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In addition to productive lytic infections, herpesviruses such as human cytomegalovirus (HCMYV) establish
a reservoir of latently infected cells that permit lifelong colonization of the host. When latency is established,
the viral immediate-early (IE) genes that initiate the lytic replication cycle are not expressed. HCMYV IE gene
expression at the start of a lytic infection is facilitated by the viral pp71 protein, which is delivered to cells by
infectious viral particles. pp71 neutralizes the Daxx-mediated cellular intrinsic immune defense that silences
IE gene expression by generating a repressive chromatin structure on the viral major IE promoter (MIEP). In
naturally latently infected cells and in cells latently infected in vitro, the MIEP also adopts a similar silenced
chromatin structure. Here we analyze the role of Daxx in quiescent HCMY infections in vitro that mimic some,
but not all, of the characteristics of natural latency. We show that in these “latent-like” infections, the
Daxx-mediated defense that represses viral gene expression is not disabled because pp71 and Daxx localize to
different cellular compartments. We demonstrate that Daxx is required to establish quiescent HCMYV infections
in vitro because in cells that would normally foster the establishment of these latent-like infections, the loss of
Daxx causes the lytic replication cycle to be initiated. Importantly, the lytic cycle is inefficiently completed,
which results in an abortive infection. Our work demonstrates that, in certain cell types, HCMV must silence
its own gene expression to establish quiescence and prevent abortive infection and that the virus usurps a
Daxx-mediated cellular intrinsic immune defense mechanism to do so. This identifies Daxx as one of the likely
multiple viral and cellular determinants in the pathway of HCMYV quiescence in vitro, and perhaps in natural

latent infections as well.

The intrinsic, innate, and adaptive arms of our immune
system protect us from the myriad of pathogens to which we
are continuously exposed. Successful viruses can neutralize or
evade immune surveillance to promote efficient viral replica-
tion and ultimately spread to a new host. Here we demonstrate
that a prominent virus benefits not by inactivating a cellular
intrinsic immune defense that silences its gene expression but
by using it to establish the defining aspect of its replicative
cycle, i.e., latency.

Human cytomegalovirus (HCMYV) is a betaherpesvirus that
infects the majority of the population, causes severe disease in
immunocompromised patients, is the leading viral cause of
birth defects, and likely plays a role in age-related immunose-
nescence, certain cardiovascular diseases, and some cancers
(12, 64, 70, 77, 78). A cellular component of PML nuclear
bodies, the Daxx protein, confers intrinsic immunity against
HCMV (8, 72, 79, 91). Through the action of a histone
deacetylase (HDAC), Daxx silences the expression of the viral
immediate-early (IE) genes that are required to initiate the
lytic replication program by inducing a repressive chromatin
structure at the viral major IE promoter (MIEP). At the start
of a lytic infection, the viral pp71 protein, which is packaged

* Corresponding author. Mailing address: Institute for Molecular
Virology and McArdle Laboratory for Cancer Research, University of
Wisconsin—Madison, Madison, WI 53706. Phone: (608) 265-5546.
Fax: (608) 262-7414. E-mail: rfkalejta@wisc.edu.

¥ Published ahead of print on 27 June 2007.

9109

into the tegument layer of infectious virions, is delivered to
cells, migrates to the nucleus, and degrades Daxx, thus pre-
venting Daxx from silencing viral gene expression (79). pp71
also degrades the tumor suppressors of the retinoblastoma
family, Rb, p107, and p130, to stimulate cell cycle progression
(34-36), although any role this activity of pp71 may play during
HCMV replication and pathogenesis has yet to be established.
Degradation of the Rb proteins (36) and Daxx (31) by pp71 is
through an uncommon, proteasome-dependent, ubiquitin-in-
dependent pathway.

Many viral genes are expressed during lytic viral replication,
resulting in progeny virion production that allows the infection
to spread within a host and to new hosts. During latency, viral
genomes are maintained for extended periods with little or no
gene expression, thus preventing detection by the immune
system. Latency allows the infection to persist for the life of the
host (reviewed in references 5 and 81), and the inability to
clear an infected individual of the reservoir of latently infected
cells is the primary reason that cures for viruses that establish
latency, such as the herpesviruses, are not available. It is
thought that in naturally infected people, latent HCMV ge-
nomes reside in a small population of incompletely differenti-
ated cells of the myeloid lineage, such as CD34" mononuclear
hematopoietic progenitor cells (26, 39, 41, 58, 82, 86, 87).
Induced terminal differentiation of naturally infected cells, as
well as some in vitro latently infected cells results in reactiva-
tion, lytic replication, and virus production (73, 74, 82, 83, 87).

For the alpha- and betaherpesviruses, latency is established
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when the expression of lytic-phase genes from the infecting
viral genome is prevented. During HCMV infection, the first
lytic genes expressed are the IE genes, and their expression is
controlled by the MIEP. At the start of lytic infection, Daxx
silences IE gene expression (79) and induces a repressed chro-
matin structure at the MIEP (91) prior to being degraded by
pp71, which then allows IE gene expression. This repressed
chromatin structure at the MIEP is characterized by the asso-
ciation of heterochromatin protein 1 (HP-1) and the lack of
acetylated histones and in these respects is identical to that
found at the MIEP in latently infected CD34" mononuclear
hematopoietic progenitor cells. CD34" cells show this re-
pressed chromatin structure whether they are naturally in-
fected (74) or cultured ex vivo and infected in vitro (73). Other
in vitro models for HCMV latency, NT2 and THP-1 cells, do
not faithfully mimic all of the aspects of natural latency but do
assemble a repressed chromatin structure at the MIEP that is
indistinguishable (by all of the criteria analyzed) from that
found in CD34™" cells and in fibroblasts at the very start of a
Iytic infection (66, 91). These observations seem to indicate
that a similar mechanism may be used to generate a repressive
chromatin architecture at the MIEP at the start of lytic repli-
cation and during both natural latency in vivo and in model
quiescent or “latent-like” infections in vitro.

The only clue to how the repressive chromatin structure
around the MIEP is formed during the establishment of la-
tency is that HDAC activity is required (55, 57, 66). Because
the Daxx-mediated intrinsic immune defense silences IE gene
expression through the action of an HDAC at the start of a
lytic infection unless it is neutralized by pp71 (79, 91), we asked
if Daxx also controls HCMV latency. Here we show that in two
commonly used in vitro models of latent-like HCMV infec-
tions, the Daxx-mediated defense that silences IE gene expres-
sion is not inactivated upon HCMV infection because tegu-
ment-delivered pp71 fails to reach the nuclei of these
quiescently infected cells. When the level of Daxx in these cells
is reduced either by preexpression of nuclearly localized pp71
or by RNA interference, IE genes are expressed upon HCMV
infection, indicating that a latent-like state is not established
and that lytic replication is initiated. However, we found that
the lytic replication cycle is not completed and infectious prog-
eny virions are rarely produced from these cells. This work
describes one of the likely multiple steps used by HCMV to
establish latency, i.e., allowing a Daxx-mediated cellular intrin-
sic immune defense to silence viral IE gene expression. Our
data, along with other recent findings (38, 93), argue that IE
gene expression must be silenced in undifferentiated cells
where latency is to be established because failure to do so
results in an abortive viral infection that would prevent lifelong
colonization of the host.

(Part of this work was presented in 2006 at the 25th Amer-
ican Society for Virology Meeting and the 31st International
Herpesvirus Workshop through an American Society for Vi-
rology travel award and a Vilas Travel Fellowship awarded to
R.TS.))

MATERIALS AND METHODS

Cells and viruses. Cells were grown in a 5% CO, atmosphere at 37°C. Human
foreskin fibroblast (HF), N-Tera2 (NT2), HEK 293, and U-2 OS cells were
cultured in Dulbecco’s modified Eagle’s medium (Invitrogen), and THP-1 cells
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were cultured in RPMI 1640 medium (Invitrogen). The medium was supple-
mented with 10% (vol/vol) fetal bovine serum (Gemini), 100 U/ml penicillin, 100
pg/ml streptomycin, and 0.292 mg/ml glutamine (Gibco). NT2 cells were differ-
entiated by growth in 10 wM all-frans-retinoic acid (Sigma) for 5 days and
counted and reseeded prior to infection. THP-1 cells were differentiated with 100
ng/ml tetradecanoyl phorbol acetate (Sigma) for 24 h before infection. The
wild-type (AD169) and pp71-null mutant (ADsubULS82, passed once through
noncomplementing HFs to remove tegument-incorporated pp71) (7) viruses
have already been described. For UV inactivation, virus stocks were placed on
ice in a UV Stratalinker 2400 (Stratagene) and exposed to the 254-nm light
source at 0.12 J/em? for 3 min. For infection, the medium was removed from the
cells, which were then incubated with virus at 37°C for 60 min. Medium was then
added back to the original volume.

A recombinant adenovirus (rAD) expression system that expresses transgenes
from the EFla promoter was constructed. The EFla promoter (with a mutated
BglII site), was cloned as a HindIII fragment from the SIN-EF1a MCS2 plasmid
(a generous gift from C. Alexander) into the pShuttle vector lacking any pro-
moter or poly(A) signal (a generous gift from B. Vogelstein). The poly(A)
sequence was cloned from the pShuttle CMV vector (a generous gift from B.
Vogelstein) into the pShuttle vector containing the EFla promoter. The desired
transgene of interest was cloned into the pShuttle EFla construct as a BamHI
fragment into a BglII site. Transductions with the EFla- and pADIC-based
rADs have been previously described (34). Transductions were done at the
indicated particle/cell ratios (63). Different particle/cell ratios were used to
achieve approximately equal transgene expression levels.

Preexpression of pp71 and HCMYV infection. THP-1 cells were transduced with
rADs lacking a transgene or expressing pp71 or Did2-3 mutant pp71 (29) driven
from the EFla or CMV promoter for ~18 h as previously described (34).
Subsequently, THP-1 cells were gently pelleted and infected with HCMV at a
multiplicity of infection (MOI) of 3 for 24 h.

Inhibitors and antibodies. Lactacystin (20 uM), E64 (50 pM) (Calbiochem),
or trichostatin A (100 ng/ml) (Upstate Biotechnology) dissolved in dimethyl
sulfoxide and valproic acid (VPA) (3 mM) dissolved in water were added at the
time of infection with HCMV. The antibodies to the following were from com-
mercial sources: Daxx (D7810; Sigma), tubulin (DM 1A; Sigma), Oct 3/4 (sc-
5279; Santa Cruz), UL44 (1202), and pp65 (1025; Rumbaugh-Goodwin Insti-
tute). Antibodies against pp71 (2H10-9 and IE-233), IE1 (1B12), and pp28
(CMV 157) have been previously described (34, 68, 95). For Western blot
analysis, secondary horseradish peroxidase-conjugated goat anti-mouse and goat
anti-rabbit antibodies were from Chemicon. Secondary antibodies for indirect
immunofluorescence conjugated with Alexa Fluor 488 (A-11029) or Alexa Fluor
546 (A-11030) were from Molecular Probes.

Western blot assays and coimmunoprecipitation. Equal amounts of protein
from cell lysates prepared in radioimmunoprecipitation assay (RIPA) buffer with
protease inhibitors were analyzed by Western blotting as previously described
(34). During coimmunoprecipitation (co-IP) assays, equal amounts of protein
from cell lysates harvested in RIPA buffer were precleared with goat serum and
heat-inactivated, protein A-positive Staphylococcus aureus (Amersham) for 30
min each. Lysates were cleared by centrifugation, and after incubation with the
proper primary antibody, immune complexes were captured on protein A-aga-
rose beads (Calbiochem) and washed six times with RIPA buffer. Bound proteins
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and analyzed by Western blotting.

Indirect immunofluorescence. HFs, NT2 cells, T2RA cells, and THP-1-derived
macrophage cells were grown on glass coverslips and infected as described above.
Coverslips were harvested and washed twice with phosphate-buffered saline
(PBS; Gibco) prior to fixation as described below. THP-1 cells (which grow in
suspension) were infected, collected by low-speed centrifugation, and resus-
pended in cold PBS, and approximately 2.5 X 10° cells were allowed to attach to
water-washed coverslips (12 mm in diameter) for 60 min at room temperature.
The coverslips were then fixed with 4% paraformaldehyde in PBS and then
washed three times with PBST (PBS plus 0.1% Triton X-100 and 0.05% Tween
20) before blocking with PBST plus 5% goat serum and 0.5% bovine serum
albumin for 25 min. Antibody incubations were for 1 h at room temperature in
PBST plus 5% goat serum and 0.5% bovine serum albumin, followed by three
washes with PBST for 5 min each. Coverslips were then washed twice with
distilled water, incubated with Hoechst 33342 for 10 min, washed twice more with
distilled water, and finally mounted with Fluoromount-G (Southern Biotech).
Images were taken with a Zeiss microscope and camera (Axiovert 200 M).

Small interfering RNA (siRNA) transfection. THP-1 monocytes were trans-
fected by Amaxa transfection technology. THP-1 monocytes (1 X 10°) were
transfected with siRNA (3 pg) by using cell line Nucleofector kit V (VCA-1003;
Amaxa Biosystems) and following the manufacturer’s protocol. Synthetic, an-
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nealed 21-base oligonucleotides (siRNA) were purchased from Dharmacon.
Three target sequences directed at the Daxx transcript were siDaxx-674 sense
(5'-AGGCACGGTTGAAGCGTAA-3'), siDaxx-1498 sense (5'-CTACAGATC
TCCAATGAAA-3"), and hDx2, in addition to an siRNA directed toward the
Skp-1 sequence; both hDx2 and the Skp-1 sequence were previously described
(79). Transfected cells were cultured for 48 h and then infected with HCMV at
an MOI of 3 for an additional 24 h before harvesting for Western blotting.

Short hairpin RNAs (shRNAs) and retroviruses. Sequences for shRNAs to
Daxx (hDx2) and Skp-1 (79) were synthesized according to the manufacturer’s
specification and cloned into the pSuper.retro.puro retrovirus backbone (Oligo-
Engine) by following the manufacturer’s protocol. A retrovirus that expresses
GFP was a generous gift from Bill Sugden. The retrovirus plasmids (20 pg) were
transfected with calcium phosphate into 293 cells grown on 10-cm dishes along
with 5 ug pMD-G (a generous gift from Y. Kawaoka), which encodes vesicular
stomatitis virus glycoprotein G, and 15 pg pMD.gagpol (69), which encodes the
murine leukemia virus Gag and Gag-Pol proteins. The medium was changed 16 h
after transfection, and supernatants containing virus were collected at 48 and
72 h posttransfection. Supernatants were filtered through a 0.45-wm-pore-size
filter. NT2 and THP-1 cells were transduced with retroviral supernatants four to
six times, and cell populations were selected with 1 pug/ml puromycin (Sigma).
HFs were transduced twice with the GFP-expressing retrovirus.

Real-time quantitative PCR (Q-PCR). DNA was isolated from 1 X 10°
HCMV-infected THP-1 monocytes and macrophages with the DNeasy tissue kit
(69504; QIAGEN) according to the manufacturer’s instructions. Nuclei were
isolated as described previously (45). Briefly, infected cells were washed once
with PBS, pelleted, and resuspended in RSB (10 mM NaCl, 3 mM MgCl,, 10 mM
Tris-HCI [pH 7.4]) and a 20X detergent solution (10% sodium deoxycholate and
20% Tween 40 in RSB) to a 1X final concentration. Cells were vortexed gently
and incubated on ice for 5 min, and the nuclei were pelleted by centrifugation at
1,000 X g for 3 min. The nuclei were washed once with RSB alone and pelleted
again at 1,000 X g for 3 min. DNA was harvested from the nuclei and from total
cell pellets with the DNeasy tissue kit.

Real-time Q-PCR was used to determine the efficiency of viral genome deliv-
ery to the infected nuclei of THP-1 monocytes or macrophages. Viral genomes
were quantified with a primer pair (pp549s and pp812as) and a probe to ULS3
as previously described (18). The number of viral genomes was normalized to
cellular copies of beta-actin with a previously described primer-probe set (27).
Unknown sample values were determined on the basis of a standard curve of
known copy numbers of UL83 (pSG5-pp65) and beta-actin (pAB1-bactin-
PCRscript, a generous gift from T. Compton). PCRs contained 5 pl of 200 .l
extracted DNA, 50 nM primers, 50 nM probe, 12.5 ul Tag-Man Universal PCR
Master Mix (4304437; Applied Biosystems), and nuclease-free water (9937; Am-
bion) to 25 pl. Real-time PCR was run on an ABI 7900HT, and data were
analyzed by the SDS 2.2.1 program.

RESULTS

Tegument-delivered pp71 is unable to bind and degrade
Daxx in cells where HCMYV latency is modeled in vitro, but
newly synthesized pp71 binds and degrades Daxx in these
cells. Because the cell type that represents the true in vivo
latent reservoir of HCMV is not known and because of the
inability to efficiently prevent the differentiation of ex vivo-
cultured cells, we and others use two surrogate in vitro model
cell types to study HCMYV latency. NT2 embryonal carcinoma
cells and THP-1 monocytes are used to study silencing of the
MIEP during the establishment of HCMV latency because
they display the same differentiation-dependent IE gene ex-
pression observed in cells isolated from healthy donors and
maintained for short periods ex vivo (6, 16, 20, 32, 48, 51, 55,
56, 66, 67, 80, 88). These cells fail to express IE genes upon
infection with HCMV; however, they become fully permissive
for both IE gene expression and productive replication if they
are differentiated prior to infection. Furthermore, the re-
pressed chromatin structure at the MIEP in in vitro-infected
NT2, THP-1, and CD34" progenitor cells is identical to that
observed during natural latent infections (66, 73, 74, 81). Be-
cause HCMYV infection of NT2 and THP-1 cells mimics many,
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FIG. 1. Daxx degradation correlates with IE gene expression.
NT2 cells (A) and THP-1 cells (B) were mock infected (M) or
infected with HCMV (V) in the absence or presence of trichostatin
A (T) at an MOI of 3. Lysates were harvested at the indicated times
(hours postinfection [hpi]) and analyzed by Western blotting. Tu-
bulin (Tub) was used as an internal loading control. (C) NT2 and
T2RA cells were mock infected (M) or infected with HCMV (V) at
an MOI of 3 or 1, respectively. Lysates were harvested at 12 hpi and
analyzed by Western blotting. (D) THP-1 monocytes (mono) or
THP-1-derived macrophages (macrod) were mock infected (M) or
infected with HCMV (V) at an MOI of 3. Lysates were harvested at
12 hpi and analyzed by Western blotting. (E) T2RA cells were mock
infected (M) or infected with HCMV (V) or UV-inactivated HCMV
(UV) at an MOI of 3. Lysates were harvested at 12 hpi and analyzed
by Western blotting. UV inactivation was confirmed by lack of IE1
gene expression (data not shown). (F) T2RA cells were mock in-
fected (M) or infected with HCMV (V) in the presence of lacta-
cystin (L) or E64 at an MOI of 3. Lysates were harvested at 12 hpi
and analyzed by Western blotting. (G) T2RA cells were mock in-
fected (M) or infected with HCMV (V) or the HCMV mutant
lacking pp71 (A71) at an MOI of either 1 or 0.1, respectively.
Lysates were harvested at 12 hpi and analyzed by Western blotting.
The tegument protein pp65 served as a marker for viral entry.

— |

but not all, of the characteristics of natural latency, we describe
these infections as quiescent, or latent-like, infections.

We discovered that pp71 relieves repression of the MIEP at
the start of lytic infections by inducing the degradation of Daxx
(79). Therefore, we asked if Daxx degradation correlated with
IE gene expression in undifferentiated NT2 and THP-1 cells, as
well as their differentiated counterparts. We found that during
infection of both NT2 and THP-1 cells, Daxx is not degraded
and confirmed (55, 66) that IE genes are not expressed unless
HDAC activity is inhibited (Fig. 1A and B). However, when
these cells were differentiated before HCMV infection (NT2
cells with retinoic acid into T2RA cells or THP-1 monocytes
with the phorbol ester tetradecanoyl phorbol acetate into mac-
rophages), we observed Daxx degradation and confirmed (20,
88) IE gene expression (Fig. 1C and D). Control experiments
established that the drop in the level of Daxx after HCMV
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FIG. 2. Newly expressed pp71 induces Daxx degradation in undif-
ferentiated and differentiated cells. (A) NT2 cells were mock trans-
duced (lane M) or transduced with an rAD that expresses wild-type
pp71 (lane 71) or a mutant pp71 protein (lane D2) which fails to bind
Daxx at 2,000 or 4,000 particles per cell (ppc), respectively. Lysates
were collected at 24 h posttransduction (hpt) and analyzed by Western
blotting. (B) THP-1 monocytes (mono) were mock transduced (lane
M) or transduced with the rADs that express pp71 (lane 71) or the
pp71 Daxx-binding mutant (lane D2) at 30,000 ppc. Lysates were
harvested at 24 hpt and analyzed by Western blotting. (C) Differenti-
ated T2RA cells were mock transduced (lane M) or transduced with an
rAD that expresses pp71 (lane 71) or the pp71 Daxx-binding mutant
(lane D2) at 300 or 6,000 ppc, respectively. Lysates were harvested at
18 hpt and analyzed by Western blotting. (D) THP-1-derived macro-
phages (macrod) were mock transduced (lane M) or transduced with
an rAD expressing pp71 (lane 71) or the pp71 Daxx-binding mutant
(lane D2) at 5,000 or 30,000 ppc, respectively. Lysates were harvested
at 24 hpt and analyzed by Western blotting. Tub, tubulin.
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infection of T2RA cells was due to pp71-mediated proteaso-
mal degradation, as it is in lytically infected cells (79). We
found that in T2RA cells, Daxx was degraded after infection
with UV-inactivated virus that cannot express any viral genes
(Fig. 1E), Daxx was stabilized in HCMV-infected cells by the
proteasome inhibitor lactacystin but not the cysteine protease
inhibitor E64 (Fig. 1F), and that Daxx was not degraded after
infection with a pp71-null virus (Fig. 1G).

Surprisingly, we found that while tegument-delivered pp71
fails to degrade Daxx in HCM V-infected NT2 and THP-1 cells
(Fig. 1A to D), pp71 produced after transduction with an rAD
was perfectly capable of degrading Daxx in these cells (Fig. 2A
and B), as well as in their differentiated counterparts (Fig. 2C
and D). Daxx degradation was not a result of rAD transduction
because a pp71 mutant (termed D2) unable to bind Daxx (29)
and expressed in these cells after rAD transduction was unable
to degrade Daxx (Fig. 2A to D). Wild-type pp71, but not the
Daxx-binding mutant, bound to Daxx when expressed from an
rAD in both NT2 and T2RA cells (Fig. 3A). In contrast,
HCMV tegument-delivered wild-type pp71 bound to Daxx in
T2RA cells but not in undifferentiated NT2 cells (Fig. 3B).
Although only assayed once, tegument-delivered pp71 likewise
only bound Daxx in THP-1-derived macrophages and not in
THP-1 monocytes (Fig. 3C). Thus, HCMYV infection fails to
induce Daxx degradation in both NT2 and THP-1 cells because
tegument-delivered pp71 fails to bind to Daxx, even though
ectopically expressed, newly synthesized pp71 is able to bind
and degrade Daxx in these cells.
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FIG. 3. Tegument-delivered pp71 fails to bind Daxx in undifferen-
tiated NT2 and THP-1 cells. (A) NT2 cells were mock transduced (lane
M) or transduced with an rAD expressing either pp71 (lane 71) or the
pp71 Daxx-binding mutant (lane D2) at 2,000 or 6,000 particles per cell
(ppc), respectively, for 24 h, while differentiated T2RA cells were
transduced with pp71 (lane 71) or the pp71 Daxx-binding mutant (lane
D2) at 500 or 1,000 ppc, respectively, for 12 h. Lysates were harvested
and used in a co-IP/Western blot assay. Lysates were immunoprecipi-
tated with an antibody to Daxx. (B) NT2 or differentiated T2RA cells
were mock infected (lane M) or infected with HCMV (lane V) at an
MOI of 3 or 1, respectively. Lysates were harvested at 6 hpi and used
in a co-IP/Western blot assay. Lysates were immunoprecipitated with
an antibody to Daxx. (C) THP-1 monocytes (mono) or THP-1-derived
macrophages (macro¢) were mock infected (lane M) or infected with
HCMYV (lane V) at an MOI of 3 for 12 h. Lysates were harvested and
used in a co-IP/Western blot assay. Lysates were immunoprecipitated
with an antibody to Daxx. Result from one experiment is shown. Tub,
tubulin.

Viral genomes efficiently enter nuclei, but tegument-deliv-
ered pp71 remains in the cytoplasm when in vitro latent-like
HCMY infections are established. To determine why HCMV
tegument-delivered pp71 fails to bind and degrade Daxx in
undifferentiated NT2 and THP-1 cells, we asked whether these
proteins localize to the same subcellular compartment. When
pp71 is expressed from an rAD in fibroblasts (data not shown),
NT2 cells, T2RA cells, THP-1 monocytes, or THP-1-derived
macrophages, it induces the degradation of Daxx and thus, not
surprisingly, accumulates in the nucleus, where Daxx is local-
ized (Fig. 4A). Unlike lytically infected fibroblasts, where teg-
ument-delivered pp71 migrates to the nucleus, we found that
tegument-delivered pp71 remains in the cytoplasm of quies-
cently infected NT2 and THP-1 cells as punctate speckles (Fig.
4B). When GFP-expressing fibroblasts are cocultured with
NT2 cells, the difference between the localization of tegument-
delivered pp71 in lytically versus quiescently infected cells is
readily apparent (Fig. 4C). In fibroblasts, most of the pp71
enters the nucleus, while in NT2 cells, it remains in the cyto-
plasm. Interestingly, some cytoplasmic punctate pp71 was ob-
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FIG. 4. Recombinant adenovirus-expressed pp71, but not HCMV tegument-delivered pp71, localizes to the nuclei of both undifferentiated and
differentiated NT2 and THP-1 cells. (A) NT2, differentiated T2RA cells, THP-1 monocytes (mono), and THP-1-derived macrophages (macrod)
were transduced with the rAD expressing pp71 at 2,000, 1,000, 10,000, or 5,000 particles per cell, respectively. pp71 subcellular localization was
visualized by indirect immunofluorescence as described in Materials and Methods. Nuclei were counterstained with Hoechst. pp71 is green, and
cellular DNA is blue. (B) HFs, NT2 cells, and THP-1 monocytes (mono) were infected with HCMV at an MOI of 3 for 6 h. Cells on coverslips
were stained with the appropriate antibody. Nuclei were counterstained with Hoechst. pp71 is red in HFs and NT2 cells and green in THP-1
monocytes. In all of the panels, cellular DNA is blue. (C) HFs transduced with a retrovirus that expresses GFP were cocultured with NT2 cells
grown on coverslips and then infected with HCMV at an MOI of 1. Coverslips were harvested at 10 hpi and assayed by indirect immunofluo-
rescence. GFP is green, pp71 is red, and cellular DNA is blue. (D) Differentiated T2RA cells and THP-1-derived macrophages (macrod) grown
on coverslips were infected with HCMV at an MOI of 1 or 3, respectively. Coverslips were harvested at 8 hpi and assayed by indirect

immunofluorescence. pp71 is green, and cellular DNA is blue.

served in fibroblast cells. It is possible that these cytoplasmic
speckles represent an intermediate in the ill-defined process of
viral tegument disassembly and that this process occurs effi-
ciently in lytically infected cells but is interrupted in cells where
a latent-like infection is established. In agreement with the
Daxx degradation and IE gene expression observed in the
differentiated forms of these cells (Fig. 1C and D), we found
that, upon infection, HCMV tegument-delivered pp71 enters
the nucleus in differentiated T2RA cells and THP-1-derived
macrophages (Fig. 4D). The ability of tegument-delivered
pp71 to localize to the nuclei of differentiated T2RA cells is
not dependent on viral gene expression because UV-inacti-
vated HCMV successfully delivers pp71 to the nucleus (data
not shown), where pp71 induces the degradation of Daxx
(Fig. 1E).

While HCMV tegument-delivered pp71 remains in the cy-
toplasm of quiescently infected NT2 and THP-1 cells, the viral
genomes presumably enter the nucleus because we (Fig. 1A
and B) and others (55, 57, 66) have shown that viral IE genes
are expressed in the presence of HDAC inhibitors. Thus, there
appear to be differences in the entry and/or uncoating path-

ways in quiescently and lytically infected cells. To compare the
overall efficiency of genome delivery to the nucleus in undif-
ferentiated THP-1 monocytes and differentiated THP-1-de-
rived macrophages, we used real-time Q-PCR to determine the
percentage of viral genomes that traffic to the nucleus upon
infection of these cell populations. THP-1 monocytes and mac-
rophages were infected with HCMV, and cellular and viral
DNAs were isolated from either total cell extract or isolated
nuclei. To demonstrate the efficiency of our cytoplasmic and
nuclear fractionation, total cell lysates were compared to the
cytoplasmic and nuclear fractions by Western blotting. As ex-
pected, the cellular lamin A/C proteins were localized to the
nuclear fraction while tubulin was found in the cytoplasmic
fraction (Fig. 5A). To quantitate the number of viral genomes
which localize to the nucleus, primers to the UL83 gene were
used to determine viral genome copies and normalized to the
number of cellular copies of the gene for beta-actin. In undif-
ferentiated THP-1 cells, 69% of the viral genomes were de-
tected in the nucleus, while in THP-1-derived macrophages,
83% localized to the nucleus (Fig. 5B). Furthermore, we in-
fected THP-1 monocytes and THP-1-derived macrophages
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FIG. 5. Viral genomes localize to the nucleus as efficiently in un-
differentiated THP-1 cells as in their derivatives. (A) THP-1 mono-
cytes (mono) and macrophages (macro¢) were infected with HCMV at
an MOI of 3 for 12 h. Total cell extracts (T) or cytoplasmic (C) and
nuclear (N) fractions were analyzed by Western blotting. Lamin (Lam)
A/C represents nuclear proteins, while tubulin (Tub) represents cyto-
plasmic proteins. (B) DNA was harvested from total cell extracts or
from isolated nuclei of HCMV-infected THP-1 monocytes (mono) or
macrophages (macrod) and analyzed by real-time Q-PCR. The num-
ber of viral genomes detected in the nuclear fraction was divided by the
number of viral genomes detected in the total cell extracts. The data
represent the average from three independent experiments. (C) THP-1
monocytes (mono) or macrophages (macrod) were infected with
HCMYV at an MOI of 3 for 24 h in the absence (V) or presence of VPA.
At least 300 nuclei per sample from randomly selected fields were
counted, and the data represent an average of the percentage of

IE1-positive cells from three independent experiments.

alone or in the presence of another HDAC inhibitor which
activates HCMV gene expression, VPA (46, 59, 60), and de-
termined the percentage of IE1-positive nuclei. As expected,
there were essentially no IE1-positive cells in undifferentiated
monocytes. However, in the presence of VPA or after infection
of differentiated macrophages in the absence or presence of
VPA, roughly 30% of the cells were positive for IE1 expression
(Fig. 5C). This second conformation further demonstrates that
viral genomes are being delivered to the nuclei of THP-1 cells,
irrespective of the ability of pp71 to transit to the nucleus.
These experiments indicate that although there is a qualitative
difference in the entry pathway between quiescently and lyti-
cally infected cells (as shown by the different localizations of
tegument-delivered pp71), there does not appear to be a sig-
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FIG. 6. Preexpression of nuclear pp71 rescues IE1 gene expression.
THP-1 monocytes were mock transduced (lane M) or transduced with
rAD-EFla pp71 (lane 71), rAD-EFla without a transgene (lane E),
rAD-CMV pp71 Did2-3 (lane D2), or rAD-CMV without a transgene
(lane C) at 2,000 particles per cell for 18 h. Subsequently, all of the
cells were infected with HCMV at an MOI of 3 for 24 h. Lysates were
harvested and analyzed by Western blotting. Tub, tubulin.

nificant quantitative difference in the ability of viral genomes
to localize to the nucleus.

Daxx silences viral gene expression when latent-like HCMV
infections are established in vitro. If the inability of HCMV
infection to induce Daxx degradation and initiate IE gene
expression in undifferentiated cells stems from the inability of
tegument-delivered pp71 to enter the nucleus, then preexpres-
sion of nuclearly localized pp71 prior to HCMV infection
should activate IE gene expression in these cells. Because pp71
expressed after transduction with rADs localizes to the nu-
cleus, binds Daxx, and induces its degradation (Fig. 2, 3, and
4), we transduced THP-1 cells with an rAD that expresses pp71
from the EFla promoter and then infected them with HCMV.
We found that prior expression of pp71 after transduction
induced the degradation of Daxx and subsequent infection
with HCMYV resulted in the expression of IE1 (Fig. 6). Trans-
duction with an rAD expressing Did2-3 mutant pp71 from the
CMYV promoter, or ones lacking a transgene (driven by either
the EFla or the CMV promoter), failed to induce the degra-
dation of Daxx and failed to rescue IE1 gene expression (Fig.
6). Thus, nuclear localization of pp71 prior to HCMV infection
allows the expression of viral IE genes. Note that we used
different promoters to achieve approximately equal levels ex-
pression of the two proteins (Fig. 6). When wild-type pp71 and
Did2-3 mutant pp71 were both expressed from the MIEP, the
wild-type protein accumulated to a much higher level (data not
shown), probably because it degrades Daxx and stimulates its
own production, whereas the Did2-3 mutant protein is unable
to degrade Daxx and thus cannot induce its own expression.
Interestingly, high-level overexpression of wild-type pp71
(from the CMV promoter) was, for unknown reasons, not
compatible with IE gene expression upon HCMV infection
(data not shown).

All of these experiments establish a correlation between
Daxx degradation and lytic gene expression and between Daxx
stability and the gene silencing that occurs when a latent-like
infection is established. To determine specifically if Daxx si-
lences IE gene expression in undifferentiated cells, we used
RNA silencing to knock down the level of either Daxx or Skp-1
in THP-1 cells prior to infection with HCMYV and then assayed
for IE gene expression by Western blotting. Skp-1 is a compo-
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FIG. 7. IE1 is expressed after HCMV infection of undifferentiated cells with reduced Daxx levels, but the infection is abortive. (A) THP-1
monocytes were transfected with siRNA directed at Daxx (674, 1498, or hDx2) or Skp-1 (Skp) for 48 h and then infected with HCMV at an MOI
of 3. Lysates were harvested at 24 hpi and analyzed by Western blotting. (B) NT2 or differentiated T2RA cells expressing either siIRNA to Daxx
or Skp-1 were infected with HCMV at an MOI of 0.5. Lysates were harvested at 12 hpi and analyzed by Western blotting. Oct-4 was used as a
marker for the differentiation status of the NT2 cells. (C) THP-1 monocytes expressing either siRNA to Daxx or Skp-1 were mock infected (M) or
infected with HCMV (V) at an MOI of 3. Lysates were harvested at 12 hpi and analyzed by Western blotting. (D) HFs, NT2 cells expressing shRNA
to Daxx, differentiated T2RA cells expressing sShRNA to Daxx, and U-2 OS cells were infected with HCMV at an MOI of 3. Lysates were harvested
on the indicated days postinfection (dpi) and analyzed by Western blotting. UL44 served as a marker for early gene expression, and pp28 served
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collected from two independent experiments are shown with standard deviations. (F) U-2 OS cells were plated on coverslips and infected with
HCMYV at an MOI of 3. Coverslips were harvested at 8 hpi, and pp71 subcellular localization was visualized by indirect immunofluorescence

staining. Nuclei were counterstained with Hoechst. Tub, tubulin.

nent of cellular ubiquitin ligase complexes (14) that is not
required for pp71-mediated Daxx degradation (79) and served
as a negative control. We found that three independent siRNA
molecules directed to the Daxx transcript were able to enhance
IE gene expression in HCMV-infected THP-1 cells compared
to the siRNA against Skp-1 (Fig. 7A). This indicates that the
Daxx protein represses viral IE gene expression in HCMV-
infected undifferentiated THP-1 cells.

We also generated NT2 and THP-1 cell populations in which
the levels of Daxx or Skp-1 were knocked down by transducing
them with retroviruses that make shRNAs directed to either
the Daxx (with the hDx2 sequence) or the Skp-1 transcript
(79). Confirming and extending the results of the transient
assays described above, we found that in the absence of Daxx,
IE genes are expressed in NT2 and THP-1 cells upon HCMV
infection, indicating that Daxx silences viral IE gene expression
in both of these undifferentiated cell types (Fig. 7B and C).
Control experiments showed that the retroviral transduction
and selection did not induce cellular differentiation. The
shDaxx-NT2 cells still express Oct-4 (Fig. 7B), a stem cell
marker that is lost upon differentiation into T2RA cells (15),
and the shDaxx-THP-1 cells are nonadherent, unlike THP-1-
derived macrophages that attach to culture plates (data not

shown). Furthermore, we have observed IE gene expression in
shDaxx-NT2 cells, where tegument-delivered pp71 localized
only to the cytoplasm (data not shown), another independent
confirmation of their undifferentiated state.

Thus, in cells where IE genes are normally silenced and in
vitro latent-like infections are established, IE genes are ex-
pressed and lytic replication is initiated in the absence of Daxx,
indicating that Daxx is required for HCMYV to establish quies-
cent infections in vitro and thus perhaps natural latent infec-
tions as well. We next asked if the lytic replication initiated in
these shDaxx cells was productive. In addition to the expres-
sion of the IE1 gene, infection of shDaxx-NT2 cells also re-
sulted in the expression of the early UL44 gene (Fig. 7D).
However, the late pp28 gene was not expressed to detectable
levels (Fig. 7D) and release of progeny virions was a rare event
(Fig. 7E). Differentiation of these cells into shDaxx-T2RA cells
prior to infection allows the productive lytic replication cycle to
be completed (Fig. 7D and E), indicating that we have not
selected for a nonpermissive cell line.

While the lytic replication cycle is initiated in undifferenti-
ated cells in the absence of Daxx, it is not completed and
resembles abortive infections described recently in infected
NT?2 cells treated with forskolin (38), THP-1 cells that ectopi-
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FIG. 8. Model of differentiation-dependent regulation of pp71 lo-
calization, Daxx degradation, and IE gene expression. (A) In undiffer-
entiated NT2/THP-1 monocytes, tegument-delivered pp71 (green) is
sequestered in the cytoplasm upon HCMV infection, which allows
Daxx to repress IE gene expression through the action of an HDAC.
This may mimic what happens when HCMYV establishes latency in vivo.
However, prior differentiation allows pp71 to localize to the nucleus,
induce Daxx degradation, activate viral IE gene expression, and initiate
a lytic infection. The small yellow circles represent Daxx degradation.
(B) Schematic of the regulation of viral gene expression during lytic,
latent, and abortive infections (e.g., when Daxx is absent from cells that
would normally establish a latent infection). Green capital letters in-
dicate completion of the particular stage, while red lowercase text
indicates failure to complete the phase.

cally express HCMV IE genes (93), and osteosarcoma cells
(49), such as U-2 OS cells. Interestingly, tegument-delivered
pp71 enters the nuclei of U-2 OS cells infected with HCMV
(Fig. 7F), strengthening the correlations between the nuclear
entry of tegument-delivered pp71 and the initiation of lytic
replication and between the establishment of quiescent or la-
tent-like infections and the nuclear exclusion of tegument-
delivered pp71.

Our data demonstrate that Daxx represses viral gene expres-
sion in HCMV-infected undifferentiated cells because pp71 is
sequestered in the cytoplasm and thus is prevented from bind-
ing to and degrading Daxx. However, differentiation prior to
HCMY infection permits nuclear localization of pp71 and sub-
sequent degradation of Daxx, allowing viral gene expression
(Fig. 8A). We have shown that Daxx degradation is required
for IE gene expression at the start of a low-multiplicity lytic
infection (79), and our data now support a model in which
Daxx also plays a role in repressing viral gene expression in two
in vitro models used to study latent-like HCMV infections.
Furthermore, our data show not only that Daxx silences viral
gene expression in undifferentiated cells when latent-like in-
fections are established in vitro but also that Daxx degradation
must be prevented when the virus infects an undifferentiated
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cell during the establishment of a latent-like infection. In the
absence of Daxx, viral IE genes are not silenced, leading to the
initiation of a lytic replication cycle which is not efficiently
completed in these cells, resulting in an abortive replication
cycle that would terminate the infection (Fig. 8B).

DISCUSSION

Modeling of HCMYV latency in vitro. On the basis of the
paradigms of the gammaherpesviruses Epstein-Barr virus (40)
and Kaposi’s sarcoma-associated herpesvirus (13), efforts to
describe HCMYV latency have focused on identifying viral tran-
scripts either in naturally infected cells harboring latent
HCMYV genomes or in ex vivo-cultured cells latently infected in
vitro. About 84 viral latency-associated transcripts have been
identified with these methods, and although one or more of the
transcripts likely play a role during some stage of latent
HCMV infections, none as yet have been found to be required
for any facet of latency (4, 11, 21, 33, 42, 43, 89). Indeed,
deciphering the molecular mechanisms of HCMYV latency has
been hindered by the lack of an animal model system for viral
pathogenesis, by the inability to effectively use genetic ap-
proaches in model systems to investigate roles that cellular
proteins may play during latency, and because the cell type that
represents the in vivo latent reservoir has not been fully de-
fined. As a complement to others’ powerful but descriptive
methods, we have combined a functional assay with a genetic
approach that together identified a cellular determinant of the
establishment of HCMV latency. We found that Daxx plays a
role in the silencing of viral IE gene expression that occurs
when latent-like infections are established in vitro. We propose
that pp71 and Daxx play similar roles in natural latent infec-
tions.

Exploring cellular determinants of HCMYV latency is chal-
lenging because of the difficulty of genetically manipulating the
ex vivo-cultured cells used to study HCMYV latency while main-
taining them in an undifferentiated state. Thus, we took ad-
vantage of two in vitro models of HCMV latency, NT2 and
THP-1 cells (6, 16, 20, 32, 48, 51, 55, 56, 66, 67, 80, 88). These
cells can be stably maintained in an undifferentiated state and,
unlike other latency models, can be manipulated by RNA
interference techniques that allow the identification of cellular
genes that control HCMYV latency. Furthermore, the stem cell-
like nature of NT2 cells (2) and the almost terminally differ-
entiated status of THP-1 monocytes represent the opposite
extremes of the spectrum of cells in which the in vivo HCMV
latent reservoir likely resides. NT2 and THP-1 cells have been
previously used to study viral gene silencing when latency is
established, and importantly, the silenced chromatin structure
of the MIEP observed in these cells is associated with similar
core histone modifications, as observed during natural latent
infections (66, 73, 74). Clearly, neither of these two immortal
cell lines is a true latent reservoir of HCMV. Because not all of
the characteristics of true latent infections are found in these
cells, we refer to infections of THP-1 and NT2 cells as quies-
cent, or latent-like, infections. We and others are developing
methods to genetically manipulate other cell types that are
likely to be more physiologically relevant models for HCMV
latency. However, because NT2 and THP-1 cells currently rep-
resent the most versatile and powerful tools to study certain
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aspects of latency (such as the mechanisms through which viral
genomes are repressed when latency is established), we use
them here as an in vitro model system.

The viral IE genes that initiate a productive lytic replication
cycle are not expressed upon HCMYV infection of undifferen-
tiated NT2 or THP-1 cells unless HDAC activity is inhibited
(55, 66). This is in contrast to fibroblasts and differentiated
T2RA cells and THP-1-derived macrophages, where IE genes
are expressed after HCMYV infection in the absence of drugs
that inhibit HDACs (20, 88). HDAC inhibitors are not re-
quired for IE gene expression in fibroblasts because tegument-
delivered pp71 degrades Daxx and thus inactivates the cellular
intrinsic immune defense that, in the absence of pp71, insti-
tutes the Daxx- and HDAC-dependent repression of viral IE
gene expression (79, 91). The data we present here demon-
strate that this same cellular defense mechanism is not inacti-
vated when quiescence is established in two different in vitro
model systems but is in fact used by the virus as one means to
silence its genome and thus perhaps to establish latency. We
showed that Daxx is not degraded upon HCMYV infection of
undifferentiated NT2 (Fig. 1A) and THP-1 (Fig. 1B) cells but
that preexpression of nuclearly localized pp71 (Fig. 6) or prior
knockdown of Daxx levels in these cells permits IE gene ex-
pression in the absence of HDAC inhibitors (Fig. 7A, B, and
C), indicating that these cells have not established a latent
infection but have initiated the lytic replication cycle.

We should note that while IE genes are expressed in undif-
ferentiated Daxx knockdown cells, adding an HDAC-inhibi-
tory drug at the time of HCMYV infection increases the number
of cells that initiate IE gene expression and the overall level of
IE1 accumulation (data not shown). The augmenting effect of
HDAC inhibition may be because of an incomplete knock-
down of Daxx (perhaps because loss of Daxx may induce ap-
optosis [10, 61, 62]), the presence of additional cellular factors
that might repress viral IE gene expression during latency
through the recruitment of HDACs (30, 53, 80, 92), or likely a
combination of both factors. Thus, while Daxx is an important
cellular determinant of HCMYV latency, it is undoubtedly not
the only contributing factor. Having multiple mechanisms to
silence gene expression to establish latency may benefit the
virus by restricting gene expression to cellular sites where pro-
duction of virus progeny can ensue.

Viral latency in the face of cellular defenses: victory, defeat,
or detente? Our data show that the Daxx-mediated cellular
intrinsic immune defense that is inactivated by pp71 at the start
of a lytic infection is not inactivated when latent-like infections
are established in two different in vitro model systems. One
could envision that latency is a boon for the virus, allowing a
prolonged infection with episodic reactivation (victory), the
calamitous fate of a virus unable to initiate productive repli-
cation because of efficient cellular defense mechanisms (de-
feat), or a compromise between the cell and virus that allows
persistence of the viral genome but significantly delays patho-
genesis (detente). Our results lead us to propose that HCMV
latency is not a compromise between the virus and its host (and
certainly not a calamitous fate) but that it benefits the virus at
the expense of the host.

We suggest that HCMV exploits an intrinsic immune de-
fense designed to silence expression from infecting viral ge-
nomes to extend its cellular tropism by establishing latency in
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cells that cannot support lytic viral replication but can be con-
verted through differentiation signals into cell types where
latent genomes are activated to yield productive infections.
This proposal is based on our finding that, in the absence of
Daxx, cells that would otherwise be quiescently infected com-
mence lytic replication but do not support the complete lytic
cycle (Fig. 7D and E). IE and early genes are expressed, but
the late protein pp28 is not synthesized and the release of viral
progeny was a rare event. Such nonproductive HCMV infec-
tions in which IE genes are expressed are termed abortive
infections (1, 19, 22, 37, 38, 93). In the absence of Daxx in vivo,
abortively infected undifferentiated cells may trigger an im-
mune response that, when combined with the lack of a latently
infected population of cells, may lead to successful clearance of
the viral infection. Therefore, the Daxx-mediated silencing
of viral IE gene expression may help to establish a reservoir of
latently infected cells that is critical to the success of an in vivo
HCMYV infection, and refraining from inactivating this defense
when latency is established may be the result of positive selec-
tion.

Sequestering tegument-delivered activators of IE gene ex-
pression in the cytoplasm may be a conserved mechanism that
allows herpesviruses to establish latency. Daxx silences viral
gene expression when latent-like infections are established be-
cause virion-delivered pp71 fails to reach the nucleus, where it
binds to Daxx and induces Daxx degradation. The same virions
that deliver pp71 to the nuclei of fibroblasts, T2ZRA cells, and
macrophages fail to do so in NT2 and THP-1 cells, indicating
that, in broad terms, the entry pathway is different in these
undifferentiated cells. We speculate that this different entry
pathway may reflect differences in tegument disassembly at the
start of lytic and latent infections because the delivery of viral
genomes to the nucleus once the virus has entered the cell is
nearly as efficient in undifferentiated THP-1 cells as it is in
their differentiated counterparts (Fig. 5). Also, pp71 proteins
synthesized de novo in undifferentiated NT2 and THP-1 cells
accumulate in the nucleus (Fig. 4A), indicating that pp71, in
the absence of other viral proteins, is capable of nuclear entry
in these cells. Lastly, prior infection with HCMV does not
prevent pp71 synthesized de novo after rAD transduction from
entering the nucleus (data not shown), indicating that HCMV
does not alter the cellular environment so as to preclude indi-
vidual pp71 molecules capable of entering the nucleus from
localizing there. We are currently exploring the mechanisms
that govern the subcellular localization of tegument-delivered
pp71 in different cell types and are focusing on viral and cel-
lular factors that may play a role in the disassembly of the
tegument after viral entry.

The HSV-1 VP16 protein is a functional homolog of pp71 in
that it is a tegument protein that activates viral IE gene ex-
pression. VP16 is transported to the nucleus when bound to
the cellular HCF (host cell factor) protein (47), and a complex
of VP16, HCF, and Oct-1 activates viral IE promoters (90).
Interestingly, in neurons where HSV-1 establishes latency,
HCEF remains in the cytoplasm and IE genes are not expressed
upon infection (44). Thus, maintaining important activators of
viral gene expression in the cytoplasm may be a common ap-
proach used by alpha- and betaherpesviruses to establish la-
tency. This mechanistic similarity also supports the suggestion
that latency may be the default pathway upon herpesvirus
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infections. Having latency as a default pathway makes sense for
viruses with long replication cycles that are under intense im-
mune surveillance.

Daxx modulates the replication of divergent viral families.
The data presented here show that Daxx functions in the es-
tablishment of latent-like HCMV infections in two in vitro
model systems. We have not yet examined if Daxx is required
to maintain HCMYV latency or if forced or natural pp71 ex-
pression can reactivate latent infections. However, the identi-
fication of an antisense transcript to the pp71 gene from cells
latently infected in vivo (4) that could modulate pp71 expres-
sion during latency argues for the continued involvement of
Daxx and pp71 past the establishment phase of latency. Be-
cause pp71 is expressed with early late kinetics during a lytic
infection (28), for it to play a role during reactivation from
latency, it would have to be expressed in a different temporal
manner (i.e., before the IE genes). The timing of pp71 expres-
sion upon reactivation from latency (or that of any HCMV
gene) has not been examined. However, early genes are ex-
pressed before IE genes when latent herpes simplex virus type
1 is induced to reactivate (84), making it possible that pp71
expression could precede IE gene expression when latent
HCMYV reactivates.

Interestingly, Daxx is absolutely required for proper early
development in mice (61), and some Daxx expression may be
required in most cells because depletion of Daxx sensitizes
cells to apoptosis (10, 62). By using an essential cellular protein
as a means to silence its genome and by encoding a viral
assassin that can inactivate that protein, HCMV may ensure
that it will always have a hospitable reservoir in which to
establish a latent infection, as well as the means to reactivate
itself from latency.

Our work focuses on the Daxx-mediated restriction of
HCMV infections, but Daxx may also regulate the replication
of other human herpesviruses (65, 71), the small DNA human
tumor viruses (3, 94), certain retroviruses (23, 25), and even a
bunyavirus (52). In addition, Daxx localizes to PML nuclear
bodies and there is increasing evidence that the proteins which
localize to these structures have inhibitory effects on viral rep-
lication (8, 9, 17, 23, 24, 50, 54, 72, 75, 76, 79, 85, 91). Our data
indicate that a single protein found at these sites can have
either positive or negative effects on HCMV replication, de-
pending upon what phase of the viral life cycle is examined
(latency or lytic replication, respectively). As pp71 and Daxx
play critical roles in both phases of HCMV replication, they
are attractive targets for antiviral therapies.

Finally, the data presented here demonstrate how HCMV
commandeers a cellular intrinsic immune defense intended to
protect the host from viral infection and uses it to aid in the
silencing of its genome in a process that is required for the
establishment of a life-long latent infection. It will be interest-
ing to see if there are also additional cases in which other
pathogens eschew inactivating an immune defense in favor of
using it to enhance specific stages of their replication cycles.
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