy).
NEMO belongs to IKK complex, so IKK complex is
recruited. The consequences of this are the
phosphorylation and the ubiquitination of IkB hence the
degradation of IkB and the release of NF-kB, which
translocates in the nucleus and activates the
transcription of IFNB gene. HCMV is able to activate
NF-kB. Furthermore, the first formed complex is also
able to recruit TRAF3 (Figure 3, C, page 6), promoting
its poly-ubiquitination and interaction with IFNs
Regulatory Factor 7 (IRF7) to form another complex
which acts as a transcription factor, providing IFNs
gene transcription (reviewed in [17]**). Herpesvirus are
also sensed by TLR3 and TLR7 (sensing of single
strand RNA). Although the adaptor protein is different
for TLR3 compared to TLR9, the following signaling
pathway inducing IFNs production remains similar
[17]°.

Interestingly, viral DNA can also be sensed by
Retinoic acid Inducible Gene | (RIG-I) directly (HSV-1)
or via RNA polymerase Ill (EBV), Figure 3, B, page 6
[37]. The N-terminal domain of RIG-I is K63
ubiquitinated by TRIM25, which allows its interaction
with an adaptor called Cardif. Then, TRAF3 is poly-
ubiquitinated, leading to the activation of IRF3 — by
phosphorylation — and so to IFNs production [39]. It

was recently shown that antiviral state induced after
infection with HCMV or HSV-1 by the activation of IRF3
is helped by ubiquitination of Stimulator of IFNs Genes
(STING) by TRAF56 [40].

It was recently found that NF-kB and IRF3 pathways
are dependent on the K27 poly-ubiquination of NEMO
by TRIM23. Cells Knock Out (KO) for TRIM23 do not
poly-ubiquitinate NEMO, nor have IRF3 and NF-kB
responses, contrary to WT cells. These findings show
that polyubiquitination of NEMO is essential for antiviral
innate response [41]. Thus, IFNs production signalling
pathways are highly dependent on ubiquitination of
cellular proteins.

The induction of IFNs production in infected cells
leads to ISGs production, including 1SG15 [28]. Mice
defective for production of ISG15 are more susceptible
to infection by MHV68 than WT mice [17,42]. This
protein leads to the over-expression of IFN gene [17].
ISG15 contains two domains ubiquitin-like. It can act as
a cytokine and modulate the immune response [17,42].
It can also be linked covalently by its C-terminal
domain with other molecules by E1, E2 and E3 specific
ligases. Proteins modified by ISG15 are involved in
innate immune response: ISGylation stabilizes proteins
against degradation. It inhibits IRF3 degradation,
hence IFNB expression and innate immune response
increase [17,28]. ISGylation is a reversible process due
to proteases, like USP18 [28,42].

Viral deubiquitinases inhibit interferon
production

Ubiquitination is an important trigger for innate
immune response. However, viruses have developed
different strategies to interfere with this ubiquitination
(Figure 3, page 6). Herpesviruses encode homologous
and large tegument proteins, containing N-terminal
DeUBiquitinase (DUB) domains: UL36YS" (HSV-1),
uL48 (HCMV), M48 (MCMV), BPLF1 (EBV), Open
Reading Frame 64 or ORF64 (KSHV and MHV68)
[43]*. They are able to cleave K48 and K63
polyubiquitin chains [44]°°.

UL36 gene of HSV-1 encodes VP1/2, the largest
protein found in its tegument. This protein is required
for viral replication. Located at the N-terminal part of
VP1/2, a peptide of 500 amino acids known as UL36YP
possesses a DUB activity [45]°. The presence of
UL36YF is detected 12h post-infection, after the
cleavage of VP1/2 [44]°*. UL36YS" deubiquitinates
TRAF3, hence inhibits the recruitment of a kinase
(TBK1: TANK Binding Kinase 1) required for the
signaling, and therefore reduces production of IFN(
[44]°. Moreover, UL36%P inhibits TRAF3 dimers
formation, required for the activation of IFNs production
[44]°*. UL36YF C65 mutant does no longer show a
DUB activity, implying that this cystein residue is
important for the function of this protein, as well as C40
residue [44]**. Deubiquitination of TRAF6 could be
performed by the N-terminal region of BPFL1, an EBV
protein, leading to the inhibition of NF-kB signaling
pathway during lytic infection and allowing viral
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Figure 3. Interferon production signaling pathways and inhibition by viral proteins. Viral motifs such as RNA and
cytoplasmic unmethylated DNA are sensed by different PRRs (Pattern Recognition Receptors), like TLR (1a, 1b) or RIG-I (1b),
triggering different signaling pathways (A, B, C). The sensing is followed by the recruitment of an adaptor complex (2a, 2c),
leading to the recruitment and ubiquitination of other proteins (3a, 4a, 3c): TRAF6, RIP1 and TRAF3. Both TRAF6 and RIP1
permit the phosphorylation and then the ubiquitination (5a) of IkB (inhibitor of kB), hence the degradation of IkB and the
release of NF-kB (Nuclear Factor kB) (6a). The ubiquitination of TRAF3 leads to the activation of IRF7 (IFNs Regulatory
Factor) (4c). Another activation pathway is made by the ubiquitination of the sensor RIG-I by TRIM25 (2b), leading to the
activation of IRF3 (3b, 4b) Free NF-kB, activated IRF7 and activated IRF3 translocates in the nucleus and activate cellular
antiviral genes expression (7a, 5c). All ubiquitination steps are counteracted by viral deubiquitinases (in red).

replication [46].

Similarly, ORF64 of KSHV inhibits ubiquitination of
RIG-I usually performed by TRIM25, leading to the
inactivation of the downstream signaling involved in
reactivation of lytic infection but not in suppression of
NF-kB activation of IFNB promoter [43]**. ORF64-
C29G mutant of KSHV has also no enzymatic activity
[43]°*, showing the conservation of the cysteine residue
among DUBs.

The importance of the cysteine residue for DUB
activity is conserved amongst viral DUBs belonging to
Herpesviridae family [44]°*. HSV encodes for a
tegument protein, Us3 (Unique Short protein 3), known
to inhibit the polyubiquitination of TRAF6. As for EBV,
this stops NF-kB signaling pathway and IFNs
production [47]*. Us3 possesses a kinase activity. It
was proposed that the phosphorylation of TRAF6 near
the ubiquitination site hides this site and inhibits
ubiquitination [47]°.
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Herpesviruses hijack cellular
deubiquitinases to interfere with interferon
production

Viral proteins are able to interact with cellular
proteins, leading to the hijacking of their cellular
functions. The viral protein ICPO (HSV-1) interacts with
the cellular deubiquitinase USP7 to stop the signalling
pathway of IFNs production. USP7 is a protein of 1102
amino acids divided in 3 domains: a TRAF-like domain
at the N-terminal end (aa 58 to 196), a USP domain
(aa 208 to 560) and a ICPO binding domain at the
C-terminal end (aa 622 to 801) [48]. It has a regulatory
activity during the signaling of IFNs production: through
its TRAF-like and USP7 domains respectively, USP7
binds and deubiquitinylates TRAF6 and IKKYy, resulting
in an inhibition of IFNs production. USP7 helps the
homeostasis return. However, ICPO hijacks the
regulatory function of USP7 to inhibit IFNs production.
Indeed, USP7 is a nuclear protein at rest. Thanks to its
NLS, ICPO enters into the nucleus and thanks to its
USP7 binding domain, it binds USP7. This permits the
cytoplasmic localization of USP7 and the stimulation of
the DUB activity of USP7 [49].

The cellular protein RTA-Associated Ubiquitin Ligase
(RAUL) is another cellular protein known to regulate
the IFNs production pathways. This protein
ubiquitinates IRF3 and IRF7, leading to their
degradation by the proteasome. RAUL ubiquitinates
itself and is then degraded too (Figure 4, page 7).
USP7 positively regulates the activity of RAUL by
deubiquitination. The RNA Transcriptional Activator
(RTA or ORF50) of KSHV recruits USP7 to prevent the
destruction of RAUL. Moreover, RTA can increase the
activity of RAUL (reviewed in [50]).

Figure 4. RNA Transcriptional Activator (RTA) protein of
Kaposi Sarcoma HerpesVirus promote the destruction of
IFN Regulatory Factor 3 and 7. The cellular protein RAUL
(RTA Associated Ubiquitin Ligase), ubiquitin ligase, promote
the degradation of IRF3 end IRF7 by ubiquitination. RAUL
auto-ubiquitinates and is then destructed, limiting the
degradation of IRF3 and IRF7. The RTA viral activates USP7
for inhibiting the auto-ubiquitination of RAUL.

Conclusion

Post-translational modifications by ubiquitin or
ubiquitin-like proteins are used to trigger intrinsic
immunity — during the primo-infection and the
reactivation phases — and innate immunity — mainly
during the latency to control the virus — in infected
cells. Recent studies reveal that a lot of viral proteins
interact with these modified proteins to avoid viral
restriction and to enhance viral replication. Thus,
Herpesviruses counteract both intrinsic and innate
immunity by removing these modifications or
preventing their formation. However, because levels of
ubiquitination and sumoylation are low in cells — so
difficult to detect -, a lot of studies used for this review
are based on over-expression of ubiquitin or ubiquitin-
like proteins, which could modify equilibria of enzymatic
reactions or more generally the cells' behavior. These
methods, even if they are not in vitro studies, are not
very close to physiological processes. For future
studies, it would be valuable to develop more sensitive
makers to detect ubiquitination or other modifications,
like antibodies.

Studying interactions between Herpesviruses and
hosts cells could provide new targets for antiviral
drugs. Thus, inhibitory molecules — not against viral
proteins which counteract ubiquitin and ubiquitin-like
modifications because of resistance emergence — but
against cellular proteins which are hijacked by viruses
and not essential for host cells could be new
treatments against Herpesviruses.
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