














TABLE 1. List of proteins identified in the immunoisolates of TAP- and GFP-tagged pULS83“

“ pULRS3 was isolated via the protein A or GFP tag at 48 hpi and 72 hpi, respectively. Coisolated proteins were analyzed using MALDI MS and MS/MS
analyses. The gi number, number of peptides detected, sequence coverage (%), XProteo score (d') following database searching using the MS data, and
peptide sequences confirmed by MS/MS are indicated for each identified protein. Only the proteins that were confirmed via the fragmentation of at least
two peptides were included in the table. # indicates peptides unique to either IFI16 or IFI16b. The proteins classified as possible contaminants indicate
proteins that we routinely observe as likely nonspecific associations in isolates from mammalian cells.
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FIG. 4. Confirmation of the pUL83-pUL2S5 interaction. (A) pUL25
and pULS3 substantially colocalize within infected cells. Fibroblasts
infected with BADinUL83GFP at a multiplicity of 0.5 PFU/cell were
fixed and stained with antibody specific for pUL25 (red) to test for
colocalization with pUL83GFP (green). The nucleus was stained with
DAPI to provide context, and the white bar indicates 10 pm.
(B) pULS3 interacts with pUL25 during infection. HFFs were mock
infected or infected with wild-type virus at a multiplicity of 3 PFU/cell,
and pUL25-specific immune complexes were isolated by immunopre-
cipitation (IP) 72 h later. Lysates were also immunoprecipitated with
antibody to IE1 as a specificity control. The presence of pULS3 in
pUL25-specific immune complexes was determined by Western blot-
ting (top), and total pUL83 and pUL2S in cell lysates were monitored
as controls (bottom).

lysate

munoprecipitation (Fig. 4B). pULS83 (7, 31) and pUL25 (90)
are both virion tegument proteins, so it is not surprising that
they interact. We have not yet tested the other predicted in-
teractions of pULS83 with viral proteins. It is not clear why we
did not detect these interactions at 48 as well as 72 hpi. Al-
though UL119 is expressed with early kinetics, the others are
late proteins (18), so we might have preferentially detected
their interaction with pULS83 at the later time because the
proteins had accumulated to higher levels at this point in
the infection. Alternatively, time-dependent modification of
the proteins might influence their interactions. It is also pos-
sible that the GFP tag provided greater sensitivity than the
TAP tag in the experiment.

Among the prominent cell-coded proteins identified in the
analysis at both times after infection were members of the
HIN-200 family of proteins (hematopoietic interferon-induc-
ible nuclear antigens with 200 amino acid repeats): IFI16,
IFI16b, and IFIX. IFI16 has previously been shown to interact
with double-stranded and single-stranded DNA, but with no
apparent sequence specificity. The interferon-inducible pro-
tein has been shown to be involved in the regulation of p53
transcriptional activity (2, 30, 32, 44, 47, 63, 78), and murine
orthologs of IFI16 have recently been shown to regulate the
innate immune response (13, 68, 69, 74). Given the similar role
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of pULS3 in the regulation of the cellular interferon response
during HCMV infection (1, 12), we chose to pursue this po-
tential interaction in more detail.

Consistent with previous reports of their separate localiza-
tions (3, 4, 27), immunofluorescent analysis revealed that IFI16
and pULS3 were colocalized within the nucleus and nucleolus
in infected cells at 48 hpi following infection at a low multi-
plicity of infection (Fig. 5A). Both proteins were present in
both the nucleoplasm and nucleoli. We were able to confirm
the interaction by coimmunoprecipitation of IFI16 with an
antibody to pULS3 from extracts of cells infected with wild-
type virus but not pULS83-deficient virus (Fig. 5B). This exper-
iment provides an important control for the specificity of the
pULS3-IFI16 interaction, because it utilizes native pUL83 and
therefore demonstrates that the interactions detected in
BADinUL83TAP- and BADinUL83GFP-infected cells are not
artifacts of the tags. Multiple IFI16 species arising from three
differentially spliced mRNAs have been described (41), and
three IFI16 isoforms were detected in mock-infected and virus-
infected lysates. The levels of IFI16 isoforms were not affected
by infection, and all three were evident in the pUL83-specific
immunoprecipitates. In a reciprocal experiment, IFI16-specific
antibody, but not nonspecific IgG, coimmunoprecipitated
pULS3 from infected cells (Fig. 5C). IFI16 coprecipitated with
ULS3 throughout infection (Fig. 5D). The interaction was ev-
ident at the first time tested, 6 hpi, and the amount of IFI16
associated with UL83 peaked at 48 hpi and decreased by 72
hpi. Immunofluorescent analysis provided a possible explana-
tion for the decrease in association of the viral and cellular
proteins late after infection. At 72 hpi, IFI16 remained in the
nucleus (Fig. SE), while pULS83 was partially localized to the
cytoplasm (Fig. 5F).

These experiments identify several candidate proteins likely
to interact with pULS3 in the context of viral infection and
confirm the newly discovered interaction between pULS83 and
three IFI16 isoforms.

PULS3 cooperates with IFI16 to activate the MIEP. We next
asked if IFI16 is involved in the regulation of the MIEP by
pULS3. We initially employed chromatin immunoprecipitation
(ChIP) analysis to test whether the two proteins are present at
the promoter. DNA sequences from the MIEP were found in
pULS3- and IFI16-specific immune complexes at 6 hpi and to
a lesser extent at 24 hpi (Fig. 6, left). The proteins were not
detected at the UL69 viral promoter at 6 hpi, although they were
present to a limited extent at the later time (Fig. 6, middle).
Importantly, neither protein was detected at the MIEP after in-
fection with the pULS3-deficient mutant (Fig. 6, right), demon-
strating a dependence of the IFI16 association on pULS3.

To test the functional consequence of IFI16 binding to the
MIEP during the immediate-early stage of HCMYV infection,
we examined the growth properties of HCMYV in cells lacking
IF116. Primary human fibroblasts were infected with a lentivi-
rus vector expressing a short hairpin RNA (shRNA) specific
for the IFI16 transcript or a vector containing a scrambled
control shRNA. shRNA-mediated knockdown of IFI16 re-
sulted in an approximately 80% decrease in the level of IF116
protein (Fig. 7A). Multistep growth analysis of wild-type virus
replication in these cells revealed that knockdown of IFI16
expression caused a delay in the accumulation of infectious
progeny (Fig. 7B), which was almost identical to that observed
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FIG. 5. Confirmation of the pUL83-IFI16 interaction. (A) IFI16 and pULS83 were partially colocalized within infected cells. Fibroblasts infected
with wild-type HCMV at a multiplicity of 0.5 PFU/cell were fixed and stained with antibodies specific for UL83 and IFI16 to test for colocalization.
The nucleus and Golgi were monitored to provide context, and the white bar indicates 10 wm. (B) IFI16 coprecipitates with antibody to pULS3.
Fibroblasts were mock infected (M) or infected with wild-type HCMV (WT) at a multiplicity of 3 PFU/cell and harvested 72 h later. pULS83-specific
immune complexes were isolated by immunoprecipitation (IP), and the presence of IFI16 in those complexes was determined by Western blotting
using antibodies specific to IFI16. Lysates were assayed by Western blotting for the presence of the indicated proteins as controls. (C) pULS3
coprecipitates with antibody to IFI16. IFI16-specific immune complexes were isolated by immunoprecipitation from mock-infected fibroblasts or
at 72 hpi of fibroblasts with wild-type HCMV at a multiplicity of 3 PFU/cell. Immunoprecipitation was also performed with nonspecific antibody
(IgG). The presence of pULS3 in precipitates was confirmed by Western blotting with a pUL83-specific antibody. Lysates were assayed by Western
blotting for the presence of the indicated proteins as controls. (D) IFI16 interacts with pUL83 throughout the course of infection. Lysates of cells
infected at a multiplicity of 3 PFU/cell were prepared at the indicated times and subjected to immunoprecipitation with antibody to pULS3. Lysates
were assayed by Western blotting for the presence of the indicated proteins as controls. (E) IFI16 remained in the nucleus during HCMV infection.
Fibroblasts were infected at a multiplicity of 0.5 PFU/cell with a derivative of wild-type HCMV expressing a GFP marker protein (green). Cells
were fixed and processed for immunofluorescence using an antibody to IFI16 (red) at the indicated times after infection. Nuclei were stained with
DAPI to provide context, and the white bar indicates 10 wm. (F) pULS83 was initially localized to the nucleus but was also in the cytoplasm by 72
hpi. Fibroblasts were infected at a multiplicity of 0.5 PFU/cell with a derivative of wild-type HCMV expressing a GFP marker protein (green). Cells
were fixed and processed for immunofluorescence using an antibody to pULS3 (red) at the indicated times after infection. Nuclei were stained with
DAPI to provide context, and the white bar indicates 10 pwm.
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following infection with the UL83Stop virus (Fig. 1B). As re-

WT MIEP WT UL69 Promoter 835 MIEP .
=) 10 ] cruitment of IFI16 to the MIEP depends on the presence of
‘é‘ 8 ; l‘iIJILE83 pULS3 (Fig. 6), this result suggests that the growth defect
7;' : B NoAb M observed for wild-type HCMYV in IFI16 knockdown cells is the
§ 4 result of decreased expression from the MIEP. When IE2
: 2 P RNA expressed from the MIEP after infection with wild-type
£ 0 | _rlj '+E i i—_t] virus was examined by qRT-PCR in IFI16 knockdown cells, we

6 2 6 24 6 24 hpi observed a multiplicity-dependent defect in its accumulation at

FIG. 6. pULS83 and IFI16 were present at the MIEP, and IFI16
required pULS83 for this association. Fibroblasts were infected at a
multiplicity of 3 PFU/cell with BADwt (WT) or UL83STOP virus

6 hpi (Fig. 7C). The defect in IE2 RNA accumulation mirrors
that observed during infection with the UL83Stop virus (Fig.

(83S). Prior to harvesting at the indicated times after infection, cells
were cross-linked with formaldehyde, and IFI16 and pUL83 immune
complexes were isolated by immunoprecipitation. Immunoprecipita-
tions carried out without a primary antibody (Ab) were included as a
control. The presence of specific DNA sequences (MIEP or UL69
promoter) in the immunoprecipitates was assessed by qRT-PCR.

2B) and argues that recruitment of IFI16 to the MIEP by
pULS3 is necessary for efficient transcription from the MIEP
at low multiplicities of infection.

As pULS3 and IFI16 have both been implicated in the in-
terferon response, we tested the possibility that the UL83Stop
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FIG. 7. IF116 is required for efficient HCMV replication. (A) Knockdown of IFI16 levels by using shRNA. The level of IFI6 in cells expressing
control or IFI16-sepcific SIRNA was assayed by Western blotting. Tubulin was monitored as a loading control. (B) Wild-type HCMV exhibits a
growth defect in IFI16-deficient cells. Normal fibroblasts (diamonds) and IFI16-deficient fibroblasts (triangles) were infected at a multiplicity of
0.1 PFU/cell. Titers of cell-free virus were determined by TCIDy, assay. The experiment was performed in triplicate, and standard errors were
determined. (C) Accumulation of immediate-early UL122 RNA in IFI16 knockdown cells. Following infection with wild-type HCMV at a
multiplicity of 5 or 0.5 PFU/cell, the level of HCMV UL122 RNA was quantified by qRT-PCR in normal (black bars) and IFI16-deficient cells
(white bars). The results are the average of two independent experiments. (D) Growth of 83Stop (83S) virus is sensitive to interferon. Fibroblasts
were infected at a multiplicity of 0.1 PFU/cell wild-type HCMV or 83S in the absence or presence of 500 U/ml alpha interferon (IFN). Titers of
cell-free virus were determined by TCIDs, assay. The experiment was performed in triplicate, and standard errors were determined.

virus might be differentially susceptible to the effects of inter-
feron treatment (Fig. 7D). When cells infected with wild-type
virus were treated with 500 U/ml type I interferon, no signifi-
cant effect on viral replication was observed. Under these same
conditions, the growth of the UL83Stop virus was reduced
more than 50-fold. These results confirm that HCMV pULS83
is involved in preventing the antiviral action of interferon dur-
ing HCMV replication.

DISCUSSION

We have identified an additional role for pULS3 at the start
of HCMYV infection. UL83Stop, which contains a translational
termination codon in the UL83 ORF, replicates with delayed
kinetics (Fig. 1B). Accumulation of IE1 and IE2 proteins is
delayed in UL83Stop-infected cells compared to the wild-type
parent (Fig. 1C and 2A). pULS3 alone is capable of inducing
expression from the promoter that controls IE1 and IE2 tran-
scription, the MIEP (Fig. 2C), consistent with a multiplicity-
dependent reduction of IE2 RNA within cells infected by the
pULS83-deficient virus (Fig. 2B). pULS3 binds specifically to
the cellular IFI16 protein (Fig. 3D and 5) and recruits IFI16 to

the MIEP (Fig. 6). The pULS3-IFI16 interaction plays an im-
portant role in the control of transcription from the MIEP, as
cells with reduced IFI16 accumulate reduced levels of IE2
RNA and produce progeny with delayed kinetics following
infection with wild-type HCMV (Fig. 7). The reduced accumu-
lation of IE2 mirrors that seen during infection with UL83Stop
(Fig. 2B) and supports the view that the delayed kinetics of
HCMV replication in IFI16-knockdown cells is at least partly
the result of a requirement for pULS3 to recruit IFI16 to the
MIEP.

It is noteworthy that a UL83-deficient virus has recently
been shown to infect macrophages poorly (20). The defect was
localized to a very early event in the infectious cycle, and the
authors observed that the mutant failed to incorporate detect-
able levels of pUL69 and pUL97 into virions. This study raises
the possibility that the lack of additional virion proteins at the
start of infection could contribute to the multiplicity-depen-
dent growth defect that we have observed for UL83Stop. In
this regard, we have previously demonstrated that a pUL69-
deficient virus displays a very early defect after infection of
fibroblasts (34).

Many herpesviruses have been shown to encode virion pro-
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teins that facilitate the expression of viral immediate-early
genes in the absence of de novo viral protein synthesis (17, 42,
43), so it is not surprising that HCMV encodes several such
proteins, including pULS2 (also termed pp71). pULS2 is de-
livered by the virion to the newly infected cell together with
other tegument proteins during the initial stages of infection,
and it enhances expression from the MIEP (6, 11, 73). Previ-
ously it has been shown that a deletion mutant lacking the
ULS3 OREF fails to incorporate pULS2 into the virion (79), and
a delay in expression of the IE1 and IE2 proteins was attrib-
uted to the absence of pULS2 at the start of infection. Here we
show that a virus which lacks pULS83 in the virion but contains
pULS2 (Fig. 1D) is also defective for immediate-early gene
expression. Our work demonstrates that pULS3 directly
contributes to active transcription from the MIEP. We present
several lines of evidence in support of this conclusion: (i)
IE2 transcript levels are reduced following infection with
ULS3Stop virus compared to wild-type virus (Fig. 2B); (ii)
pULS3 alone induces transcription from a reporter construct
controlled by the MIEP in a dose-responsive manner (Fig. 2C);
and (iii) pULS3 is physically associated with the MIEP during
the immediate-early phase of infection (Fig. 6). Together,
these results show that pULS3 regulates transcription from the
MIEP in a manner distinguishable from its effects on the avail-
ability of pULS2. pULS83 might also directly influence the ex-
pression of additional viral promoters, but we have not yet
tested this possibility.

Enhancement of MIEP activity by pULS83 also can account
for the kinetic replication defect of the UL83Stop mutant (Fig.
1B). After an initial infection at a low input multiplicity, prog-
eny spread to neighboring cells. However, cells infected in the
second and subsequent waves of spread receive higher doses of
virus than those that occurred in the initial round of infection,
allowing UL83Stop to more efficiently express immediate-early
proteins. Therefore, as the infection spreads, the replication
defect is ameliorated. While pULS2 clearly plays an important
role activating the viral transcriptional program, pULS3 inde-
pendently contributes to transcription of immediate-early
genes by acting directly at the MIEP.

The pULS3 interaction partner, IFI16, is a member of the
p200 family of proteins (84) that was originally identified in a
screen for proteins whose expression was increased by inter-
feron (84). Since that time, it has been recognized that IFI16
acts as a modulator of transcription during cell stress (9, 21, 22,
63). Indeed, its role in the regulation of both the DNA damage
response and the innate immune response indicates that IFI16
is an important regulator of stress responses in general. Mu-
rine homologs of IFT16 have recently been shown to bind DNA
in response to interferon treatment, consistent with the ability
of IFI16 to modulate transcription during cell stress. Its role as
a transcription modulator is consistent with the presence of
IFI16 together with pULS3 at the HCMV MIEP (Fig. 6).
pULS3 must be present in order for IFI16 to reside at the
MIEP (Fig. 6), but we do not know if either protein directly
contacts viral DNA or whether their association with the MIEP
is bridged by other viral or cellular proteins.

IFI16 from extracts of uninfected HeLa cells has previously
been found to bind to the HCMV ULS54 promoter (53), and
IF116 inhibits activity of this viral promoter in a reporter assay
performed with uninfected cells (40). We have not yet tested
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how IFI16 might influence activity of this early promoter
within infected cells in which pULS3 is present.

A p200 protein has previously been shown to play an impor-
tant role during murine cytomegalovirus (MCMYV) infection
(35, 70). Replication of MCMV is decreased in cells containing
a dominant negative form of the murine p200 family member
p204. The replication defect was found to include delayed
immediate-early gene expression (35), suggesting that regula-
tion of viral immediate-early genes by p200 family members is
a conserved feature of cytomegalovirus infection. Given the
role of p200 family members in regulating the cellular stress
response, it seems likely that viruses must subvert the function
of these innate immune sensors to successfully circumvent host
cell defenses, and it is possible that additional p200 family
members are targeted by HCMV proteins.

IFI16 may affect transcription by modulating the NF-xB
pathway (14, 76). Loss of IFI16 expression resulted in de-
creased levels of NF-kB DNA binding activity in response to
tumor necrosis alpha (TNF-a) treatment (76). In addition,
overexpression of IFI16 resulted in decreased expression of the
NF-kB regulatory protein IkBa, independent of IkB kinase
(IKK) activation (14). NF-kB activity is induced by HCMV
infection (15, 19, 28, 29, 61, 67, 87), and infection with a
pULS3-deficient virus results in enhanced NF-«kB activity, as
evidenced by increased nuclear localization of NF-«kB subunits
and increased NF-kB DNA binding activity (12). Given the
ability of both pULS3 and IFI16 to modulate NF-«B activity, it
is tempting to speculate that the regulation of NF-«kB activity
during HCMV infection results from the interaction of pULS83
with IFI16. The HCMV MIEP contains four NF-«kB sites (77),
which have been shown to stimulate the MIEP under some
conditions (reference 77 and references therein). Thus, the
pULS3-IFI16 complex at the MIEP might act to stimulate
transcription through NF-«B.

In addition to the ability of pULS3 to activate the HCMV
MIEP described here, pULS3 inhibits the ability of infected
cells to respond to interferon and limits the expression of
cellular inflammatory genes during the immediate-early phase
of HCMYV infection (1, 12) (Fig. 7D). How does pULS83 simul-
taneously antagonize expression of inflammatory genes and
activate the MIEP? The promoters of inflammatory genes gen-
erally include NF-«B binding elements (36), as does the MIEP
(77). Possibly, then, pULS3 redirects IFI16 from NF-kB at
inflammatory genes to the MIEP, or it could modify the activ-
ity of IFI16 so that it stimulates NF-kB activity in the context
of the MIEP but blocks activity at inflammatory genes. Un-
characterized pULS3 interactions might also contribute to the
two seemingly contradictory effects. Whatever the mechanism,
pULS3 might hijack a cellular innate protective response,
NF-«kB activation, simultaneously inducing the expression of
HCMYV immediate-early proteins and blocking the expression
of cellular inflammatory genes.

In summary, we provide multiple lines of evidence support-
ing the conclusion that the HCMV pULS3 protein enhances
transcription from the MIEP during HCMYV infection and that
this regulation requires the cellular IFI16 protein.
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