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Herpes simplex virus 1 (HSV-1) immediate-early protein ICP0 is required for efficient lytic infection and productive reactivation
from latency and induces derepression of quiescent viral genomes. Despite being unrelated at the sequence level, ICP0 and hu-
man cytomegalovirus proteins IE1 and pp71 share some functional similarities in their abilities to counteract antiviral restric-
tion mediated by components of cellular nuclear structures known as ND10. To investigate the extent to which IE1 and pp71
might substitute for ICP0, cell lines were developed that express either IE1 or pp71, or both together, in an inducible manner.
We found that pp71 dissociated the hDaxx-ATRX complex and inhibited accumulation of these proteins at sites juxtaposed to
HSV-1 genomes but had no effect on the promyelocytic leukemia protein (PML) or Sp100. IE1 caused loss of the small ubiquitin-
like modifier (SUMO)-conjugated forms of PML and Sp100 and inhibited the recruitment of these proteins to HSV-1 genome
foci but had little effect on hDaxx or ATRX in these assays. Both IE1 and pp71 stimulated ICP0-null mutant plaque formation,
but neither to the extent achieved by ICP0. The combination of IE1 and pp71, however, inhibited recruitment of all ND10 pro-
teins to viral genome foci, stimulated ICP0-null mutant HSV-1 plaque formation to near wild-type levels, and efficiently induced
derepression of quiescent HSV-1 genomes. These results suggest that ND10-related intrinsic resistance results from the additive
effects of several ND10 components and that the effects of IE1 and pp71 on subsets of these components combine to mirror the
overall activities of ICP0.

The concept of intrinsic immunity, or intrinsic antiviral de-
fense, has emerged in recent years as a means of cellular re-

striction of viral infections. First defined in retroviral systems (1),
intrinsic resistance is mediated by constitutively expressed cellular
proteins that in many cases are also involved in regulating cellular
pathways. In contrast to acquired and innate immunity, intrinsic
defense functions at the single-cell level and includes a wide diver-
sity of mechanisms by which different viruses can be targeted at
various stages of their replication cycles. Other defining charac-
teristics of intrinsic resistance are (i) that it is often countered by
viral regulatory proteins that target the relevant cellular repres-
sors, (ii) that even in the absence of the viral countermeasures the
restriction can be overcome by a high input of viral genomes, and
(iii) that the efficiency of restriction varies between different cell
types. Therefore, the defective phenotype of a mutant virus that
does not express a relevant regulatory protein is often multiplicity
and cell type dependent.

In the case of herpesviruses, and in particular herpes simplex
virus 1 (HSV-1) and human cytomegalovirus (HCMV), there is
accumulating evidence that one aspect of intrinsic resistance is
mediated by components of cellular nuclear substructures known
as promyelocytic leukemia (PML) nuclear bodies (also known as
ND10). The consequence of intrinsic resistance activity to HSV-1
and HCMV is the repression of viral gene expression, such that a
cell infected at low multiplicity has a low probability of entering
the lytic cycle. Work from several laboratories has established that
HSV-1 immediate-early (IE) protein ICP0 relieves intrinsic resis-
tance, and in the case of HCMV, the tegument protein pp71 and
the IE protein IE1 (ie72) have analogous roles. Indeed, all three of
these proteins target ND10 in some manner. For example, ICP0 is
a RING finger E3 ubiquitin ligase (2) that induces the degradation
of PML itself, particularly those forms of the protein that are mod-

ified by members of the small ubiquitin-like modifier (SUMO)
family of proteins (2–5). ICP0 also abrogates SUMO modification
of Sp100 (5, 6), another major ND10 component, and causes the
dispersal of the remaining forms of Sp100 and also of hDaxx and
ATRX, two other important components of ND10 (7). HCMV
tegument protein pp71 interacts with hDaxx (8), induces its deg-
radation (9), and disperses ATRX from ND10 prior to any dis-
cernible effect on hDaxx (10). IE1 disrupts ND10 (11–13) and
causes the loss of SUMO conjugates of PML and Sp100 without
degrading the unmodified proteins (5, 14–17).

The biological significance of the effects of HSV-1 and HCMV
regulatory proteins on ND10 components has been substantiated
by the discoveries that mutant viruses that lack ICP0, pp71, or IE1
replicate more efficiently in cells in which selected ND10 compo-
nents have been depleted using RNA interference (9, 10, 15, 17–
25). Therefore, there are considerable parallels between the effects
of ICP0, pp71, and IE1 on ND10 components and the underlying
consequences of these phenomena. However, there are no obvi-
ous sequence similarities between these three proteins, and their
biochemical mechanisms of action are likely to differ. This study
was stimulated by the hypothesis that the actions of ICP0, pp71,
and IE1 on ND10, albeit by varied mechanisms, are functionally
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analogous. If so, it follows that IE1 and pp71 should augment the
replication efficiency of ICP0-null mutant HSV-1. There is evi-
dence that HCMV coinfection and more specifically pp71 can at
least partially complement ICP0-null mutant HSV-1 (26, 27). Po-
tential complementation of ICP0-null mutant HSV-1 by IE1,
however, has not previously been addressed. Here, we describe an
inducible cell line expression system to compare a selection of
functions of ICP0, pp71, and IE1. Because the question to be ad-
dressed concerns complementation of ICP0-null mutant HSV-1
rather than HCMV, we chose to adapt a well-characterized system
based on HepaRG cells (7). We found that IE1 stimulates ICP0-
null mutant HSV-1 infection by nearly two orders of magnitude,
while pp71 does so to a lesser extent. Simultaneous expression of
IE1 and pp71 almost completely complemented the plaque-form-
ing efficiency of ICP0-null mutant HSV-1 and also stimulated
derepression of quiescent HSV-1 gene expression. We propose
that ICP0 combats the repressive effects of all ND10 components
tested here, while IE1 and pp71 target subsets of these proteins
such that, when expressed in combination, they recapitulate the
core ICP0 activities in stimulating lytic infection and reactivation
from quiescence.

MATERIALS AND METHODS
Viruses and cells. HSV-1 strain 17� was the wild-type (wt) strain used,
from which the ICP0-null mutant dl1403 was derived (28). Viruses in1863
and dl1403/CMVlacZ are wt and ICP0-null mutant derivatives of the
above-described virus that contain the lacZ gene under the control of the
HCMV promoter/enhancer inserted into the tk gene (kindly provided by
Chris Preston). HSV-1 mutant virus in1374 contains the tsK temperature-
sensitive lesion in ICP4, a deletion of the ICP0 gene, and a mutation
within VP16 that inactivates its ability to stimulate IE gene expression
(29). All viruses were grown in BHK cells and titrated in U2OS cells, in
which ICP0 is not required for efficient HSV-1 replication (30). Virus
in1374 was propagated at the permissive temperature of 31°C in the pres-
ence of 2.5 mM HMBA (29). Human diploid fibroblasts (HFs), U2OS,
and HEK-293T cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum (FCS). BHK cells were grown in
Glasgow modified Eagle’s medium supplemented with 10% newborn calf
serum and 10% tryptose phosphate broth. HepaRG hepatocyte cells (31)
were grown in William’s medium E supplemented with 10% fetal bovine
serum Gold (PAA Laboratories Ltd.), 2 mM glutamine, 5 �g/ml insulin,
and 500 nM hydrocortisone. All cell growth media were supplemented
with 100 units/ml penicillin and 0.1 mg/ml streptomycin. Lentivirus-
transduced cells were maintained with continuous antibiotic selection, as
appropriate.

Plasmids. Lentivirus vector plasmids expressing the tetracycline re-
pressor linked to a nuclear localization signal and enhanced green fluo-
rescent protein (EGFP; pLKOneo.EGFPnlsTetR) and ICP0 from a tetra-
cycline-inducible promoter (pLKO.DCMV.TetO.cICP0) have been
described previously (7). The IE1 cDNA was isolated by PCR from a
plasmid gifted by John Sinclair using primers that generated a SalI site
immediately 5= of the initiation codon and an EcoRI site just 3= of the stop
codon and then inserted in place of the ICP0 cDNA in the above-de-
scribed plasmid to generate pLDT.IE1. Variants of these plasmid-express-
ing mutant forms of IE1 were constructed by PCR splicing using muta-
genic oligonucleotides. The DNA sequence of the complete IE1 coding
region was confirmed in each case. Plasmid pLDT.myc.pp71 (kindly pro-
vided by Steven McFarlane and Chris Preston) was isolated using a similar
strategy, except that in this case the 5= flanking region includes a NotI site
and encodes a Myc tag. Plasmid pLBDT.myc.pp71 is a derivative of the
above-described plasmid that expresses blasticidin rather than puromycin
resistance. Plasmid pLDT.myc.pp71.DID2/3 includes the DID2/3 dele-
tion mutation of pp71 (residues 324 to 331) that affects its interaction

with hDaxx (8). This was also constructed by PCR splicing using muta-
genic oligonucleotides, followed by DNA sequence analysis of the com-
plete open reading frame.

Lentivirus transductions and induction of protein expression. Len-
tivirus transduction, selection of transduced cells, and maintenance of cell
lines were as described previously (20). Selection during routine culture
used puromycin at 500 ng/ml, G418 at 0.5 mg/ml, and blasticidin (Invit-
rogen) at 1 �g/ml. The antibiotics were omitted from cells seeded for and
during experimentation. For induction of protein expression, cells were
treated with medium containing doxycycline (BD Biosciences) at 100
ng/ml for various times as indicated in the text and was maintained in the
medium throughout the duration of an experiment.

Virus plaque and reactivation assays. Cells were seeded for plaque
assays into 24-well dishes at 1 � 105 cells per well and then infected the
following day with appropriate sequential 3-fold dilutions of in1863 or
dl1403/CMVlacZ. After virus adsorption, the cells were overlaid with me-
dium containing 1% human serum, and then the cells were stained for
�-galactosidase-positive plaques 24 h later (32). For reactivation (dere-
pression) assays, cells in 24-well dishes were infected with in1374 at a
multiplicity of infection (MOI) of 5 PFU per cell and at nonpermissive
temperature (NPT; 38.5°C) and then incubated at NPT for 24 h. Dere-
pression of the lacZ marker gene in the in1374 genome was assayed after
by treatment with doxycycline (100 ng/ml) for 24 h to induce expression
of ICP0, IE1, or pp71 from the integrated lentiviral vector. Cells were
stained for �-galactosidase activity the following day, using the blue
plaque detection method noted above.

Infections and Western blot analysis. Cells were seeded into 24-well
dishes at 1 � 105 cells per well. After the relevant experimental manipu-
lations, the cells were washed twice with PBS before harvesting in SDS-
PAGE loading buffer. Proteins were resolved on 7.5% SDS gels and then
transferred to nitrocellulose membranes by Western blotting. The follow-
ing antibodies were used: anti-IE1/2 mouse monoclonal antibody (MAb)
E13 (Serotec), anti-myc tag MAb 9E10 (Source Bioscience), anti-actin
MAb AC-40 (Sigma-Aldrich), anti-tubulin MAb T4026 (Sigma-Aldrich),
anti-PML rabbit polyclonal (rAb) A301-167A (Bethyl Laboratories) or
MAb 5E10 (33), anti-Sp100 rAb SpGH (a gift from Hans Will, Hamburg,
Germany), anti-hDaxx MAb Daxx-01 (Santa Cruz Biotechnology), anti-
hDaxx rAb D7810 (Sigma), anti-ATRX rAb H-300 (Santa Cruz Biotech-
nology), and anti-ATRX MAb 39F (a gift from Richard Gibbons, Univer-
sity of Oxford).

Immunofluorescence and confocal microscopy. Cells on 13-mm
glass coverslips were fixed and prepared for immunofluorescence as de-
scribed previously (34). PML was detected with rAb AB1370 (Chemicon)
or MAb 5E10 (33), Sp100 with rAb SpGH, hDaxx with rAb 07-471 (Up-
state), and ATRX with rAb H-300 or MAb 39F. The secondary antibodies
used were Alexa 555-conjugated goat anti-mouse IgG and Alexa 633-
conjugated goat anti-rabbit IgG (Invitrogen). The samples were examined
using a Zeiss LSM 510 confocal microscope, with 488-nm, 543-nm, and
633-nm laser lines, scanning each channel separately under image capture
conditions that eliminated channel overlap. The images were exported as
TIF files, minimally adjusted using Photoshop, and then assembled into
figures using Illustrator.

Immunoprecipitation. Cells were seeded into 90-mm plates at 4.5 �
106 cells per plate and then treated as relevant with doxycycline for 24 h to
induce protein expression. The cells were washed twice with phosphate-
buffered saline on ice, and then 1.5 ml of lysis buffer (Pierce product
number 87787; supplemented with complete protease inhibitor cocktail
[Roche Diagnostics]) was added directly onto the cells on the plate. After
incubation on ice for 30 min, the plate was scraped with a syringe plunger
and the harvested lysates were centrifuged at 13,000 rpm for 30 min at 4°C.
The supernatant was precleared by incubation with protein G agarose
beads (Millipore; 16-201) for 30 min at 4°C, mixing end over end, and
then the beads were removed by centrifugation at 13,000 rpm for 10 min.
Aliquots of the clarified supernatant (0.5 ml) were incubated at 4°C over-
night, with end-over-end mixing, with 1 �g antibodies as follows: non-
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specific preimmune rabbit IgG, anti-ATRX H-300, or anti-hDaxx 07-471
antibodies. Mixtures were then incubated with 30 �l fresh protein G aga-
rose beads for 60 min at 4°C with continuous mixing. The beads were
washed four times with a buffer containing 10 mM Tris [pH 7.6], 1.5 mM
MgCl2, 300 mM NaCl, 5% glycerol, 0.2 mM EDTA, 0.1% NP-40, and
protease inhibitors, and then the beads were pelleted and resuspended in
30 �l gel loading mix. Proteins were separated using 6.75% SDS-poly-
acrylamide Tris-glycine gels. After electroblotting overnight (50 mA, at
4°C), ATRX was detected using MAb 39F, hDaxx by MAb Daxx-01, and
Myc-tagged pp71 with MAb 9E10.

RESULTS
Expression of HCMV proteins IE1 and pp71 in an inducible cell
line system. We constructed lentiviral vectors for inducible ex-
pression of pp71 and IE1 as previously described for ICP0 (7).
HepaRG cells were transduced with a lentivirus vector expressing
G418 resistance and the tetracycline repressor linked to EGFP and
a nuclear localization signal, and then these cells were transduced
with a second lentivirus expressing puromycin resistance and ei-
ther IE1 or Myc-tagged pp71 from a tetracycline-inducible pro-
moter (Fig. 1A). This approach for inducible IE1 expression
proved successful previously (35). A derivative of the pp71 lenti-
viral vector was constructed expressing blasticidin resistance, al-
lowing cells that express IE1 to be transduced a third time to en-
able simultaneous inducible expression of both pp71 and IE1.
Neither protein was expressed at levels detectable by Western
blotting in the absence of induction, whereas after induction both
were expressed very efficiently within a few hours (Fig. 1B). Two
IE1 bands were detected, with the more slowly migrating band
being the SUMO-modified form identified in previous studies
(36–38) (see also below). Immunofluorescence staining indicated
that, after induction, a very high proportion of cells expressed
either IE1 or pp71, or in the case of the double-expressing cells,
both simultaneously (Fig. 1C). Prior to induction, a small percent-
age of IE1 cells (about 5%) expressed low levels of IE1, while pp71
expression was undetectable by this method (data not shown).

Effects of IE1 and pp71 on ND10 components. We next ana-
lyzed the effects of IE1 and pp71 on a number of ND10 compo-
nents by Western blotting. Although these questions have been
addressed previously in several publications, it was necessary to
authenticate the inducible cell system used here. Our results con-
firm and extend this previous work. As expected (5, 14–17), IE1
caused the loss of the SUMO-conjugated forms of both PML and
Sp100 (Fig. 2A), whereas pp71 had no effect on these proteins. In
both IE1 and IE1/pp71 cells, the loss of the SUMO-conjugated
forms of PML isoforms I and II, and of those of Sp100-A, led to
concomitant increases in the corresponding unmodified forms of
these proteins (Fig. 2A, upper two panels). There was also an in-
crease in the intensity of the faster-mobility isoforms of PML in
the presence of IE1, which was sometimes clearer than in the ex-
ample presented (see also Fig. 7C). This suggests that these less-
abundant PML isoforms are also subjected to SUMO modifica-
tion, as would be expected, but low abundance of these modified
forms renders them difficult to detect.

Surprisingly, hDaxx levels were significantly decreased in pp71
and IE1/pp71 cells prior to induction compared to those in con-
trol cells or those after pp71 induction (Fig. 2A). These are not
chance results, as the single pp71 and double IE1/pp71 cell lines
were generated independently using different pp71 lentiviral vec-
tors. It is especially surprising since pp71 expression was undetect-
able by Western blotting or immunofluorescence prior to induc-

FIG 1 Expression of HCMV IE1 and pp71 proteins in an inducible cell line
system. (A) Maps of the lentivirus expression vectors for inducible expression
of IE1 and pp71, showing the core features. A derivative of the pp71 vector
expressing blasticidin instead of puromycin was also constructed. (B) Analysis
of IE1 and pp71 expression by HepaRG cells transduced to express the tetra-
cycline repressor linked to a nuclear localization signal and EGFP, then with
the IE1 (HA-IE1 cells) and Myc-tagged pp71 (HA-pp71 cells) expression vec-
tors, or both (HA-IE1/pp71 cells, using the puromycin IE1 vector and the
blasticidin pp71 vector). A time course of expression after the indicated times
of induction is shown. (C) Analysis of IE1 and pp71 expression by immuno-
fluorescence 24 h after induction in the IE1, pp71, and double-expressing cells.
TetR indicates the nuclear-located EGFPnlsTetR fusion protein. Each pair or
set of three images shows the same field of cells.
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tion (Fig. 1). The most likely explanation is that inducible cell line
systems are subjected to a certain level of leakiness in the unin-
duced state. Therefore, trace amounts of pp71 are likely to be
expressed prior to induction, and these are sufficient to destabilize
hDaxx. This hypothesis was investigated by construction of a vec-

tor expressing the DID2/3 mutant form of pp71, which does not
interact with or induce the degradation of hDaxx (8). A further
batch of cells transduced with the wt pp71 vector was isolated,
alongside cells expressing the DID2/3 mutant. This third, inde-
pendent batch of wt pp71 cells again exhibited reduced hDaxx
levels in the uninduced state, while normal levels were reestab-
lished after induction. In contrast, hDaxx levels were normal in
both uninduced and induced DID2/3 cells (Fig. 2B and C). These
results provide very strong support for the model that pp71 is
expressed prior to induction at levels that are sufficient to desta-
bilize hDaxx yet are undetectable by Western blotting. It is perti-
nent that hDaxx levels are reduced in very low-multiplicity
HCMV infections in which pp71 is also present below the level of
detection (9). Further support for the expression of biologically
active levels of pp71 prior to induction is provided by the func-
tional analyses presented below.

That hDaxx levels recover to normal levels after induction is
initially surprising. The situation is reminiscent, however, of the
observation that hDaxx levels are reduced by tegument-associated
pp71 during the early stages of HCMV infection (when only small
amounts of pp71 will be present), but they recover when pp71 is
expressed in greater quantities as infection progresses (9). This
recovery is substantial at 24 h after infection and complete after 72
h (9). The high levels of pp71 expressed in the induced cell system
may accelerate the recovery process. The importance of the rela-
tive abundance of pp71 to the fate of hDaxx provides a plausible
explanation for inconsistencies in detail in the literature concern-
ing the ability of pp71 to degrade hDaxx (9, 39). The current result
indicates that, in this expression system in this cell type, high levels
of pp71 do not cause loss of hDaxx. However, as presented below,
pp71 has a very important consequence for the hDaxx-ATRX
complex.

Neither IE1 nor pp71 had any effect on the expression level of
ATRX (Fig. 2) or, in contrast to ICP0 (3, 4), on the abundance of
SUMO-conjugated proteins in general (Fig. 3). IE1 is conjugated
to both SUMO-1 and SUMO-2/3 in the induced cells, as novel
SUMO-conjugated bands of the appropriate gel mobility were
detected in the IE1- and IE1/pp71-induced cell samples (Fig. 3).

The distributions of major ND10 components in the majority
of IE1 cells prior to induction were indistinguishable from the
controls (Fig. 4A, upper two rows). A small proportion of unin-
duced cells expressed IE1 that accumulated in foci larger than
normal ND10, and these contained PML but not hDaxx or ATRX
(data not shown). Although pp71 was not itself detectable in un-
induced pp71 or IE1/pp71 cells, there were some significant dif-
ferences compared to the controls. The PML foci were less regular
in size and Sp100 content (although these differences were only
subtle), the overall hDaxx fluorescence signal was weaker (consis-
tent with Fig. 2), and there were fewer hDaxx foci. ATRX was more
dispersed and rarely colocalized with PML, and any ATRX foci
were separate from those of hDaxx (Fig. 4A, lower two rows). It
appears that the implied minor amount of pp71 that is expressed
in these cells prior to induction is sufficient to change to the rela-
tive localizations of hDaxx and ATRX. The separated channels of
the images in Fig. 4A are presented in Fig. S1 in the supplemental
material.

After a 24-h induction with doxycycline, IE1 was mostly diffuse
within the nucleus, with a few punctate foci (Fig. 1C, top row), and
all ND10 components tested were dispersed (Fig. 4B, second row).
The overall hDaxx fluorescence signal was restored in induced

FIG 2 Western blot analysis of the effects of IE1 and pp71 on major ND10
components PML, Sp100, hDaxx, and ATRX. (A) Control and IE1, pp71, and
IE1/pp71 double cells were analyzed for PML, Sp100, hDaxx, and actin before
and after induction of expression of the viral proteins for 24 h with 100 ng/ml
doxycycline, as indicated. The lowest two panels of this section show ATRX
and tubulin levels in samples from an independent but otherwise identical
experiment. (B) A representation of pp71 showing the position of the DID2/3
deletion. (C) Expression of hDaxx is reduced in a third independent batch of
pp71 cells, but the DID2/3 mutant has no effect.
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pp71 cells, with foci of increased intensity, some of which were
PML associated. These hDaxx foci were, however, clearly separate
from those of ATRX. The DID2/3 mutant of pp71 had no effect on
either hDaxx or ATRX in either induced or uninduced cells (data
not shown). Coexpression of IE1 and pp71 had the expected ad-
ditive effects (Fig. 4B). The separated channels of the images in
Fig. 4B are presented in Fig. S2 in the supplemental material. Pre-
viously, analyses found that pp71 initially colocalizes with hDaxx
in ND10, prior to hDaxx and ATRX being dispersed (8, 10, 40).
This was not generally observed in the pp71 cells used here at the
24-h induction time point, probably because the long-term trace
expression of pp71 in the uninduced cultures disrupted the inter-
actions that normally enable efficient ND10 localization of pp71
in naïve cells. The high level of induced expression and diffuse
localization of the bulk of pp71 might also mask any weak associ-
ation with hDaxx foci. However, at very early times after pp71
induction, faint foci of pp71 that colocalized with hDaxx could be
detected (data not shown).

The hDaxx-ATRX complex is disrupted by pp71. ATRX and
hDaxx form a complex that is connected to chromatin modifica-
tion and histone chaperone pathways (41–44). This complex is
required for the repressive effects of hDaxx during HSV-1 infec-
tion (22). One of the earliest events that occurs during HCMV
infection is the pp71-mediated dispersal of ATRX from ND10,

and this occurs prior to any effect of pp71 on the localization of
hDaxx (10). The hypothesis arises, therefore, that pp71 might dis-
rupt the hDaxx-ATRX complex. The inducible cell line system
provides an amenable means of testing this hypothesis, because
pp71 can be expressed in the absence of other viral proteins in
virtually all cells in the population. Extracts were prepared from
uninduced and induced control, and pp71 cells were then sub-
jected to immunoprecipitation with control, anti-ATRX, and an-
ti-hDaxx antibodies. In the control cell extracts, hDaxx was readily
detected in the ATRX immune precipitate and vice versa, whereas
neither protein was present in the control precipitate (Fig. 5). In

FIG 3 Neither IE1 nor pp71 affect the abundance of SUMO-conjugated pro-
teins in general. Extracts were prepared as described for Fig. 2, and then West-
ern blots were analyzed with antibodies specific for SUMO-1 or SUMO-2/3.
Novel bands that correspond to SUMO-modified forms of IE1 are clearly
visible in the relevant induced extracts.

FIG 4 Immunofluorescence analysis of control, IE1, pp71, and IE1/pp71 cells.
(A) Before induction of viral protein expression. (B) After induction with 100
ng/ml doxycycline for 24 h. In both cases, samples were stained as indicated for
PML (MAb 5E10) and rabbit antibodies for Sp100, hDaxx, and ATRX, except
for the hDaxx-ATRX images, which were stained with rabbit anti-hDaxx and
anti-ATRX MAb 39F. Secondary antibodies were anti-mouse Alexa 555 and
anti-rabbit Alexa 633 antibodies (shown in the green channel here). Analogous
samples were stained for the viral proteins and the ND10 components, indi-
cating the high proportion of cells positive for viral protein expression after
induction (see Fig. 1) and the mostly nuclear diffuse distribution of both IE1
and pp71 after induction (images not shown).
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the induced pp71 cell experiment, both ATRX and hDaxx were
efficiently precipitated by their cognate antibodies, but neither
protein was coprecipitated with the other (Fig. 5). These results
are consistent with the immunofluorescence analysis, and they
indicate that a major function of pp71 is to disrupt the hDaxx-
ATRX complex. We also detected pp71 in the hDaxx immunopre-
cipitate, confirming the previously reported interaction between
the two proteins (8), whereas pp71 was not present above back-
ground levels in the ATRX precipitate (Fig. 5).

The results were less clear cut using the uninduced pp71 cell
extract. As expected from Fig. 2 and 4, hDaxx was much less abun-
dant in the extract, and although the amounts of hDaxx in the
ATRX precipitation and ATRX in the hDaxx precipitation were
reduced compared to those in the controls, it is not possible to
conclude whether this is because the complex is disrupted by trace
amounts of pp71 (which would be consistent with Fig. 4) or sim-
ply because the amount of hDaxx is greatly reduced anyway. The
unequivocal conclusions of these experiments are that trace
amounts of pp71 are sufficient to reduce the steady-state levels of
hDaxx in the cell, while larger amounts clearly dissociate the
hDaxx-ATRX complex.

IE1 and pp71 stimulate plaque formation efficiency of ICP0-
null mutant HSV-1. The inducible cell system allows reliable
quantification of the extent to which particular ICP0 mutant pro-
teins complement ICP0-null HSV-1 plaque formation efficiency
(PFE) (7). Therefore, analogous assays were carried out in IE1,
pp71, and IE1/pp71 cells before and after induction. The PFE of
ICP0-null mutant HSV-1 was similar in control and uninduced
IE1 cells (Fig. 6A). Surprisingly, but consistent with the observed
presumed effects of trace amounts of pp71 on ATRX and hDaxx,
the PFE of the mutant increased around 15-fold in uninduced
pp71 cells and to a similar degree in uninduced IE1/pp71 cells.
This did not occur in either uninduced or induced DID2/3 mutant
pp71 cells, confirming the deleterious effect of this mutation

(Fig. 6A). After induction, the PFE of ICP0-null mutant HSV-1
was increased by almost 100-fold in IE1 cells and by about 20-fold
in pp71 cells (Fig. 6B). The degree of stimulation of ICP0-null
mutant PFE in the induced pp71 cells is similar to that observed
after preexpression of pp71 using a viral vector (26). Strikingly,
complementation was of the order of 400-fold in induced IE1/
pp71 cells (Fig. 6B), which was within about 2-fold of that
achieved in ICP0-inducible cells analyzed in parallel (Fig. 6C).
Therefore, IE1 and pp71, when expressed together, have cooper-
ative effects that together can substitute for the great majority of
ICP0’s functions in a simple plaque assay. The titers of wt HSV-1
were not significantly different in any of the cell lines either before
or after induction (data not shown).

Analysis of mutant forms of IE1 in the inducible cell line sys-
tem. The data presented above indicate that the inducible cell line
system provides a convenient means of monitoring IE1 function,
and therefore we extended the study to analyze the properties of a
number of mutant IE1 proteins. The mutations selected target the

FIG 5 Immunoprecipitation of hDaxx and ATRX from control and pp71 cell
samples. Extracts from uninduced and induced (100 ng/ml doxycycline for 24
h) control and pp71 cells were used for immunoprecipitation with control
nonspecific or anti-ATRX and anti-hDaxx rabbit antibodies, as indicated.
Samples of the clarified extract and the immune precipitates were analyzed by
Western blotting for ATRX, hDaxx, and Myc-tagged pp71 using MAbs 39F,
Daxx-01, and 9E10, respectively.

FIG 6 Complementation of ICP0-null mutant HSV-1 in plaque formation
assays. The titer of a stock of ICP0-null mutant HSV-1 dl1403/CMVlacZ was
determined in control, IE1, pp71, pp71.DID2/3, and IE1/pp71 cells before (A)
and after (B) induction (100 ng/ml of doxycycline for 24 h prior to infection).
Doxycycline was maintained in the medium throughout in the induced sam-
ples, and plaques were counted the day after infection by staining for expres-
sion of the �-galactosidase marker gene in dl1403/CMVlacZ. The results are
expressed as fold-increase in absolute titer (PFU per ml) in each cell type over
that in control cells. (C) Relative plaque-forming efficiency of ICP0-null mu-
tant HSV-1 in induced ICP0 and IE1/pp71 cells, expressed as a percentage of
that in induced ICP0 cells.

Complementation of ICP0-Null HSV-1 by HCMV IE1/pp71

January 2013 Volume 87 Number 2 jvi.asm.org 983

http://jvi.asm.org


FIG 7 Analysis of the properties of selected IE1 mutants in the inducible cell line system. (A) A map of the IE1 coding sequence, showing the locations
of the exon2 and exon3 sequences common with IE2, the positions of the mutations analyzed, the acidic C-terminal region, and the chromatin tethering
domain (CTD). (B) The sequences of the regions chosen for mutagenesis, showing the aligned sequences of human, chimpanzee, green monkey, and
rhesus macaque CMVs (HCMV, CCMV, gmCMV, and rhCMV). The conserved residues are indicated, with an asterisk indicating similar residues rather
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SUMO modification site (K450) (37, 38), the chromatin tethering
domain (CTD) in the C-terminal end of the protein (45), and a
number motifs throughout the protein that show a degree of con-
servation between closely related IE1 proteins (HCMV and chim-
panzee CMV) and more divergent orthologs (green monkey and
rhesus macaque CMVs) (Fig. 7A and B). The mutant IE1 proteins
were expressed in inducible cells and then analyzed for expression
and effects on SUMO-modified PML (Fig. 7C), complementation
of ICP0-null mutant HSV-1 (Fig. 7D), and intracellular distribu-
tion and effects on ND10 (Fig. 7E).

As expected, mutant K450R was not SUMO modified, but in
addition mutations YL3, YL4, and YL7 (of which the latter deletes
the CTD) also greatly compromised the level of SUMO modifica-
tion. Although the K450R mutation reduces viral replication
when in the context of the viral genome (46), it was not found
previously to affect IE1 activity in a variety of assays, including
complementation of IE1 mutant HCMV when expressed in trans-
duced cells (37, 38). These latter two studies are consistent with
our observations, and they support the idea that there may be
parallels between complementation of IE1-deficient HCMV and
ICP0-null mutant HSV-1 when IE1 is expressed in this type of
system. Similarly, the CTD deletion mutant (YL7) retained con-
siderable complementation activity and the ability to induce loss
of the SUMO-modified forms of PML (Fig. 7C and D), while a
similar deletion mutation did not decrease HCMV replication in
cultured cells (47). Mutations YL1 and YL2 affect highly con-
served motifs in the region of IE1 that is in common with IE2.
Detection of the YL1 mutant protein (P14G, E16G) was very in-
efficient, probably because the epitope of the E13 monoclonal
antibody is within residues 1 to 24 (48), but it retained close to wt
activity in all assays. YL2 induced loss of SUMO-conjugated PML
but was about 4-fold less active than wt IE1 in complementation
assays (Fig. 7C and D). This indicates that the YL2 mutation af-
fects a function that is distinct from the effects of IE1 on ND10.

The most interesting mutants that we identified are YL3 and
YL4. These mutants were defective in SUMO modification, induc-
tion of the loss of SUMO-conjugated PML, and colocalization
with PML when expressed in low quantity in uninduced cells (Fig.
7C and E). Furthermore, both YL3 and YL4 were completely un-
able to complement ICP0-null mutant HSV-1 (Fig. 7D). The
properties of YL3 and YL4 are in several respects similar to a pre-
viously described mutant, L174P (38), implying that large sections
of the central portion of IE1 are required for its effects on PML.
These data provide further evidence that these effects of IE1 on
ND10 correlate well with its ability to stimulate virus infection.

IE1 and pp71, acting in concert, stimulate derepression of
quiescent HSV-1 gene expression. The inducible cell system also
allows assay of the ability of ICP0 to reactivate, or more properly
derepress, expression of a marker gene in quiescent HSV-1 infec-
tions (7). This assay involves infection of cells with mutant virus
in1374, which carries the �-galactosidase coding region linked to

the HCMV IE promoter/enhancer in a genome that carries a tem-
perature-sensitive lesion in ICP4, a deletion of ICP0, and a muta-
tion in VP16 that inactivates its ability to stimulate HSV-1 IE gene
expression. This virus can be used to infect cells at high multiplic-
ity at the nonpermissive temperature to establish monolayers in
which a high proportion of the cells carry a quiescent viral ge-
nome. Subsequent expression of ICP0 stimulates efficient dere-
pression of marker gene expression (7, 49, 50). Quiescent infec-
tions were established by in1374 infection of control, IE1, pp71,
and IE1/pp71 cells, which exhibited negligible numbers of �-ga-
lactosidase-positive cells prior to induction (Fig. 8). After quies-
cence had been established for 24 h, expression of IE1, pp71, or
both together was induced, and then the cells were stained a fur-
ther 24 h later. Surprisingly, given the strong complementation of
IE1 on ICP0-null mutant PFE (Fig. 6) and the role of pp71 in
stimulating the HCMV IE promoter/enhancer (51–53), neither
protein by itself induced derepression of marker gene activity (Fig.
8). In contrast, when both were induced together, derepression
occurred efficiently, within 2-fold of the activity of ICP0 itself in
this assay (Fig. 8). We conclude that, despite the individual activ-

than precise conservation in all sequences. The lowermost row shows the sequences of the mutants, with the mutated residues highlighted. (C) Western blot
analysis of the expression of wt and mutant IE1 proteins, prior to and after induction, compared to the control (TetR), and their effects on PML. The
SUMO-modified forms of IE1 and PML are indicated. Actin provides the loading control. Mutant YL1 is not detected by western blotting because the mutation
affects the epitope for the E13 antibody 48). (D) Complementation of plaque forming ability of ICP0-null mutant HSV-1 in induced IE1 cells, with that in the
mutant IE1 cells being expressed as a percentage of wt IE1. (E) Effects of wt and selected mutant forms of IE1 on the distribution of PML in induced and
uninduced cells (upper and lower pairs of rows, respectively). Wt IE1 colocalizes with PML when low-level expression can be detected in a small subset of
uninduced cells but disperses PML and becomes disperse itself in induced cells. Mutants YL3 and YL4 are diffuse when detectable in uninduced cells and do not
disperse PML after induction. All other mutants of this set behaved as wt IE1 in this assay.

FIG 8 Derepression of marker gene expression in cells quiescently infected
with HSV-1. Cell lines as indicated were either mock infected (upper row) or
infected with in1374 at an MOI of 3 for 24 h at the nonpermissive temperature
of 38.5°C. The cells in the lowest row were then treated with doxycycline (100
ng/ml) to induce expression of the viral proteins, and all cells were incubated
for a further 24 h at 38.5°C prior to staining for �-galactosidase expression.
The histogram shows the mean and standard deviation of the proportion of
IE1/pp71 cells that were �-galactosidase positive, normalized as a percentage
of that in the ICP0 cells after induction. Positive cells were counted in three
random views using a 20� objective (about 600 cells total per field of view, of
which around 40% of the ICP0-expressing cells were positive).
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ities of IE1 and pp71 in complementing ICP0-null mutant PFE
(Fig. 6), the combined activities of the two HCMV proteins are
required to replicate the role of ICP0 in derepression of gene ex-
pression from quiescent HSV-1 genomes in this system.

Consistent with the results presented here, a previous study
found that pp71 expressed from a viral vector did not stimulate
marker gene expression from quiescent HSV-1 genomes during
the first 3 days of pp71 expression (29). However, extended pp71
expression for longer times enabled reactivation of expression
from the quiescent genomes (29). We did not investigate these
longer time points after pp71 induction in the current study.

IE1 and pp71 inhibit the recruitment of subsets of ND10
components to sites associated with incoming HSV-1 genomes.
One of the most striking aspects of the behavior of ND10 compo-
nents such as PML, Sp100, hDaxx, and ATRX is their rapid relo-
cation from preexisting ND10 to novel sites that are closely asso-
ciated with HSV-1 parental genomes and early replication
compartments (34). This process is very short-lived in wt virus
infections because it is countered by the effects of ICP0, but in
ICP0-null mutant infections it is easily visualized, particularly in
cells at the periphery of developing plaques, because of the manner
in which the virus spreads to newly infected cells (34, 54, 55). The
effects of mutations in ICP0 on its core biological activities closely
correlate with efficiency of inhibition of ND10 component re-
cruitment to the HSV-1-induced ND10-like foci (7). Further-
more, the repressive effects of hDaxx and PML isoform I are de-
pendent on their SUMO interaction motifs that are required for
recruitment into these novel foci (56). Therefore, it appears that
the recruitment process is linked with ND10-mediated restriction
of HSV-1 gene expression in the absence of ICP0. Because ND10
component recruitment to the viral genomes does not require
viral gene expression or transcription (34), it is a reasonable hy-
pothesis that similar events occur during other large DNA virus
infections. However, this is not easily tested in HCMV infections
because of the inefficiency of plaque formation of mutants that
lack IE1, which might be predicted to be defective in inhibition of
ND10 component recruitment. On the other hand, it has long
been known that HCMV genomes are associated with ND10 dur-
ing the early stages of infection (57, 58). The inducible cell system
described here provides an alternative approach to testing
whether IE1 and pp71 influence the efficiency of recruitment of
ND10 components to large DNA virus genomes, because it is
straightforward to examine this process in ICP0-null mutant
HSV-1-infected cells. Therefore, recruitment assays were per-
formed using the cell lines characterized above.

Uninduced control cells exhibited recruitment of PML, Sp100,
hDaxx, and ATRX to sites associated with HSV-1 genomes and
early replication compartments (detected by staining for ICP4)
(Fig. 9A, top row). The recruitment is visualized by the asymmet-
ric distributions of ICP4 and the ND10 component, giving par-
tially overlapping (red/green/yellow) foci that are distinct from
the apparently random distribution of ND10 in normal cells. Sim-
ilar results were obtained in uninduced IE1 cells (Fig. 9A). While
recruitment of PML and Sp100 occurred in all uninduced pp71
and IE1/pp71 cells, recruitment of ATRX was absent in at least
75% of cells in both cell lines (Fig. 9A). This mirrors the effects of
the trace levels of expression of pp71 in the cells that is implied
by the results of Fig. 2 and 4 to 6. Recruitment of hDaxx occurred
in the majority (at least 85%) of uninduced pp71 and IE1/pp71
cells (Fig. 9A, lower two rows), although it was less intense because

of the reduced levels of hDaxx expression in these cells prior to
induction (Fig. 2). The DID2/3 mutant of pp71 had no effect on
recruitment of hDaxx or ATRX in either induced or uninduced
cells (data not shown). The separated channels of the images in
Fig. 8A are presented in Fig. S3 in the supplemental material.

When cells were infected after 24 h of treatment with doxycy-

FIG 9 Immunofluorescence analysis of the recruitment of ND10 components
to sites associated with HSV-1 genomes in control, IE1, pp71, and IE1/pp71
cells. Cells were infected with dl1403/CMVlacZ and then stained for ICP4 and
the indicated ND10 proteins at 24 h after infection. (A) The infections were
performed in uninduced cells at an MOI of 0.5, 0.2, 0.05, and 0.05 for control,
IE1, pp71, and IE1/pp71 cells, respectively. The MOI was varied between cell
lines to ensure a convenient number of plaques for analysis. (B) The infections
were performed after induction with 100 ng/ml doxycycline for 24 h, using an
MOI of 0.5, 0.01, 0.02, and 0.005 for control, IE1, pp71, and IE1/pp71 cells,
respectively. Samples were stained as indicated for ICP4 (MAb 58S) and rabbit
antibodies for PML, Sp100, hDaxx, and ATRX. Secondary antibodies were
anti-mouse Alexa 555 and anti-rabbit Alexa 633 (shown in the green channel
here). Cells at the periphery of developing plaques with asymmetric distribu-
tions of HSV-1 genomes and early replication compartments were identified
visually and then scanned to determine the distributions of the ND10 compo-
nents. The quantitative data given in the text were determined by examination
of 20 cells in each case.
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cline, recruitment of this group of proteins to ICP0-null mutant
HSV-1 genomes occurred in all control cells (Fig. 9B, top row),
while that of PML and Sp100 was absent in IE1 cells (Fig. 9B,
second row). On the other hand, and despite the disperse location
of hDaxx and ATRX in uninfected cells expressing IE1 (Fig. 4B),
both of these proteins were recruited to the asymmetric ICP4 foci
in over 90% of IE1 cells (Fig. 9B). After induction of pp71, recruit-
ment of both PML and Sp100 occurred normally in all cells, but
recruitment of ATRX was absent in 95% of cells. Recruitment of
hDaxx still occurred in over 90% of induced pp71 cells and was
more prominent than in the uninduced cells (Fig. 9B, third row).
Given previous work on pp71 and hDaxx, this particular result
might seem surprising, but it is consistent with the increased ex-
pression of hDaxx in the presence of high levels of pp71 (Fig. 2).
Therefore, although pp71 interacts with and affects the stability of
hDaxx (at least when expressed at low levels) (8, 9), in the system
described here the consequence is disruption of the hDaxx-ATRX
complex (Fig. 5) and inhibition of recruitment of ATRX to sites
near HSV-1 genomes. It is significant that both ATRX recruitment
and the repressive effect of hDaxx on ICP0-null mutant plaque
formation efficiency require an intact hDaxx-ATRX complex
(22).

The results in induced IE1/pp71 cells reflect additive effects of
the expression of both IE1 and pp71: no recruitment of PML,
Sp100, or ATRX and weak but positive recruitment of hDaxx (Fig.
9B, bottom row), correlating with the combined effects of the
proteins in both plaque and derepression assays (Fig. 6 and 8). The
separated channels of the images in Fig. 9B are presented in Fig. S4
in the supplemental material.

In addition to the specific ND10 components analyzed above,
SUMO-conjugated proteins are also recruited to the HSV-1 ge-
nome foci in the absence of ICP0 (56). Because ICP0 inhibits the
recruitment of such proteins (56), we investigated the effects of
IE1 and pp71 in this assay. The latter had no effect (data not
shown). While recruitment of SUMO-1 to locations associated
with ICP4 foci was detectable in all control cells examined (Fig. 10,
top row), this did not occur in induced IE1 cells (Fig. 9, third
rows). Recruitment of SUMO-2/3 was also prominent in all con-
trol cells but was not detected in two-thirds of cells expressing IE1
(Fig. 9, rows 2 and 4, and data not shown). Although the recruited
SUMO conjugates will include PML and Sp100 under normal
circumstances, recruitment of SUMO-2/3 is independent of PML
and SUMO-conjugated Sp100 (56). Therefore, it appears that,
despite the lack of any effect of IE1 on the abundance of SUMO-
2/3 conjugates (Fig. 3), IE1 affects the behavior of a subset of these
protein species in response to herpesvirus infection. The ability of
IE1 to influence recruitment to viral genomes of not only PML
and Sp100 but also components of the SUMO modification path-
way may be an important factor in its ability to stimulate ICP0-
null mutant plaque formation so efficiently.

DISCUSSION

The inducible cell line system provides a powerful approach to the
study of viral regulatory proteins. We previously used this system
to compare several members of the alphaherpesvirus ICP0 family
of proteins (59), and here we applied the method to HCMV pro-
teins IE1 and pp71. Although these HCMV proteins have been
analyzed extensively in many previous publications, the motiva-
tion for this study was to determine whether, despite the lack of
relatedness at the primary sequence level, the HCMV proteins

could substitute for ICP0 during HSV-1 infection. The core find-
ing was that IE1 and pp71 have additive effects that together sub-
stitute almost completely for the effects of ICP0 in stimulating
lytic HSV-1 infection and the derepression of gene expression
from quiescent HSV-1 genomes. An analogous inducible cell sys-
tem was used to demonstrate that IE1 expressed in this manner
complemented IE1 mutant HCMV to wt levels of replication (35).

It was inevitable that the initial characterization of the system
involved some replication of extensive previous work on IE1 and
pp71. In the course of this groundwork, however, we noted some
significant new findings. For example, the presence of trace
amounts of pp71 prior to induction can be inferred from a reduc-
tion in hDaxx expression (Fig. 2), changes to hDaxx and ATRX
distribution (Fig. 4), and complementation activity (Fig. 6). The
amount of pp71 entering a cell during a natural low MOI infection
will be very limited, and therefore it makes sense that only tiny
amounts should be required for biological activity. This principle
may extend to other herpesvirus regulatory proteins that are com-
ponents of the tegument. It remains a puzzle why hDaxx levels
recover when pp71 accumulates in larger amounts, both during

FIG 10 Inhibition by HCMV IE1 of the recruitment of SUMO-modified spe-
cies to sites associated with HSV-1 genomes. The upper two panels show the
presence of SUMO-1- and SUMO-2-marked proteins in close vicinity of ICP0-
null mutant HSV-1 genomes (detected by staining for ICP4) in control cells.
The third row shows the absence of local concentrations of SUMO-1 species
associated with the ICP4 signal in cells induced to express IE1. The bottom row
shows an IE1-expressing cell negative for prominent SUMO-2/3 recruitment.
Inductions and infections were performed as noted in the legend to Fig. 9.
Samples were stained for ICP4 (MAb 58S) and rabbit antibodies for SUMO-1
or SUMO-2/3 as indicated. Secondary antibodies were anti-mouse Alexa 555
(shown in green) and anti-rabbit Alexa 633 (shown in the red). The quantita-
tive data given in the text were determined by examination of 20 cells in each
case.
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HCMV infection (9) and in this system (Fig. 2). It has been estab-
lished that hDaxx is degraded via a proteasome-dependent mech-
anism during HCMV infection (9). To explore the basis of the
reduced hDaxx levels in uninduced pp71 cells, we tested the effect
of MG132. Although we found that this did not cause a marked
increase in hDaxx levels, this does not imply that pp71-mediated
degradation of hDaxx does not occur via proteasome-dependent
degradation in this system, only that the rate of resynthesis of
hDaxx is insufficient to reestablish normal expression levels over
the 6-h time course of the experiment. The major hDaxx band also
becomes less intense during HSV-1 infection, although in this case
it occurs through inefficient detection of extensively phosphor-
ylated forms (22). Treatment with phosphatase did not affect the
intensity of the hDaxx band in uninduced pp71 cell extracts (data
not shown), and therefore increased phosphorylation does not
appear to be involved in this instance. Whatever the reason, the
current results help explain variations in the effects of pp71 on
hDaxx in previous studies, because the outcome will be influenced
by the method, efficiency, and time of pp71 expression.

A notable effect of pp71 is the complete disruption of the
hDaxx-ATRX complex (Fig. 5). This complex is involved in chro-
matin remodeling (44, 60), has histone chaperone activity (41,
43), and interacts with histone deacetylases (42). It is clear from
extensive studies with HCMV that the role of pp71 is to counteract
the assembly of a repressive viral chromatin structure (9, 19, 25).
Similar events are likely to occur in the case of HSV-1 infection.
From the degree of complementation of ICP0-null mutant virus
infection imparted by pp71, it appears that these activities increase
the PFE of the mutant virus by 15- to 20-fold, which is only 2- to
3-fold greater than the increase in ICP0-null mutant infectivity in
cells depleted of hDaxx or ATRX (22). A key finding of this paper
is that pp71 overcomes the repressive effects of the hDaxx-ATRX
complex not only by reducing expression of hDaxx but also by
dissociating the complex and by eliminating the recruitment of
ATRX to sites associated with viral genomes.

ICP0 also inhibits recruitment of the hDaxx-ATRX complex to
HSV-1 genome-associated sites but does so by a completely dif-
ferent mechanism. It does not affect expression of hDaxx or dis-
rupt the hDaxx-ATRX complex either during infection (22) or in
the inducible cell line system (data not shown). Instead, it inhibits
the SIM-dependent recruitment of hDaxx, and therefore the
hDaxx-ATRX complex, to the viral genomes (22, 56). The fact that
two very different viral regulatory proteins target the same repres-
sive complex but by different mechanisms provides strong evi-
dence not only that the hDaxx-ATRX complex is a significant
factor in regulating herpesvirus infections but also that a key issue
is their ability to respond to the invading viral genome by accu-
mulating at associated sites.

A similar principle of a related outcome but via different mech-
anisms concerns the effects of ICP0 and IE1 on PML and Sp100.
ICP0 is a ubiquitin ligase that targets PML and its SUMO-modi-
fied forms for proteasome-dependent degradation through both
SUMO-dependent mechanisms and a direct interaction with
PML.I, the most abundant PML isoform (2–4, 61). IE1 also targets
SUMO-modified PML, but although the mechanism is unknown,
it is not through the proteasome pathway (5, 14, 16). IE1 itself
does not appear to have SUMO protease activity (14), and its
ability to disrupt ND10 and disperse PML is independent of
SUMO modification of either IE1 or PML, although it likely re-
quires the ability of IE1 to interact with PML (5, 14, 37, 38, 46).

Despite their obvious differences in mechanisms of action, both
ICP0 and IE1 inhibit the recruitment of PML and Sp100 to sites
associated with HSV-1 genomes. PML lacking its major SUMO
modification sites or its SIM is not recruited to the HSV-1-in-
duced foci, while recruitment of Sp100 requires its SIM but not
SUMO modification and is independent of PML (20, 21, 56). It
appears therefore that both ICP0 and IE1 affect the behavior of
PML and Sp100 independently, and whatever the mechanisms
used, the result is the same in terms of inhibition of recruitment of
these proteins to sites that are closely associated with HSV-1 ge-
nomes.

Although an interaction between IE1 and hDaxx has been de-
tected (62), and despite the dispersal of hDaxx in uninfected cells
expressing IE1 (Fig. 4B), IE1 did not eliminate the recruitment of
either hDaxx or ATRX to the HSV-1-induced foci (Fig. 9B). This is
consistent with the recruitment of hDaxx being PML independent
(21). It is reasonable to suggest that IE1 is not as effective as ICP0
in stimulating HSV-1 plaque formation, because it does not coun-
teract the response of the hDaxx-ATRX complex to nuclear entry
of the viral genome.

Considering the available data, a plausible hypothesis is that
the repressive effects of ND10 are modular, with various compo-
nents each contributing to the full repressive effect. Thus, IE1
affects PML and Sp100, and pp71 affects the hDaxx-ATRX com-
plex, and together they are almost as powerful in stimulating
HSV-1 infection as ICP0, which affects all four proteins. In a sim-
ilar vein, RNA interference (RNAi)-mediated depletion of any
single ND10 component results in only a modest improvement of
ICP0-null mutant HSV-1 replication (21, 22), but depletion of
both PML and Sp100 simultaneously has a greater effect (20).
Analogous observations have been made with HCMV (18, 24, 63).
Recent results from our laboratory indicate that simultaneous de-
pletion of three major ND10 components gives the greatest im-
provement in ICP0-null mutant plaque formation yet achieved by
the RNAi approach (64). This group of ND10 proteins appears to
be targeted by an ever-increasing list of important herpesvirus
regulatory proteins (for recent examples, see references 65 and
66), and the repressive effects of hDaxx are also counteracted by
adenovirus (67). Given that a common feature between ICP0, IE1,
and pp71 is to impede the response of these ND10 components to
nuclear entry of the viral genome, an increasingly compelling pic-
ture is emerging that herpesviruses have developed various mech-
anisms that target this cellular response in order to overcome the
effects of ND10-mediated intrinsic antiviral resistance.
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