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ABSTRACT ND10 nuclear bodies, as part of the intrinsic defenses, impose repres-
sion on incoming DNA. Infected cell protein 0 (ICP0), an E3 ubiquitin ligase of her-
pes simplex virus 1 (HSV-1), can derepress viral genes by degrading ND10 organizers
to disrupt ND10. These events are part of the initial tug of war between HSV-1 and
host, which determines the ultimate outcome of infection. Previously, we reported
that ICP0 differentially recognizes promyelocytic leukemia (PML) isoforms. ICP0 de-
pends on a SUMO-interaction motif located at residues 362 to 364 (SIM362-364) to
trigger the degradation of PML isoforms II, IV, and VI, while using a bipartite se-
quence flanking the RING domain to degrade PML I. In this study, we investigated
how the SUMO-SIM interaction regulates the degradation of PML II and PML II-
associated proteins in ND10. We found that (i) the same regulatory mechanism for
PML II degradation was detected in cells permissive or nonpermissive to the ICP0-
null virus; (ii) the loss of a single SIM362-364 motif was restored by the presence of
four consecutive SIMs from RNF4, but was not rescued by only two of the RNF4
SIMs; (iii) the loss of three C-terminal SIMs of ICP0 was fully restored by four RNF4
SIMs and also partially rescued by two RNF4 SIMs; and (iv) a PML II mutant lacking
both lysine SUMOylation and SIM was not recognized by ICP0 for degradation, but
was localized to ND10 and mitigated the degradation of other ND10 components,
leading to delayed viral production. Taken together, SUMO regulates ICP0 substrate
recognition via multiple fine-tuned mechanisms in HSV-1 infection.

IMPORTANCE HSV-1 ICP0 is a multifunctional immediate early protein key to effec-
tive replication in the HSV-1 lytic cycle and reactivation in the latent cycle. ICP0
transactivates gene expression by orchestrating an overall mitigation in host intrin-
sic/innate restrictions. How ICP0 coordinates its multiple active domains and its di-
verse protein-protein interactions is a key question in understanding the HSV-1 life
cycle and pathogenesis. The present study focuses on delineating the regulatory ef-
fects of the SUMO-SIM interaction on ICP0 E3 ubiquitin ligase activity regarding PML
II degradation. For the first time, we discovered the importance of multivalency in
the PML II-ICP0 interaction network and report the involvement of different regula-
tory mechanisms in PML II recognition by ICP0 in HSV-1 infection.
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The infected cell protein 0 (ICP0) of herpes simplex virus 1 (HSV-1) is a unique viral
regulator important for both the lytic and latent infection cycles of the virus. This

is a multifunctional immediate early protein that mounts concerted counteractions to
alleviate host intrinsic and innate restrictions (1). A main functional domain of ICP0 is
its RING-type E3 ubiquitin ligase located in the second exon (2), by which ICP0 targets
cellular proteins for proteasome-dependent degradation. Known ICP0 substrates in-
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clude promyelocytic leukemia (PML) protein (3), speckled protein 100 (Sp100) (3), the
catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) (4), interferon inducible
protein 16 (IFI16) (5), and RING finger protein 8 (RNF8) (6). A collection of evidence has
shown that depletion of ICP0 E3 substrates, or sometimes their associated proteins, can
improve HSV-1 viral replication in the absence of ICP0 (6–8), implying that these cellular
substrates of ICP0 impose restrictions on HSV-1, which are maneuvered quickly by ICP0
in order to establish an effective viral replication.

One well-known ICP0 E3 substrate, PML, is the organizer protein for nuclear domains
10 (ND10s), aka PML nuclear bodies (PML-NBs), the dynamic nuclear structures involved
in many important cell functions such as genome integrity, gene regulation, cell-cycle
control, and antiviral responses (9–11). The PML protein has seven isoforms that differ
in their C termini, resulting from alternative splicing of a single PML gene, whereas the
shared N terminus has a tripartite motif (TRIM), three lysine residues that can be
modified by small ubiquitin-like modifier (SUMO), and a SUMO-interaction motif (SIM)
(12, 13). The RING domain in TRIM triggers self-tetramerization of PML proteins (14). Via
self-tetramerization and the intermolecular SUMO-SIM interactions, various PML iso-
forms condensate to form a shell for ND10, whereas many other ND10 components are
encircled as the inner core of ND10 (15, 16). Early in HSV-1 infection, ICP0 targets PML
and another ND10 constituent, Sp100, for proteasome-dependent degradation (3). This
leads to the disaggregation of ND10 and the release of viral repression imposed by
ND10. Consequently, viral gene expression is promoted and viral replication is en-
hanced (11, 17).

Besides serving as an E3 ubiquitin ligase to target host restrictive factors, ICP0 also
interacts with various cellular proteins (2) to modulate cell pathways. For example, ICP0
interacts with CoREST, a corepressor protein in the REST/CoREST/HDAC chromatin
repressor complex, to dislodge HDAC from the complex and alter histone acetylation
status on the viral genome. Consequently, the ICP0-CoREST interaction modulates the
chromatin repression imposed on the viral genome and enhances viral expression (18,
19). A powerful feature of ICP0 is to interweave its E3 ligase activity with its protein-
protein interactions, so that different functional domains coordinate to target multiple
cellular restrictions for the purpose of orchestrating a robust infection. For example,
mutations in the CoREST binding site have negative impacts on PML degradation,
suggesting that ICP0 manipulates the ND10 restriction and chromatin repression in a
cooperative fashion (20).

The coordination of ICP0 multiple functions becomes more complex with the
discovery of SIMs scattering throughout the ICP0 sequence (21). SUMO is a member of
the ubiquitin-like protein (UBL) superfamily that plays essential roles in a variety of
important cellular functions, including nuclear structure, DNA repair, protein degrada-
tion, and cell immunity (22, 23). The multivalent SUMO-SIM interactions among the
ND10 components provide a major molecular foundation for protein networking in
ND10 (9, 15). The presence of SIMs in ICP0 allows ICP0 to directly interact with
SUMOylated substrates such as PML, but it may also facilitate indirect protein network-
ing with other ND10 components using PML as a bridge. Delineation of the relation
between ICP0 sequence-specific interactions and SUMO-SIM interactions helps to
understand the molecular basis of ICP0 functional cooperativity, which is a key stepping
stone to demystifying the important role of ICP0 in HSV-1 lytic infection, as well as
latency reactivation.

In a preceding report, we demonstrated that ICP0 can differentially interact with and
degrade individual PML isoforms. We showed that PML isoform I was recognized as an
ICP0 E3 substrate via a bipartite PML I-interacting domain flanking the RING finger
domain, while the recognition of PML isoforms II, IV, and VI by ICP0 required a single
SIM located at ICP0 residues 362 to 364 (SIM362-364) (24). Ubiquitin modification
regulates not only protein stability, but also protein interaction and protein activity (25,
26). ICP0 differentially recognizing PML isoforms in ND10 may allow ICP0 to access
other ND10 components, via SUMO-SIM interaction, in different manners. Because the
original ND10 foci are where the virus eventually establishes replication compartments
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(27, 28), ICP0 may approach and harness ND10 proteins that are beneficial for viral
replication. For example, CoREST is recruited to accumulate nearby ND10 and is found
overlapping with viral replication compartments (28). To that end, delineating the
molecular basis for ICP0 substrate differentiation becomes keystone to unlocking the
mechanisms of early HSV-1 events abutting ND10. In the present study, we used PML
II as the sample substrate to characterize the involvement of various ICP0 domains in
SUMO-dependent substrate degradation. We investigated the specificity of various
ICP0 SIMs by replacing them with SIMs from RNF4, a cellular SUMO-targeted ubiquitin
ligase (STUbL) required to mediate the arsenic-induced proteasomal degradation of
PML in the arsenic treatment of acute promyelocytic leukemia (29). RNF4 contains four
consecutive SIMs with a higher affinity for poly-SUMO than that of mono-SUMO in vitro
and has preferred targeting for SUMOylated PML (29). We found that a single SIM362-364

located in the center of ICP0 can be replaced by the four RNF4 SIMs, while using only
two of the RNF4 SIMs was not effective at all. We also found that the three consecutive
SIMs in the ICP0 C terminus can be replaced by the four RNF4 SIMs, whereas two of
them can partially compensate, suggesting that SUMO-SIM interactions based in the
central and C-terminal regions regulate PML II degradation via different mechanisms.
More interestingly, disruption of the SUMO-SIM interaction between PML II and other
ND10 components negatively impacted ICP0 recognition of these other ND10 compo-
nents, whereas disruption of the ICP0 interaction with CoREST or ubiquitin-specific
protease 7 (USP7), another important ICP0 binding partner (30), also affected the
efficiency of PML II degradation, suggesting that substantial protein networking
bridged by the SUMO-SIM interaction, as well as sequence-specific partner interactions,
cooperatively regulate PML II degradation.

RESULTS
Two RNF4 SIMs are insufficient to replace a single ICP0 SIM362-364 in PML II

degradation. Previously, we reported that in HSV-1-infected HEp-2 cells, ICP0 requires
the presence of SIM362-364 to interact with PML II and mediate PML II degradation (24).
ICP0 has been defined as a STUbL due to this SUMO-dependency (21). To better
understand how SUMO-interaction regulates ICP0 E3 ligase activity in recognizing PML
II, we first asked whether SIM362-364 of ICP0 is virus specific. RNF4 is a cellular STUbL that
triggers PML ubiquitination via its four consecutive SIMs interacting with the poly-
SUMO chain of the SUMOylated PML (29). To examine whether the one SIM362-364 is
equivalent to the four SIMs of RNF4, we replaced the ICP0 region 343 to 391 with RNF4
SIMs (wild-type or mutant form) and constructed recombinant viruses RHG181, 182,
and 183, as shown in Fig. 1.

In order to quantify the ICP0 ability to control the protein stability of PML isoforms,
we have developed a half-life assay (24) in which we infect tetracycline-inducible cell
lines stably expressing individual PML isoforms with ICP0 mutant viruses and then
measure the effects of ICP0 mutations on the stability of a particular PML isoform (Fig.
2A). As previously described, tetracycline regulation allows us to stably introduce an
exogenous cell cycle regulator, such as PML, without affecting cell growth during the
stable line selection. In the meantime, the uniform expression of a stable line enables
a quantitative analysis of ICP0 function in regulating PML stability (24).

Consistent with our previous observations, when the cells were infected with
RHG101 that contains the wild-type ICP0, myc-tagged PML II was quickly degraded
after adding the virus, whereas ICP0 lacking residues 343 to 391 (RHG113) completely
lost its ability to cause PML II degradation (Fig. 2B) (24). Interestingly, replacement of
ICP0 residues 343 to 391 with the RNF4 residues 28 to 76 containing the four
consecutive SIMs fully restored ICP0 capability for PML II degradation in the RHG181-
infected cells (Fig. 2B and D). The restoration of ICP0 E3 ligase activity against PML II
relied completely on the four RNF4 SIMs. When the hydrophobic residues in all four
RNF4 SIMs were mutated, PML II degradation was again abolished in the RHG182-
infected cells (Fig. 2D). Since the expression levels of mCherry-tagged mutant ICP0 were
comparable in cells infected with the different recombinant viruses (Fig. 2B and D,
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right), we concluded that ICP0 E3 activity required the presence of SIM(s) in the central
region of ICP0 to recognize PML II, but the source of SIM had no specificity.

Tatham et al. showed that multiple SUMO-SIM interactions from RNF4 were needed
to ubiquitinate PML in vitro (29). However, SIM362-364 is the only SIM present in the
central region of ICP0. To investigate whether all four RNF4 SIMs were needed to rescue
the loss of SIM362-364 in ICP0, we mutated the hydrophobic residues in the first two SIMs
and maintained RNF4 SIM-3 and SIM-4 in their original sequences, and constructed
recombinant virus RHG183. As shown in Fig. 2D, the myc-tagged PML II in RHG183-
infected cells was stable throughout the course of the half-life assay, similar to that of
RHG130, a recombinant virus containing mutated SIM362-364 in ICP0 (24). Quantitation
of the PML II band density showed that while RHG101 and RHG181 infection massively
destabilized PML II to a half-life of �1 h, the half-life of PML II in both RHG182- and
RHG183-infected cells was longer than 6 h, similar to that of ICP0 with mutated or
deleted SIM362-364 (Fig. 2C and E). Therefore, we concluded that two RNF4 SIMs were
not sufficient to compensate for the loss of a single SIM362-364 in ICP0. Although
SIM362-364 had no sequence specificity for determining the interaction between ICP0
and PML II, sequence surrounding SIM362-364 in ICP0 facilitated the single SUMO-SIM
interaction, likely by a secondary mechanism to substitute for the requirement of
multiple SIMs.

We further examined the effects of SIM replacement on the replication of recom-
binant viruses. Since ICP0 lacking SIM362-364 is capable of degrading PML I (24), and
likely many other SUMO-independent substrates, only minor changes were observed in
replication within 24 h postinfection (hpi), at both viral DNA and viral production levels
(Fig. 2F and G).

SIM362-364 in the central region of ICP0 regulates PML II degradation in a
cell-type-independent manner. ICP0 functions to counteract multiple fronts of the
host intrinsic/innate antiviral defense (2, 11, 31). In nonpermissive cells, ICP0 is essential
for viral replication at low multiplicity of infection (MOI) but is dispensable at high MOI.
Likely the preexisting antiviral factors that need to be disabled by ICP0 can be saturated
by a higher dose of viral input (1, 2). U2OS cells are known to be permissive to the
ICP0-null virus for its lack of certain restrictive factors (32–34). In a preceding report, we
showed that SIM362-364 is also required for PML II degradation in the permissive U2OS
cells (24). To further evaluate whether HEp-2 and U2OS cells share the same broader
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regulations for PML II degradation in HSV-1 infection, we conducted the same half-life
assays for viruses containing RNF SIM4 in the place of SIM362-364 in U2OS cells stably
expressing PML II. Consistent with what we saw in HEp-2 TetOn PML II cells, results in
Fig. 3A show that replacement of SIM362-364 by four RNF4 SIMs also restored PML II
degradation in the RHG181-infected U2OS cells. Mutations in all four RNF SIMs com-
pletely abolished PML II degradation, whereas keeping two functional RNF4 SIMs was
not sufficient to rescue the PML II degradation (Fig. 3B). From this we conclude that the
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primary regulatory mechanism of PML II degradation in HSV-1 infection is cell-type
independent.

ICP0 C terminus is involved in the SIM362-364-dependent substrate degrada-
tion. To further examine whether ICP0 domains other than the central region of ICP0
are also involved in PML II degradation, we infected cells with recombinant viruses
lacking either the N-terminal residues upstream of the RING domain (RHG105) or the
entire C-terminal region (RHG104) (Fig. 1). As shown in Fig. 4A, PML II was fairly stable
in both RHG104- and RHG105-infected cells, similar to that for the RHG120 virus, which
contains C116G/C156A substitutions and thereby an inactive RING domain (Fig. 4A).
Interestingly, ICP0 deleted of N-terminal residues 1 to 83 was unstable by itself upon
cycloheximide treatment, for which degradation of PML II did not progress due to the
disappearance of ICP0. To further assess whether the ICP0 N terminus has a direct role
in PML II degradation or the quick loss of ICP0 lacking the N terminus had an indirect
impact on PML II degradation, we examined the PML II level in RHG105 infection
without the cycloheximide treatment. As shown in Fig. 4B, PML II in cells infected with
RHG105 had a quick decrease in the steady-state level within the first 4 h after infection,
representing a degradation pace similar to that of RHG101. We also showed that the
decrease of PML II level was completely blocked when proteasome inhibitor MG132
was added to the RHG105 infection, consistent with what happened within RHG101
infection (lanes 4 and 8).

We further examined the N- and C-terminal effects on PML II degradation in the
permissive U2OS cells. In these cells, we found the ICP0 C terminus is also important to
PML II degradation, whereas the deletion of the ICP0 N terminus had a lesser effect (Fig.
4C, left). Interestingly, ICP0 lacking the N-terminal residues 1 to 83 was more stable in
U2OS cells compared to HEp-2 cells (Fig. 4A and C, right), implying that the stability of
ICP0 is correlated with its functionality. Therefore, when the target(s) is missing and the
function is dispensable in the permissive U2OS cells, ICP0 is more stable.

Previously, we have shown that the degradation of PML isoforms IV and VI in HSV-1
infection also required the presence of SIM362-364 (24). To examine whether these two
PML isoforms follow the same regulatory mechanism as that of PML II, we infected
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U2OS TetOn cells expressing PML IV or PML VI with RHG104 and RHG105. Similar to that
of PML II (Fig. 4C), degradation of PML IV and PML VI also relied on the presence of the
ICP0 C terminus but not so much on the ICP0 N terminus (Fig. 4D). Taken together, we
conclude that the regulatory mechanism of PML II degradation in HSV-1 infection is
shared by other ICP0 substrates requiring SIM362-364.

ICP0 C terminus regulates PML II degradation by multiple mechanisms. There
are three SIMs located in the ICP0 C terminus, at residues 651 to 654, 667 to 670, and
681 to 684 (21). ICP0 truncated at residue 668 (RHG103) still has one of the C-terminal
SIMs remaining, whereas truncation at residue 549 (RHG104) has all C-terminal SIMs
deleted (24). Consistent with the previous report, PML II degradation triggered by ICP0
was largely abolished in both RHG104- or RHG103-infected cells (Fig. 5A and B). To
examine whether the three consecutive SIMs in the ICP0 C terminus function similarly
compared to SIM362-364, we removed ICP0 residues 651 to 684, replaced them with the
RNF4 residues 36 to 70 that encompass the four RNF4 SIMs, and constructed recom-
binant virus RHG184 (Fig. 1). Figure 5A shows that the restoration of ICP0 C-terminal
sequences 685 to 775 and the insertion of RNF4 SIMs in RHG184 resuscitated ICP0’s
ability to mediate PML II degradation. Figure 5C demonstrates that the half-life of PML
II in RHG184-infected cells was slightly longer than that of RHG101, but it was still less
than 2 h, suggesting a substantial restoration of the PML II degradation by the RNF4
SIMs and ICP0 C terminus. To further evaluate the roles of the RNF4 SIMs and ICP0
downstream sequences in the regulation of PML II degradation, we mutated all four
RNF4 SIMs or only the first two RNF4 SIMs and constructed recombinant viruses
RHG185 and RHG186, respectively. Different from what was observed in Fig. 2D and E,
mutations in four or two of the RNF4 SIMs did not abolish PML II degradation and PML
II half-life was delayed to 4 h and 3 h in RHG185- and RHG186-infected cells, respec-
tively (Fig. 5B and C). Therefore, we conclude that the presence of multiple SIMs in the
ICP0 C terminus plays a secondary role compared to SIM362-364 and additively facilitates
the degradation of PML II. Consistent with what we observed in Fig. 2F and G,
mutations in the C-terminal SIMs of ICP0 did not affect the overall replication properties
of the recombinant viruses (Fig. 5D and E).
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The ICP0 C terminus is a highly active region, containing the CoREST binding site
located in residues 671 to 673 (20) and the USP7 binding site located in residues 620
to 624 (35) in the vicinity of C-terminal SIMs. ICP0-CoREST interaction counteracts the
chromatin repression imposed by the REST/CoREST/HDACs repressor complex (18, 19),
whereas ICP0-USP7 interaction has been suggested to reciprocally regulate the stability
for the paired ICP0 E3 ligase and USP7 deubiquitinase (36).

To further understand the role of ICP0 C-terminal domains in the coordination with
its E3 ubiquitin ligase activity, we conducted a PML II half-life assay with recombinant
virus R8507, which has the D671A/E673A substitutions that knock out the CoREST
binding (20), and recombinant virus R6702, which has the K620I mutation that knocks
out the USP7 binding (37). Results showed that both R8507 and R6702 were defective
in PML II degradation (Fig. 5F), suggesting that ICP0 interactions with other functional
partners can heavily affect how ICP0 E3 ubiquitin ligase targets PML II in HSV-1
infection.

Disrupting the SUMO-SIM interaction of PML II abolishes its degradation in
HSV-1 infection but not its ND10 colocalization. Interactions between the SUMOy-
lated proteins and SIM-containing proteins provide molecular foundations for the ND10
organization (9, 38). As the organizer protein, all nuclear PML isoforms contain three
SUMOylation sites at lysine residues 65, 160, and 490 (13) and one SIM at residues 556
to 559 (39). To further understand the effects of protein networking and ND10
organization on PML II degradation, we mutated both SIM and SUMOylation sites in
PML II (Fig. 6A) and constructed a tetracycline-inducible cell line HEp-2 TetOn-PML II
K/SIMmt. Similar to the wild type PML II stable line (24) (Fig. 6B, lanes 1 and 2), PML II
K/SIMmt expression is also tightly controlled by the tetracycline repressor and is highly
induced upon doxycycline treatment (Fig. 6B, lanes 3 and 4).

FIG 6 Expression and subcellular localization of a PML II mutant containing substitutions in SUMOylation sites and the SUMO-interaction
motif. (A) Schematic diagram of PML II gene structure, with exon numbers listed on the top of each exon and positions of amino acid
substitutions marked below the exons. (B) Induction of PML II K/SIM mutant compared to wild-type PML II in HEp-2 TetOn cells. (C)
Colocalization of myc-tagged wild-type PML II or PML II K/SIMmt with Sp100 and Daxx in the ND10 nuclear bodies in HEp-2 TetOn cells.
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We further examined the subcellular localization of PML II K/SIMmt and found that
PML II K/SIMmt is competent to colocalize to ND10s represented by either Sp100 or
Daxx (Fig. 6C, j to l and jj to ll), the same as that of the ectopic wild-type PML II (Fig.
6C, d to f and dd to ff). These results indicated that blocking SUMOylation and
SUMO-interaction in PML II did not prevent the mutant PML II from associating with
other ND10 components, nor did it drastically change the size, number, and shape of
ND10s. It is known that the coiled-coil domain of TRIM located within residues 229 to
323 of all PML isoforms is required for the self-oligomerization of PML (13). Likely the
presence of a functional coiled-coil domain in the PML II K/SIMmt mutant allows it to
multimerize with the endogenous PML isoforms, triggering the aggregation of PML II
K/SIMmt to ND10 as shown in Fig. 6C.

To examine whether the PML II K/SIMmt mutant can be degraded by ICP0 in HSV-1
infection, we performed a half-life assay in the HEp2-TetOn PML II K/SIMmt cell line.
Figure 7A shows that while the wild-type PML II was readily degraded (lanes 2 to 5) by
the wild-type ICP0 in RHG101 infection, PML II K/SIMmt was resistant to such degra-
dation (lanes 7 to 10). We further confirmed this conclusion with an in vivo ubiquiti-
nation assay. When we built the expression plasmids of myc-tagged PML II and PML II
K/SIMmt, we used pcDNA4/TO/LacZ plasmid (Invitrogen) as the vector and replaced the
LacZ gene with the myc-PML II cassette. The pcDNA4/TO/LacZ plasmid has a 6�His tag
fused to the N terminus of LacZ, which was retained in frame with PML II or PML II
K/SIMmt. With the 6�His tag, we performed Ni-NTA pulldown under denaturing
conditions and examined the ubiquitination level of PML II and PML II K/SIMmt. Results
showed that while ubiquitinated PML II of high molecular weight was readily detect-
able in cells infected by RHG101 (Fig. 7B, lane 5), ICP0-mediated ubiquitination was not
observed for PML II K/SIMmt compared to the negative controls of mock- or RHG120-
infected cells (Fig. 7B, lanes 6 to 8). Therefore, SUMOylation is essential in the PML II
interaction with ICP0 for its degradation. ND10 localization of PML II K/SIMmt is not
sufficient to facilitate the substrate recognition by ICP0.

PML II K/SIMmt has a negative impact on viral replication. Since PML II K/SIMmt
is colocalized to the endogenous ND10 (Fig. 6C), we postulated that the presence of
PML II K/SIMmt in PML oligomerization may affect the self-interaction among PML
isoforms and consequently the interaction between PML and other ND10 components.
To test this hypothesis, we first evaluated the degradation of endogenous Sp100 in PML
II wild-type versus mutant cells infected by HSV-1(F). Figure 7C shows a mild delay in
Sp100 degradation in cells expressing PML II K/SIMmt, in the absence of proteasome
inhibitor MG132, compared to that in the wild-type PML II-expressing cells (lanes 3 and
7). We further quantitated the Sp100 band and normalized it against the actin band by
Image J software. Results showed that using mock infection as the reference, HSV-1
infection caused a 42% loss of Sp100 in the PML II K/SIMmt cells (Fig. 7C, lane 7) and
a 54% loss in the wild-type PML II cells (Fig. 7C, lane 3) at 12 h postinfection. We also
examined the dominant-negative effect of mutant PML II on the endogenous PML
degradation. PML isoforms I and II are similar in size, so the overexpression of exoge-
nous PML II (wild-type or mutant) will obscure the amount of endogenous PML I and
II when probed by an antibody recognizing all PML isoforms. The size of PML isoforms
III to VII ranges from 55 to 70 kDa. We clearly detected a cluster of bands in that range
by the PML antibody but not by the anti-myc antibody, suggesting these bands are the
various forms of endogenous PML III to VII (Fig. 7D). All these forms were upregulated
by the doxycycline induction, implying a coordinated stoichiometric balance among
PML isoforms. These isoforms were mostly degraded by HSV-1 infection in PML
II-expressing cells, but not so much in the PML II K/SIMmt-expressing cells. We again
quantitated the cluster of bands and normalized them against actin. Compared to the
mock infection (Fig. 7D, lanes 2 and 8), HSV-1 infection caused a 69.1% and 69.5% loss
of PML III to VII in wild-type PML II-expressing cells at 7 and 20 hpi (Fig. 7D, lanes 5 and
6), but only a 49.4% and 50.0% loss in PML K/SIMmt-expressing cells (Fig. 7D, lanes 11
and 12). The mild delay in the degradation of endogenous Sp100 and PML in PML II

Effect of SUMO-SIM Interaction on PML II Degradation Journal of Virology

June 2020 Volume 94 Issue 12 e00470-20 jvi.asm.org 9

https://jvi.asm.org


K/SIMmt cells also showed a significant impact on HSV-1 viral production. Shown in Fig.
7E, while HSV-1(F) showed the same pace of growth in the wild-type PML II-expressing
cells, with or without the doxycycline induction of exogenous PML II, the growth of
HSV-1(F) in cells induced for PML II K/SIMmt expression had a 13-fold decrease
compared to the uninduced cells at 10 hpi and an �5-fold decrease at 24 and 48 hpi.
The larger delay in viral replication observed at 10 hpi indicated that the dominant-
negative effect of PML II K/SIMmt had more impacts on the immediate early events and
the onset of DNA replication.

DISCUSSION

ICP0 is a key viral regulator in HSV-1 infection that orchestrates counteractions
against multiple intrinsic/innate antiviral defenses in order to enhance the overall viral

FIG 7 Effects of K/SIM mutations on the degradation of PML II and PML II-associated proteins. (A) Half-life assays for wild-type PML
II and PML II K/SIMmt in RHG101-infected cells as described above. (B) K/SIM mutations block PML II ubiquitination in RHG101-infected
cells. HEp-2 TetOn cells expressing wild-type PML II or PML II K/SIMmt were induced, infected, and harvested for Ni-NTA pulldown
under denaturing conditions. PML II precipitates were then probed with anti-Ub (upper) and anti-myc (lower) antibodies. (C and D)
Effects of PML II K/SIM mutant on the degradation of Sp100 (C) and PML isoforms III-VII (D) in HEp-2 TetOn cells infected by HSV-1(F)
at 5 PFU/cell. (E) HEp-2 TetOn cells expressing wild-type PML II (left) or PML II K/SIMmt (right) were infected by HSV-1(F) at 0.1 PFU/cell
in the presence or absence of 1 �g/ml of doxycycline. At 2, 6, 10, 24, and 48 hpi, triplicate infected cells were harvested and titrated
on U2OS cells. Titers with the standard error were plotted by Microsoft Excel.
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replication and productivity. The E3 ubiquitin ligase located in the RING finger domain
of ICP0 is the most prominent activity of this protein. The ICP0 E3 ligase seems to be
tightly controlled by the proximal or distal elements encompassing many active
domains of ICP0, and possibly also by other cellular/viral factors (2). Due to the pivotal
position ICP0 serves in both the lytic and latent cycles of HSV-1 infection (1), delineating
how ICP0 E3 is regulated and determining the consequences of such regulation is
essential for understanding the HSV-1 infection and pathogenesis. We previously
reported that two very similar substrates, PML I and PML II, are differentially recognized
by the ICP0 E3 ubiquitin ligase. While SIM362-364 is essential for PML II to be recognized
and degraded, it is completely dispensable for the PML I degradation (24). The present
study focuses on understanding the regulation of SUMO-SIM interaction on the ICP0 E3
ligase activity.

The SUMO moiety provides several binding interfaces that can interact with proteins
differently. Typical SIMs containing a short stretch of hydrophobic amino acids followed
by acidic amino acids are defined as class I SUMO interaction motifs (40). ICP0 SIM362-364

and the four RNF4 SIMs all have the conserved class I sequence. However, when we
replaced the single SIM362-364 with four consecutive SIMs from RNF4, we found that the
two active RNF4 SIMs are insufficient to compensate for the loss of a single SIM362-364

(Fig. 2). In the ICP0 region 343 to 391 surrounding SIM362-364, there are 14 proline
residues and some of them are assembled into the PxxP motif, the consensus sequence
recognized by the SH3 domain (41, 42). Both SH3-PxxP interaction and SUMO-SIM
interaction can provide a molecular foundation to organize protein condensates
through liquid-liquid phase separation (43). Our previous results showing that three
proline-rich ND10-fusion segments in the central region of ICP0 control the access of
ICP0 from docking at the ND10 surface to fusing into the core of ND10 (44) strongly
suggest the involvement of these PxxP motifs in the interaction between ICP0 and
ND10 components. Likely, the presence of SIM362-364 alongside the proximal tandem
PxxP motifs enhances the multivalent interactions required for the ICP0-mediated PML
II recognition and degradation. When the region of 343 to 391 is replaced by RNF4 SIMs,
which lack the PxxP motifs, the PMLII-ICP0 interaction has to rely solely on SUMO-SIM
interaction and the presence of more than two SIMs becomes required to maintain the
minimum multivalency. Since mutations in the three hydrophobic residues in SIM362-364

completely block PML II degradation (Fig. 2), how PxxP motifs in the vicinity of
SIM362-364 work to influence ICP0 E3 activity requires further investigation.

In a preceding report, we showed that ICP0 sequences nearby residues 343 to 391
are also important for PML II degradation (24). The presence of residues 343 to 391 in
the central region encompassing ICP0 residues 244 to 474 is sufficient to allow PML II
to bind with ICP0 but not for for PML II degradation, whereas partial restoration of
sequences surrounding residues 343 to 391 can gradually reconstitute the PML II
degradation (24). In the present study, we found that the ICP0 C terminus is also
important for PML II degradation. In contrary to region 343 to 391, RNF4 SIMs replacing
the ICP0 C-terminal SIMs showed a correlation between the number of RNF4 SIMs and
the extent of PML II degradation, with two RNF4 SIMs partially rescuing and four RNF4
SIMs fully reconstituting the PML II degradation (Fig. 5). In addition, mutations in the
C-terminal CoREST- and USP7-binding sites also greatly mitigated the PML II degrada-
tion caused by ICP0 E3 (Fig. 5F). Taking all these observations together, we conclude
that different biochemical mechanisms govern the interaction between PML II and the
various ICP0 active domains. The interaction of PML II with the ICP0 central residues 343
to 391 has a pivotal role in PML II degradation, and has a high threshold of multivalency
required to maintain a strong interaction. Sequences surrounding residues 343 to 391
progressively improve the ability of this region to degrade PML II. In the presence of a
complete central region, the C-terminal SIMs of ICP0 and sequences in the vicinity of
these SIMs orchestrate the enhancement of PML II degradation. In Fig. 8, the two
regions proximal and distal to residues 343 to 391 are illustrated to show their auxiliary
roles in the PML II degradation, but it remains unclear whether this is due to an overall
structural support or the involvement of additional protein-protein interactions. In silico
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protein modeling shows unstructured property in both the ICP0 central and C-terminal
regions (unpublished data). Moreover, both the USP7-binding site and the CoREST-
binding site are in the vicinity of the ICP0 C-terminal SIMs (Fig. 8). Understanding how
these flexible regions of ICP0, together with the complex protein interaction network,
coordinately affect the multivalent primary interactions between PML II and ICP0
residues 343 to 391 will be key to understanding the ICP0 cooperativity in HSV-1
infection.

SUMO-SIM interaction is a critical molecular foundation that supports protein
condensation in the ND10 nuclear bodies. To understand whether ICP0 interacting with
PML bridges additional interactions among ND10 components via the interwoven
SUMO-SIM interaction, we constructed a PML II mutant that is inactive in both SUMOy-
lation sites and the SIM. Mutations in these sites did not substantially change ND10
formation (Fig. 6). Likely, the intact TRIM domain in the mutant PML II is sufficient for
self-oligomerization and draws it to ND10s via interaction with endogenous PML. The
inability of the PML II mutant to undergo SUMO interaction completely blocked its
degradation in HSV-1 infection, consistent with the previous result that mutation in
SIM362-364 abolishes the degradation of wild-type PML II (24). Interestingly, this inability
for SUMO interaction by the mutant PML II mildly delayed the degradation of endog-
enous PML and Sp100 (Fig. 7C and D), and subsequently the viral replication of HSV-1(F)
(Fig. 7E). These results suggest that SUMO interaction among ND10 components affects
how these individual components are recognized by ICP0. The dominant-negative
effects of PML II K/SIMmt are less obvious in RHG101 infection (data not shown) than
that in the prototype strain HSV-1(F) infection (Fig. 7), suggesting that the ICP0 ability
to recognize ND10 components may have additional unknown regulations. It would be
interesting to determine the coordination of ND10 organization in regulating the ICP0
functionality and HSV-1 replication, especially in the context of neuronal infection and
immune surveillance.

MATERIALS AND METHODS
Cells and viruses. HEp-2 TetOn cells were maintained in Dulbecco’s modified Eagle medium (DMEM)

(Gibco) supplemented with 10% fetal bovine serum (FBS) (Invitrogen) and 6 �g/ml blasticidin (Invitro-
gen). HEp-2 TetOn cells stably expressing PML II were maintained in DMEM medium supplemented with
10% FBS plus 6 �g/ml blasticidin and 100 �g/ml zeocin (Invitrogen). U2OS TetOn cells expressing PML
II, IV, or VI were maintained in McCoy 5A medium (Gibco) supplemented with 10% FBS plus 6 �g/ml
blasticidin and 100 �g/ml zeocin (Invitrogen). Recombinant viruses RHG101, RHG120, RHG103, RHG104,
RHG105, RHG113, and RHG130 have been previously described (24, 45). Prototype HSV-1(F) and recom-
binant viruses R8507 and R6702 are generous gifts from Bernard Roizman (University of Chicago) (20, 37).

Construction of chimeric viruses containing RNF4 SIMs in the central region of ICP0. In order to
fuse RNF4 SIMs into the center of ICP0, BglII and EcoRV sites were inserted in between Arg342 and Ser392
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of ICP0 by a two-step jump strand PCR. Upstream primer pair 5=-GCAGGATCCGCAGACTACGTACCGCCC
GC-3= and 5=-TCCCGACGCGGCCGCGGAGATATCAGATCTCCCTCGGCCGCCCCGCCTC-3=, and downstream
primer pair 5=-GAGGCGGGGCGGCCGAGGGAGATCTGATATCTCCGCGGCCGCGTCGGGA-3= and 5=-GCAGTC
GACTTACCCGGGCCCACCCTGGCCGCG-3=, were used in the first-step PCR to generate ICP0 fragments
upstream of Arg342 and downstream of Ser392, with overlapping sequences containing BglII and EcoRV
sites. The two PCR products were then annealed together to serve as the template for the second round
PCR by the upstream primer 5=-GCAGGATCCGCAGACTACGTACCGCCCGC-3= and downstream primer
5=-GCAGTCGACTTACCCGGGCCCACCCTGGCCGCG-3=. The resulting PCR product with the 343 to 391
deletion and BglII/EcoRV insertion was then digested with NruI and MluI to swap the NruI-MluI fragment
of wild-type ICP0 into plasmid pHG101. The resulting plasmid was named pBKS-ICP0(1-342/BglII/EcoRV/
392-775). Primers 5=-CGAGATCTCCTTGGAAGC-3= and 5=-CGGATATCTGGTCTTCTTCTTTCGTC-3= were used
to PCR amplify the RNF4 residues 28 to 76. The PCR product was digested with BglII and EcoRV and
inserted in between the BglII and EcoRV sites of plasmid pBKS-ICP0(1-342/BglII/EcoRV/392-775) to
generate pHG181.

To mutate all four of the RNF4 SIMs, overlapping upstream primer pair 5=-GAGTCGCATCAGCCGCC
ACAGGCTCTAAAGATTCACAAGTGGCGTCCGCAGCTTCATCTC-3= and 5=-CCGAGATCTCCTTGGAAGCAGAAC
CCGCAGAAGCCGCGGAAACTGCTGGAGATGAAGCTGCGGACGCC-3=, and overlapping downstream primer
pair 5=-ACTTGTGAATCTTTAGAGCCTGTGGCGGCTGATGCGACTCACAATGACTC-3= and 5=-CGGATATCCGCA
GCCGCAGCAGAGTCATTGTGAGTCGCATCAGCCGCCACA-3=, were annealed by heating to 95°C for 5 min
and then cooled down slowly. The annealed primers were then filled in by Klenow and mixed together
to serve as the template for PCR amplification with primers 5=-CGAGATCTCCTTGGAAGC-3= and 5=-CGG
ATATCTGGTCTTCTTCTTTCGTC -3=. The PCR product was digested with BglII and EcoRV and inserted in
between the BglII and EcoRV sites of plasmid pBKS-ICP0(1-342/BglII/EcoRV/392-775) to generate pHG182.

To mutate the first 2 RNF4 SIMs, overlapping upstream primer pair 5=-CCGAGATCTCCTTGGAAGCAG
AACCCGCAGAAGCCGCGGAAACTGCTGGAGATGAAGCTGCGGACGCC-3= and 5=-GAGTCAGATC AACCACCA
CAGGCTCTAAAGATTCACAAGTGGCGTCCGCAGCTTCATCTC-3= were annealed and filled in by Klenow as
described above. Primers 5=-ACTTGTGAATCTTTAGAGCC-3= and 5=-CGGATATCTGGTCTTCTTCTTTCGTC -3=
were used to PCR amplify the downstream fragment and then mixed with Klenow-filled upstream
fragment to serve as the template for the second phase of jump strand PCR. The PCR product was
digested with BglII and EcoRV and inserted in between the BglII and EcoRV sites of plasmid pBKS-ICP0(1-
342/BglII/EcoRV/392-775) to generate pHG183.

The mutant ICP0 gene cassettes in pHG181, pHG182, and pHG183 were digested with PmeI and XbaI,
inserted into the pKO5 plasmid, and electroporated into E. coli RR1 strain harboring an ICP0-null bacterial
artificial chromosome (BAC) (18). DNA extracted from each recombinant BAC clone was transfected into
U2OS cells and generated recombinant viruses RHG181, RHG182, and RHG183. Recombinant viruses
were plaque purified at least three times in U2OS cells. Viral DNAs were isolated, and the existence of
mutations in both copies of ICP0 was verified by Southern blotting and sequencing.

Construction of chimeric viruses containing RNF4 SIMs in the C terminus of ICP0. In order to
fuse RNF4 SIMs into the C-terminal region of ICP0, SpeI and EcoRI sites were inserted in between Ser650
and Asp685 of ICP0 by the two-step jump strand PCR. Upstream primer pair 5=-TCCCCCCAGTCCACGC
GTCC-3= and 5=-CATGTTTCCCGTCTGGTCGAATTCACTAGTGCTAGAGACCCCCGAGAT-3=, and downstream
primer pair 5=-ATCTCGGGGGTCTCTAGCACTAGTGAATTCGACCAGACGGGAAACATG-3= and 5=-TATTGTTTT
CCCTCGTCCCG-3=, were used in the first-step PCR to generate ICP0 fragments upstream of Ser650 and
downstream of Asp685, with overlapping sequences containing SpeI and EcoRI sites. The two PCR
products were then annealed together to serve as the template for the second round PCR by the
upstream primer 5=-TCCCCCCAGTCCACGCGTCC-3= and the downstream primer 5=-TATTGTTTTCCCTCGT
CCCG-3=. The resulting PCR product with the 651 to 684 deletion and SpeI/EcoRI insertion was then
digested with MluI and SalI to swap the MluI-SalI fragment of wild-type ICP0 into plasmid pHG101. The
resulting plasmid was named pBKS-ICP0(1-650/SpeI/EcoRI/685-775). Primers 5=-CCCACTAGTATAGAACT
CGTGGAAACT-3= and 5=-CCCGAATTCAACAATCACAACAGAGTC-3= were used to PCR amplify the RNF4
residues 36 to 70. The PCR product was digested with SpeI and EcoRI and inserted in between the SpeI
and EcoRI sites of plasmid pBKS-ICP0(1-650/SpeI/EcoRI/685-775) to generate pHG184. pHG182 and
pHG183 were used as the template to PCR amplify the RNF4 SIM1-4mt and RNF4 SIM1-2mt with primers
5=-CCCACTAGTGCAGAAGCCGCGGAAACT-3= and 5=-CCCGAATTCCGCAGCCGCAGCAGAGTCATTG-3=. The
PCR products were digested with SpeI and EcoR I and inserted in between the SpeI and EcoRI sites of
plasmid pBKS-ICP0(1-650/SpeI/EcoRI/685-775), which generated pHG185 and pHG186 plasmids, respec-
tively.

The mutant ICP0 gene cassettes in pHG184, pHG185, and pHG186 were recombined into ICP0-null
BAC and packaged into recombinant viruses RHG184, RHG185, and RHG186 as described above.

Construction of stable cell lines. To construct an HEp-2 TetOn cell line stably expressing PML II
K/SIM mutant, primer pairs 5=-CAATGCCAGGCGGAAGCCCGGTGCCCGAAGCTGCTGCC-3= and 5=-GGCAGC
AGCTTCGGGCACCGGGCTTCCGCCTGGCATTG-3= for K65R substitution, 5=-GCACACCAGTGGTTCCTCCGGCAC
GAGGCCCGGCCCCTAG-3= and 5=-CTAGGGGCCGGGCCTCGTGCCGGAGGAACCACTGGTGTGC-3= for K160R sub-
stitution, 5=-TGCCCCAGGAAGGTCATCCGGATGGAGTCTGAGGAGGGG-3= and 5=-CCCCTCCTCAGACTCCATC
CGGATGACCTTCCTGGGGCA-3= for K490R substitution, and 5=-GAGGCAGAGGAACGCGCTGCGGCGAGCA
GCAGCTCGGAAGAC-3= and 5=-GTCTTCCGAGCTGCTGCTCGCCGCAGCGCGTTCCTCTGCCTC-3= for V556A/
V557A/V558A/I559S substitutions were applied to plasmid pCDNA4/To/Myc-PML II sequentially. After 4
rounds of PCR mutagenesis by QuikChange II site-directed mutagenesis kit (Agilent Technologies), the
final plasmid was named pcDNA4/TO/Myc-PML II K/SIM mut. The presence of mutations was confirmed
by sequencing.

Effect of SUMO-SIM Interaction on PML II Degradation Journal of Virology

June 2020 Volume 94 Issue 12 e00470-20 jvi.asm.org 13

https://jvi.asm.org


Plasmid pcDNA4/To/Myc-PML II K/SIM mut was then transfected into the HEp-2 TetOn cells (24). Stably
transfected colonies were selected in HEp-2 growth medium containing 6 �g/ml of blasticidin and 100 �g/ml
of zeocin. Stable cell lines were then identified by Western blotting after a 24-h doxycycline induction.

PML half-life assay. HEp-2 TetOn and U2OS Tet-On cells stably expressing PML isoforms were
seeded in 35-mm plates at �50% confluence. Cells were then induced with 1 �g/ml doxycycline for 24
h and infected by recombinant viruses at 10 PFU/cell, as indicated in the Results section. After 1 h of
exposure to the virus, inocula were removed and cells were incubated in growth medium supplemented
with 10% newborn calf serum for 1 h before adding 100 �g/ml cycloheximide. The time cycloheximide
was added was considered 0 hour. Then the infected cells are harvest at 2 h intervals and total cell lysates
were then subjected to Western blotting. Band intensity for myc-tagged PML from duplicated experi-
ments was quantitated by ImageJ software and the half-life of PML with standard error was plotted by
Microsoft Excel.

In vivo PML ubiquitination assay. HEp-2 TetOn cells expressing PML II or PML II K/SIM mutant
seeded in 100-mm plates were induced with 1 �g/ml doxycycline for 24 h before being exposed to a
recombinant virus at 5 PFU/cell. At 3 hpi, cells were scraped, washed, and lysed in urea lysis buffer (8 M
urea, 100 mM Na2HPO4/NaH2PO4, pH 8.0, 10 mM Tris-HCl, pH 8.0, 5 mM imidazole, 10 mM
�-mercaptoethonal, 50 �M deubiquitinase inhibitor PR619, and 1� protease inhibitor cocktail [Sigma]).
Then the cell lysates were subjected to brief sonication before spinning down at 14,000 rpm for 5 min. The
supernatant was incubated with Ni-NTA agarose beads (Qiagen) for 4 h at room temperature with gentle
agitation. The beads were then washed four times for 5 min each as follows: first with urea lysis buffer; second
with urea wash buffer (8 M urea, 100 mM Na2HPO4/NaH2PO4, 10 mM Tris-HCl, pH 6.8, 15 mM imidazole,
10 mM �-mercaptoethonal); third with urea wash buffer � 0.1% Triton X-100; last with PBS. After washing, the
HisMyc-PML II was eluted with elution buffer (0.2 M imidazole, 0.15 M Tris-HCl [pH 6.8], 30% glycerol, 0.72 M
�-mercaptoethonal, 5% SDS). The eluates were then subjected to Western blotting.

Western blotting. Protein samples from the half-life assay or the in vivo ubiquitination assay were
electrophoretically separated on SDS-PAGE gels and then transferred onto a polyvinylidene difluoride
(PVDF) membrane (Millipore). The membrane was blocked with 1� Tris-buffered saline–Tween (TBST)
(20 mM Tris [pH 7.5], 150 mM NaCl, 0.5% Tween 20) containing 5% nonfat dry milk and probed with
primary antibodies as indicated in the Results section. The membrane was then incubated with
horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit secondary antibody (Sigma) and
visualized with ECL detection reagent (GE Healthcare).

Confocal microscopy. HEp-2 TetOn cells expressing PML II or PML II K/SIM mutant grown on
four-well glass slides (Thermo Fisher Scientific) were uninduced or induced with 1 �g/ml doxycycline for
24 h. Cells were then fixed in 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and blocked
with PBS containing 5% horse serum and 1% bovine serum albumin. Cells were reacted with primary
antibodies at 4°C overnight, rinsed and reacted with FITC-conjugated goat anti-rabbit (Sigma) plus Texas
Red-conjugated goat anti-mouse (Invitrogen) secondary antibodies. Slides were then mounted with
VectaShield (Vector Laboratories) and images were taken with a Leica TCS SP8 confocal microscope.

Antibodies. An anti-ICP0 polyclonal antibody raised against ICP0 exon 2 has been described
elsewhere (46). Anti-PML polyclonal antibody, anti-Myc monoclonal antibody, and anti-actin monoclonal
antibody were purchased from Santa Cruz Biotechnology, Inc. Both mono- and polyclonal anti-mCherry
antibodies were purchased from Clontech. An anti-ubiquitin polyclonal antibody was purchased from
Abcam. Anti-Sp100 and anti-Daxx polyclonal antibodies were purchased from Sigma.

Titration to measure viral growth. HEp-2 TetOn cells expressing either wild-type PML II or PML II
K/SIMmt were seeded in 35-mm plates at �50% confluence before being mock-induced or inducted by
1 �g/ml doxycycline for 24 h. Triplicate plates of cells were then infected with the indicated viruses at
0.1 PFU/cell and the inocula were replaced with growth medium after 1 h. Infected cells were harvested
at the indicated time points and then lysed and titrated on U2OS cells.

qPCR. HEp-2 TetOn cells expressing wild-type PML II grown on 35-mm plates were induced with
1 �g/ml doxycycline overnight before being infected with recombinant viruses at 0.1 PFU/cell for 1 h. The
inocula were removed, and cells were incubated in growth medium supplemented with 10% newborn
calf serum. At 2 and 24 hpi, total DNA was extracted and subjected to quantitative PCR (qPCR) as
described elsewhere (45). Briefly, primers targeting the ICP27 gene were used for viral DNA quantitation
and QuantumRNA.

A universal 18S internal standard (Invitrogen) was used to normalize total cell DNA. The viral DNA fold
increase from 2 hpi to 24 hpi was calculated by comparative threshold cycle (ΔΔCT) analysis.
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