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Innate Nuclear Sensor IFI16 Translocates into the Cytoplasm during
the Early Stage of In Vitro Human Cytomegalovirus Infection and Is
Entrapped in the Egressing Virions during the Late Stage

Valentina Dell’Oste,a Deborah Gatti,a Francesca Gugliesi,a Marco De Andrea,a,b Mandar Bawadekar,b Irene Lo Cigno,b

Matteo Biolatti,a Marta Vallino,c Manfred Marschall,d Marisa Gariglio,b Santo Landolfoa

Department of Public Health and Pediatric Sciences, University of Turin, Turin, Italya; Department of Translational Medicine, University of Piemonte Orientale A. Avogadro,
Novara, Italyb; Institute of Plant Virology, National Research Council, Turin, Italyc; Institute for Clinical and Molecular Virology, Division of Biotechnology, University of
Erlangen-Nuremberg, Erlangen, Germanyd

ABSTRACT

Intrinsic immune mechanisms mediated by constitutively expressed proteins termed “restriction factors” provide frontline anti-
viral defense. We recently demonstrated that the DNA sensor IFI16 restricts human cytomegalovirus (HCMV) replication by
downregulating viral early and late but not immediate-early mRNAs and their protein expression. We show here that at an early
time point during the in vitro infection of low-passage-number human embryonic lung fibroblasts, IFI16 binds to HCMV DNA.
However, during a later phase following infection, IFI16 is mislocalized to the cytoplasmic virus assembly complex (AC), where
it colocalizes with viral structural proteins. Indeed, upon its binding to pUL97, IFI16 undergoes phosphorylation and relocalizes
to the cytoplasm of HCMV-infected cells. ESCRT (endosomal sorting complex required for transport) machinery regulates the
translocation of IFI16 into the virus AC by sorting and trafficking IFI16 into multivesicular bodies (MVB), as demonstrated by
the interaction of IFI16 with two MVB markers: Vps4 and TGN46. Finally, IFI16 becomes incorporated into the newly assembled
virions as demonstrated by Western blotting of purified virions and electron microscopy. Together, these results suggest that
HCMV has evolved mechanisms to mislocalize and hijack IFI16, trapping it within mature virions. However, the significance of
this IFI16 trapping following nuclear mislocalization remains to be established.

IMPORTANCE

Intracellular viral DNA sensors and restriction factors are critical components of host defense, which alarm and sensitize im-
mune system against intruding pathogens. We have recently demonstrated that the DNA sensor IFI16 restricts human cytomeg-
alovirus (HCMV) replication by downregulating viral early and late but not immediate-early mRNAs and their protein expres-
sion. However, viruses are known to evolve numerous strategies to cope and counteract such restriction factors and neutralize
the first line of host defense mechanisms. Our findings describe that during early stages of infection, IFI16 successfully recog-
nizes HCMV DNA. However, in late stages HCMV mislocalizes IFI16 into the cytoplasmic viral assembly complex and finally
entraps the protein into mature virions. We clarify here the mechanisms HCMV relies to overcome intracellular viral restriction,
which provides new insights about the relevance of DNA sensors during HCMV infection.

Intrinsic immunity constitutes a frontline antiviral defense sys-
tem mediated by constitutively expressed proteins, termed re-

striction factors (RFs), that are already present and active before a
virus enters a cell (1, 2). The term “restriction factor” was origi-
nally adopted by investigators studying retroviruses. In the case of
primate lentiviruses, the proteins TRIM5� and tetherin (CD317,
BST/HMI), as well as members of the APOBEC family of cytidine
deaminases, are prominent examples of host cell factors that can
restrict the replication of human immunodeficiency virus type 1
(HIV-1) at distinct steps of the viral life cycle. However, HIV-1 has
evolved evasion strategies to counter all of these factors. One eva-
sion strategy that viruses may use is to exploit the effects of an RF
for its own purposes or to generate an interfering protein that
neutralizes the effect of an RF. Another strategy involves the virus
hijacking an RF during its phase of maturation to guarantee pro-
tection (reviewed in references 3 and 4). While the interference of
retroviral replication by cellular RFs and retroviral evasion strat-
egies have been studied in great detail, research into the ways
through which RFs restrict other viral infections, such as rhabdo-
viruses, filoviruses, influenza viruses, hepatitis C virus, and her-
pesviruses, is still in its infancy (reviewed in reference 5). In par-

ticular, in the case of the human cytomegalovirus (HCMV), a
betaherpesvirus, the cellular components of nuclear domains 10
(ND10s) (i.e., promyelocytic leukemia protein [PML], hDaxx,
and Sp100) have been identified as restriction factors that are in-
volved in mediating intrinsic immunity against this virus (6–8).

The IFI16 protein, a member of the p200 family of proteins,
now designated the PYHIN family, contains an N-terminal
PYRIN domain and two partially conserved 200-amino-acid do-
mains (HIN domains). IFI16 displays multifaceted activity due to
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its ability to bind to various target proteins (i.e., transcription
factors, signaling proteins, and tumor suppressor proteins) and to
modulate various cell functions (9). In addition, IFI16 has been
shown to bind to and function as a pattern recognition receptor
(PRR) of virus-derived intracellular DNA and trigger the expres-
sion of antiviral cytokines via the STING/TBK1/IRF3 signaling
pathway (10–20). Although many different functions have been
ascribed to IFI16 (and to other proteins of the PYHIN family), its
role as an antiviral restriction factor has not yet been fully de-
scribed. Recent studies from our laboratory implicate the involve-
ment of IFI16 in host defense against HCMV (21). The evidence
supporting such a role of IFI16 is as follows: (i) small interfering
RNA (siRNA)-mediated depletion of IFI16 in primary human
embryonic lung fibroblasts (HELFs) significantly increases
HCMV replication efficiency as a result of augmented viral DNA
synthesis; (ii) similarly, viral plaque formation is enhanced in the
presence of an exogenous dominant-negative IFI16 mutant that
competes with the endogenous IFI16; (iii) overexpression of func-
tional IFI16 in HCMV-infected HELFs decreases both virus yield
and viral DNA copy number; and (iv) early and late, but not im-
mediate-early, viral mRNAs and proteins are strongly downregu-
lated under these same conditions, suggesting that IFI16 exerts its
main antiviral effect at the level of viral genome synthesis. This
unique defense mechanism distinguishes the activity of IFI16
from that described for ND10.

In more general terms, human viruses have to face powerful RF
responses and thus have evolved a number of strategies to over-
come RF attack. Viral antagonists can act through highly special-
ized mechanisms, such as coupling RFs to protein degradation
pathways, causing their relocalization and thus downregulating
their functionality, or even by mimicking RF substrates (5). In the
case of HCMV, viral regulatory proteins (such as IE1p72, pp71,
and others) mediate an efficient evasion from the antiviral state
instituted by ND10, either by means of proteasomal degradation
or by disrupting the host’s subnuclear structure (6, 22).

In this study, we investigated the mechanisms used by HCMV
to evade IFI16 restriction activity. We observed that starting from
72 to 96 h postinfection (hpi), nuclear levels of IFI16 protein
started to decrease in the nucleus and gradually increased in the
cytoplasm of infected cells, where it relocalized to the virus assem-
bly complex (AC), as shown by its colocalization with the viral
structural proteins gB and pp65. Finally, through the use of im-
munogold electron microscopy and coprecipitation experiments,
we provide evidence indicating that IFI16 eventually transits into
the maturing virions embedded in the outer tegument layer. In
conclusion, these data suggest that in order to overcome the re-
striction activity of IFI16, HCMV may stimulate its subcellular
relocalization from the nucleus to the viral AC, followed by its
inclusion into mature virions.

MATERIALS AND METHODS
Cells, viruses, and DNA constructs. Low-passage HELFs and human em-
bryo kidney 293 cells (HEK 293; Microbix Biosystems, Inc.) were cultured
in Eagle minimal essential medium (Life Technologies Italia) supple-
mented with 10% fetal calf serum (Sigma-Aldrich). Low-passage human
umbilical vein endothelial cells (HUVECs) were grown in endothelial cell
growth medium 2 (Lonza) supplemented with 2% fetal bovine serum and
1% penicillin-streptomycin solution (Sigma-Aldrich) as previously de-
scribed (23). The HCMV laboratory strain AD169 (ATCC-VR538) and
the HCMV clinical isolate derivative VR1814 were propagated and
titrated as previously described (21, 24). UV-inactivated AD169 was pre-

pared using a double pulse of UV-B light (1.2 J/cm2). The mutant HCMV
(AD169) BAC213 (�UL97/GFP�) was produced as previously described
(25, 26). siRNA UL97 and siRNA CTRL were purchased from Sigma and
electroporated at a final concentration of 300 nM. Plasmids expressing
wild-type (WT) and dominant-negative forms of Vps4A (pBJ-Vps4AWT

and pBJ-Vps4AE228Q, respectively) were obtained as previously described
(27, 28).

Antibodies and reagents. Primary antibodies were obtained from var-
ious sources, as shown in Table S1 in the supplemental material. Conju-
gated antibodies included fluorescein isothiocyanate-labeled anti-rabbit
antibodies (Sigma-Aldrich), Texas Red-labeled anti-mouse and anti-rab-
bit antibodies (Invitrogen), and horseradish peroxidase-labeled anti-
mouse and anti-rabbit antibodies (GE Healthcare). The chemicals used
were Gö6976 (inhibitor of serine/threonine protein kinases, particularly
pUL97 and protein kinase C [PKC]; Calbiochem) (29), phosphonoformic
acid (PFA; Foscarnet), and ganciclovir (HCMV inhibitors; Sigma-Al-
drich).

Cell viability assay. Cells were seeded at a density of 104/well in a
96-well culture plate. After 24 h, the cells were treated with different doses
(from 0.5 to 5 �M) of Gö6976. At 72 h after treatment, cell viability was
determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT; Sigma-Aldrich) method.

Quantitative real-time RT-PCR. Real-time quantitative reverse tran-
scription-PCR (RT-PCR) analysis was performed on an Mx 3000 P appa-
ratus (Stratagene). Total RNA was extracted with the NucleoSpin RNA kit
(Macherey-Nagel), and 1 �g was retrotranscribed using a Revert-Aid H-
Minus FirstStrand cDNA synthesis kit (Fermentas). Reverse-transcribed
cDNAs were amplified in duplicate using Brilliant Sybr green QPCR mas-
ter mix (Fermentas) for IFI16. The housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GADPH) was used to normalize for variations
in cDNA levels (primers IFI16 forward [ACTGAGTACAACAAAGCCAT
TTGA], IFI16 reverse [TTGTGACATTGTCCTGTCCCCAC], GADPH
forward [TCGGAGTCAACGGATTTGGTC], and GADPH reverse [CGT
TCTCAGCCTTGACGGTG]).

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were
conducted similar to the methods published by Cristea et al. (11) and Li et
al. (18). HELFs were infected with HCMV at an MOI of 5. At 6 hpi, cells
were cross-linked with 1% paraformaldehyde for 15 min and then pro-
cessed for ChIP assay using an EpiTect ChIP OneDay kit (Qiagen) accord-
ing to the manufacturer’s instructions. Anti-IFI16 antibody (5 �g) was
used to pull down the protein-chromatin complexes. Rabbit IgG was used
as a negative control. The immunoprecipitated DNA was recovered by
column purification and analyzed by PCR using HCMV or human spe-
cific primers (the primer sequences are available on request).

Immunofluorescence microscopy. Immunofluorescence analysis
was performed as previously described (30) using the appropriate dilution
of primary antibodies (see Table S1 in the supplemental material) for 1 h
at room temperature, followed by 1 h with secondary antibodies in the
dark at room temperature. Nuclei were counterstained with DAPI (4=,6=-
diamidino-2-phenylindole) where indicated. Finally, coverslips were
mounted with Vectashield mounting medium (Vector Laboratories,
Ltd.), and cells were visualized with a Leica TCS SP2 confocal microscope
equipped with a UV laser (351–364 nm) and argon-krypton laser (457 to
675 nm; Leica Microsystems, S.r.l.), using a �63 oil immersion objective
NA 1.4 lens. Fluorescence in situ hybridization (FISH) was combined with
immunofluorescence by performing the hybridization first as described
below and then incubating the coverslips with primary and secondary
antibodies.

FISH. HCMV-infected HELFs were grown on glass slides, fixed as
described above, and permeabilized with 0.5% Triton X-100 for 20 min at
4°C. The probe used for FISH was a bacterial artificial chromosome (BAC)
DNA containing the entire HCMV genome (a gift from Jay Nelson, Ore-
gon Health and Science University), labeled using the biotin-nick trans-
lation system (Roche Diagnostics GmbH) according to the manufactur-
er’s protocol. The probe was added to the hybridization buffer (0.2 ng/�l
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yeast t-RNA, 50% formamide, 15% SSC [(1� SSC is 0.15 M NaCl plus
0.015 M sodium citrate], 0.1% Tween 20) at a concentration of 2 ng/�l
and then incubated at 72°C for 5 min in order to denature the probe and
the sample. Hybridization was continued overnight at 37°C in a humidi-
fied chamber. After stringent washing, the cells were blocked with 10%
normal goat serum. HCMV probes were then detected using the tyramide
signal amplification procedure according to manufacturer’s instructions
(Perkin-Elmer Life and Analytical Sciences, Inc.). Images were analyzed
using a confocal laser scanning microscope.

Immunoprecipitation assay. Uninfected cells or cells infected with
HCMV (multiplicity of infection [MOI] of 1) for different times were
washed and lysed in radioimmunoprecipitation assay (RIPA) buffer. A
total of 200 �g of protein was incubated with 2 �g of immunoprecipitat-
ing or control antibody for 1 h at room temperature with rotation, and the
immune complexes were collected using protein G-Sepharose (Sigma-
Aldrich). The Sepharose beads were pelleted and washed three times with
RIPA buffer, boiled with sample buffer, and resolved on an 8% SDS-
PAGE gel to assess the protein binding by Western blotting.

Western blot analysis. Nuclear and cytoplasmic extracts were col-
lected using a nuclear extract kit (Active Motif) according to the manu-
facturer’s instructions and subjected to immunoblot analysis as previ-
ously described (31). Briefly, an equal amount of cell extracts were
fractionated by electrophoresis on SDS-polyacrylamide gels and trans-
ferred to Immobilon-P membranes (Millipore). After blocking, mem-
branes were incubated overnight at 4°C with the appropriate primary
antibodies. Membranes were then washed and incubated for 1 h at room
temperature with secondary antibodies. Proteins were detected using an
enhanced chemiluminescence detection kit (Thermo Scientific).

Scanning densitometry of the bands was performed using Quantity
One software (version 4.6.9; Bio-Rad Laboratories S.r.l.). Background val-
ues were subtracted from each calculated value.

Virion purification and viral protein extraction. Virus containing
media was collected at 192 hpi (MOI of 1), centrifuged at 3,000 rpm for 10
min to remove large cellular debris and then filtered using a Filtropur 0.45
(Sarstedt). To pellet viral particles, the media was then centrifuged at
13,000 � g for 2 h at 4°C in a Beckman SW32 Ti rotor. The viral pellet was
resuspended in 1� phosphate-buffered saline (PBS) and centrifuged in a
20/41/70% discontinuous sucrose gradient composed of the following
steps: 0.5 ml of 60% (wt/wt) sucrose, 1.5 ml of 41% sucrose, and 1 ml of
20% sucrose. Sucrose solutions were made in 1� PBS. After centrifuga-
tion overnight at 130,000 � g at 4°C, using a Beckman SW40 Ti rotor, the
virus containing band was removed from the gradient and lysed with 50
mM Tris-HCl (pH 6.8)–2% SDS for 30 min at 4°C. After heating for 10
min at 95°C and clarification, the viral protein extract was collected.

In vitro kinase assay. The kinase activity of FLAG-tagged pUL97 was
determined in vitro after immunoprecipitation of the kinase from whole-
cell lysates of HEK 293 cells, previously electroporated using a Micro-
Porator MP-100 (Digital Biotechnology) according to the manufacturer’s
instructions (a single 1,200-V pulse, 30-ms pulse width). The following
UL97 expression constructs were used: pcDNA-UL97–M2, pcDNA-
UL97(181-707)-M2, and pcDNA-UL97(1-595)-M2 (25). Immunopre-
cipitates were subsequently pelleted, washed, and subjected to in vitro
kinase assay reaction (2.5 �Ci of [�-32P]ATP [Amersham Biosciences]) at
30°C for 30 min, as previously described (26), in the presence of the
recombinant full-length IFI16 as the substrate (5 �g). After incubation,
samples were separated by SDS-PAGE, transferred to Immobilon-P
membranes (Millipore), and processed for autoradiography and immu-
noblotting.

Immunogold labeling of isolated viral particles. For transmission
electron microscopic analysis, samples were allowed to adsorb onto car-
bon and Formvar-coated grids and fixed in 4% paraformaldehyde. Grids
were then washed with PBS and water and, when appropriate, the samples
were permeabilized with 0.2% Triton. The grids were stained with pri-
mary antibodies, followed by gold-labeled secondary antibodies in the
presence of 10% human serum (32). Grids were then negatively stained

using 0.5% uranyl acetate for 1 min. Images were captured using a CM10
electron microscope (Philips).

RESULTS
IFI16 colocalizes with HCMV genome early during infection.
IFI16 has previously been shown to interact with HSV-1 as well as
HCMV DNA early during infection (13, 15, 17, 18, 33, 34). To
confirm that endogenous IFI16 interacts with viral DNA during
natural HCMV infection, HELFs were mock infected or infected
with HCMV for 12 h. Combined immunofluorescence and FISH
analysis was performed using IFI16 antibodies and a probe for the
HCMV genome. In mock-infected cells, IFI16 was distributed
into defined spots, which appear to reorganize following HCMV
infection and colocalize with the HCMV-DNA (Fig. 1A). The co-
localization of IFI16 with the viral genome is reinforced by Z-stack
images, generated by three-dimensional (3D) reconstruction of
confocal images to improve colocalization analysis (Fig. 1A, far
right pictures). Consistent with FISH analysis and in accord with
the results reported by Li et al. (18), ChIP assays at 6 hpi demon-
strated that endogenous IFI16 specifically recognizes virus DNA
loci, but not host chromosomal DNA (Fig. 1B). Altogether, these
results are compatible with the proposed role of IFI16 as a nuclear
sensor for HCMV DNA.

HCMV relocalizes IFI16 nuclear protein into the cytoplasm.
IFI16 is typically located within the nucleus (11, 15, 35, 36), but it
translocates to the cytoplasm following infection with HSV-1 (12,
13, 15, 17, 34), Kaposi’s sarcoma-associated herpesvirus (KSHV)
(14, 16), or Epstein-Barr virus (EBV) (10). To determine the sub-
cellular localization of IFI16 during early and late infection with
HCMV, two different approaches were adopted: Western blot
analysis and immunofluorescence (IF). In the first case, HELFs,
synchronized by serum starvation to increase infection efficiency

FIG 1 The HCMV genome is recognized by IFI16 at early time points follow-
ing infection. (A) HELFs were mock infected (MOCK) or infected with HCMV
(strain AD169, MOI of 2 PFU/cell), fixed in 1% paraformaldehyde at 12 hpi,
and subjected to combined FISH with a BAC DNA probe containing the entire
HCMV genome (red) and immunofluorescence analysis with anti-IFI16 anti-
bodies (green). Cell nuclei are visualized in blue. Images were taken by confo-
cal microscopy, and the far right hand picture shows 3D image reconstruction
of stacks of confocal images. At least five fields were digitally reconstructed to
generate the 3D images for each condition; representative images are shown.
(B) HELFs were infected at an MOI of 5 and processed for ChIP assays 6 h later
to test the association of endogenous IFI16 with HCMV and host DNA.

Dell’Oste et al.
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(37, 38), were mock infected or infected with HCMV at an MOI of
1; they were then fractionated into nuclear and cytoplasmic com-
ponents. The purity of the nuclear and cytoplasmic fractions was
monitored by Western blotting for the presence of TATA-binding
protein (TBP) and tubulin, respectively (Fig. 2A). Immediate early
antigen (IEA) protein labeling was used to assess HCMV infection
by Western blotting (Fig. 2A, lower panel). In mock-infected cells,
IFI16 was exclusively nuclear (Fig. 2A, lane 1). Notably, at 24 hpi,
HCMV-infected cells showed an increase in nuclear IFI16 that
peaked at 48 h, decreased by 96 hpi, and almost disappeared by
144 hpi (Fig. 2A, lanes 2 to 6). However, at 48 hpi IFI16 was also
detected at appreciable levels in the cytoplasm of HCMV-infected
cells and gradually increased at later time points (Fig. 2A, lane 10).
Consistent with the Western blot results, RT-PCR analysis con-
firmed that HCMV infection upregulates IFI16 also at the mRNA
level (�2-fold between 12 and 24 h of HCMV versus mock-in-
fected cells) (Fig. 2B).

These results demonstrate that HCMV induces the cytoplas-
mic translocation of IFI16 early on during infection. In apparent
contrast to our results, Cristea et al. (11) and Li et al. (18) found
that endogenous IFI16 remained nuclear during early HCMV in-
fection. In our study, nuclear delocalization started from 96 hpi, a
time point not examined by Cristea et al. (11) and Li et al. (18).
Moreover, IFI16 nuclear egress into the cytoplasm was only ob-
served when synchronized cell cultures were used. This condition
was created to increase virus infection efficiency. Thus, consider-
ing the different postinfection time points analyzed and the virus
MOI used, the discrepancies between our results the results re-
ported by the other investigators can be easily explained.

To gain deeper insight into the nuclear disappearance of IFI16,
a detailed analysis using confocal microscopy at time points rang-
ing from 12 to 144 hpi was performed. As shown in Fig. 2C, all
infected cells positive for IEA staining showed the nuclear pres-
ence of IFI16 during the first 12 hpi. In contrast, between 72 and
96 hpi, IFI16 became undetectable in the nucleus of the majority
of the cells, accompanied by its appearance in the cytoplasm. Con-
sistent with the Western blot outcome, the IFI16 nuclear decline
in infected cells was accompanied by the appearance of IFI16 in
the cytoplasm, specifically in the compartment that overlapped
with the virus AC, as shown by its colocalization with the viral
glycoprotein gB. To verify that the signal observed in the AC was
specific for IFI16 and not due to rabbit IgG binding to HCMV-
encoded Fc receptor-like proteins (39, 40), the staining was per-
formed after blocking the Fc receptors using 10% HCMV-nega-
tive human serum prior to the addition of the specific rabbit IgG,
as described in Buchkovich et al. (41). Similar results were ob-
tained using monoclonal anti-IFI16 antibodies (Santa Cruz) (data
not shown), which have also been used in other studies to dem-
onstrate the nuclear export of IFI16 (14, 15).

Finally, to exclude the possibility that IFI16 nuclear egression
was limited to HELFs infected by the AD169 strain, IF analysis was
performed on HUVECs infected with the endotheliotropic
VR1814 strain. A similar pattern of IFI16 relocalization from the
nucleus accompanied by its appearance in the AC compartment
was observed, demonstrating that IFI16 nuclear delocalization is
related to HCMV infection (Fig. 2D).

HCMV early/late proteins induce the nucleocytoplasmic re-
localization of IFI16. The observation that the relocalization of
IFI16 protein into the cytoplasm sharply increases from 48 hpi,
accompanied by its gradual nuclear disappearance, suggests that

an early or late viral protein(s) is(are) responsible for driving IFI16
into the cytoplasm. To test this possibility, HELFs were infected
with UVB-inactivated HCMV, or with wild-type HCMV in the
presence of 100 �M phosphonoformic acid (PFA) or 100 �M
ganciclovir (GCV). To confirm that the infection was successfully
established, FISH staining was performed (Fig. 3, right panel). As
shown in Fig. 3 (left panel), all treatments blocked IFI16 nucleo-
cytoplasmic translocation. Since treatment with PFA or GCV in-
hibits viral DNA synthesis and the accumulation of early-late and
late viral proteins to different extents, an early-late or late HCMV
gene product is likely to be responsible for IFI16 subcellular relo-
calization.

HCMV pUL97 contributes to the nucleocytoplasmic translo-
cation of IFI16. To gain insight into the mechanism responsible
for the HCMV-induced nuclear reduction and relocalization of
IFI16 into the cytoplasm, we focused on the recently described
HCMV nuclear egress complex (NEC) composed of viral and cel-
lular proteins (25, 26, 42). In this context, the viral protein kinase
pUL97 is known to play an important role by phosphorylating and
reorganizing nuclear lamins A/C, a step required for the nuclear
egress of viral capsids (26, 43). We therefore hypothesized that
pUL97 might also be involved in the regulation of IFI16 nucleo-
cytoplasmic relocalization. To test this, HELFs were infected with
a green fluorescent protein (GFP)-tagged recombinant UL97 de-
letion mutant BAC (BAC �UL97) or AD169 (AD169 UL97�) as a
control (25, 43) and used for immunostaining at 32 days postin-
fection or 96 hpi, respectively. The lack of production of pUL97 by
BAC �UL97 was confirmed by immunofluorescence staining
(data not shown). The choice to perform the experiments at dif-
ferent time points was due to the delayed replication kinetics of
viruses lacking a functional pUL97 kinase compared to the wild-
type strain, as previously reported (25, 44, 45). As shown in Fig.
4A, many AD169 UL97�-infected cells showed IFI16 relocaliza-
tion into the cytoplasm. In contrast, cells infected with a UL97
deletion mutant BAC (BAC �UL97) displayed IFI16 nuclear ac-
cumulation (Fig. 4A, row 1). To gain further supporting evidence
of the specific involvement of pUL97 in the cytoplasmic relocal-
ization of IFI16, HELFs were electroporated with a mixture of
three different small interfering RNAs targeting the UL97 gene
(siRNA UL97) or with scrambled control siRNA (siRNA CTRL).
After 24 h, the cells were infected with HCMV for 72 h. The
siRNA-mediated knockdown reduced the expression of pUL97
protein by ca. 90 to 95%, as indicated by Western blotting (see Fig.
S1A in the supplemental material). As shown in Fig. 4A (row 2)
and consistent with the results of the BAC mutant experiments,
inhibition of pUL97 expression prevented IFI16 nuclear egress
compared to infected cells pretreated with control siRNA. More-
over, treating infected cells with the pUL97 inhibitor Gö6976 (2
�M [26]) strongly suppressed IFI16 relocalization (Fig. 4A, row
3), in agreement with the results of previous studies (26, 29). No
such effect was observed when cells were treated with vehicle con-
trol (DMSO). To exclude the possibility that the Gö6976 inhibitor
might influence the observed effect independent of viral infection,
an MTT assay was used to examine and quantify its effect on HELF
survival (see Fig. S1B in the supplemental material). Finally, to
investigate whether pUL97 alone is sufficient to induce IFI16 nu-
clear egress in the absence of other viral gene products, the protein
was transfected into HELFs. In contrast to what we observed fol-
lowing virus infection, IFI16 retained its nuclear localization 72 h
after protein electroporation, indicating that pUL97 alone, in the
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absence of viable and functional virus, is not sufficient to trigger
the relocalization of IFI16 into the cytoplasm (see Fig. S1C in the
supplemental material).

To investigate the interplay between IFI16 and pUL97, total
protein extracts from HELFs infected with HCMV for 96 h were
used for coimmunoprecipitation with anti-IFI16 or the appropri-
ate control antibodies. Precipitates were then immunostained
with a monoclonal anti-pUL97 antibody. As shown in Fig. 4B (left
panel), virus pUL97 indeed binds to IFI16. This interaction is
specific as no migrating bands were present when coprecipitation
was performed using control antibodies. The presence of pUL97
in all protein extracts was monitored by the staining of INPUT
(nonimmunoprecipitated whole-cell extract) control samples

(Fig. 4B). To confirm further the specificity of the interaction,
coimmunoprecipitation and immunoblotting experiments were
performed in reverse order, i.e., anti-UL97 was used for immuno-
precipitation and anti-IFI16 for immunoblotting (Fig. 4B, right
panel). In line with previous results, a band corresponding to
IFI16 was detectable when protein extracts were immunoprecipi-
tated with an antibody against virus pUL97.

The interaction between IFI16 and pUL97 suggested that IFI16
might be directly phosphorylated by pUL97 kinase. To address
this hypothesis, we performed an in vitro kinase assay (26) using
wild-type and mutant pUL97, immunoprecipitated from lysates
of transiently transfected HEK 293 cells, and incubated with
highly purified recombinant IFI16 protein as the substrate. IFI16

FIG 2 IFI16 accumulates in the cytoplasm of HCMV-infected cells at late time points postinfection. (A) HELFs were infected with HCMV at an MOI of 1
PFU/cell. Nuclear and cytoplasmic fractions were prepared at the indicated time points and subjected to Western blotting and subsequent densitometry for IFI16.
The results were normalized to TBP and tubulin, respectively (*, P 	 0.05; **, P 	 0.01; ***, P 	 0.001 [one-way analysis of variance, followed by Bonferroni’s
post test]). Nuclear fractions were stained for HCMV IEA as a positive control for viral infection (lower panel). (B) HELFs were infected with HCMV (MOI of
1 PFU/cell) or left untreated. Total RNA was isolated at the indicated time postinfection and assayed by quantitative real-time PCR to determine the relative levels
of IFI16, normalized to the levels of cellular GADPH. The data shown are the average of three experiments 
 the SD (*, P 	 0.05; **, P 	 0.01 [one-way analysis
of variance, followed by Bonferroni’s post test]). (C) Kinetics of IFI16 subcellular localization upon HCMV infection. HELFs were infected with HCMV at an
MOI of 1 PFU/cell for the indicated time points and subjected to confocal microscopy analysis. IFI16 (green) and viral proteins (red) were visualized using
primary antibodies, followed by secondary antibody staining, in the presence of 10% human serum. Nuclei are visualized in blue. The far right-hand picture of
each panel shows a Z stack of confocal images, generating a 3D reconstruction, obtained as described in Fig. 1A (right panel). A graph shows the IFI16
delocalization levels. The bars indicate the percentages of cells positive for cytoplasmic IFI16 immunofluorescence over the course of infection. Images were
acquired by using a microscope with a �20 objective lens, and three random fields from two slides of each time point were counted using ImageJ software to
calculate the ratio of cytoplasmic-IFI16 expressing cells to infected cells. The data represent means 
 the SD (left panel). (D) IFI16 is mislocalized in HUVECs
by the HCMV clinical isolate derivative VR1814. HUVECs were infected with HCMV (MOI of 1 PFU/cell), fixed in 1% paraformaldehyde at the indicated time
points, and subjected to confocal immunofluorescence analysis as described in panel C. Images were acquired at �63 magnification, and representative images
are shown.

FIG 3 HCMV inhibition blocks the mislocalization of IFI16. HELFs were infected with wild-type or UV-inactivated HCMV (1 PFU/cell; 1.2 J/cm2 for two pulses)
and treated with phosphonoformic acid (PFA; 100 �M) or ganciclovir (GCV; 100 �M) as indicated. Cells were fixed 72 h later in 1% paraformaldehyde and
processed by immunofluorescence analysis for IFI16 (green) and gB (red) (left panel) or subjected to combined FISH with a BAC DNA probe containing the
entire HCMV genome (red) and immunofluorescence analysis with anti-IFI16 antibodies (green); cell nuclei were visualized in blue (right panel). Images were
taken by confocal microscopy (�63 magnification).
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FIG 4 pUL97 mediates HCMV-induced IFI16 mislocalization. (A) pUL97 inhibition impairs IFI16 nuclear egress. HELFs were treated as described in detail
below and in Results, fixed at the time points indicated below, and double stained with the appropriated antibodies. HELFs infected with a UL97 deletion mutant
BAC (BAC �UL97) or with AD169 UL97� as a control at an MOI of 1 PFU/ml were fixed and immunostained at 32 days or 96 hpi, respectively (row 1); HELFs
were electroporated with a mixture of three different small interfering RNAs targeting UL97 (siRNA UL97) or with scrambled control siRNA (siRNA CTRL) and
24 h later infected with HCMV at an MOI of 1 PFU/cell for 72 h (row 2); HCMV-infected HELFs were treated with the pUL97 inhibitor Gö6976 (2 �M) or with
an equal volume of vehicle control (DMSO) and immunostained after 72 h (row 3). (B) IFI16 interacts with pUL97. Total cell protein extracts from HELFs
infected with HCMV at an MOI of 1 for 96 h were immunoprecipitated with polyclonal antibodies against IFI16 (left panel) or monoclonal antibodies against
UL97 (right panel), and control antibody. Samples were then immunoblotted with antibodies for pUL97 and IFI16, respectively. Nonimmunoprecipitated
whole-cell extract (Input) obtained from HCMV-infected cells was used to normalize the proteins subjected to immunoprecipitation. (C) Phosphorylation of
IFI16 by pUL97 in vitro. HEK 293 cells were transfected with wild-type pUL97 (lane 1), catalytically active pUL97 (N-terminally truncated pUL97-181-707) (lane
2), or inactive C-terminally truncated pUL97 (pUL97-1-595, lane 3). At 48 h posttransfection, cells were lysed and subjected to immunoprecipitation (IP) with
monoclonal antibodies for pUL97, followed by in vitro kinase reaction with recombinant IFI16 (rIFI16) as the substrate. Labeled phosphorylation products were
separated by SDS-PAGE and visualized by exposing the blots to autoradiography film (upper panel). Lysate control samples taken prior to immunoprecipitation
were used for Western blot analysis with the monoclonal antibodies for pUL97 to monitor the levels of expressed proteins (lower panel).

Dell’Oste et al.

6976 jvi.asm.org Journal of Virology

 on M
ay 28, 2014 by D

IP
 D

I S
A

N
IT

A
 P

U
B

B
LIC

A
 E

 M
IC

R
O

B
IO

LO
G

IA
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org
http://jvi.asm.org/


phosphorylation was exclusively detectable for wild-type pUL97
and catalytically active pUL97 [i.e., N-terminally truncated
pUL97(181-707) (pUL97-181-707; Fig. 4C, lanes 1 and 2, respec-
tively)], whereas an inactive C-terminally truncated version
(pUL97-1-595) (lane 3) did not produce a phosphorylation signal.

IFI16 colocalizes with the viral AC following nuclear egress.
It has been proposed that HCMV acquires its final envelope from
the trans-Golgi network (TGN) or from TGN-derived particles
(28, 42). In addition, many cellular markers, like those of early,
recycling, and late endosomes, as well as the endosomal sorting
complex required for transport (ESCRT) and several viral tegu-
ment and envelope proteins, including gB, all localize to the AC
(28). Since IFI16 staining appears to overlap the AC, as shown by
confocal analysis, we wanted to gain insights into the fate of IFI16
following nuclear egression. We performed an immunofluores-
cence assay at 96 hpi using anti-IFI16 antibodies, together with
antibodies recognizing the virion envelope protein gB, vacuolar
protein sorting-4A (Vps4A, a component of the ESCRT machin-
ery), or TGN46 (a marker of the trans-Golgi network) (Fig. 5A).
As shown in Fig. 2C and 5A (confocal Z-stack images), a high level
of IFI16 colocalization could be detected with viral gB, Vps4A, and
TGN46. These results strongly suggest that IFI16 mislocalizes out
of the nucleus and associates with AC-containing virion particles.

To better define the relationship between IFI16 and ESCRT
components, total protein extracts from HELFs infected with

HCMV for 96 h were immunoprecipitated with anti-Vps4A or
control antibodies and immunoblotted with polyclonal anti-IFI16
antibodies. As shown in Fig. 5B (upper panel), no interaction
between Vps4A and IFI16 was observed in mock-infected cells. In
contrast, HCMV infection induced a strong interaction between
Vps4A and IFI16, as shown by the co-IP reactions. The same re-
sults were obtained in reverse order (Fig. 5B, lower panel). Vps4A
induction by HCMV was also evident in the very same total pro-
tein extracts. Finally, no bands were detected when cell extracts
were immunoprecipitated with control antibodies. Overall, these
results indicate that there might be a connection between the
egress of viral proteins from the nucleus and the mislocalization of
IFI16 protein into the AC.

Functional significance of the IFI16-Vps4 interaction. To
evaluate the impact of dysfunctional MVBs on IFI16 localization,
we used a previously described construct expressing a dominant-
negative Vps4A (27, 28). HELFs were transfected with FLAG-
tagged pBJ5-Vps4AE228Q or the corresponding wild-type form
pBJ5-Vps4AWT and 24 h later infected with HCMV. The transfec-
tion efficiency of HELFs is low (�20%), such that only the FLAG-
expressing subpopulation of cells was studied. Confocal micros-
copy at 72 hpi (96% HCMV-positive cells [data not shown])
demonstrated that in the pBJ5-Vps4E228Q-transfected cells IFI16
remains strictly nuclear (Fig. 5C, lower panel) in all of the infected
cells. In contrast, in cells transfected with the wild-type vector, we

FIG 5 HCMV infection induces IFI16 sorting into multivesicular bodies (MVBs). (A) IFI16 colocalizes with components of MVBs and the ESCRT pathway in
HCMV-infected cells. HELFs were infected with HCMV at an MOI of 1 PFU/cell; 96 h later cells were fixed, permeabilized, and costained with anti-IFI16,
anti-TGN46, anti-Vps4A, and anti-HCMV gB antibodies. Nuclei were visualized in blue. Images were taken by confocal microscopy, and the far right hand panel
shows a 3D image reconstruction of stacks of confocal images. At least five fields were digitally reconstructed for each condition, and a representative image is
shown. (B) IFI16 interacts with Vps4A in HCMV-infected cells. Total cell protein extracts obtained by HELFs treated as described above were immunoprecipi-
tated with antibodies against Vps4A (upper panel) or IFI16 (lower panel) and the appropriate control antibody (CTRL). Immunoprecipitated samples and
whole-cell extracts (INPUT) were then immunoblotted using antibodies against Vps4A or IFI16. (C) Effect of blocking MVB biogenesis on IFI16 localization.
HELFs cotransfected with a construct expressing Vps4A (Vps4WT) or the mutated form Vps4AE228Q were infected with HCMV (MOI of 1 PFU/cell) at 24 h
posttransfection. Cells were fixed and photographed at 72 hpi. Vps4A was detected by anti-FLAG primary antibody (red) and IFI16 by the polyclonal anti-IFI16
antibody (green). Representative images were taken using �63 magnification.
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observed that IFI16 mislocalizes to the cytoplasm (Fig. 5C, upper
panel), confirming the dependence of IFI16 mislocalization on
functional MVB biogenesis, which serves as a platform for HCMV
envelopment/egress.

Immunogold labeling of IFI16 in purified HCMV particles.
The colocalization of IFI16 and viral gB in the AC opened up the
possibility that IFI16 may be incorporated into viral particles dur-
ing maturation. To investigate this possibility, HCMV virions

were fractionated by sucrose gradient from supernatants of HELFs
infected at an MOI of 1 for 192 h and analyzed by Western blotting
for the viral proteins IEA, UL44, and pp65, and cellular proteins
IFI16 and p53 (the latter is translocated into the cytoplasm during
HCMV infection) (46). As shown in Fig. 6A, pp65 and IFI16 were
detected in highly purified virions, indicating their incorporation.
The specificity of IFI16 incorporation into viral particles was sup-
ported by the finding that none of the nonstructural viral proteins,

FIG 6 IFI16 is associated with purified HCMV particles. (A) HCMV particles (indicated as virions) were purified by sucrose gradient from supernatants of
infected HELFs (192 hpi, MOI of 1) and analyzed by immunoblotting for the viral proteins IEA, UL44, and pp65, and the cellular proteins IFI16 or p53. Total cell
extract from mock- or HCMV-infected cells were included as controls. (B) IFI16 interacts with pp65 in purified virions. HELFs were infected as described for
panel A. Protein extracts were obtained from purified virions and immunoprecipitated with anti-pp65 (upper panel) or anti-IFI16 (lower panel) and the
appropriate control antibodies (CTRL) and then immunoblotted with anti-IFI16 or anti-pp65 antibodies, respectively. Nonimmunoprecipitated whole-cell
extracts (INPUT) were immunoblotted with anti-IFI16 or anti-pp65 antibodies and used to normalize the proteins subjected to immunoprecipitation. (C)
Immunoelectron microscopy analysis of purified virions stained, in the presence of 10% human serum, for IFI16 and HCMV gB and pp65, or left unstained
(SecAb). A 15-nm gold-conjugated secondary antibody was used to detect proteins. Scale bar, 100 nm.
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such as IEA, UL44, or cellular p53, was identified by Western
blotting. Importantly, total cell extracts from mock- or HCMV-
infected HELFs were included in order to estimate the levels of
IFI16 induction by HCMV infection. The presence of IFI16 in
purified virions was confirmed by coimmunoprecipitation exper-
iments with anti-pp65 antibodies. As shown in Fig. 6B, IFI16 in-
deed interacted with the HCMV tegument protein pp65. Consis-
tent with our results, Li et al. (18) have recently demonstrated that
early during infection, pp65 associates with IFI16 by interacting
with its pyrin domain, inhibiting its subsequent immune signaling
(11, 18).

To investigate further the incorporation of IFI16 into mature
virions, we labeled purified virus particles with IFI16-specific an-
tibodies, followed by gold-conjugated secondary antibodies, and
analyzed them by using electron microscopy. The integrity of the
purified virions was further verified by negative staining that
showed two classes of spherical enveloped particles: 200-nm-di-
ameter HCMV virions and larger structures corresponding to
dense bodies (DBs). The ratio of virions to DBs was about 1:2. The
specificity of the immunogold labeling was assessed by omitting
the primary antibody. The virus preparation was permeabilized or
left unmasked, so that antibodies could recognize within the inner
layers of the viral particles or on their surface, respectively. As
shown in Fig. 6C, gB, used as a control, was observed in the outer
envelope of the purified virions, while pp65 was present inside the
viral particles. Altogether, these results demonstrate that a per-
centage of IFI16 protein becomes trapped within mature virions.

DISCUSSION

The importance of the role played by restriction factors in con-
trolling viral infection is substantiated by the diverse mechanisms
the viruses have evolved to antagonize it (47–49). We recently
demonstrated that the IFN-inducible protein IFI16 may act as a
restriction factor for HCMV replication by downregulating viral
early and late mRNA and protein expression (21). In the present
study, we examined how HCMV can overcome the antiviral activ-
ity of the nuclear restriction factor IFI16. Consistent with its prop-
erty as a pathogenic DNA sensor (10–14, 17–20, 33, 50), detailed
kinetics studies exploiting immunofluorescence show that in the
early phases of infection, IFI16 binds to viral DNA, also confirmed
by FISH combined with Western blot analysis. These results are in
line with previous studies showing that following HCMV infec-
tion IFI16 binds viral DNA and triggers the expression of antiviral
cytokines via the STING/TBK1/IRF3 signaling pathway (18).

During a late phase postinfection, however, IFI16 levels de-
creases inside the nucleus and this is accompanied by a parallel
increase in its presence in the cytoplasmic AC, as shown by West-
ern blotting and confocal microscopy analysis. This nucleocyto-
plasmic egress of IFI16 in HCMV-infected cells is driven, at least
in part, by the viral protein kinase pUL97, which binds and phos-
phorylates nuclear IFI16. Subsequently, the IFI16-AC complex
mediates its incorporation into newly assembled virions. IFI16
mislocalization and assembly into mature virions appears to be
regulated by the ESCRT machinery through its sorting and traf-
ficking into multivesicular bodies.

Other studies have examined the effects of herpesvirus infec-
tion on IFI16 degradation. Orzalli et al. (15, 51) demonstrated that
during alphaherpesvirus HSV-1 infection, the viral nuclear ICP0
protein leads to IFI16 degradation. Similarly, Johnson et al. (13)
showed that alphaherpesvirus HSV-1 specifically targets IFI16 for

rapid proteasomal degradation later on postinfection. Interest-
ingly, two other herpesviruses, namely, gammaherpesvirus 1 EBV
and gammaherpesvirus 2 KSHV, which undergo latency in endo-
thelial cells or in B and epithelial cells, respectively, were not found
to cause IFI16 degradation early on during infection, suggesting a
relationship between virus replication/latency and IFI16 fate (10,
13, 14).

A key point that could actually complete this scenario is to
understand whether IFI16 relocalizes and interacts with inflam-
masome- and STING-related pathway components upon HCMV
infection, especially to promote the release of the proinflamma-
tory cytokines interleukin-1� or beta interferon, respectively,
thereby enhancing the antiviral response. Recent studies explored
these issues in other herpesvirus models, such as HSV-1 (12, 13,
15, 17, 51), KHSV (14, 16), and EBV (10). Orzalli et al. (15, 51)
found that during HSV-1 infection IFI16, which is required for
induction of IRF-3 signaling in these cells, remains nuclear. An
unknown factor must be exported from the nucleus to activate
IRF-3 through cytoplasmic STING, which is required for IRF-3
activation and signaling (15, 51). In contrast, Johnson et al. (13)
showed that early during in vitro infection of HFF, HSV-1 induced
the activation of IFI16 inflammasome and maturation of IL-1�.
For such activity, IFI16 recognized the HSV-1 genome in infected
cell nuclei and colocalized with ASC in the cytoplasm. Consistent
with these findings, evidence of inflammasome activation, such as
the activation of caspase-1 and cleavage of pro-IL-1�, -IL-18, and
-IL-33 in EBV- or KHSV-infected cells, respectively, has been ac-
cumulated (10, 14, 16). Interaction of ASC with IFI16 but not with
AIM2 or NOD-like receptor P3 (NLRP3) was detected. During
HCMV infection, IFI16 acts as a nuclear DNA sensor, binding
viral DNA and triggering the expression of antiviral cytokines via
the STING/TBK1/IRF3 signaling pathway (18). No data have been
provided thus far, demonstrating the ability of IFI16 to activate
inflammasome through ASC interaction. Therefore, further in-
vestigations, should be addressed to pursue the interplay between
IFI16 and these critical components of innate immunity.

Thus, although the egression of IFI16 from the nucleus into the
cytoplasm following pathogenic or damaged DNA sensing has
now been widely demonstrated, the mechanisms it relies on have
not been clarified. Therefore, in the present study we sought to
exploit the HCMV model in order to gain some insight into the
mechanisms underlying IFI16 mislocalization. The finding that
IFI16 egress from the nucleus was first detected at 48 hpi and the
fact that it could be blocked by pretreating cells with inhibitors of
viral L gene expression suggest that HCMV L genes may be re-
sponsible for IFI16 mislocalization. During HCMV replication,
DNA-filled capsids bud through the inner nuclear membrane
(INM) and transit from the nucleus direct to the AC located in the
cytoplasm close to the nuclear membrane (42). The HCMV-spe-
cific nuclear egress complex (NEC) is composed of both viral and
cellular proteins, in particular protein kinases with the capacity to
induce the destabilization of the nuclear lamina (43). The viral
protein kinase pUL97, along with cellular protein kinase C (PKC),
plays an important role by phosphorylating several types of nu-
clear lamins, events that lead to the reorganization of the protein-
aceous network underlying the inner nuclear membrane and the
egression of the DNA-filled capsids (26, 43, 52). By combining
molecular-virological analyses with biochemical and pharmaco-
logical approaches, we demonstrate that pUL97 binds and phos-
phorylates IFI16 in vitro, triggering its relocalization from the nu-
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clei into the cytoplasm of HCMV-infected cells. This assertion is
based on the finding that the lack of viral pUL97 expression (BAC
�UL97) and/or the inhibition of its kinase activity substantially
reduce IFI16 relocalization. Together with the observation that
IFI16 is phosphorylated both in vitro and in HCMV-infected cells
by pUL97 kinase, our results demonstrate that one of the viral
candidates responsible for IFI16 subcellular relocalization and the
inhibition of its restriction activity could be pUL97. In HCMV
infection, the transmembrane protein pUL50 anchors the NEC
within the inner nuclear membrane and associates with core NEC
components, such as pUL53. As a consequence, the NEC is able to
recruit regulatory kinases, like pUL97, to disassemble the nuclear
lamina and to facilitate nuclear capsid egression. Since IFI16 has
been shown to interact with pUL97, we can speculate that IFI16
might interact with further components of the NEC.

Posttranslational modification provides a possible means of
regulating IFI16 subcellular localization. The acetylation and
phosphorylation of different IFI16 motifs have been demon-
strated to regulate its subcellular localization in lymphocytes and
macrophages (11, 34). In particular, acetylation of the nuclear
localization sequence promotes the cytoplasmic accumulation of
IFII6 by inhibiting its nuclear import (34). In HCMV-infected
cells, IFI16 interacts with viral pUL97 and undergoes in vitro phos-
phorylation. Moreover, the nuclear accumulation of IFI16 can be
observed upon treatment with Gö6976, an inhibitor of pUL97
phosphorylation (26, 29). Together, these results suggest that
phosphorylation by pUL97 may regulate the relocalization of
IFI16 from the nucleus to the cytoplasm.

Although the replication of all herpesviruses includes nuclear
and cytoplasmic maturation events, the AC is a unique feature of
betaherpesvirus-infected cells (53). Virus particles congregate in
the AC during the late phases of infection (42), a finding consis-
tent with its important role in controlling final tegumentation,
envelopment, and egress from the cell. Immunofluorescence anal-
ysis starting at 24 hpi demonstrates that IFI16 colocalizes outside
the nucleus of infected cells in a structure that seems to be the AC.
The AC was recognized based on the hallmark morphology of
CMV-infected cells which consist of an enlargement of the nu-
cleus that transforms into a kidney-shaped form, with the AC
pressing against the newly formed depression in the nucleus (54).
To confirm definitively the nature of the AC, confocal laser mi-
croscopy was performed using antibodies against host proteins of
the MVBs included in the AC, such as the ATPase Vps4A involved
in the ESCRT pathway, the TGN marker TGN46, and the viral
protein gB, known to colocalize to the AC during the late phase of
HCMV infection. Moreover, using coimmunoprecipitation ex-
periments, we found that IFI16 interacts with Vps4A upon
HCMV infection. Overall, these results demonstrate that HCMV
induces IFI16 to mislocalize to MVBs, where the virus undergoes
final maturation.

To provide a functional significance of the colocalization ex-
periments, we evaluated the impact of inhibiting the final compo-
nent of the ESCRT machinery, Vps4A, using a dominant-negative
mutant (Vps4AE228Q) known to impair MVB biogenesis and
HCMV plaque formation (28). The nuclear retention of IFI16 in
cells where MVB biogenesis was inhibited suggests a strict depen-
dence of IFI16 subcellular localization on HCMV replication and
designates Vps4A as a key player in the evasion mechanism used
by HCMV to escape IFI16.

The presence of IFI16 in the AC and the lack of protein degra-

dation in the late stages of infection could suggest that IFI16 is
incorporated into the maturing virion particles. To investigate
this possibility, we purified HCMV virions and applied Western
blot and electron microscopy analysis to ascertain whether
HCMV virions may actually contain the mislocalized IFI16. In-
triguingly, Western blot analysis demonstrates the presence of
IFI16, but not p53, in the viral protein extract. Moreover, the
immunolocalization results confirmed the incorporation of IFI16
into purified virions, and in particular in the outer layer of the
tegument in the proximity of pp65, as shown by coprecipitation
experiments. This finding leans toward excluding the possibility
that IFI16 nonspecifically aggregates to virions during their mat-
uration. Consistent with our results, previous studies based on
mass spectrometry approaches have demonstrated the presence of
at least 70 host cellular and 71 HCMV proteins in mature virions
(55, 56). More recently, it has been demonstrated that HCMV
may include both TGN and endosomal markers when undergoing
final envelopment (32). Altogether, these findings raise some im-
portant questions. The first one asks how specific the inclusion of
host proteins in HCMV virions is, since only a percentage of virus
particles contain IFI16. The observation that IFI16, but not p53,
another protein egressing from the nucleus during HCMV infec-
tion, is included in the virion suggests that some mechanisms of
selecting host proteins must exist. The second important question
that needs addressing is whether HCMV includes IFI16 in the
virion in order to evade its restriction activity. At the moment, no
evidence exists suggesting a functional consequence of IFI16 em-
bedded within the viral particles, thus only speculations can be put
forward. However, some observations may help to explain why
the virus hijacks IFI16 and embeds it into the outer layer of the
tegument. First, IFI16 triggers the activity of transcription factor
NF-�B that is needed in the first steps of HCMV infection (57, 58).
Second, it has been demonstrated that pp65 (pUL83) triggers the
expression of the viral immediate-early promoter through its in-
teraction with IFI16 protein (11, 18). Finally, overexpression of
IFI16 upregulates immediate-early protein expression during the
first hours of infection (21). Altogether, these observations suggest
that HCMV may hijack IFI16 in order to exploit its capacity to
enhance the transcription of IE genes during the early steps of
infection, followed by the relocalization of IFI16 into the cytoplas-
mic AC with the scope of concealing its restriction activity during
the late steps of infection.
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