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ABSTRACT

PML is the organizer of cellular structures termed nuclear domain 10 (ND10) or PML-nuclear bodies (PML-NBs) that act as key
mediators of intrinsic immunity against human cytomegalovirus (HCMV) and other viruses. The antiviral function of ND10 is
antagonized by viral regulatory proteins such as the immediate early protein IE1 of HCMV. IE1 interacts with PML through its
globular core domain (IE1CORE) and induces ND10 disruption in order to initiate lytic HCMV infection. Here, we investigate the
consequences of a point mutation (L174P) in IE1CORE, which was shown to abrogate the interaction with PML, for lytic HCMV
infection. We found that a recombinant HCMV encoding IE1-L174P displays a severe growth defect similar to that of an IE1 de-
letion virus. Bioinformatic modeling based on the crystal structure of IE1CORE suggested that insertion of proline into the highly
alpha-helical domain severely affects its structural integrity. Consistently, L174P mutation abrogates the functionality of
IE1CORE and results in degradation of the IE1 protein during infection. In addition, our data provide evidence that IE1CORE as
expressed by a recombinant HCMV encoding IE1 1-382 not only is required to antagonize PML-mediated intrinsic immunity
but also affects a recently described function of PML in innate immune signaling. We demonstrate a coregulatory role of PML in
type I and type II interferon-induced gene expression and provide evidence that upregulation of interferon-induced genes is in-
hibited by IE1CORE. In conclusion, our data suggest that targeting PML by viral regulatory proteins represents a strategy to an-
tagonize both intrinsic and innate immune mechanisms.

IMPORTANCE

PML nuclear bodies (PML-NBs), which represent nuclear multiprotein complexes consisting of PML and additional proteins,
represent important cellular structures that mediate intrinsic resistance against many viruses, including human cytomegalovi-
rus (HCMV). During HCMV infection, the major immediate early protein IE1 binds to PML via a central globular domain
(IE1CORE), and we have shown previously that this is sufficient to antagonize intrinsic immunity. Here, we demonstrate that
modification of PML by IE1CORE not only abrogates intrinsic defense mechanisms but also attenuates the interferon response
during infection. Our data show that PML plays a novel coregulatory role in type I as well as type II interferon-induced gene ex-
pression, which is antagonized by IE1CORE. Importantly, our finding supports the view that targeting of PML-NBs by viral regu-
latory proteins has evolved as a strategy to inhibit both intrinsic and innate immune defense mechanisms.

Human cytomegalovirus (HCMV), a member of the �-sub-
group of herpesviruses, is a widespread human pathogen of

high clinical relevance that can cause life-threatening diseases in
newborns and people with compromised immune system such as
AIDS, transplantation, or malignancy patients. The lytic replica-
tion cycle of HCMV is characterized by three sequential phases of
viral gene expression, termed the immediate early (IE), early (E),
and late (L) phases (1, 2). Expression of the major immediate early
genes IE1 (IE1p72) and IE2 (IE2p86) is crucial for initiation of
lytic infection, as their gene products stimulate transcription of
early genes that replicate viral genomic DNA, which in turn is
required for entry into the late phase (3, 4). The IE1 protein, a
72-kDa protein consisting of a globular core domain (IE1CORE)
flanked by intrinsically disordered regions, is the most abundant
viral protein being expressed at immediate early times (5–7).
Characterization of an IE1 deletion virus, derived from the
HCMV laboratory strain Towne, revealed that IE1 is essential for
virus growth after infection with low viral loads. After high-mul-
tiplicity infection, however, the IE1-deleted virus replicates as ef-

ficiently as wild-type HCMV, suggesting that virion components
can compensate for the lack of IE1 under certain conditions (3, 8).

Studies over the last years identified IE1 as an antagonist of
intrinsic and innate immune defenses that target HCMV imme-
diately upon infection (reviewed in reference 9). An important
component of the intrinsic immunity is the cellular structure nu-
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clear domain 10 (ND10), also known as PML-nuclear bodies, that
senses herpesviral genomes entering the nucleus in order to in-
duce epigenetic silencing of the viral DNA (10–15). ND10 are
dynamic intranuclear foci formed by the key component PML, a
member of the tripartite motif (TRIM) protein family, and nu-
merous other transiently or permanently localized proteins (16).
Covalent and noncovalent interactions of PML with the small
ubiquitin-like modifier (SUMO) protein are essential for the as-
sembly and maintenance of these protein complexes (17–20). Be-
sides PML, the ND10 proteins Sp100, hDaxx, and ATRX function
as cellular restriction factors and act cooperatively in order to
restrict HCMV infection (21–28). An interplay between intrinsic
and innate immune mechanisms has been reported, since several
cellular restriction factors, including PML and Sp100, are upregu-
lated after interferon (IFN) treatment, which enhances their anti-
viral activity (29–31). Type I (� and �) IFNs represent an impor-
tant branch of the innate immune system and are produced as an
immediate response to HCMV infection (32). After their secre-
tion, IFNs bind to cognate cell surface receptors, thereby trigger-
ing an intracellular signaling cascade that eventually leads to phos-
phorylation and activation of signal transducer and activator of
transcription (STAT) 1 and STAT2. The activated STATs, to-
gether with the IFN regulatory factor 9 (IRF9), translocate to the
nucleus and activate expression of numerous interferon-stimu-
lated genes (ISGs) via binding to interferon stimulatory response
elements (ISRE) in their promoter or enhancer regions. ISG prod-
ucts exert various effector functions contributing to inhibition of
virus replication and spread (33).

IE1 promotes lytic infection by interfering with PML-mediated
intrinsic immunity and IFN-mediated innate immunity via dis-
tinct protein domains. Through its IE1CORE domain, which
adopts an elongated, alpha-helical fold as revealed by the recent
solution of the crystal structure of primate IE1 proteins, IE1 inter-
acts with PML (6, 34). Subsequently, IE1 induces a depletion of
the SUMOylated species of PML, and also of Sp100, resulting in
disruption of the ND10 foci within the first 4 h of infection (6,
35–37). Mutations, e.g., the L174P mutation, or deletions within
IE1CORE were shown to abolish the interaction with PML and,
consequently, the effects on PML SUMOylation and ND10 integ-
rity in transfection assays (34, 37–40). These mutations, however,
do not affect the ability of IE1 to interact with STAT proteins
through binding sites located in the disordered C-terminal region
(5, 41). It has been shown that IE1 interacts with both STAT1 and
STAT2 and inhibits DNA binding of these proteins, thereby af-
fecting the level of ISG transcripts. As a result, IE1-deleted HCMV
displays increased sensitivity to IFN-� treatment compared to
wild-type HCMV (41, 42). In contrast to its influence on type I
IFN signaling, expression of IE1 triggers a transcriptional re-
sponse characterized by an upregulation of immune stimulatory
and proinflammatory genes that are normally induced by IFN-�,
the only representative of type II IFNs (43).

Interestingly, PML has recently been implicated in the regula-
tion of IFN-�-induced gene expression. While one study demon-
strated an effect of all nuclear PML isoforms on IFN-�-induced
STAT1 phosphorylation and DNA binding (44), a subsequent
study reported that a specific PML isoform, PML II, recruits the
major histocompatibility complex class II (MHC-II) transactiva-
tor (CIITA) to ND10, resulting in stabilization of CIITA and en-
hancement of IFN-�-induced MHC-II expression (45). Further-
more, a contribution of PML isoform IV to IFN-� production was

suggested (46). However, the exact role of PML in IFN signaling
awaits further clarification.

Here, we characterize a recombinant HCMV expressing the
PML-binding-deficient IE1 protein IE1-L174P. We show that
L174P mutation in IE1CORE results in a severe defect of HCMV to
initiate lytic infection, comparable to the defect of an IE1 deletion
virus. Bioinformatic and experimental analyses revealed that
L174P mutation affects the structural integrity of IE1CORE and
reduces the half-life of the otherwise very stable IE1 protein. Fur-
thermore, our data provide evidence that IE1CORE not only is re-
quired to antagonize PML-mediated intrinsic immunity but also
affects a stimulatory function of PML in IFN signaling. We con-
clude that targeting PML represents a viral strategy to perturb
both intrinsic and innate immune mechanisms.

MATERIALS AND METHODS
Oligonucleotides and plasmids. The oligonucleotide primers used for
this study were purchased from Biomers GmbH (Ulm, Germany) or
Biomol GmbH (Hamburg, Germany) and are listed in Table 1. The eu-
karyotic expression plasmid pHM3260 encoding IE1-L174P was gener-
ated by site-directed mutagenesis of plasmid pHM494, which encodes
wild-type IE1 (47), using primers 5=IE1mut-L174P and 3=IE1mut-L174P.
Expression plasmids encoding IE1 and IE1-L174P fused to a C-terminal
CLIP-tag were obtained by PCR amplification of the respective IE1 se-
quence using pHM494 or pHM3260 as the template along with primer
pair 5=IE1_NheI and 3=IE1_EcoRI. Subsequently, PCR products were in-
serted into MCS1 of pCLIPf (New England BioLabs, Frankfurt, Germany)
via NheI and EcoRI. The prokaryotic expression plasmid encoding gluta-
thione S-transferase (GST)-tagged IE1 was described elsewhere (6). The
prokaryotic expression plasmid encoding GST-tagged IE1-L174P was
constructed by PCR using pHM3260 as the template and primers 5=IE1-
GEX-Bam and 3=IE1_Xho1, followed by ligation into pGEX-6P-1 (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden) via BamHI and XhoI. The
lentiviral pLVX-shRNA1-based vectors encoding control short hairpin
RNA (shRNA) and PML shRNA were described previously (48). Lentivi-
ral vectors that are based on pLVX-Tight-Puro and encode IE1 or IE1
1-382, both fused to a FLAG-tag, were generated by PCR amplification
with primer pairs 5=Flag_IE1_BamHI and 3=IE1_EcoRI_stop or
5=Flag_IE1_BamHI and 3=IE1aa382_EcoRI along with pHM494 as the
template, followed by insertion into pLVX-Tight-Puro via BamHI and
EcoRI.

Cell culture, infections, and transfections. Primary human foreskin
fibroblasts (HFFs) were prepared from human foreskin tissue and were
maintained in Eagle’s minimal essential medium (Gibco/BRL, Eggen-
stein, Germany) supplemented with 5% fetal calf serum. HFFs with a
small interfering RNA-mediated knockdown of PML (siPML) and con-
trol HFFs (siC) were cultured in Eagle’s minimal essential medium
(Gibco/BRL, Eggenstein, Germany) supplemented with 7% fetal calf se-
rum and 5 �g/ml puromycin. HFFs with inducible expression of IE1 or
IE1 1-382 were cultured in Eagle’s minimal essential medium (Gibco/
BRL, Eggenstein, Germany) supplemented with 10% tetracycline-free fe-
tal bovine serum (Clontech, Palo Alto, CA, USA), 5 �g/ml puromycin,
and 500 �g/ml Geneticin. Infection experiments were performed with the
HCMV laboratory strain AD169 and recombinant viruses AD169/IE1
1-382 (6), AD169/IE1-L174P, and AD169�IE1. For this purpose, HFF
cells were seeded into six-well dishes at a density of 3 � 105 cells/well. One
day later, cells were incubated with 1 ml viral supernatant and, after 1.5 h,
provided with fresh medium before they were used for subsequent anal-
yses.

HEK293T cells were cultivated in Dulbecco’s minimal essential me-
dium (Gibco/BRL, Eggenstein, Germany) containing 10% fetal calf se-
rum. Transfection of HEK293T cells was performed by applying the stan-
dard calcium phosphate precipitation method. For this, HEK293T cells
were seeded into six-well dishes (6 � 105 cells/well) 1 day before transfec-
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tion. For each transfection reaction, 1 to 2 �g of plasmid DNA was used.
At about 16 h after transfection, the cells were washed two times with
phosphate-buffered saline (PBS) and provided with fresh medium before
they were used for further analyses.

Generation of stable HFF cells by lentivirus transduction. In order
to establish HFFs stably expressing the siRNAs siC and siPML, the Lenti-X
shRNA system was utilized (Clontech, Palo Alto, CA, USA). For genera-
tion of replication-deficient lentiviruses, HEK293T cells were seeded in 10
cm dishes (5 � 106 cells/dish) and cotransfected with pLVX-shRNA1
vectors containing control shRNA or PML shRNA and the Lenti-X HTX
packaging mix (Clontech, Palo Alto, CA, USA) using the Lipofectamine
2000 reagent (Invitrogen, Karlsruhe, Germany). Viral supernatants were
harvested 48 h after transfection, cleared by centrifugation, filtered, and
stored at �80°C. Primary HFFs were incubated for 24 h with lentivirus
supernatants in the presence of 7.5 �g/ml Polybrene (Sigma-Aldrich, De-
isenhofen, Germany), and stably transduced cell populations were se-
lected by adding 5 �g/ml puromycin to the cell culture medium.

For generation of HFFs with inducible expression of IE1 or IE1 1-382,
the Lenti-X Tet-on Advanced Inducible Expression System was utilized
(Clontech, Palo Alto, CA, USA). For generation of replication-deficient
lentiviruses expressing the tetracycline-controlled transactivator rtTA-

Advanced, HEK293T cells were cotransfected with the pLVX-Tet-on Ad-
vanced vector and the Lenti-X HTX packaging mix (Clontech, Palo Alto,
CA, USA). For generation of lentiviruses expressing IE1 or IE1 1-382
under the control of the inducible pTight promoter, HEK293T cells were
cotransfected with pLVX-Tight-Puro vectors containing IE1 or IE1 1-382
and the Lenti-X HTX packaging mix (Clontech, Palo Alto, CA, USA).
Viral supernatants were harvested 48 h after transfection, cleared by cen-
trifugation, filtered, and stored at �80°C. Afterwards, primary HFFs were
successively transduced with lentiviruses derived from the pLVX-Tet-On
Advanced vector and lentiviruses derived from pLVX-Tight-Puro-IE1/
IE1 1-382 vectors, followed by selection with 500 �g/ml Geneticin and 5
�g/ml puromycin, respectively.

Generation and reconstitution of recombinant cytomegaloviruses.
The wild-type HCMV bacterial artificial chromosome (BAC) HB15,
which is based on the laboratory strain AD169, was manipulated by re-
combination-based genetic engineering in order to obtain AD169/IE1-
L174P and AD169�IE1. AD169/IE1-L174P was generated by mutating
the leucine residue at position 174 (CTG) in exon 4 of IE1 to proline
(CCG). For this purpose, we utilized the two-step red-mediated recom-
bination technique described by Tischer et al. (49), which uses the kana-
mycin gene as a first selection marker. The linear recombination fragment

TABLE 1 Oligonucleotides used for generation of plasmids, generation of recombinant viruses, and quantitative real-time PCR

Name of primer Sequence or source

5=IE1mut-L174P 5=-GGCTTGTATTAAGGAGCCGCATGATGTGAGCAAGG-3=
3=IE1mut-L174P 5=-CCTTGCTCACATCATGCGGCTCCTTAATACAAGCC-3=
5=IE1_NheI 5=-CATAGCTAGCATGGAGTCCTCTGCCAAGAG-3=
3=IE1_EcoRI 5=-CATAGAATTCCTGGTCAGCCTTGCTTCTAG-3=
5=IE1-GEX-Bam 5=-TCACGGATCCATGGAGTCCTCTGCCAAGAG-3=
3=IE1_Xho1 5=-CATACTCGAGTTACTGGTCAGCCTTGCTTC-3=
5=Flag_IE1_BamHI 5=-CATAGGATCCATGGACTACAAAGACGATGACGATAAAGAGTCCTCTGCCAAGAGAAA-3=
3=IE1_EcoRI_stop 5=-CATAGAATTCTTACTGGTCAGCCTTGCTTC-3=
3=IE1aa382_EcoRI 5=-CATAGAATTCTTACTCTTCCTCATCTGACTCCT-3=
5=BAC_short 5=-TAGGGATAACAGGGTAATCGATTT-3=
3=BAC-L174P 5=-CACCCCCCAACTTGTTAGCGGCGCCCTTGCTCACATCATGCGGCTCCTTAATACAAGCCATCCCAACCAATT

AACCAATTCTGATTAG-3=
5=BAC-L174P 5=-TGAGGATAAGCGGGAGATGTGGATGGCTTGTATTAAGGAGCCGCATGATGTGAGCAAGGGCGCTAGGGAT

AACAGGGTAATCGATTT-3=
3=BAC-L174P_short 5=-CACCCCCCAACTTGTTAGCG-3=
5=Intron3/pKD13 5=-AAAGATGTCCTGGCAGAACTCGGTAAGTCTGTTGACATGTATGTGATGTAGTGTAGGCTGGAGCTGCTTC-3=
3=Exon4/pkd13 5=-TAGTTTACTGGTCAGCCTTGCTTCTAGTCACCATAGGGTGGGTGCTCTTGATTCCGGGGATCCGTCGACC-3=
5=gB_forw 5=-CTGCGTGATATGAACGTGAAGG-3=
3=gB_rev 5=-ACTGCACGTACGAGCTGTTGG-3=
CMV gB FAM/TAMRA 5=-CGCCAGGACGCTGCTACTCACGA-3=
5=Alb 5=-GTGAACAGGCGACCATGCT-3=
3=Alb 5=-GCATGGAAGGTGAATGTTTCAG-3=
Alb FAM/TAMRA 5=-TCAGCTCTGGAAGTCGATGAAACATACGTTC-3=
CMV 5= (IE1) 5=-AAGCGGCCTCTGATAACCAAG-3=
CMV 3= (IE1) 5=-GAGCAGACTCTCAGAGGATCGG-3=
MX1-fw 5=-CAGCACCTGATGGCCTATCA-3=
MX1-rev 5=-ACGTCTGGAGCATGAAGAACTG-3=
5=hISG54 5=-ATGTGCAACCTACTGGCCTAT-3=
3=hISG54 5=-TGAGAGTCGGCCCATGTGATA-3=
huGAPDH_TM_for 5=-GAAGGTGAAGGTCGGAGT
huGAPDH_tm_rev 5=-GAAGATGGTGATGGGATTTC
CCL8-fw 	 CCL8-rev VHPS-1625 (Biomol GmbH, Hamburg, Germany)
IDO1-fw 	 IDO1-rev VHPS-4584 (Biomol GmbH, Hamburg, Germany)
IFIT3/4-fw 	 IFIT3/4-rev VHPS-4466 (Biomol GmbH, Hamburg, Germany)
HLA-DRA-fw HLA-DRA-rev VHPS-4159 (Biomol GmbH, Hamburg, Germany)
OASL-fw 	 OASL-rev VHPS-6424 (Biomol GmbH, Hamburg, Germany)
PML-fw 	 PML-rev VHPS-7019 (Biomol GmbH, Hamburg, Germany)
TNFSF10-fw 	 TNFSF10-rev VHPS-9439 (Biomol GmbH, Hamburg, Germany)
UIMC-fw 	 UIMC-rev VHPS-7651 (Biomol GmbH, Hamburg, Germany)
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was generated by PCR using primers 5=BAC_short and 3=BAC-L174P and
pEPkanS as the template DNA (kindly provided by K. Osterrieder, Berlin,
Germany). The PCR product was treated with DpnI, gel purified, and
subjected to a second round of PCR amplification using primers 5=BAC-
L174P and 3=BAC-L174P_short. For homologous recombination, the
PCR fragment was transformed into Escherichia coli strain GS1783 (a gift
of M. Mach, Erlangen) already harboring HB15, and two-step bacterio-
phage 
 red-mediated recombination was performed as described else-
where (49). To identify positive transformants, the bacteria were plated on
agar plates containing kanamycin (first recombination) or chloramphen-
icol and 1% arabinose (second recombination) and incubated at 32°C for
2 days. BAC DNA was purified from bacterial colonies growing on these
plates, and successful recombination was confirmed by PCR, restriction
enzyme digestion, and direct sequencing.

AD169�hIE1 was generated by deleting exon 4 of IE1 as described
previously (6). Briefly, a linear recombination fragment, comprising a
kanamycin resistance marker and 5= and 3= genomic sequences, was gen-
erated by PCR amplification using pKD13 as the template and primers
5=Intron3/pKD13 and 3=Exon4/pkd13. This fragment was used for elec-
troporation of competent Escherichia coli strain DH10B harboring HB15,
and homologous recombination was performed as described previously
(50). The integrity of the resulting recombinant BAC was confirmed by
PCR, restriction enzyme digestion, and direct sequencing.

HFFs stably expressing IE1, which were generated as described else-
where (6), were utilized for reconstitution of AD169/IE1-L174P and
AD169�IE1. The cells were seeded in six-well dishes (3 � 105 cells/well)
and cotransfected with purified BAC DNA (1 �g), pp71 expression plas-
mid pCB6-pp71 (0.5 �g) and a vector encoding the Cre recombinase (0.5
�g) using FuGENE6 transfection reagent (Promega, Mannheim, Ger-
many). Transfected HFFs were propagated until viral plaque formation
was observed, and the supernatants from these cultures were used for
further virus propagation in IE1-expressing HFFs.

Titration of virus stocks. Titers of wild-type AD169 were determined
by IE1 fluorescence. For this purpose, HFFs were infected with various
dilutions of virus stocks. After 24 h of incubation, cells were fixed and
stained with monoclonal antibody p63-27, directed against IE1 (51). Sub-
sequently, the number of IE1-positive cells was determined by quantifying
IE1 expression in �200 cells using ImageJ software. Results were used to
calculate viral titers, expressed as IE protein-forming units (IEU). To en-
sure infection with equal genome copy numbers of wild-type and recom-
binant viruses, AD169/IE1-L174P and AD169�IE1 were titrated via de-
termination of genome equivalents in virus stocks and in infected cells by
quantitative real-time PCR. Samples of virus stocks were subjected to
treatment with proteinase K, and TaqMan-PCR was performed as de-
scribed below in order to determine the amount of the gB gene corre-
sponding to HCMV genome equivalents. For determination of genome
copies having entered the cells, HFFs were infected with various dilutions
of AD169 and recombinant viruses. Sixteen hours later, viral and cellular
DNA was extracted from infected cells using the DNeasy blood and tissue
kit (Qiagen, Hilden, Germany) and subjected to quantitative real-time
PCR (TaqMan-PCR) using HCMV gB-specific primers and primers spe-
cific for the cellular albumin gene as internal control. Results were used to
calculate the number of intracellular HCMV genomes resulting from in-
fection with 1 ml of input virus.

Multistep growth curve analysis. HFF cells were seeded into six-well
dishes at a density of 3 � 105 cells/well and infected the following day with
wild-type AD169 at a multiplicity of infection (MOI) of 0.1 and equivalent
genome copy numbers of AD169/IE1-L174P and AD169�IE1. Triplicate
samples of infected cell supernatants were harvested at 2, 4, 6, 8, 10, and 13
days after inoculation and lysed by proteinase K treatment. Afterwards,
quantitative real-time PCR (TaqMan-PCR) of the HCMV gB gene was
conducted as described below to analyze the amount of viral genome
copies in the supernatants.

Quantitative TaqMan real-time PCR. For quantitative real-time PCR
(TaqMan-PCR), an Applied Biosystems 7500 real-time PCR system was

utilized (Applied Biosystems, Foster City, CA, USA) together with the
corresponding software SDS (sequence detection system) (52). To quan-
tify viral DNA, a sequence region within the HCMV gB gene region was
amplified using primers 5=gB_forw and 3=gB_rev along with the fluores-
cence labeled probe CMV gB FAM/TAMRA, also directed against the gB
gene locus. When intracellular genomes where examined, quantification
of cellular albumin genes was conducted in parallel using primers 5=Alb
and 3=Alb together with a fluorescence-labeled probe, Alb FAM/TAMRA
(6-carboxyfluorescein/6-carboxytetramethylrhodamine). For determi-
nation of reference CT values (cycle threshold), serial dilutions of the
respective standards (107 to 101 DNA molecules of gB or albumin) were
analyzed by PCRs in parallel. The 20-�l reaction mixture contained 5 �l
sample or standard DNA solution together with 10 �l 2� TaqMan PCR
Mastermix (Applied Biosystems, Foster City, CA, USA), 1.5 �l of each
primer (5 �M stock solution), 0.4 �l of probe (10 �M stock solution), and
1.6 �l of H2O. The thermal cycling conditions consisted of two initial
steps of 2 min at 50°C and 10 min at 95°C followed by 40 amplification
cycles (15 s at 95°C, 1 min at 60°C). The viral genome copy numbers and
albumin copy numbers were subsequently calculated using the sample-
specific CT value when set into relation to the standard serial dilutions.

RNA isolation and quantitative SYBR green reverse transcription-
PCR (qRT-PCR). Total RNAs from 3 � 105 to 6 � 105 infected or trans-
duced HFFs were isolated in triplicate using TRIzol reagent according to
the manufacturer’s instructions (Invitrogen, Karlsruhe, Germany). To
exclude any DNA contaminations, 10 units of RNase-free DNase I
(Roche, Mannheim, Germany) together with 20 units of RNaseOUT
RNase Inhibitor (Invitrogen, Karlsruhe, Germany) were added to each
sample and incubated at 37°C for 45 min, followed by DNase I inactiva-
tion at 75°C for 10 min. RNAs were further purified by phenol extraction
and ethanol precipitation, and the RNA pellets were resuspended in
RNase-free H2O. Afterwards, first-strand cDNAs were synthesized from 1
�g of total RNA using oligo(dT)18 and random hexamer primers pro-
vided by the Maxima First Strand cDNA synthesis kit (Thermo Scientific,
Waltham, MA, USA). First-strand cDNAs were diluted 4-fold with
DNase-free water, and 2 �l was used as the template for quantitative
real-time PCR mixtures containing 12.5 �l Maxima SYBR green/Rox
qPCR master mix (Thermo Scientific, Waltham, MA, USA), 10.35 �l
nuclease-free H2O, and 0.15 �l of the following primer pairs: CMV 5=
(IE1) and CMV 3= (IE1), PML-fw and PML-rev, MX1-fw and MX1-rev,
TNFSF10-fw and TNFSF10-rev, OASL-fw and OASL-rev, IFIT3/4-fw and
IFIT3/4-rev, CCL8-fw and CCL8-rev, IDO1-fw and IDO1-rev, 5=hISG54
and 3=hISG54, HLA-DRA-fw and HLA-DRA-rev, and UIMC-fw and
UIMC-rev. For normalization of the qPCR values, GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) was amplified as a housekeeping gene
using primers huGAPDH_TM_for and huGAPDH_tm_rev. SYBR green
PCR was conducted in 96-well plates compatible with the ABI Prism 7500
real-time PCR system (Applied Biosystems, Foster City, CA, USA) to-
gether with the corresponding software SDS (sequence detection system).
The initial denaturation step (95°C, 10 min) was subsequently followed by
40 cycles of denaturation (95°C, 15 s), primer annealing (60°C, 35 s), and
strand elongation, followed by a dissociation stage to ascertain the speci-
ficity of the reactions. Data were analyzed using the Applied Biosystems
SDS software, and relative quantification of mRNA levels was performed.

CLIP labeling. For labeling of CLIP-tagged IE1 proteins, transfected
HEK293T cells were incubated with 3 �M red fluorescent substrate CLIP-
Cell TMR STAR in cell culture medium (Dulbecco’s minimal essential
medium supplemented with 10% fetal calf serum) for 30 min at 37°C.
Afterwards, the cells were washed three times with cell culture medium
and incubated for another 30 min at 37°C before they were washed again.
The cells were pooled and reseeded into 12-well plates to ensure equal
expression and labeling efficiency in every sample. Cell lysates were pre-
pared immediately (0 h) or at later times (2 h to 30 h) by resuspending cell
pellets in 2� sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) loading buffer, boiling at 95°C for 5 min, and sonication.
Labeled proteins were separated on SDS-containing 8% polyacrylamide
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gels and visualized by in-gel fluorescence scanning using an INTAS Ad-
vanced Fluorescence Imager (INTAS, Göttingen, Germany).

Western blotting, indirect immunofluorescence, and antibodies.
For Western blot analysis, total lysates from transfected or infected cells
were prepared in a sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) loading buffer, separated on SDS-containing 8 to
12% polyacrylamide gels, and transferred to nitrocellulose membranes.
Chemoluminescence detection was performed according to the manufac-
turer’s instructions (ECL Detection kit; Amersham Pharmacia Biotech
Europe, Freiburg, Germany).

Indirect immunofluorescence analysis of infected HFF cells was per-
formed by fixation of infected cells with 4% paraformaldehyde and fluo-
rescence staining as described elsewhere (6). Samples were analyzed using
a Leica TCS SP5 confocal microscope with 488-nm, 543-nm, and 633-nm
laser lines, scanning each channel separately under image capture condi-
tions that eliminated channel overlap. The images were exported, pro-
cessed with Adobe Photoshop CS5, and assembled using CorelDraw X5.

The following monoclonal antibodies were used for immunofluores-
cence and Western blot analyses: �-IE1 p63-27 (51), �-UL44 BS510
(kindly provided by B. Plachter, Mainz, Germany), �-MCP 28-4 (53),
�-FLAG 1804 (Sigma-Aldrich, Deisenhofen, Germany), and �-�-actin
AC-15 (Sigma-Aldrich, Deisenhofen, Germany). The following poly-
clonal antibodies were used for immunofluorescence and Western blot
analyses: �-IE2 pHM178 (produced by immunizing rabbits with prokary-
otically expressed protein); �-PML #4 (a kind gift from P. Hemmerich,
Jena, Germany), used for immunofluorescence analysis; �-PML A301-
167A (Bethyl Laboratories, Montgomery, TX, USA) in combination with
�-PML A301-168A (Bethyl Laboratories), applied for Western blot anal-
ysis; �-Sp100 GH3 (kindly provided by H. Will, Hamburg, Germany);
and �-STAT2 H190, obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Alexa Fluor 488-/555-conjugated secondary antibodies
for indirect immunofluorescence experiments were purchased from Life
technologies (Karlsruhe, Germany), and horseradish peroxidase-conju-
gated anti-mouse/anti-rabbit secondary antibodies for Western blot anal-
ysis were obtained from Dianova (Hamburg, Germany).

Recombinant protein production and purification. Recombinant
IE1 and IE1-L174P were expressed in E. coli and purified as described
elsewhere (6). Briefly, LB medium was inoculated with E. coli colonies
freshly transformed with pGEX-6P-1-based expression plasmids encod-
ing GST-tagged IE1 or IE1-L174P. Cell cultures were grown at either 30°C
or 37°C, and expression of recombinant proteins was induced with 1 mM
IPTG (isopropyl-�-D-thiogalactopyranoside) for 4 to 6 h. Cell pellets were
resuspended in phosphate buffer and lysed by sonication. Protein purifi-
cation was achieved by GST affinity chromatography, proteolytic cleavage
with PreScission protease, a second GST affinity chromatography, and
size exclusion chromatography using a Superdex 200 prepgrade column
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden).

Bioinformatic analyses. Modeling of the L174P mutation was per-
formed with SwissModel, and the lowest-energy conformer of P174 was
selected (54). WhatCheck was used for structure analysis and VMD for
visualization (55, 56).

RESULTS
Insertion of L174P mutation into IE1 of HCMV results in a se-
vere growth defect comparable to a deletion of IE1. After entry of
HCMV genomes into the nucleus, the immediate early protein IE1
disrupts the subnuclear, antiviral structure ND10 in order to ini-
tiate lytic HCMV infection. Previous studies have demonstrated
that a leucine-to-proline mutation (L174P) within the globular
core domain of IE1 (IE1CORE) abolishes the interaction with the
major ND10 protein PML and, consequently, abrogates the dis-
persal of ND10 in transient-transfection assays (38–40). To inves-
tigate the impact of this mutation on lytic HCMV infection, we
generated a recombinant HCMV expressing IE1-L174P, referred

to as AD169/IE1-L174P. As illustrated in Fig. 1A, the L174P mu-
tation was introduced into the IE1 gene of HCMV laboratory
strain AD169 using a two-step, markerless BAC recombination
technique (49). In addition, a recombinant virus harboring a de-
letion of IE1 (AD169�IE1), which was generated as previously
described (6), was included in this study, allowing comparative
analysis of replication defects caused by IE1 mutation and dele-
tion. Since it is known that IE1-deleted viruses display a nonlinear
relationship between the multiplicity of infection (MOI) and the
extent of virus growth (3, 8), titration of the newly generated vi-
ruses was performed by real-time PCR quantification of genome
equivalents in viral supernatants and in infected cells. Figure 1B
shows that considerably more viral genomes were detected in vi-
rus stocks of AD169/IE1-L174P and AD169�IE1 than in those of
wild-type AD169, and a similar ratio of genome copies was deter-
mined in infected primary human foreskin fibroblast (HFF) cells.
In contrast, lytic replication was initiated in significantly more
cells infected with wild-type AD169 than in cells infected with
AD169/IE1-L174P or AD169�IE1 using the same amount of in-
put virus, illustrating the silencing of viral genomes in the absence
of the ND10-antagonistic activity of IE1 (Fig. 1C). Next, we ana-
lyzed the growth kinetics of the recombinant viruses by perform-
ing multistep growth curve analysis. For this purpose, HFF cells
were infected either with wild-type AD169 at MOIs of 0.1, 4, or 10,
respectively, as determined by IE1 fluorescence, or with equal ge-
nome copy numbers of AD169/IE1-L174P and AD169�IE1. Ali-
quots of cell supernatants were collected at various times after
infection and subjected to quantitative real-time PCR to deter-
mine the amount of the gB gene corresponding to HCMV genome
equivalents. At an MOI of 0.1, AD169/IE1-L174P displayed a
strongly reduced growth, which was comparable to the reduction
caused by deletion of the IE1 gene (Fig. 1D). Release of mutant
progeny virions was not detectable until 6 days postinfection (dpi)
and, compared to the release of wild-type virions, was 3,000-fold
to 7,000-fold decreased on the following days. At an MOI of 4 (Fig.
1E) or 10 (Fig. 1F), growth of AD169/IE1-L174P was still signifi-
cantly reduced compared to wild-type virus. Furthermore,
AD169/IE1-L174P exhibited a slightly increased replication in
comparison to the IE1-deleted virus, suggesting residual growth-
promoting functions of IE1-L174P under high-MOI conditions.
The observed growth reduction of AD169/IE1-L174P underlines
the importance of the PML-antagonistic function of IE1 for lytic
replication; however, the severity of the defect observed at low
MOI was surprising to us since IE1 was shown to promote repli-
cation through both interfering with PML-mediated intrinsic im-
munity via IE1CORE and inhibiting interferon (IFN) signaling via
its disordered C-terminal domain.

Recombinant AD169 encoding IE1-L174P displays reduced
viral protein expression under low- and high-MOI conditions.
In order to examine the observed growth defect of AD169/IE1-
L174P more precisely, viral protein accumulation was monitored
during one round of replication. To this end, HFF cells were in-
fected either at low MOI (0.1) (Fig. 2A) or high MOI (2) (Fig. 2B)
with wild-type AD169 and equivalent genome copy numbers of
AD169/IE1-L174P and AD169�IE1. Total cell lysates were pre-
pared at different times after infection and expression patterns of
viral immediate early (IE1, IE2 – p86, p60, p40), early (UL44), and
late proteins (MCP) were analyzed by Western blotting. Intrigu-
ingly, hardly any IE1-L174P was present throughout the repli-
cation cycle (Fig. 2A and B, top panels). Only initially after high-
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multiplicity infection, comparable levels of IE1-L174P and wild-
type IE1 were detected (Fig. 2B, top panels, 8 hpi), but the
abundance of IE1-L174P declined as infection progressed (Fig. 2B,
top panels, 24 hpi to 96 hpi). This loss of IE1-L174P during infec-
tion provides a plausible explanation for the similar growth char-
acteristics of AD169/IE1-L174P and the IE1 deletion virus
AD169�IE1. Similar to IE1, levels of the second major IE protein
IE2p86 were comparable initially upon infection (Fig. 2A, second
panels from the top, 24 hpi; Fig. 2B, second panels from the top, 8
hpi). However, expression of IE2p86 and the smaller isoforms
IE2p60 and IE2p40 was strongly reduced at later times after infec-
tion with AD169/IE1-L174P and AD169�IE1 compared to wild-
type AD169. Furthermore, no expression of early and late proteins
was observed until 96 h after low-multiplicity infection with both
of the recombinant viruses (Fig. 2A, third and fourth panels from
the top). This is consistent with the delayed and reduced virus
release determined in growth curve analysis (Fig. 1D). Notably,
although IE1 was shown to be dispensable during high-multiplic-
ity infections with mutants derived from the HCMV laboratory
strain Towne (3), we detected a substantial attenuation of viral

early and late gene expression in cells infected at a high MOI with
AD169/IE1-L174P and AD169�IE1 (Fig. 2B, third and fourth
panels from the top). We conclude that the low levels of IE1-
L174P during AD169/IE1-L174P infection, which may be caused
by transcriptional dysregulation or reduced protein stability, lead
to a defect in viral gene expression— under low- and high-MOI
conditions—that is similar to the defect caused by IE1 deletion.

IE1-L174P has a reduced half-life compared to wild-type IE1.
Since IE1 has been suggested to positively regulate its own pro-
moter and, moreover, transactivation activities of IE1 were
mapped to IE1CORE containing leucine 174 (40, 57), the question
arose whether the low protein levels of IE1-L174P may result from
impaired transcription. To test this, we measured IE1 mRNA lev-
els at 8 h (Fig. 3A) and 48 h (Fig. 3B) after high-MOI infection with
wild-type AD169 or recombinant viruses. Quantitative RT-PCR
analysis revealed slightly enhanced expression of IE1-L174P early
after infection (Fig. 3A) and similar mRNA levels of IE1-L174P
and wild-type IE1 at 48 hpi (Fig. 3B), indicating that the loss of
IE1-L174P during infection is not due to deregulation at the tran-
scriptional level. Therefore, we speculated that a leucine-to-pro-

FIG 1 Generation and characterization of a recombinant HCMV expressing IE1-L174P. (A) Schematic representation of the HCMV major immediate early gene
region in which the L174P mutation (indicated by asterisks) was introduced. The HCMV BAC HB15, which is based on the laboratory strain AD169, was
manipulated using a two-step, red-mediated recombination technique (49), in order to obtain AD169/IE1-L174P. (B) Determination of HCMV genome copies
in viral supernatants and infected cells. Viral supernatants were subjected to protease K treatment followed by HCMV gB-specific real-time PCR (light gray bars).
Standard deviations of four replicate measurements are indicated. To analyze viral genomes having entered the cells (dark gray bars), HFFs were infected with
different dilutions of AD169, AD169/IE1-L174P, and the IE1 deletion virus AD169�hIE1. At 16 hpi, viral and cellular DNA was extracted from infected cells and
subjected to HCMV gB-specific quantitative real-time PCR. Values of viral genomes were extrapolated to 1 ml of input virus. Standard deviations of results from
four experiments and two replicate measurements are indicated. (C) Quantification of cells initiating lytic infection. HFF cells were infected with the same
amount of AD169 (MOI, 0.4), AD169/IE1-L174P, and AD169�hIE1 genomes. The cells were fixed at 24 hpi, followed by immunofluorescence staining of early
protein UL44 and quantification of viral gene expression in �400 cells. (D, E, F) Multistep growth curves of AD169, AD169/IE1-L174P, and AD169�hIE1. HFF
cells were infected with wild-type AD169 at an MOI of 0.1 (D), 4 (E), or 10 (F) and equivalent genome copy numbers of AD169/IE1-L174P and AD169�hIE1.
Cell supernatants were harvested at the indicated times after infection and analyzed for genome equivalents by HCMV gB-specific quantitative real-time PCR.
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line mutation within the highly alpha-helical IE1CORE domain
may result in misfolding and degradation of the IE1 protein. To
investigate the stability of IE1-L174P in living cells, we transfected
HEK293T cells with expression constructs for wild-type IE1 or
IE1-L174P and analyzed the protein levels at different times after
addition of the protein synthesis inhibitor cycloheximide (CHX).
While the protein level of wild-type IE1 remained almost un-
changed after 30 h of CHX treatment (Fig. 3C, upper panels), a
clear decline of IE1-L174P was observed over time (Fig. 3C, lower
panels) indicating that mutation of leucine 174 to proline reduces
the half-life of the IE1 protein. Since CHX does not fully inhibit de
novo protein synthesis and since its toxicity can lead to erroneous
results, we next utilized a pulse-chase assay based on CLIP-tag
technology (New England BioLabs). For this, wild-type IE1 and
IE1-L174P fused to a C-terminal CLIP-tag were transiently ex-
pressed in HEK293T cells, followed by labeling with the red fluo-
rescent substrate CLIP-Cell TMR-Star. At sequential time points,
the cells were harvested and the amount of labeled IE1-CLIP and
IE1-L174P-CLIP was determined by in-gel fluorescence scanning
of SDS-PAGE gels. Consistent with the results from CHX experi-
ments, no significant reduction of IE1 was observed within 30 h

after the labeling period, demonstrating a high stability of the
wild-type protein (Fig. 3D, top panel, upper box). In contrast,
labeled IE1-L174P was rapidly degraded (Fig. 3D, top panel, lower
box) and displayed an approximate half-life of 5 h, as determined
by quantification of the fluorescent signal (Fig. 3D, lower panel
[graph]). These findings strongly point toward a negative effect of
the leucine-to-proline mutation on the structural integrity and,
thereby, on the stability of IE1.

L174P mutation affects the structural integrity of the IE1
fold. To evaluate possible effects of L174P mutation on the IE1
fold, we performed bioinformatic analysis based on the recently
determined crystal structure of IE1CORE. IE1CORE consists of 11
�-helices and adopts an elongated, femur-shaped fold that can be
divided into an N-terminal head region and a C-terminal head
region interconnected by a stalk (6). The L174P mutation is lo-
cated within helix 5 (H5) of the C-terminal head region and most
likely disrupts the helical structure of H5 by multiple unfavorable
structural effects. Due to the missing amide proton, the hydrogen
bond interaction with C170 is lost and, additionally, clashes with
the oxygen atom of C170 backbone are caused by the carbon at-
oms of the proline imidazole ring (Fig. 4A and B; Table 2. More-

FIG 2 Impaired viral gene expression of recombinant HCMV encoding IE1-L174P. HFFs were either not infected (mock) or infected at an MOI of 0.1 (A) or an
MOI of 2 (B) with AD169 and equivalent genome copy numbers of AD169�hIE1 and AD169/IE1-L174P. At the indicated times after virus inoculation (8, 24, 48,
72, and 96 hpi), cell lysates were prepared and the expression levels of viral immediate early (IE1 and IE2 isoforms IE2p86, IE2p60, and IE2p40), early (UL44),
and late (MCP) proteins were compared by Western blotting. Cellular �-actin levels served as internal loading control.
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over, L174 forms an extensive hydrophobic packing with side
chains of adjacent residues and with residues of neighboring heli-
ces, namely, I336, M339, and I343 of H10 and V316 of H9 (Fig.
4C). Upon mutation to proline, most of these contacts are lost due
to missing side chain atoms, thus destabilizing the tight helix
packing of H4, H5, H9, and H10 in the C-terminal head region
and presumably resulting in misfolding of the entire IE1CORE (Fig.
4D). In order to experimentally confirm the perturbation of the
IE1 fold by L174P mutation, we produced recombinant proteins
in bacteria and purified them by affinity chromatography and gel
filtration. While gel filtration chromatography of wild-type IE1
resulted in one symmetric main peak, IE1-L174P eluted with the
void volume, which contains proteins and protein aggregates with
a molecular mass of more than 600 kDa (Fig. 4E), indicating an
aggregated state of IE1-L174P. The aggregation of IE1-L174P im-
peded further investigation of the protein fold by additional meth-
ods but allowed the conclusion that the leucine-to-proline muta-
tion within H5 indeed affects the structural integrity of the
IE1CORE fold, hereby inducing rapid degradation of IE1-L174P in
living cells.

Effects of IE1 mutants IE1-L174P and IE1 1-382 on the inhi-
bition of interferon signaling during viral infection. Prior stud-
ies have demonstrated that L174P mutation in IE1 prevents tar-

geting, de-SUMOylation, and dispersal of PML in transfection
assays. To confirm this finding in HCMV-infected HFF cells, we
next analyzed the subcellular localization of IE1 and PML after
infection with wild-type AD169 or AD169/IE1-L174P. As illus-
trated in Fig. 5A, infection of HFFs with wild-type virus resulted in
the typical, transient colocalization of IE1 and PML (Fig. 5A, pan-
els e to h) followed by disruption of ND10 integrity within the first
hours of infection (Fig. 5A, panels i to p). In contrast, IE1-L174P
neither localized to ND10 nor induced dispersal of ND10 foci
during infection (Fig. 5B, panels f, j, n). Consistently, Western blot
analysis revealed that IE1-L174P fails to induce depletion of the
SUMOylated forms of PML (Fig. 5C, upper panels) and of Sp100
(Fig. 5C, middle panels) but produces a similar pattern of the
various PML and Sp100 species as detected in AD169�IE1-in-
fected cells.

Since it has been shown that PML binding by IE1CORE occurs in
a manner independent of the interaction with signal and trans-
ducer of transcription (STAT) proteins by the disordered C ter-
minus of IE1 (5, 41), we next explored the influence of IE1-L174P
on STAT-mediated IFN signaling during infection. To address
this issue, mRNA levels of interferon-stimulated genes (ISGs)
were determined in HFF cells infected with high multiplicities of
wild-type AD169 and equivalent genome copy numbers of

FIG 3 Reduced half-life of IE1-L174P compared to wild-type IE1. (A, B) Analysis of the transcription levels of IE1 and IE1-L174P during infection. HFF cells
were either not infected (mock) or infected with AD169 at an MOI of 2 and equivalent genome copy numbers of AD169�hIE1 and AD169/IE1-L174P. At 8 hpi
(A) or 48 hpi (B), total mRNA was isolated and relative expression levels of IE1 were analyzed by qRT-PCR. (C) Determination of the half-lives of IE1 and
IE1-L174P using cycloheximide (CHX). HEK293T cells were transfected with expression plasmids encoding wild-type IE1 or IE1-L174P. Twenty-four hours
after transfection, cells were treated with 25 �g/ml of CHX and harvested at the indicated times in order to analyze IE1 levels by Western blotting. Cellular �-actin
levels were detected as internal control. (D) Determination of the half-lives of IE1 and IE1-L174P using the CLIP-tag technology. HEK293T cells were transfected
with expression plasmids encoding wild-type IE1 or IE1-L174P in fusion with a C-terminal CLIP-tag. Twenty-four hours after transfection, IE1-CLIP proteins
were labeled with 3 �M red fluorescent substrate CLIP-Cell TMR-star. Cell lysates were prepared at the indicated times, followed by separation of IE1-CLIP
proteins on SDS-PAGE gels and visualization by in-gel fluorescence scanning (top two panels). Densitometric quantification of fluorescent signals was per-
formed using the AIDA Image Analyzer v.4.22 software, and the mean values with standard deviations from three experiments are shown (bottom panel [graph]).
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AD169/IE1-L174P and AD169�IE1 for 48 h. We observed that
transcription of PML, which is known to be IFN inducible, was
slightly elevated in AD169-infected cells compared to uninfected
cells but highly upregulated after infection with IE1-deleted virus
AD169�IE1 (Fig. 5D, upper left panel). Infection with AD169/
IE1-L174P resulted in an intermediate effect (Fig. 5D, upper left
panel, and Fig. 5C, 48 hpi, top panel). Induction of other IFN-�/
�-stimulated genes was also efficiently suppressed by wild-type
AD169 but not by AD169�IE1 (Fig. 5D, upper right panel and
lower panels), being in accordance with the described role of IE1
as an antagonist of type I IFN-dependent STAT signaling (42).
Again, IE1-L174P displayed an intermediate inhibition of ISG up-
regulation, although the disordered C terminus harboring the
STAT interaction motif is not affected by L174P mutation. This
intermediate effect may arise from the low levels of IE1-L174P
during infection. However, since PML recently emerged as a pos-
itive regulator of interferon signaling (44–46), it is also possible
that the loss of PML binding caused by L174P mutation accounts
for the inefficient suppression of the interferon response.

In order to obtain further evidence for a role of IE1-mediated
PML modification in attenuation of ISG induction during viral
infection we directly compared wild-type AD169 with the recom-
binant viruses AD169�IE1, AD169/IE1-L174P, and AD169/IE1
1-382 (Fig. 6). AD169/IE1 1-382 expresses a C-terminally trun-
cated IE1 protein lacking the STAT-binding region and has pre-
viously been demonstrated to efficiently antagonize ND10-medi-
ated intrinsic immunity during viral infection (6). As shown in
Fig. 6A, IE1 1-382 is expressed at levels similar to those of wild-
type IE1 at 48 h postinfection while the abundance of IE1-L174P
was significantly reduced (Fig. 6A, top panel). Furthermore, while
AD169/IE1 1-382 induced PML deSUMOylation, this was not the
case for AD169/IE1-L174P (Fig. 6A, middle panel). When mRNA
levels of ISGs were determined in HFF cells infected with the var-
ious viruses, we observed that AD169/IE1 1-382 efficiently sup-
pressed ISG induction (Fig. 6B). For most investigated ISGs, the
inhibitory effect exerted by IE1 1-382 was only slightly reduced
compared to that of wild-type IE1, suggesting that PML modifi-
cation by IE1 is of major importance for the inhibition of inter-
feron signaling during viral infection.

PML positively regulates type I and type II IFN signaling.
Recent evidence suggested a positive effect of PML on transcrip-
tion of IFN-�-stimulated genes and an involvement of one specific
PML isoform in IFN-� production (44–46); however, the exact
role of PML is far from being understood. To further characterize
the influence of PML on interferon signaling, we measured ISG
induction in HFFs with an shRNA-mediated depletion of PML
(siPML) in comparison to that observed in control cells (siC). As
shown in Fig. 7, siPML cells exhibited a downregulation of all PML

FIG 4 Unfavorable effects of L174P mutation on the structural integrity of IE1. (A) Structure of helix 5 showing the interactions of L174 in wild-type IE1. L174
forms backbone hydrogen bonds with C170 and S178, indicated by black arrows (the side chain oxygen of S178 has been omitted for clarity). (B) In the L174P
mutation, no backbone hydrogen bond can be formed between P174 and C170 and clashes with the proline imidazole ring occur (indicated by the magenta
arrow). Both effects are expected to destabilize helix H5 significantly. (C) Interactions of L174 (space filled) with helices H9 and H10. Residues that lie within 4
Å of any atom of L174 are shown as sticks. Most of the stabilizing contacts are formed to V316, I336, M339, K340, and I343. (D) Same presentation as described
for panel C but for the L174P mutant, indicating that most of the stabilizing interactions to helices H9 and H10 are lost. (E) Gel filtration chromatography of
recombinant IE1 and IE1-L174P. The chromatogram shows an overlay of the elution profiles of wild-type IE1 and IE1-L174P in blue and gray, respectively. The
void volume peak, which contains proteins larger than 600 kDa, is indicated.

TABLE 2 Clashes caused by the L174P mutation in IE1CORE

Atom in P174
Other atom
involved in clash

Size of
clash (Å)

CD C170-O 1.19
CG C170-O 0.57
CD C170-C 0.44
CD I171-C 0.38
CD E173-N 0.34
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variants under unstimulated and IFN-stimulated conditions, as
assessed by Western blot (Fig. 7A) and qRT-PCR (Fig. 7B) analy-
sis. Intriguingly, stimulation of PML-depleted cells with IFN-�,
IFN-�, or IFN-� resulted in a less efficient upregulation of ISG
expression than stimulation of control cells (Fig. 7C). This was
true for ISGs that are predominantly induced by type I IFNs, for
example TNFSF10, OASL, or IFIT3, and also for ISGs primarily
induced by type II IFNs, like HLA-DRA (Fig. 7C). Expression
levels of other genes, such as UIMC, did not show major changes,
thus excluding a generally reduced transcription in siPML cells.
Figure 7D summarizes the effects of IFN-�, IFN-�, and IFN-�

stimulation in siPML cells compared to siC cells and highlights the
positive role of PML in both type I and type II IFN-induced gene
expression. Taken together, our results indicate that PML not only
is encoded by an ISG but also contributes to the interferon re-
sponse by acting as a coregulator of ISG induction.

The PML-binding domain of IE1 suppresses IFN-induced
expression of specific ISGs. Having shown that PML positively
regulates ISG expression, we wanted to further confirm that IE1
influences IFN signaling not only through the interaction with
STAT proteins but also through its interaction with PML. To ad-
dress this issue, we utilized HFF cells with doxycycline-inducible

FIG 5 Less-efficient suppression of IFN signaling by HCMV encoding PML binding-deficient IE1-L174P than that of wild-type HCMV. (A, B) Immunofluo-
rescence analysis of PML dispersal after infection with wild-type or recombinant HCMV. HFF cells were either not infected (mock) or infected with the same
genome copy numbers of AD169 (MOI, 2) (A) and AD169/IE1-L174P (B). At the indicated times after infection (2 h, 4 h, and 8 h), the cells were fixed for
immunofluorescence staining of IE1 and endogenous PML. Cell nuclei were counterstained with DAPI (4=,6-diamidino-2-phenylindole). (C) Western blot
analysis of the SUMOylation state of PML and Sp100 after infection with wild-type or recombinant HCMV. HFF cells were infected with the same genome copy
numbers of AD169 (MOI, 2), AD169�hIE1, and AD169/IE1-L174P. At 8 hpi (left panels) or 48 hpi (right panels), lysates were prepared and analyzed for
expression of endogenous PML (top panels), Sp100 (middle panels), and �-actin as internal loading control (bottom panels). (D) Determination of ISG
transcription after infection with wild-type or recombinant HCMV. HFF cells were either not infected (mock) or infected with the same genome copy numbers
of AD169 (MOI, 2), AD169�hIE1, and AD169/IE1-L174P for 48 h. Relative mRNA levels were determined by qRT-PCR using primers specific for a set of ISGs
(PML, MX1, ISG54, and TNFSF10). Standard deviations from three biological replicates are indicated.
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expression of wild-type IE1 or truncated IE1 1-382, which con-
tains the PML-binding domain IE1CORE but lacks the STAT-bind-
ing region. Western blot analysis of PML levels in the absence and
presence of doxycycline revealed an efficient deSUMOylation of
PML by wild-type IE1 and IE1 1-382 under IFN-induced condi-
tions, confirming the expression of active IE1 proteins (Fig. 8A).
Furthermore, indirect immunofluorescence experiments were
performed in order to investigate the previously described recruit-
ment of STAT2 by IE1 (5, 42). While full-length IE1 exhibited a
distinct nuclear colocalization with STAT2 (Fig. 8B, panels a to e),
this could not be observed for IE1 1-382, thus confirming that
deletion of the C-terminal STAT-binding region abrogates the
interaction with STAT2 (Fig. 8B, panels f to j). Next, the newly
generated HFFs were stimulated with IFN-� and ISG induction
was analyzed in the absence and presence of IE1 proteins. As illus-
trated in Fig. 8C, wild-type IE1 suppressed induction of type I
IFN-responsive genes (Fig. 8C, left panel) but induced expression
of HLA-DRA, an ISG usually controlled by IFN-� (Fig. 8C, right
panel). These opposed effects on type I and type II IFN-responsive
genes are consistent with results from previous studies and were
shown to depend on binding of STAT2 and STAT1, respectively
(41–43). Intriguingly, expression of IE1 1-382, which binds PML
but is no longer able to interact with STAT proteins, still had an
influence on ISG induction. We detected a significant reduction of
HLA-DRA mRNA levels (Fig. 8D), while expression of type I IFN-
controlled genes was diminished to various degrees (Fig. 8D). To

sum up, although the different extents of inhibition suggest com-
plex underlying mechanisms that will require further studies to
become fully elucidated, our data provide evidence for an inhibi-
tion of ISG induction by the PML interaction domain of IE1. We
conclude that IE1 targets PML in order to manipulate intrinsic as
well as innate immune responses.

DISCUSSION

In common with many DNA viruses, HCMV has evolved multi-
faceted strategies to overcome intrinsic and innate host defenses.
The immediate early protein 1 (IE1) plays a major role in initia-
tion of lytic infection, since it acts as an antagonist of PML-medi-
ated intrinsic immunity as well as IFN-based innate immunity. In
the present study, we found that a leucine-to-proline mutation
(L174P) in the PML-binding domain IE1CORE affects virus growth
almost to the same extent as a deletion of the IE1 gene. Contrary to
the general opinion that IE1 is required only under low-MOI con-
ditions, we detected a clear attenuation of early and late gene ex-
pression after low- and high-multiplicity infection with IE1-de-
fective AD169 (Fig. 1 and 2). Similar findings were reported by
two recent studies on recombinant viruses derived from the labo-
ratory strain Towne and the clinical isolate TB40/E (58, 59), sug-
gesting a greater relevance of IE1 for lytic HCMV infection than
inferred from earlier experiments. The profound growth defect of
AD169/IE1-L174P can be explained by the low abundance of IE1-
L174P during infection. Only at 8 hpi, when transcription of IE1

FIG 6 Efficient suppression of IFN signaling by HCMV encoding IE1 1-382, which contains an intact PML binding domain but lacks the STAT2 interaction
region. (A) Detection of IE1 variants and endogenous PML protein after infection with wild-type or recombinant viruses. HFF cells were either not infected
(mock) or infected with wild-type AD169, AD169�hIE1, AD169/IE1-L174P, or AD169/IE1 1-382 for 48 h and were subjected to Western blot analysis using
antibodies directed against IE1 (top panel), PML (middle panel), and �-actin (bottom panel), which served as internal loading control. (B) Determination of ISG
transcription after infection with wild-type or recombinant HCMV. HFF cells were either not infected (mock) or infected with the same genome copy numbers
of AD169 (MOI, 2), AD169�hIE1, AD169/IE1-L174P, or AD169/IE1 1-382. At 48 hpi, total RNA was isolated, and relative mRNA levels were determined by
qRT-PCR using primers specific for a set of ISGs (MX1, ISG54, TNFSF10, OASL, IDO1, HLA-DRA). Standard deviations from three replicates are indicated.
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reaches its peak level (60), were similar protein amounts of IE1
and IE1-L174P detected (Fig. 2B). Due to the high stability of
wild-type IE1 (Fig. 3C and D), the protein level remains constant
at later times after infection, when the major immediate early
promoter (MIEP) is repressed and IE1 transcription is diminished
(60). However, abundances of IE1-L174P protein, which has a
severely reduced half-life (Fig. 3C and D), rapidly decline during
the replication cycle. We found that reduced stability of IE1-
L174P results from structural perturbation by helix breaker pro-

line being inserted into IE1CORE (Fig. 4). Recent determination of
the crystal structure of IE1CORE by our group revealed an elon-
gated, highly alpha-helical fold that can easily be affected by small
deletions and point mutations (6). This is in line with the previous
observation that also various deletions within IE1CORE abrogate
the functionality of IE1 (34, 37, 40, 61). Until now, the residues
mediating the interaction between IE1 and PML have not been
identified. However, the fact that IE1CORE shares structural ele-
ments with coiled-coil domains of TRIM proteins and targets

FIG 7 Reduction of IFN-induced ISG expression in PML-depleted cells compared to control cells. (A) Detection of endogenous PML protein in control cells and
PML-depleted cells by Western blotting. HFF cells stably expressing control shRNAs (siC) or shRNAs directed against PML (siPML) either were left untreated
(�) or were treated with IFN-� (	) for 24 h and were harvested for Western blot analysis using antibodies directed against PML and �-actin, which served as
internal loading control. (B) Determination of PML mRNA levels in control cells and PML-depleted cells by qRT-PCR. HFF cells stably expressing control
shRNAs (siC) or shRNAs directed against PML (siPML) either were left untreated (�) or were treated with IFN-�, IFN-�, or IFN-� for 24 h. Subsequently, the
cells were harvested for total mRNA isolation, and qRT-PCR analysis was performed using primers specific for PML. Results were normalized to GAPDH and are
shown as mean values with standard deviations from three biological replicates. (C, D) Effects of PML depletion on IFN-induced ISG expression. Control HFFs
(siC) and PML-depleted HFFs (siPML) were either left untreated (�) or treated with IFN-�, IFN-�, or IFN-� for 24 h. Subsequently, total mRNAs were prepared
and qRT-PCR was performed to determine transcription of type I IFN-responsive ISGs (TNFSF10, OASL, IFIT3, CCL-8), type II IFN-responsive ISGs (HLA-
DRA), and control genes (UIMC). Results were normalized to GAPDH, and standard deviations from three biological replicates are indicated. ISG expression is
related to unstimulated siC cells (values set to 1) (C) or to IFN-stimulated siC cells (values set to 1) (D).
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TRIM family member PML through coiled-coil interactions sug-
gests the involvement of multiple residues along the entire surface
of IE1CORE (6, 62–64). Thus, the unusual, elongated structure of
IE1CORE may have developed during evolution to accommodate
efficient binding of PML.

Our data provide evidence that the association of IE1CORE with
PML not only is a prerequisite for antagonizing ND10-mediated
immunity but also affects the function of PML in IFN signaling.
While initial studies provided controversial results on the role of
PML in regulation of MHC-I expression (65–68), more-recent
data convincingly demonstrated that PML acts as a positive regu-
lator of IFN-�-induced MHC-II expression. Attempts to elucidate
the mechanistic basis of this activity revealed that PML induces
activation and DNA binding of STAT1 immediately after IFN in-
duction, thereby enhancing transcription of genes such as the
MHC-II transactivator (CIITA) (44, 45). Furthermore, PML iso-
form II was shown to directly interact with CIITA, leading to
stabilization and prolonged activity of the protein (45). In addi-
tion to effects of PML on type II IFN signaling, PML isoform IV

was suggested to participate in IFN-� production during vesicular
stomatitis virus infection by increasing the stability of interferon
regulatory factor 3 (IRF3), indicating that PML is involved in mul-
tiple stages of the interferon response. Here, we show that PML
not only is required for efficient induction of the MHC-II gene
HLA-DRA but also positively regulates the induction of several
type I IFN-stimulated genes (Fig. 7). This finding confirms and
complements the results of a study by Kim and Ahn on the role of
PML in type I interferon response, which was published while this
paper was in preparation (59). By using PML knockdown cells,
they demonstrated that PML is required for an efficient accumu-
lation of STAT proteins and their phosphorylated forms. Further-
more, they detected an association of PML with STAT1 and
STAT2 as well as ISG promoters, suggesting that PML regulates
the STAT1/STAT2/IRF9 complex in order to activate ISG tran-
scription. An even more recent report implicated specifically PML
isoform II in the activation of ISG expression. They detected an
interaction of STAT1 with the unique C terminus of PML II re-
sulting in a recruitment of STAT1 to ISG promoters (69). The

FIG 8 Inhibition of IFN-induced ISG expression by the PML interaction domain of IE1. (A) Effects of wild-type IE1 and truncated IE1 1-382 on the
SUMOylation state of PML under IFN-induced conditions. HFF cells with doxycycline-inducible expression of wild-type IE1 or IE1 1-382 either were left
untreated (�IE1, �IE1 1-382) or were treated with doxycycline (	 IE1, 	 IE1 1-382) for 24 h. Afterwards, the cells were stimulated with IFN-� for 24 h, and cell
lysates were analyzed by Western blotting for the expression of IE1 (top panel), endogenous PML variants (middle panel), and �-actin as protein loading control
(bottom panel). (B) Effects of wild-type IE1 and truncated IE1 1-382 on the subcellular localization of STAT2 under IFN-induced conditions. HFF cells with
doxycycline-inducible expression of wild-type IE1 (upper panels) or IE1 1-382 (lower panels) were treated with doxycycline for 24 h. Afterwards, the cells were
stimulated with IFN-� for 24 h and fixed for immunofluorescence staining of endogenous STAT2 and IE1. Cell nuclei were counterstained with DAPI. Insets
show magnified cells exhibiting a dot-like intranuclear distribution of IE1. (C, D) Effects of IE1 proteins on IFN-induced ISG expression. HFF cells with
doxycycline-inducible expression of wild-type IE1 (C) or IE1 1-382 (D) either were left untreated (light gray bars) or were treated with doxycycline (dark gray
bars) for 24 h. Afterwards, the cells were stimulated with IFN-� for 24 h and qRT-PCR was performed to determine transcription of type I IFN-responsive ISGs
(CCL-8, IDO1, MX1, TNFSF10, OASL) and a type II IFN-responsive ISG (HLA-DRA). Results were normalized to GAPDH and are shown as mean values with
standard deviations from three biological replicates. ISG expression in cells treated with doxycycline is related to the respective untreated cells (values set to 1).
Statistical significances were determined using the Student t test and are indicated by asterisks: *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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impact of other PML isoforms on ISG transcription, however, is
still unknown.

Having identified PML as a positive regulator of IFN signaling,
we speculated that IE1 may affect this function through its inter-
action with PML. We observed that expression of an IE1 variant
harboring the PML interaction domain IE1CORE but lacking the
STAT interaction region significantly reduces induction of HLA-
DRA and also exerts effects on some type I IFN-regulated genes
(Fig. 8D), to a lesser extent, however, than wild-type IE1 (Fig. 8C).
Interestingly, the inhibitory effect of IE1CORE on HLA-DRA gene
expression drastically differs from the stimulation observed in the
presence of wild-type IE1 (compare Fig. 8C and D). This may be
related to the previously published finding that IE1 is able to elicit
a type II interferon-like host cell response which strictly depends
on STAT1 and thus requires the presence of the C-terminal STAT
binding region (43). Of note, stimulation of HLA-DRA was ob-
served only after isolated expression of IE1 but not after infection
of primary human fibroblasts with either wild-type AD169 or
AD169/IE1 1-382, suggesting major differences concerning the
modulation of the interferon response during infection and the
isolated expression of viral proteins (compare Fig. 6B and 8C).
Thus, these results complement the experiments of Kim and Ahn
(59), which analyzed the consequences of deletions within the
PML-binding domain IE1CORE or the STAT interaction region on
the capacity of IE1 to inhibit type I IFN signaling. They suggested
a requirement of both PML binding and STAT binding for an
efficient inhibition of the interferon response by IE1 and proposed
sequestration of PML/STAT complexes as a mechanistic basis.
Although one would expect that this action on PML results in a
general reduction of ISG transcription by IE1CORE, we detected
effects only on individual ISGs (Fig. 8D). A more global analysis
may be required to further characterize the influence of IE1 on
PML-based ISG regulation. Moreover, it will be a future challenge
to unravel the underlying mechanisms in detail, since this may
involve different PML isoforms acting at various steps of the in-
terferon signaling pathway. In this context, it is worth mentioning
that, in addition to binding PML, IE1 was found to interact with
further members of the TRIM protein family, namely, TRIM5�
and TRIM33 (6, 70). Since activation of innate immune signaling
pathways is a common feature of this protein family, it is possible
that IE1 influences also other TRIM proteins in order to modulate
cellular IFN signaling.

In summary, the data of our and other groups clearly demon-
strate a coregulatory function of PML in innate immune signaling.
Besides HCMV, several other viruses, including herpes-, adeno-,
and papillomaviruses were found to affect PML by using diverse
strategies such as degradation, relocalization, or deSUMOylation
of the cellular protein (14). Thus, targeting PML by effector pro-
teins may represent a common viral strategy to overcome intrinsic
as well as innate immune mechanisms.
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