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a b s t r a c t

In controlling the switch from latency to lytic infection, the immediate early (IE) genes lie at the core
of herpesvirus pathogenesis. To image the 72 kDa human cytomegalovirus (HCMV) major IE protein
(IE1-72K), a recombinant virus encoding IE1 fused with EGFP was constructed. Using this construct,
the IE1-EGFP fusion was detected at ND10 (PML-bodies) within 2 h post infection (p.i.) and the complete
disruption of ND10 imaged through to 6 h p.i. HCMV genomes and IE2-86K protein could be detected adja-
cent to the slowly degrading IE1-72K/ND10 foci. IE1-72K associates with metaphase chromatin, recruiting
both PML and STAT2. hDaxx, STAT1 and IE2-86K did not re-locate to metaphase chromatin; the fate of
hDaxx is particularly important as this protein contributes to an intrinsic barrier to HCMV infection.
While IE1-72K participates in a complex with chromatin, PML, STAT2 and Sp100, IE1-72K releases hDaxx
from ND10 yet does not appear to remain associated with it.

© 2010 Elsevier GmbH. All rights reserved.

Introduction

Human cytomegalovirus (HCMV) is the prototype member of
the Betaherpesvirinae (family Herpesviridae), the major viral cause
of congenital malformation and is associated with a wide range
of clinical disease, particularly in immunocompromised individu-
als. However, HCMV is a ubiquitous virus and the vast majority
of infections are well tolerated. As with other herpesviruses, pri-
mary infection is followed by lifelong persistence that must be
continuously restrained by host immune surveillance. Myeloid pro-
genitor cells appear to be the primary site of latency/persistence,
with virus reactivation being associated with differentiation
into macrophages or dendritic cells. In vivo, virus replication
can be detected in a wide range of cell types (Sinzger et al.,
1995).

By definition, the immediate early (IE) genes are expressed first
and are responsible for activating the transcription of HCMV early
genes. IE2-86K encodes a powerful, promiscuous transcriptional
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trans-activator that plays the major role in advancing the tran-
scriptional cascade (Marchini et al., 2001; Pizzorno et al., 1988).
To establish an environment compatible with efficient virus repli-
cation, IE gene expression acts to counter intrinsic, innate and
adaptive host immune defenses. UL36 and UL37 inhibit apopto-
sis (Goldmacher et al., 1999; Skaletskaya et al., 2001), IRS1/TRS1
suppress the interferon response (Child et al., 2004) while US3
downregulates cell surface expression of MHC class I gene expres-
sion (Ahn et al., 1996). While the 72 kDa major IE protein (encoded
by IE1) is not essential for virus replication in vitro, an IE1 (exon
4) deletion mutant exhibits a growth defect at low multiplicity of
infection (Greaves and Mocarski, 1998; Mocarski et al., 1996). The
HCMV IE1-72K has pleiotropic functions, it upregulates its own pro-
moter (Cherrington and Mocarski, 1989), enhances transcriptional
activation by IE2-86K (Malone et al., 1990), antagonizes histone
deacetylation (Nevels et al., 2004; Reeves et al., 2006), is a kinase
capable of autophosphorylation in addition to targeting E2F-1-3,
p107 and p130 (Pajovic et al., 1997), promotes cell cycle progres-
sion (Castillo et al., 2000; Fortunato et al., 2002), suppression of the
interferon response (Boyle et al., 1999; Browne et al., 2001; Navarro
et al., 1998; Simmen et al., 2001; Zhu et al., 1997) and disruption of
ND10 (Ahn et al., 1998; Ahn and Hayward, 1997; Kelly et al., 1995;
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Korioth et al., 1996; Wilkinson et al., 1998). ND10 are punctate
intranuclear bodies associated with the tumour suppressor protein
PML, and are also known as PML-bodies or PML oncogenic domains
(PODS).

Herpesvirus genomes are deposited adjacent to ND10 imme-
diately following infection, and this is the site at which virus
transcription and DNA replication are initiated (Ahn et al., 1999;
Everett et al., 2003; Ishov and Maul, 1996; Ishov et al., 1997; Maul
et al., 1996; Sourvinos and Everett, 2002; Sourvinos et al., 2007).
ND10 are dynamic intranuclear domains bound to the nuclear
matrix, implicated in cellular transcription, chromatin structure,
DNA repair, mitosis and apoptosis (Bernardi and Pandolfi, 2003;
Dellaire and Bazett-Jones, 2004). While they are defined by the
presence of PML, cellular proteins that have been associated with
ND10 include: Sp100, hDaxx, SUMO-1, p53, STAT1, STAT2, ATRX
(Choi et al., 2006; Ishov et al., 2004; Lukashchuk et al., 2008;
Negorev and Maul, 2001; Paulus et al., 2006; Tang et al., 2004).
Interestingly, PML is an interferon-inducible protein and many
DNA viruses impact on the integrity of ND10. PML-bodies are now
recognized to constitute an intrinsic barrier to virus infection. In
this context, RNAi knockdown of either PML or hDaxx significantly
enhanced HCMV or HSV-1 replication (Everett, 2006; Lukashchuk
et al., 2008; Tavalai et al., 2006, 2008).

Besides its interaction with ND10, IE1-72K is also known to
associate with condensed chromatin in HCMV-infected cells dur-
ing mitosis (Ahn et al., 1998; Lafemina et al., 1989; Wilkinson et
al., 1998). Exactly how the targeting and overt physical disruption
of PML-bodies together with IE1’s association with mitotic chro-
matin relate to its roles in promoting virus replication have yet to be
determined. In this study, IE1-72K targeting and disruption of ND10
immediately following infection, together with the close associ-
ation with both IE2-86K and the HCMV parental genomes were
visualized in lytic infection. Live-cell imaging with an HCMV recom-
binant encoding an IE1-EGFP fusion protein clearly demonstrated
IE1-72K associated with PML, Sp100 and STAT2 on metaphase
chromatin, but not with hDaxx or STAT1. The dynamic and differ-
ential re-organization of ND10 components to cellular chromatin
(PML, STAT2), degradation (Sp100) or release into the nucleoplasm
(hDaxx) can be expected to relate mechanistically with IE1’s func-
tional role in regulating gene expression and preparing the cell for
infection.

Materials and methods

Plasmids

For the construction of IE1 (exon 4)-EGFP fusion, the plasmid
pON2512 (Gawn and Greaves, 2002) was initially used, containing
a HCMV Towne strain DNA fragment from BglII site in exon 4 to
SalI site downstream of exon 5 of the ie1/ie2 locus. Site-directed
mutagenesis was carried out using the oligonucleotide 5′ TAT ATA
CAA TAG GTA CCT GGT CAG CCT TGC 3′ (mutagenic bases in bold)
to remove the stop codon of exon 4 and simultaneously introduce
a unique KpnI site, to generate the plasmid pON2512Kpn. In paral-
lel, the EGFP coding sequence was excised from plasmid pEGFP-N1
(Clontech) after digestion with NotI restriction enzyme followed
by treatment with Klenow fragment and further digestion of the
vector with KpnI. The pON2512Kpn was digested at the novel KpnI
site and at the Bst1 1071 site located between the end of exon 4
coding sequence and ie1 poly A signal, and subsequently was lig-
ated in frame with EGFP fragment to form pON2512Kpn-GFP. The
latter was digested with BglII and at the XbaI site located imme-
diately downstream of SalI site and cloned into the same sites of
pG303. pG303 contains the entire MIEP region, and upstream ORFs
UL127-UL130 from Towne, on a 7.4 kb SalI fragment, generating
pG303-EGFP. Subsequently, the entire ie1–ie2 coding region was

sequenced in this plasmid, showing that no unexpected mutations
had been introduced either during the site-directed mutagenesis
or subsequent sub-cloning steps.

Plasmid pEGFP-IE1 was generated after fusion of the ie1 gene
derived from the pGEX-3X-IE1 (Caswell et al., 1993) to the
Clontech vector pEGFP–C2. The autofluorescent expression vec-
tor pHcRed1-H2A was constructed after PCR amplification of the
H2A gene and its insertion into the EcoRV site of the pBlue-
Script KS vector (Stratagene, La Jolla, CA). Subsequently, the
XhoI-EcoRI fragment was excised and ligated into the same sites
of the vector pHcRed1-N1/1 (Clontech) to create pHcRed1-H2A.
For construction of a vector expressing IE1 fused to mRFP1, the
IE1 coding sequence was amplified from pGEX-3X-IE1 by PCR
using the primers: Forward 5′ AAGAGAATTCATGGAGTCCTCTGC-
CAAGAG 3′ and Reverse 5′ CCTTGAATTCTTACTGGTCAGCCTTGCTTC
3′, containing EcoRI restriction sites. The purified PCR product was
subsequently cloned into the EcoRI site of the pRSETBmRFP1 vec-
tor, expressing the monomeric red fluorescent protein, to produce
pRSETBmRFP1-IE1. STAT1 and STAT2 cDNAs were cloned in fusion
with mCherry under the control the HCMV MIEP using recombi-
neering technology as described (Stanton et al., 2008).

The expression vectors pEGFP-IE2 and pmCherrySp100
(Sourvinos et al., 2007) as well as pECFP-PML (Everett et al., 2003)
have been described previously.

For transfection experiments, primary human foreskin fibro-
blasts (HFFs), mChSp100 cells or HeLa cells were seeded either
on glass coverslips or into four-well, chambered coverglass units
with coverslip quality glass bottoms (Lab-Tek; Nunc). For transient
expression assays, DNA (1 �g/well) was introduced in subconfluent
cells using the TransPEI transfection reagent (Eurogentec, Belgium)
according to the manufacturer’s instructions.

Cells and viruses

HFF and HeLa cells were maintained in Dulbecco’s modified
Eagle’s medium (Biosera, UK) supplemented with 10% fetal calf
serum. HFFs stably expressing the Sp100A isoform fused to the
monomeric red autofluorescent protein mCherry were maintained
as previously described (Sourvinos et al., 2007). HFFs with a stable
small interfering RNA-mediated kd of PML were cultured in Dul-
becco minimal essential medium supplemented with 10% fetal calf
serum and 5 �g of puromycin/ml (kind gift of Thomas Stamminger,
University Erlangen-Nürnberg, Germany (Tavalai et al., 2006)). The
wild-type HCMV strain AD169 as well as HCMV AD169/IE2-EGFP
(Sourvinos et al., 2007) was also employed.

Virus plaque assays were performed on HFFs according to stan-
dard protocols. To characterize the growth properties of the CR401
virus, single-step growth curves were performed in parallel with wt
HCMV AD169 and the viral titres were determined via IE1 staining
(Andreoni et al., 1989).

Bacterial artificial chromosome (BAC) generation and
reconstitution of the HCMV BAC virus

BAC DNAs were propagated as previously described (Borst et
al., 1999). The BAC plasmid pHB5 (Borst et al., 1999) was used
for the construction of the CR401 virus, as follows. The ie1-exon
4 was removed from pHB5 after digestion with AccI, generating
an intermediate exon 4-deleted BAC. A BglII-XhoII fragment from
pG303-EGFP, including EGFP sequences and flanking regions of ie1
and ie2 genes was sub-cloned between BamHI and SalI sites of
shuttle vector pKOV-KanF (Lalioti and Heath, 2001). Co-integrants
between this vector and pHB5 BAC were isolated and then resolved
in DH10B bacteria, according to the method of Lalioti and Heath
(2001). The structure of the resultant recombinant BACs carrying
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Fig. 1. Construction and characterization of the HCMV CR401 virus. (A) Schematic representation of the HCMV genome region in which the ie1-exon 4-EGFP coding sequence
was inserted. (B) The asterisks show the sequences between ie1-exon 4 and the EGFP coding sequence as well as between EGFP ORF and ie2-exon 5. (C) Subcellular co-
localization of IE1 (red) and EGFP (green) detected by indirect-immunofluorescence assays in CR401-infected HFF 3 h p.i. (D) Kinetics of IE viral antigen expression. Viral
immediate-early antigen IE1-72K and IE2-86K were detected in both HCMV CR401 and wt HCMV AD169-infected HFF at MOI = 1 by Western blotting at the indicated time
points. (E and F) HFF cells were infected in parallel at M.O.I. = 0.1 and M.O.I. = 1 with viral inocula of wt HCMV AD169 (filled rectangles) or CR401 (filled diamonds) which
were standardized for equal IE1 expression at 24 h p.i. The virus progeny in the supernatants of infected cell cultures were harvested at different time points p.i. as indicated,
followed by quantification of the viral load via IE1 fluorescence. Error bars indicate the standard deviation derived from three independent experiments (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.).

the ie1-EGFP fusion were verified by FIGE, to yield BAC CR401 (Fig. 1
A and B). The recombinant CR401 virus was reconstituted as previ-
ously described (Reboredo et al., 2004).

Immunofluorescence and Western blot

The HCMV IE1 and IE2 gene products were detected using mon-
oclonal antibodies against IE1-72K (BS500) and IE2-86K (SMX)
as previously described (Plachter et al., 1993). For the detection
of endogenous PML, Sp100, hDaxx, STAT1 and STAT2 the mon-
oclonal antibodies PML (H-238), Sp100 (H-60), Daxx (M-112),

STAT1 (H-95) and STAT2 (H-190) (rabbit polyclonal) from Santa
Cruz Biotechnology (Santa Cruz, CA) were used, respectively.
Sp100 was detected in Western blots using a rabbit polyclonal
anti-SP100 antibody GH3 (kind gift of Hans Will, Heinrich-Pette
Institute, Germany (Milovic-Holm et al., 2007)). The monoclonal
antibody (MAb) Ac-15 which recognizes �-actin was purchased
from Chemicon International, Inc. Anti-mouse as well as anti-
rabbit horseradish peroxidase-conjugated secondary antibodies
were obtained from Sigma while Alexa 488-, Alexa 555- and Cy3-
conjugated secondary antibodies were purchased from Molecular
Probes.
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For indirect-immunofluorescence analysis, primary HFF cells
(1 × 105) were grown on coverslips for transient transfection or
HCMV infection, respectively. The conditions for transfection of
HFFs, as well as for fixation and immunodetection of viral and
cellular proteins, were as previously described (Everett et al., 2003).

For Western blotting, extracts from infected cells were pre-
pared in sodium dodecyl sulfate loading buffer, separated on
sodium dodecyl sulfate-containing 8–15% polyacrylamide gels,
and transferred to nitrocellulose membranes. Western blotting
and chemiluminescence detection were performed as previously
described (Everett et al., 2003).

Fluorescence in situ hybridization

Fluorescence in situ hybridization was performed according to
a previously described protocol (Everett and Murray, 2005) with
appropriate modifications for HCMV (Sourvinos et al., 2007). HFF
cells were grown on 13-mm diameter glass coverslips and then
infected with HCMV AD169 either at a multiplicity of infection of
0.1 PFU/cell or 1 PFU/cell.

Time-lapse microscopy of live cells

Cells were seeded into four-well, chambered coverglass units
with coverslip quality glass bottoms (Lab-Tek; Nunc) at a density
of 1 × 105 cells per well the day before each experiment. Live cells
were observed using the ×63 dry objective lens of a Leica DMIRE2
inverted fluorescence microscope equipped with a Leica DFC300 FX
digital camera. The microscope stage was enclosed within a con-
trolled environment of constant temperature, CO2 and humidity
in order to maintain cell viability during experiments. Excitation
wavelength was controlled by mercury lamp illumination and a
manual filter wheel equipped with filters suitable for EGFP, the
monomeric red fluorescent protein mCherry and DAPI. The cam-
era image acquisition was controlled by the IM50 software (Leica).
Special care was taken in order to avoid overlap between channels
by collecting the data from each channel sequentially and routing
the emission signals through appropriate band pass filters. Single
images or timed image sequences were exported as TIFF files from
the IM50 software.

Results

Characterization of HCMV CR401

In order to visualize the IE1-72K protein directly during infec-
tion, the recombinant HCMV CR401 was generated by in-frame
insertion of EGFP at the C-terminus of IE1 (Fig. 1A and B). In
HCMV CR401-infected cells (3 h p.i.), IE1-GFP protein exhibited
a diffuse nuclear distribution with focal concentrations at ND10
(Fig. 1C), similar to the staining pattern observed with IE1-72K in
the parental virus (Kelly et al., 1995). Furthermore, staining with an
IE1-specific antibody co-localized with EGFP fluorescence (Fig. 1C).
Additionally, the EGFP-IE1 signal precisely co-localized with IE1-
72K in cells infected with wild-type HCMV and co-transected
with pEGFP-IE1 (Fig. S1). The reduced relative mobility of IE1-GFP
(100 kDa) to IE1 (72 kDa) was consistent with the predicted size
increase associated with GFP fusion. The fusion protein was not
only stable, but produced with similar kinetics and abundance to
unmodified IE1 (Fig. 1D).

To characterize HCMV CR401, its growth properties were com-
pared with strain AD169. At an M.O.I. of one, the growth kinetics of
HCMV CR401 was identical to that of the parental virus. However,
HCMV CR401 exhibited delayed kinetics and reduced peak yield
virus at an M.O.I. of 0.1 (Fig. 1E and F). IE1-72K and IE2-86K are
derived by differential splicing from the same transcriptional unit,

IE1-72K being encoded by exons 1, 2, 3, and 4 while the predomi-
nant IE2-86K transcript comprises exons 1, 2, 3 and 5. Expression of
the predominant 86 kDa IE2 gene product was not overtly impaired
by insertion of GFP insertion at this locus (Fig. 1D). By generating
an HCMV recombinant encoding IE1-72K from its orthotopic posi-
tion with a C-terminal GFP fusion, it becomes possible to image the
major IE1-72K protein and its interaction with cellular proteins in
the context of a productive infection.

Induction of PML dispersal and desumoylation by HCMV CR401

HCMV CR401 permits live-cell imaging of IE1-72K during infec-
tion, provides enhanced sensitivity of detection while eliminating
potential artefacts associated with sample fixation and preparation.
With HCMV CR401, IE1-EGFP was readily detected as early as 2 h p.i.
and was predominantly associated with ND10, interspersed with
diffuse staining in the majority of infected cells (Fig. S2A fixed cells,
Fig. 2A a live-cell imaging). As the infection progressed PML was
displaced from ND10, so that by 6 h p.i. endogenous PML was com-
pletely dispersed throughout the nucleoplasm in cells expressing
IE1-EGFP (Fig. S2A (d–f)). While PML remains stable throughout
infection, HCMV alters the extent of PML modification by SUMO
adducts (Lee et al., 2004; Muller and Dejean, 1999). Sumoylation of
PML at multiple sites produces a series of slower migrating forms of
the protein (mock sample; Fig. S2B). IE1-72K is responsible for loss
of sumoylated forms of PML during HCMV infections (Muller and
Dejean, 1999) and this property was clearly retained by IE1-GFP in
HCMV CR401 (Fig. S2B).

The rate of the IE1-72K redistribution to and from punctate foci
was comparable at different M.O.I.s (data not shown). However,
the number of IE1-72K foci was dependent on the multiplicity of
the infection (compare Fig. 2A, a and c). Cells were analyzed from a
large number of random fields captured 3 h p.i.; the average number
of IE1-72K foci at M.O.I. = 1 was approximately three-fold higher
(19 ± 4) than that at M.O.I. = 0.1 (7 ± 2). The finding that the amount
of formation of IE1-72K foci is proportional to the M.O.I. suggests
that viral or virally induced host factors might contribute to their
formation.

Imaging Sp100 as ND10 disperse in HCMV infection

Studies in fixed cells have shown that IE1-72K traffics to ND10
and causes cellular PML to be displaced, with both proteins redis-
tributing to a nuclear-diffuse pattern (Ahn et al., 1998; Ahn and
Hayward, 1997; Korioth et al., 1996; Wilkinson et al., 1998). By
utilizing the EGFP tag in HCMV CR401, the dynamic interaction
between IE1-72K and ND10 can be imaged in live, infected cells.
Primary human fibroblasts stably expressing the ND10 protein
Sp100 (isoform A) fused with a red (mCherry) fluorescent pro-
tein (mChSp100) were infected with CR401 and the localization
of HCMV ie1 gene product and of the cellular Sp100 was analyzed
by time-lapse microscopy. Fig. 2B presents a sequence of images
of an individual live, infected cell during the course of the infec-
tion. The vast majority of IE1-EGFP co-localized with Sp100 in
ND10 at 200 min p.i. and IE1 and Sp100 remained in close asso-
ciation, with minimal movement, throughout the sequence. Over
time, IE1-EGFP changed from a focal to a nuclear-diffuse distri-
bution as ND10 disintegrated. Remarkably, with the disruption
of ND10 and in contrast to the diffuse distribution of PML in the
nucleus, the mChSp100 signal progressively faded in the nucleus.
The rate of Sp100 elimination was comparable at different M.O.I.s
as time-lapse experiments demonstrated. Given that Sp100 is a
low-abundance protein (Negorev et al., 2006), we sought to inves-
tigate biochemically the effect of IE1-EGFP on Sp100 at early stages
of the infection by Western blot in fibroblasts overexpressing the
Sp100 protein fused to mCherry. As shown in Fig. 2C, HCMV CR401



Author's personal copy

P. Dimitropoulou et al. / European Journal of Cell Biology 89 (2010) 757–768 761

Fig. 2. Dynamic nuclear redistribution of IE1 and imaging of Sp100 as ND10 disperse in live-infected cells. (A) HFF cells were infected with CR401 at M.O.I. = 1 and images
were obtained by live-cell microscopy. IE1 displayed punctate foci, interspersed with a diffuse pattern in the nucleus (a), while in a proportion of infected cells IE1 was
exclusively distributed in discrete intense dot-like structures (b) at 2 h p.i. The number of IE1 foci differed when cells were infected at M.O.I. = 0.1 (compare a and c). (B)
Live human fibroblasts expressing mCherrySp100, infected with CR401 at M.O.I. = 1 were monitored at immediate early times after infection. The initially formed IE1 foci
were dispersed during the course of a productive infection (200–300 min). Presented are selected double-labelled images that illustrate the dynamic dispersal of Sp100 by
IE1 (bars, 10 �m). (C) mCherrySp100 cells were infected with HCMV CR401 at MOI = 1 or were mock infected; cells were harvested at the indicated time points after virus
adsorption and total cell proteins were analyzed by Western blotting.

infection resulted in the progressive abolishment the SUMO-1
modification of Sp100 and by 8 h p.i. the SUMO-1-Sp100 conju-
gate was barely detectable. The results from both time-lapse and
biochemical analysis provide solid evidence regarding the fate of
Sp100 during HCMV infection, showing that the SUMO-1 modi-
fied isoform of Sp100 is predominantly dispersed from ND10 in an
IE1-72K-dependent-manner.

Rapid elimination of ND10 takes place only in the context of viral
infection

IE1-72K alone is sufficient to cause disruption of ND10. A
plasmid encoding the EGFP-IE1 fusion protein (pEGFP-IE1) was
transfected in mChSp100 cells and images were acquired over time.
During infections with HCMV CR401, efficient IE1-EGFP expression
and degradation of the mChSp100 signal was observed by 6 h p.i.
(Fig. S3A, row A). With DNA transfection, the IE1-EGFP signal was
first detected after 9 h, at which time mChSp100 could readily be

detected in foci co-localized with IE1 (Fig. S3A, row B). The numbers
of IE1 and Sp100 foci diminished progressively over time (Fig. S3A,
rows C and D), and eventually disappeared (not shown). Within an
individual cell, even after the majority of ND10 had been dispersed
a number could be observed to persist (see arrows in Fig. S3A, row
B), indicating a subset of ND10 were more resilient.

Subsequently, we quantified the association between IE1-72K
and Sp100 by time-course analysis both after DNA transfection and
CR401 infection of mChSp100 cells. In transfected cells, there was
almost equal distribution at 9 h post-transfection of cells display-
ing either focal co-localization of IE1 and Sp100 and those showing
punctate distribution of IE1 but with simultaneous dispersal of
Sp100. Over the following 6 h, this pattern changed such that the
majority of cells showed diffuse IE1 localization along with loss
of Sp100 signal (Fig. S3Bi). Interestingly, in a few cells Sp100 foci
remained intact until later times. In contrast, during productive
infection with CR401 at two M.O.I.s, a similar pattern of redistri-
bution of IE1 and Sp100 took place but over significantly shorter
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periods (Fig. S3Bii and Fig. S3Biii). Thus, the mode of expression of
IE1-72K has consequences for the subsequent effects of the protein
in modifying the sub-nuclear environment. This time course is con-
sistent with the HCMV major IE promoter (MIEP) being stimulated
by virion components when delivered by the virus. Yet additional
de novo HCMV-encoded functions could also influence events.

Subcellular localization of IE1-72K and HCMV parental genomes

Fluorescent in situ hybridization was employed to detect HCMV
genomic DNA within infected cells. Early during infection, nearly
all HCMV CR401 viral DNA labelling was associated with IE1 foci
(Fig. 3A, rows A and B). Viral DNA and IE1 foci did not precisely co-
localize, but were juxtaposed or partially overlapped. Considering
that at similar time points of infection, HCMV transcripts emanat-
ing from ND10-associated genomes have also been detected (Ishov
et al., 1997; Maul and Negorev, 2008), we might assume that the
low proportion of non-IE1-72K-associated genomes are transcrip-
tionally inactive. A similar pattern was observed for HCMV DNA
and PML (Fig. 3A, row C). There were clearly many more IE1 foci
than HCMV genomes, although the ratio closed at increasing M.O.I.

Differential localization of IE1-72K and IE2-86K in live-infected
cells

IE1-72K and IE2-86K act together as the central regulators of
the viral transcriptional cascade and to modulate cellular gene
expression. Immediately following infection IE1-72K co-localizes
with ND10, IE2-86K traffics to ND10 but is found in juxtaposition
rather than precisely co-localized. In HCMV CR401-infected cells,
this juxtaposition was readily apparent when IE2-86K expression
was detected by immunofluorescence (Fig. 5B). The relationship
between ND10 and IE2-86K is dynamic (Sourvinos et al., 2007). We
sought to image IE1-72K and IE2-86K simultaneously in produc-
tive infection. HFFs were first transfected with a plasmid encoding
mRFP1-IE1 and subsequently infected with HCMV AD169/IE2-
EGFP (M.O.I. = 1). Cells were followed from when IE2-86K was first
detected (2 h p.i.; Fig. 3C). A majority of IE1 and IE2 foci were distin-
guishable, yet in close association. Interestingly, during the course
of the infection, the punctate foci of the two proteins constantly
changed relative positions. Detailed analysis at high magnification
revealed a dynamic relationship, with IE1-72K and IE2-86K in jux-
taposition for most of the infection but some of them rapidly fused
to precise co-localizations for a limited period, followed by their
segregation. These data are consistent with IE1-72K co-localizing
with ND10 while IE2-86K molecules form distinct foci, correspond-
ing to separate discrete structures that frequently associate with
ND10-IE1 accumulations early after infection.

Recruitment of IE1-72K onto metaphase chromatin in live cells

In fixed cells, HCMV IE1-72K protein can be detected tethered
to mitotic chromosomes either when expressed in isolation or by
HCMV infection (Ahn et al., 1998; Lafemina et al., 1989; Wilkinson
et al., 1998). When HCMV CR401-infected cultures were exam-
ined, IE1-EGFP labelled condensed chromatin of all infected cells
in mitosis (Fig. 4A) and was observed to co-localize with histone
H2A (Fig. 4B), beginning at about 12 h p.i. However, when followed
by live-cell imaging, these cells failed to progress out of metaphase
through cell division, not allowing HCMV to spread in infected cells
by cell division with continued expression of the major transac-
tivating viral proteins. Therefore, the blockade of these cells on
mitosis renders them non-productive, in contrast to MCMV, when
despite the presence of IE1/IE3-GFP, the infected cells can progress
through several cell cycles (Maul and Negorev, 2008).

Fig. 3. Differential localization of IE1 with HCMV parental genomes and IE2 during
the immediate early phase of infection. (A) Combined in situ hybridization of HCMV
DNA and immunostaining of IE1 of CR401-infected HFFs, either at M.O.I. = 0.1 (row A)
or M.O.I. = 1 (row B), demonstrated an association between the foci at 2.5 h p.i., analo-
gous to association of viral DNA to ND10 (row C). (B) HHFs were infected with CR401
and stained for IE2 at early times post infection. All IE2 foci were either associated or
partially co-localized with IE1 domains. The infection in row A has been terminated
slightly later (4 h p.i.) than that in row B (3 h p.i.) and thus IE1 appears as punctate
foci interspersed with diffuse staining. (C) In vivo dynamics of IE1 in relation to that
of IE2. HFFs transfected with plasmid mRFP-IE1 were subsequently superinfected
with HCMV AD169/IE2-EGFP at M.O.I. = 1 and monitored at early times. Selected
images are presented, illustrating a dynamic pattern of association where, within
minutes, IE1 and IE2 foci constantly change relative positions, interplaying between
co-localization and juxtaposition. The inset images show regions of cells at higher
magnification (bars, 10 �m). In all cases, images shown are representative of the
population of cells observed in experiments.
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Fig. 4. Live-cell visualization of IE1 recruited onto metaphase chromatin. (A) Unsynchronized HFFs were infected with HCMV CR401 at M.O.I. = 1 and images were captured
in live cells 72 h p.i. Arrows indicate the chromatin-associated localization of IE1 (bar, 10 �m). (B) IE1-EGFP fluorescence exhibits a labelling pattern identical to that of H2A
throughout mitosis in CR401-infected fibroblasts expressing HcRed1-H2A. (C) HeLa cells were transiently co-transfected with pEGFP-IE1 and pHcRed1-H2A and monitored
through mitosis. Live-cell imaging revealed that IE1 was clearly associated with condensed chromatin at various stages of cell division. (D) Localization of HCMV IE2 protein
during mitosis. Normal fibroblasts were infected with HCMV AD169/IE2-EGFP at MOI = 1 and transfected with pHcRed1-H2A. In cells entering mitosis (second and sixth,
left to right), IE2 was mainly diffuse in the nucleoplasm and not associated with metaphase chromatin. Note the well-formed viral replication compartments (third, fourth,
seventh cell, left to right) as indicated by the recruitment of IE2 (72 h p.i.).

Since HCMV arrests cell cycle progression, the association of
IE1-72K with metaphase chromatin is more readily followed in
transfected cells (Nevels et al., 2004; Reinhardt et al., 2005). At the
beginning of chromatin condensation, in prophase, H2A became
associated with condensing chromosomes (Fig. 4C, b) while at the
same mitotic phase, IE1-72K changed its initial diffuse nuclear
localization to a condensed pattern which was identical to the
H2A pattern (Fig. 4C, a). The intensive fluorescence of both IE1-

72K and H2A associated with chromosomes became more evident
in prometaphase and later on in metaphase (Fig. 4C, d–f). Remark-
ably, IE1-72K and H2A continued to co-migrate, being associated
with mitotic chromosomes until the later stages of cell division
(Fig. 4C, g–i). EGFP alone failed to bind to metaphase chromatin
(not shown).

IE1 and IE2 share exons 1–3 (Fig. 1A), their encoded proteins
both traffic to ND10 and exhibit a diffuse nuclear distribution
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Fig. 5. IE1 recruits PML and Sp100 but not hDaxx onto condensed chromatin during mitosis in HCMV-infected cells. HFF cells were either mock infected (A) or infected with
wild-type AD169 (B–D) and fixed 72 h p.i. The cells were immunostained for IE1-72K, PML, Sp100 and Daxx, followed by incubation with a mouse-specific Alexa Fluor 488
conjugate, a rabbit-specific Cy3 conjugate, and DAPI. (A) PML forms irregular accumulations in mitotic mock-infected cells. (B) The expression of IE1-72K drastically changes
the localization of PML during mitosis, which becomes associated with condensed chromatin. (C). Sp100 is recruited onto metaphase chromatin when IE1-72K is expressed.
(D). hDaxx remains diffuse during mitosis despite the presence of IE1-72K. Note the exclusion pattern of hDaxx, particularly during metaphase (g), from the space occupied
by the condensed chromosomes (bars, 10 �m).

through the early/late phases of infection, However, IE2-GFP clearly
does not bind to metaphase chromatin (Fig. 4D). Even during inter-
phase, the IE2-86K and histone H2A staining patterns were distinct.

The above experiments demonstrate that there is an appar-
ent differentiation regarding mitotic progression, depending on
the mode of IE1-72K expression. Although IE1-transfected cells
can readily be followed through mitosis, this is not the case in
HCMV-infected cell cultures, where cells tend to persist in extended
prophase or metaphase and infected cells are yet to be detected in
anaphase.

IE1-72K recruits PML, Sp100 but not hDaxx to mitotic chromatin

We sought to investigate the association of ND10-associated
proteins with metaphase chromatin in live cells and during pro-
ductive virus infection. In uninfected cells lacking IE1-72K, PML
foci persist through in mitosis with PML persisting as irregu-
lar accumulations that were excluded from condensed chromatin
(Fig. 5A). In prophase, the number of such foci per cell was gen-
erally fewer than ND10 during interphase, and decreased even
further in prometaphase; PML domains must either fuse or dis-
assemble during this process. In metaphase and anaphase, brighter
PML aggregates tended to be located adjacent to the metaphase
plate (Fig. 5A, d–f). These distributions of PML were maintained
throughout mitosis until the earliest stages of G1 (data not shown).

In wild-type HCMV-infected cells, IE1-72K and endogenous
PML associated with mitotic chromatin (Fig. 5B). When cells
entered prophase, the localization patterns of IE1-72K (Fig. 5B,
b) and PML were identical (Fig. 5B, c); this indicates that a sig-
nificant proportion of IE1-72K remained chromosome-bound as
cells entered mitosis. Chromatin association of IE1-72K and PML
endured throughout mitosis (Fig. 5B, f–l). Similar tethering of IE-
72K and PML onto metaphase chromosomes was also observed in
transient co-expression assays of EGFP-IE1 and ECFP-PML in live
transfected cells (see Supplementary Fig. S4, B), confirming that
this association is specific and not due to the presence of the flu-
orophore tags. Our observations demonstrate that expression of
IE1-72K alone is sufficient to drive PML association with mitotic
chromatin.

Sp100 was also found to associate with chromatin during
cell division, either in wild-type HCMV-infected cells (Fig. 5C)
or after co-expression of its fluorescent version mCherry-Sp100
with EGFP-IE1 by DNA transfection (see Supplementary Fig. S4,
C). Both proteins labelled condensing chromosomes in prophase
and remaining associated throughout mitosis. In contrast, endoge-
nous hDaxx was excluded from the space occupied by the mitotic
chromosomes in wild-type HCMV-infected cells (Fig. 5D, c, g, k).
Similarly, diffuse localization of hDaxx was also observed in tran-
sient co-expression assays of either EGFP-IE1 and mCherry-hDaxx
(see Supplementary Fig. S4, D) or even after the additional over-
expression of ECFP-PML (data not shown). These results indicate
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Fig. 6. IE1, STAT1 and STAT2 localization upon HCMV infection. (A) HFFs were infected with CR401 virus at M.O.I. = 1 and immunostained for STAT1 (a–c) and STAT2 (g–i) at
2–3 h p.i. Images from live cells were also captured after transfection of HFFs with mCherry-STAT1 (d–f) and mCherry-STAT2 (j–i) and subsequent superinfection with CR401
at M.O.I. = 1 for 2.5 h p.i. (B) Diffuse localization of IE1 and STAT1 (a–c) or STAT2 (d–f) in transiently transfected PML-kd cells. (C) STAT1/2 proteins are localized in separate
cellular compartments in the absence of viral infection. HeLa cells were co-transfected with pEGFP-IE1 and either mCherry-STAT1 (a–c) or mCherry-STAT2 (d–f). (D) Images
from live mitotic CR401-infected HFFs, expressing mCherry-STAT2, show the recruitment of IE1 and STAT2 onto condensed chromosomes at different stages of cell division
(a–i).

IE1-72K may act to suppress the recognized interaction between
PML and hDaxx so that during mitosis hDaxx fails to interact with
PML or chromatin.

Spatial localization between HCMV IE1-72K, STAT1 and STAT2

IE1-72K inhibits the induction of type-1 interferon by formation
of a physical complex with STAT1 and STAT2; furthermore STAT2
was shown by immunofluorescence to associate with mitotic chro-
matin in an IE1-expressing cell line (Krauss et al., 2009; Paulus et
al., 2006). We therefore sought to investigate the spatial organi-
zation of STAT1 and STAT2 during productive infection by HCMV
CR401. At early times of infection, both proteins translocated to
the nucleus. While STAT1 migrated to foci in the nucleus, only a
fraction co-localized with IE1-72K (Fig. 6A, a–c). In contrast, STAT2
co-localization with punctate forms of IE1-72K was comprehen-
sive (Fig. 6A, g–i). Similar results were obtained with fixed and by
live-cell imaging (Fig. 6A, d–f, j–i).

The function of IE1-72K was further tested in human fibrob-
lasts with a stable siRNA knockdown of PML, termed PML-kd
cells (Tavalai et al., 2006). In PML-kd cells infected with CR401,
both IE1-72K and STAT1 or STAT2 were displaced into nuclear-
diffuse forms (Fig. 6B), consistent with PML being required for
the punctate distribution of IE1-72K and STAT2 at early times

of infection. Virus infection or interferon induction was required
to relocalize STAT-1 and STAT-2 from the cytoplasm to the
nucleus; EGFP-IE1 expression alone was not sufficient. In tran-
sient expression studies, EGFP-IE1 trafficked to the nucleus while
both mCherry-STAT1 or mCherry-STAT2 remained cytoplasmic
(Fig. 6C).

STAT2 associates with condensed chromatin in fixed cells con-
tinuously expressing IE1-72K and treated with interferon (Paulus
et al., 2006). We tracked mCherry-STAT2 in living cells following
infection with HCMV CR401, where IE1-EGFP and mCherry-STAT2
clearly co-localized at ND10. Strikingly, in the small proportion of
cells undergoing mitosis, both IE1-72K and STAT2 both labelled
condensed chromosomes (Fig. 6D). The predominant targeting
of IE1-72K and STAT2 to metaphase chromosomes was evident
from the early stages of mitosis through to metaphase (Fig. 6D).
Identical association between IE1-72K expressed by the wild-type
HCMV and the endogenous STAT2 was also observed in fixed cells,
confirming that the localization of the unlabelled proteins is not
affected by the tags (see Supplementary Fig. S5). In contrast, STAT1
was excluded from mitotic chromatin even in the presence of IE1-
72K (data not shown). These observations are consistent with a
model in which HCMV infection induces activation of STAT2, but
following transport of STAT2 to the nucleus it is sequestered by
IE1-72K.
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Discussion

The generation of recombinant viruses encoding both IE1-72K
and IE2-86K EGFP fusion proteins now provides a robust technol-
ogy to track expression from the HCMV major gene locus in real
time. These viruses have widespread application in experimen-
tal models of virus latency/reactivation and evaluating antiviral
compounds. In this study, we focussed primarily on IE1-72K inter-
actions with ND10 component both during the very earliest stage
(6 h) of HCMV productive infection, and in cells undergoing mitosis.
Live-cell imaging avoids potential artefacts induced by cell fixation,
while enabling gene expression, protein–protein interactions to be
followed in time and space.

The growth properties of HCMV CR401 were characterized in
detail prior to initiating imaging studies. While both the abundance
and kinetics of IE1-72K-EGFP and IE2-86K expression were compa-
rable with the parental virus strain, a modest reproducible growth
defect was detected but only when infection was performed at an
M.O.I. less than 1 PFU/cell. The structure and regulation of the major
IE transcriptional unit is complex with multiple splice variants and
early/late transcripts also being derived from this region (Meier and
Stinski, 1996). Insertion of a substantial sequence element (EGFP)
in this complex may be expected to have some impact on RNA pro-
cessing (White and Spector, 2005). Fusion of EGFP to the C-terminus
of ie1 could potentially impact on an IE1-72K function required for
efficient replication.

Live-cell microscopy of HCMV CR401-infected cells imaged IE1-
72K trafficking to ND10 by 2 h p.i. followed by the gradual yet
comprehensive destruction of their integrity through to 6 h p.i.;
during this process PML became desumolyated with similar kinet-
ics compared to wild-type HCMV. The spatial organization of the
parental genomes within the nucleus is a key element for the out-
come of a viral infection. Our studies implicate IE1-72K in the
formation of this nucleoprotein complex at very early times after
infection (Fig. 3A). IE1 foci were positioned adjacent or partially
co-localized with parental viral genomes in a mode reminiscent to
the juxtaposition between HCMV parental genomes and ND10 (Ahn
and Hayward, 1997; Ahn et al., 1999; Ishov et al., 1997; Sourvinos
et al., 2007). The IE2-86K protein was also part of this viral nucle-
oprotein complex at early times of infection, although there were
subtle differences between IE1-72K and IE2-86K localization. While
these proteins are thought to act synergistically in the activation of
transcription, our data indicates they are physically separated dur-
ing infection, without any evidence of direct interaction, although
both localize in the nucleus. Thus, from its earliest stages, virus
infection must involve a structured assembly of viral proteins and
DNA with respect to the cellular architecture, which is likely to be
crucial for the progress of viral infection, common to the alpha- and
beta-herpesviruses (Everett et al., 2003).

While PML persists in the nucleus after the ND10 disruption,
Sp100 follows a distinct fate. When expressed in transient assays
IE1-72K abrogates the covalent linkage of SUMO-1 to Sp100 and
lower molecular-weight forms of Sp100 are retained (Muller and
Dejean, 1999). The difficulties in visualizing the endogenous Sp100
preclude direct analysis of its spatial organization during an actual
HCMV infection. The dispersal of Sp100, as observed by time-lapse
microscopy, coupled with the loss of sumoylated-Sp100 revealed
by the biochemical analysis at early times of HCMV infection,
further corroborates the previously described destruction of ND10-
like Sp100 accumulations which are transiently formed early after
infection in the apparent absence of PML, in an IE1-72K-dependent
manner (Tavalai et al., 2006). During mitosis, Sp100 is not phys-
ically associated with condensed chromatin but rapidly diffuses
into the mitotic nucleoplasm (Dellaire et al., 2006). IE1-72K expres-
sion proves to be a strong mediator which dramatically alters
the trafficking of Sp100 and results in the establishment of novel

interactions with metaphase chromatin, favouring or inhibiting
functions of Sp100.

Live-cell imaging using the CR401 virus reproduced the obser-
vation (in fixed cells) that IE1-72K associates strongly with STAT2
during productive infection, and weakly with STAT1 (Huh et al.,
2008; Krauss et al., 2009; Paulus et al., 2006). HCMV binding
and infection is recognized to induce a strong interferon response
that is moderated by virus-encoded immune evasion functions
(Browne and Shenk, 2003; Browne et al., 2001). Nuclear trans-
port of STAT2 was IE1-72K-independent, and thus IE1-72K acts
to sequester STAT2 post-activation. The IE1-72K/STAT2/PML/Sp100
complex appears stable, as it is manifested by their co-association
with mitotic chromatin. Stable interactions with IE1-72K would
appear to correlate with sequestration and loss of function.

The functional significance of the differential accumulation of
ND10 components onto metaphase chromatin during mitosis upon
IE1-72K expression remains to be addressed. Unlike an HCMV-
infected, an IE1-72K-expressing cell line will go through mitosis.
Thus, an association of IE1-72K, PML and/or Sp100 with chro-
matin is not causing the mitotic block, rather a unique and efficient
biomarker that reveals IE1-72K sequesters these functions en bloc.
We believe an independent HCMV gene to be responsible, but its
identification it is not trivial. We propose that IE1-72K takes PML,
Sp100 and STAT-2 to cellular chromatin to sequester their function.
We consider this an important event however, the reason for the
association with chromatin is not clear. The association with chro-
matin per se is not ‘crucial’ as an HCMV IE1 mutant with a deletion
in the chromatin-binding domain has no overt growth defect in
fibroblasts in vitro (Reinhardt et al., 2005; Wilkinson et al., 1998).
However, the effect may manifest in different cell type or in vivo.
As regards STAT-2, the study in the context of a productive HCMV
infection is particularly informative, as we have shown that HCMV
both induces and sequesters the STAT-2 function. STAT1 acts in
combination with STAT-2, thus their physical dissociation is clearly
important. Although HCMV can replicate in the absence of IE1-72K,
so the effect is not essential for virus propagation in vitro however,
the situation is likely to be different in vivo.

hDaxx was identified through its cytoplasmic interaction with
Fas, and is pro-apototic following stimulation. hDaxx is also
constitutively present in the nucleus where it associates with
ND10, and acts to suppress HCMV IE gene expression (Cantrell
and Bresnahan, 2006; Preston and Nicholl, 2006; Saffert and
Kalejta, 2006; Woodhall et al., 2006). The HCMV tegument protein
pp71 promotes proteosome-mediated degradation of hDaxx, and
thereby relieves hDaxx-mediated repression of IE gene expression
(Saffert and Kalejta, 2006). hDaxx naturally accumulates at the con-
densed heterochromatic areas in late S phase (Ishov et al., 1999), but
not with metaphase chromatin (Pluta et al., 1998). The recognized
interaction between hDaxx and PML is dependent on sumoylation
(Ishov et al., 1999; Li et al., 2000), thus IE1-mediated desumolyation
of PML can be expected to dissociate this complex during HCMV
infection. The fact that PML, and not hDaxx is tethered by IE1-72K
to metaphase chromatin, is consistent with the hDaxx-PML being
dissociated during infection. The release of hDaxx to the cytoplasm,
suggests that it is sufficient to break the association with PML/ND10
to relieve hDaxx-mediated suppression of HCMV infection. While
the association of hDaxx with PML is pro-apoptotic, there is evi-
dence that hDaxx may be anti-apoptotic properties when is free of
PML (Chen and Chen, 2003). By releasing hDaxx to the nucleoplasm
free from its complex with PML, IE1 may selectively modulate the
function of hDaxx.

The C-terminus of IE1-72K is required for the interaction with
chromatin, but for neither ND10 disruption (Wilkinson et al., 1998)
nor productive virus replication in vitro (Reinhardt et al., 2005).
Thus, the significance of this interaction with higher-order struc-
tures of the host cell nucleus remains uncertain. It remains to be
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determined if there is any functional significance in the differential
accumulation of ND10 components on to metaphase chromatin by
IE1-72K expression. IE1-72K tethering to condensed chromatin was
readily detectable in transiently transfected cells, where IE expres-
sion is fully compatible with cell cycle progression. While HCMV
is recognized to promote cell cycle arrest, this is thought to occur
under conditions approximating to late G1/S phase (Bresnahan et
al., 1996; Jault et al., 1995). Nevertheless, mitotic cells were readily
detected by IE1-EGFP chromatin staining in a population of HCMV
CR401-infected cells. This observation is consistent with data from
FACS analysis, showing that a very small population of the cells that
are infected while the cells are actively replicating their DNA are
able to express the IE proteins in the G2/M phase of the cell cycle
(Fortunato et al., 2002). However, when followed by live-cell imag-
ing, these cells failed to progress out of metaphase through cell
division. An HCMV gene function(s), which is not IE1-72K, appears
to impose a blockade on cell mitosis.
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