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Herpes simplex virus 1 causes a shutoff of cellular protein synthesis through the degradation of RNA that
is mediated by the virion host shutoff (Vhs) protein encoded by the UL41 gene. We reported elsewhere that the
Vhs-dependent degradation of RNA is selective, and we identified RNAs containing AU-rich elements (AREs)
that were upregulated after infection but degraded by deadenylation and progressive 3�-to-5� degradation. We
also identified upregulated RNAs that were not subject to Vhs-dependent degradation (A. Esclatine, B. Taddeo,
L. Evans, and B. Roizman, Proc. Natl. Acad. Sci. USA 101:3603–3608, 2004). Among the latter was the RNA
encoding tristetraprolin, a protein that binds AREs and is known to be associated with the degradation of
RNAs containing AREs. Prompted by this observation, we examined the status of the ARE binding proteins
tristetraprolin and TIA-1/TIAR in infected cells. We report that tristetraprolin was made and accumulated in
the cytoplasm of wild-type virus-infected human foreskin fibroblasts as early as 2 h and in HEp-2 cells as early
as 6 h after infection. The amounts of tristetraprolin that accumulated in the cytoplasm of cells infected with
a mutant virus lacking UL41 were significantly lower than those in wild-type virus-infected cells. The local-
ization of tristetraprolin was not modified in cells infected with a mutant lacking the gene encoding infected
cell protein 4 (ICP4). TIA-1 and TIAR are two other proteins that are associated with the regulation of
ARE-containing RNAs and that normally reside in nuclei. In infected cells, they started to accumulate in the
cytoplasm after 6 h of infection. In cells infected with the mutant virus lacking UL41, TIA-1/TIAR accumulated
in the cytoplasm in granular structures reminiscent of stress granules in a significant percentage of the cells.
In addition, an antibody to tristetraprolin coprecipitated the Vhs protein from lysates of cells late in infection.
The results indicate that the Vhs-dependent degradation of ARE-containing RNAs correlates with the trans-
activation, cytoplasmic accumulation, and persistence of tristetraprolin in infected cells.

For the past two decades, a rich literature has indicated that
the reduction of host and viral protein synthesis observed in
cells infected with herpes simplex virus 1 (HSV-1) is associated
with the virion host shutoff (Vhs) protein, the product of the
UL41 gene (28, 29, 36, 38). The consequence of this activity is
that cellular protein synthesis is shut off, whereas viral proteins,
by virtue of the enhanced transcription of viral DNA, are made
and accumulate in the infected cell. Vhs mediates the degra-
dation of RNA, and it has been reported that sequences at the
5� end of mRNA are degraded more rapidly than those at the
3� end of the transcript (23). Our studies on the degradation of
cellular RNAs in infected cells emerged from observations that
during the course of viral infection several cellular RNAs were
induced but the corresponding proteins were not made (15,
42). The failure of the cell to synthesize the proteins in at least
several specific instances could be related to the ICP27-depen-
dent export of unprocessed RNAs containing introns and to
Vhs-dependent deadenylation and 3�-to-5� degradation of the
RNA (15, 42).

A more detailed examination of cellular RNAs that are
induced and degraded after infection revealed that they con-
tain AU-rich elements (AREs) in their 3� untranslated do-
mains. AREs are frequently found in mRNAs that encode
proto-oncogenes, nuclear transcription factors, and cytokines
and characteristically confer a short half-life to the transcript
(11). Further analyses of the RNAs that are upregulated after
HSV-1 infection led to the identification of two RNAs that lack
AREs and which are not degraded by any of the mechanisms
described above. At least one of the RNAs was translated, and
the gene product, GADD45�, was made and accumulated in
infected cells. The conclusion of these studies was that Vhs-
dependent degradation is selective, which raises questions re-
garding the mechanism by which Vhs mediates a general de-
crease in the synthesis of cellular proteins and at the same time
mediates the selective degradation of the ARE-containing
RNAs identified in the earlier report.

As indicated above, the presence of AREs in the 3� untrans-
lated domain confers instability to mammalian mRNAs (5).
Current evidence suggests that in uninfected cells, as a first
step, AREs promote both deadenylation and decapping pro-
cesses (18, 30). A subsequent degradation of the mRNA body
occurs in the 3�-to-5� direction and is mediated by the exo-
some, a complex of exonucleases, after the recognition of
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AREs by AU-rich binding proteins (10). Several AU-rich bind-
ing proteins have actually been shown to modulate mRNA
turnover (5). Among these, AUF-1, KSRP, TIA-1 (T-cell in-
ternal antigen 1), TIAR (TIA-1-related protein), and tristet-
raprolin (TTP) promote mRNA instability. In contrast, HuR
stabilizes RNAs, probably due to its inability to recruit the
exosome to ARE-containing RNAs (10). TTP is the product of
an immediate-early response gene (Zfp-36) and the prototype
of a group of CCCH tandem zinc finger proteins. It is ex-
pressed transiently in response to extracellular stimuli. TTP
was shown to bind to ARE within the mRNAs of several genes,
including tumor necrosis factor alpha (TNF-�), granulocyte-
macrophage colony-stimulating factor, interleukin-3, and the
cyclooxygenase COX-2 (6, 37, 40, 46). This binding causes the
destabilization of the mRNA and decreased secretion of the
protein (6). TTP mRNA is widely distributed among tissue
types, with particularly high levels of expression in the spleen,
lymph nodes, and thymus (31). It has been described to rapidly
translocate from the nucleus to the cytosol upon stimulation
with serum or other mitogens (45). But TTP was later shown to
be confined to the cytoplasm in peripheral blood leukocytes
(16) and primary macrophages (8). It has also been reported
that TTP, along with other AU-rich binding proteins, is re-
cruited to stress granules (SGs), which are cytoplasmic mi-
crodomains where untranslated mRNAs accumulate during
stress (2, 25). SGs represent a site of triage for poly(A)� RNA
during stress responses, and the SG-associated RNAs are in a
dynamic equilibrium with polyribosomes (2). The actual for-
mation of SGs occurs upon autoaggregation of the prion-like
domain of TIA-1/TIAR proteins. The TIA-1/TIAR proteins
are also nucleocytoplasmic shuttling proteins and bind to
RNA.

In the studies described in this report, we examined the
status of TTP and TIA-1/TIAR during HSV-1 infection. Two
studies based on different microarray analyses suggested that
TTP is upregulated in infected cells (27, 41). In light of the
apparent connection between TTP, TIA-1/TIAR, and the deg-
radation of ARE-containing RNAs, we were interested in val-
idating the upregulation of TTP RNA in infected cells to
determine whether TTP is made in these cells and whether
both TIA-1/TIAR and TTP are activated by translocation to
the cytoplasm. In this report, we show that TTP mRNA is
upregulated in cells infected with wild-type virus and that the
RNA is also upregulated, but to a lesser degree, in cells in-
fected with a mutant lacking the gene encoding Vhs, ICP4, or
ICP27. While it was present in the nucleus in mock-infected
cells, the TTP protein was detected in the cytoplasm as early as
2 h after infection. The levels of TTP protein reflected the
levels of accumulated mRNAs. TIA-1 and TIAR, two other
AU-rich binding proteins, were also activated during the in-
fection, as evidenced by their accumulation in the cytoplasm.
While SGs were not observed after infection with wild-type
HSV-1, a significant portion of the cells infected by the �UL41
mutant virus showed cytoplasmic granular structures contain-
ing TIA-1/TIAR. Finally, we also report that the TTP protein
interacted physically with Vhs, consistent with evidence that in
infected cells the 3�-to-5� degradation of RNAs is Vhs depen-
dent.

MATERIALS AND METHODS

Cells and viruses. SK-N-SH, HEp-2, and HeLa cells obtained from the Amer-
ican Type Culture Collection were propagated in Dulbecco’s modified Eagle’s
minimal essential medium supplemented with 5% newborn calf serum. Telom-
erase-transformed primary human foreskin fibroblasts (HFFs) (7), a kind gift of
Thomas E. Shenk (Princeton University), were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum. HSV-1(F) is the
prototype HSV-1 strain used in our laboratory (13). The �UL41 mutant virus,
R2621, was reported elsewhere (35). The HSV-1(KOS) ��4 mutant, a kind gift
of N. DeLuca (University of Pittsburgh), lacks both copies of the �4 gene and
was grown in a Vero-derived cell line (E5) expressing the �4 gene. The ��27
mutant virus (vBS�27) and complementing cells (Vero 2.2) (39) were a kind gift
of Saul Silverstein (Columbia University).

Isolation of total and cytoplasmic RNAs. Total RNAs were extracted with the
aid of TRIZOL reagent (Life Technologies, Rockville, Md.) used according to
the manufacturer’s instructions. DNase treatment (Life Technologies), phenol-
chloroform extraction, and ethanol precipitation (Fisher Scientific, Houston,
Tex.) were performed to remove possible DNA contamination. Cytoplasmic
RNAs were isolated with the aid of an RNeasy mini kit used according to the
protocol suggested by the manufacturer (Qiagen, Valencia, Calif.).

Real-time PCR. Real-time PCRs were performed in an ABI Prism 7000 se-
quence detection system with SYBR green chemistry as previously described
(41). The following primers were used: TTP forward (5�-CGCGCTACAAGAC
TGAGCTATG-3�) and TTP reverse (5�-CATGGGCAAACTGGCACTT-3�).

Northern blot analyses. Eight micrograms of cytoplasmic RNA was loaded
into a denaturing formaldehyde gel and transferred onto a nylon membrane. For
TTP mRNA detection, a fragment containing the entire coding sequence, am-
plified by PCR from HSV-1-infected HFF cDNA, was used as probe. Prehybrid-
ization and hybridization were carried out at 42°C in ULTRAhyb buffer (Am-
bion, Austin, Tex.) supplemented with 200 �g of denatured salmon sperm DNA
per ml (Stratagene, La Jolla, Calif.). The membranes were rinsed as suggested by
ULTRAhyb’s manufacturer and exposed to film for signal detection.

Antibodies. A goat polyclonal antibody directed against TTP, a rabbit poly-
clonal antibody directed against TTP, and a goat polyclonal antibody raised
against TIA-1 were purchased from Santa Cruz Biotechnology (Santa Cruz,
Calif.). The murine monoclonal antibody 3E6 (anti-TIA-1/TIAR) was a kind gift
of Paul Anderson (Brigham and Women’s Hospital, Boston, Mass.) (44). A goat
anti-rabbit antibody coupled with fluorescein isothiocyanate (FITC) was ob-
tained from Sigma (St. Louis, Mo.). An Alexa fluor 594-labeled goat anti-mouse
antibody was obtained from Molecular Probes (Eugene, Oreg.). A polyclonal
rabbit anti-Vhs antiserum was kindly provided by Duncan W. Wilson (Albert
Einstein College of Medicine, Bronx, N.Y.) (32).

Immunoblots. For immunoblots, cells were collected, rinsed once with cold
phosphate-buffered saline (PBS), and lysed in RIPA buffer (PBS containing 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1
mM sodium orthovanadate, 5 mM EDTA, and 1� protease inhibitor cocktail
[Sigma]). The samples were kept on ice for 1 h, and insoluble material was
pelleted in an Eppendorf 5415C microcentrifuge at maximum speed for 10 min
at 4°C. The fractionation of infected and mock-infected cells into nuclear and
cytoplasmic extracts was performed as previously described (1). The protein
concentration was determined, and 50 to 100 �g of proteins was separated in an
SDS-polyacrylamide gel and electrically transferred to a nitrocellulose mem-
brane. The membranes were blocked with 5% nonfat dry milk in PBS, allowed to
react with the anti-TTP or anti-TIA-1 goat polyclonal antibody overnight at 4°C,
rinsed, and then exposed to the secondary antibody at room temperature for 1 h.
The antibodies were diluted in PBS containing 1% bovine serum albumin and
0.05% Tween 20. The secondary antibody was an alkaline phosphatase (AP)-
conjugated anti-goat antibody (Sigma). All rinses were done with PBS containing
0.05% Tween 20. For development of the AP-conjugated secondary antibody,
the immunoblots were incubated with AP buffer (100 mM Tris [pH 9.5], 100 mM
NaCl, 5 mM MgCl2) containing 5-bromo-4-chloro-3-indolyl phosphate and ni-
troblue tetrazolium.

Indirect immunofluorescence staining. HEp-2 cells and HFFs cultured on
four-well slides were infected with HSV-1(F) or the ��4 or �UL41 mutant virus
or were mock infected. As a positive control for SG formation, mock-infected
cells were treated with 0.5 mM arsenite for 1 h (26). The cells were briefly rinsed
in PBS, incubated for 10 min in 2% paraformaldehyde in PBS, and immediately
immersed in methanol for 20 min at �20°C. After three rinses in PBS, the cells
were incubated overnight at 4°C with a rabbit antibody raised against TTP or
with the murine antibody 3E6, which recognizes both TIAR and TIA-1. After
three rinses in PBS containing 0.2% Tween 20, the cells were incubated for 60
min at room temperature with a secondary anti-rabbit or anti-mouse antibody
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conjugated to FITC or Alexa fluor 594, respectively. The cells that were incu-
bated with the anti-TTP antibody were counterstained with propidium iodide
(Sigma). Some slides were incubated with both the TTP and TIA-1/TIAR anti-
bodies described above. After three final rinses, the cells were mounted with
Glycergel (Dako, Carpinteria, Calif.) and examined under a laser scanning con-
focal microscope (Zeiss LSM 410).

Immunoprecipitation assay. SK-N-SH cells in 25-cm2 flasks were either in-
fected with 10 PFU of HSV-1(F) or mock infected. The cells were harvested 16 h
after infection and rinsed twice with PBS. The pellets were resuspended in 200
�l of lysis buffer (20 mM Tris [pH 8.0], 1 mM EDTA, 1% NP-40, 400 mM NaCl,
2 mM dithiothreitol, 0.1 mM NaVO4, 10 mM NaF, 1� protease inhibitor cock-
tail0, chilled on ice for 40 min, and centrifuged at 1,000 rpm for 2 min. The cell
lysate (150 �l) was diluted with an equal volume of low-salt lysis buffer (20 mM
Tris [pH 8.0], 1 mM EDTA, 1% NP-40, 16 mM NaCl, 2 mM dithiothreitol) and
incubated with 5% rabbit preimmune serum at 4°C for 1 h. The mixture was then
incubated with 50 �l of protein A-Sepharose for 1 h at 4°C and centrifuged at
3,000 rpm for 3 min to remove nonspecifically bound proteins. The supernatant
fluid was incubated with an anti-TTP polyclonal antiserum at 4°C overnight and
then was mixed with 20 �l of protein A-Sepharose at 4°C for 1 h. Antigen-
antibody complexes were rinsed three times with rinse buffer (50 mM Tris [pH
7.4], 10 mM MgCl2, 5 mM dithiothreitol) and pelleted by centrifugation at 3,000
rpm for 3 min. The antigen-antibody complexes were disrupted by boiling the
pellet in sample buffer for 5 min. Supernatant fluids containing precipitated
interaction proteins were recovered after centrifugation for 1 min and were
analyzed in 10% denaturing polyacrylamide gels. The blots were probed with
antibodies directed against Vhs.

RESULTS

TTP mRNA is upregulated in HSV-1-infected cells. Earlier
studies from our laboratory indicated a significant increase in
the accumulation of TTP mRNA in HFFs and HeLa cells after
infection with wild-type HSV-1 (15, 27, 42). To verify the
upregulation of the RNA, we quantified the accumulation of
TTP RNA in HFF or HeLa cells infected with wild-type or
mutant viruses by using real-time PCR analyses. Quiescent
HFFs were mock infected or exposed to 20 PFU of HSV-1(F)
or ��4 or �UL41 mutant virus per cell and harvested 1, 3, 7, or
12 h after infection. Total RNAs were extracted, reverse tran-
scribed, and quantified by real-time PCR as previously de-
scribed (41). The amount of TTP mRNA in cells harvested
12 h after mock infection was used as a calibrator. As shown in
Fig. 1A, TTP mRNA was clearly upregulated upon virus in-
fection, even though the levels of induction were different
between wild-type and mutant virus-infected cells. For HSV-
1(F)-infected cells, the largest increase in TTP mRNA was
observed 1 h after infection, decreasing to about half at 3 and
7 h and reaching the levels observed in mock-infected cells by
12 h after infection. The pattern of accumulation of TTP in
�UL41 mutant-infected cells was similar to that for HSV-1(F)-
infected cells, but the amounts of RNA declined more rapidly
after the first hour of infection. In cells infected with the ��4
mutant virus, the amounts of TTP RNA were also increased
compared to those in mock-infected cells but were lower than
those detected in wild-type virus-infected cells. Furthermore,
the amounts recovered 12 h after infection were similar to
those detected at earlier time points.

To determine whether the accumulation of TTP transcripts
was cell type dependent, we also performed similar tests on
total RNAs extracted from infected HeLa cells. These cells
were mock infected or exposed to 20 PFU of HSV-1(F) or ��4
or �UL41 mutant virus per cell and then harvested 5, 9, or 12 h
after infection. The results are shown in Fig. 1B. TTP mRNA
was highly upregulated 5 and 9 h after HSV-1(F) infection but

declined thereafter. The level of TTP RNA detected in
�UL41-infected HeLa cells was lower than that in wild-type
virus-infected cells but was still considerably higher than that in
mock-infected cells. After infection with the ��4 mutant virus,
the amounts of TTP RNA were slightly modified after 5 and
9 h but were clearly upregulated after 12 h.

To extend our studies, we performed Northern blot analyses
of the TTP RNA with cytoplasmic RNAs extracted from HeLa
cells at different times after mock infection or infection with
HSV-1(F) or the �UL41 or ��27 mutant virus. The results,
shown in Fig. 2, were as follows. (i) A very weak signal corre-
sponding to the size expected for TTP mRNA (	1.75 kb) was
detected in the cytoplasm of cells harvested 1, 3, 5, 7, or 24 h
after mock infection (lanes 1 to 5). The intensity of the signal
remained stable during the course of the mock infection. (ii)
As expected, an increase in the intensity of the signal for TTP
RNA was observed for all of the RNA samples purified from
HSV-1(F)-infected (lanes 6 to 10), �UL41-infected (lanes 11 to
15), or ��27-infected cells (lanes 16 to 20). The difference in
intensities of the signal between wild-type and mutant virus-
infected cells reflected what was previously observed by real-
time PCR analysis. Earlier reports from our laboratory (41)
and by other groups (14) already showed an ICP27-dependent

FIG. 1. Real-time PCR analysis of TTP transcripts in HSV-1-in-
fected cells. Total RNAs were extracted at the indicated times after
infection of HFFs (A) or HeLa cells (B) with HSV-1(F) or the ��4 or
�UL41 mutant virus and then were analyzed by real-time PCR. The
amount of total RNA was normalized with respect to reverse-tran-
scribed 18S rRNA. The amount of TTP RNA that accumulated in
infected cells was calculated as the fold change compared to that
extracted from cells harvested 12 h after mock infection.
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accumulation of unspliced cellular RNA in the cytoplasm of
HSV-1-infected cells. Therefore, the slower-migrating band
detected in the cytoplasm of the cells infected with wild-type or
�UL41 mutant virus-infected cells (lanes 6 to 15) represented
the unspliced form of TTP RNA. It was indeed absent from
cells infected with the ��27 mutant (lanes 16 to 20). We
conclude from these studies that TTP mRNA is upregulated in
cells infected with HSV-1(F), and to a lesser extent, in those
infected with �UL41 and ��27 mutant viruses.

TTP protein accumulates in HSV-1(F)-infected cells. For a
determination of whether the accumulation of TTP mRNA in
HSV-1-infected cells resulted in a concurrent accumulation of
the protein product, HeLa cells harvested 6, 9, and 18 h after
exposure to 10 PFU of HSV-1(F) per cell were solubilized,
electrophoretically separated in polyacrylamide gels, trans-
ferred to a nitrocellulose sheet, and probed with an anti-TTP
antibody as described in Materials and Methods. As shown in
Fig. 3A, the TTP protein was barely detectable in mock-in-
fected cells (lane 1) but was clearly present 6 and 9 h after
HSV-1 infection (lanes 2 and 3) and then disappeared at a
later time point (lane 4). To determine whether the increased
accumulation of TTP protein was cell type dependent, we
performed similar analyses with protein lysates from SK-N-SH
cells harvested 17 h after infection with HSV-1(F) or the
�UL41, ��27, or ��4 mutant virus. As shown in Fig. 3B, the
TTP protein was readily detected in cells infected with HSV-
1(F) at higher levels than those in mock-infected cells. In

FIG. 2. Accumulation of TTP RNA in cytoplasm of HeLa cells
infected with HSV-1. HeLa cells were mock infected or exposed to 10
PFU of HSV-1(F) or �UL41 mutant virus per cell. Cytoplasmic RNAs
were purified from cells harvested at the indicated times after mock
infection (lanes 1 to 5) or infection with HSV-1(F) (lanes 6 to 10), the
�UL41 mutant (lanes 11 to 15), or the ��27 mutant (lanes 16 to 20).
RNAs (8 �g/lane) were loaded onto a denaturing formaldehyde gel
and probed with a 32P-labeled fragment containing the entire coding
sequence of TTP. The lower panel represents the ethidium bromide-
stained gel showing the relative levels of rRNA. The arrows to the right
of the upper panel indicate the positions of the full-length TTP mRNA
transcript and the unspliced form of TTP.

FIG. 3. Immunoblots of TTP and TIA-1 proteins after HSV-1 infection. (A and B) Accumulation of TTP after HSV-1 infection. (A) HeLa cells
were mock infected (lane 1) or exposed to 10 PFU of HSV-1(F) per cell (lanes 2 to 4) at time zero and were collected at the indicated times after
infection. Cell lysates were incubated with an antibody to TTP. (B) SK-N-SH cells were mock infected (lane 1) or exposed to 10 PFU of
HSV-1(F) (lane 2) or ��27 (lane 3), �UL41 (lane 4), or ��4 (lane 5) mutant virus per cell, collected 17 h after infection, and incubated with an
antibody to TTP. (C and D) Cytoplasmic accumulation of TIA-1 after HSV-1 infection. (C) Immunoblot of uninfected or HSV-1(F)-infected
SK-N-SH whole-cell lysates. The cells were harvested at the indicated times after infection. (D) Immunoblot of cytoplasmic (C) and nuclear
(N) fractions of uninfected or HSV-1(F)-infected HeLa, HEp-2, and SK-N-SH cell lysates incubated with a goat polyclonal antibody to TIA-1. The
cells were harvested at the indicated times after infection.
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contrast, the levels of TTP protein detected in lysates of
�UL41, ��27, or ��4 virus-infected cells could not be differ-
entiated from those detected in mock-infected cells. We con-
clude from these studies that TTP protein levels increase after

infection and that, to the extent it was tested, the accumulation
of TTP in wild-type virus-infected cells is not cell type depen-
dent. We also determined the level of accumulation of TIA-1,
another AU-rich binding protein, in SK-N-SH cells (Fig. 3C).

FIG. 4. Localization of TTP and TIA-1 in HEp-2 cells infected with HSV-1. HEp-2 cells were mock infected (a, e, and i) or exposed to 10 PFU
of HSV-1(F) (b, f, and j) or the ��4 (c, g, and k) or �UL41 (d, h, and l) mutant virus per cell and fixed by paraformaldehyde and then methanol
12 h after infection. The cells were labeled with an anti-TTP antibody, detected with a FITC-labeled secondary antibody (green), and counter-
stained with propidium iodide (PI; red), or they were labeled with anti-TIA-1/TIAR antibodies and detected with an Alexa fluor 594-labeled
secondary antibody (red). Immunostaining of the monolayers was evaluated by confocal microscopy. Cells were exposed to 0.5 mM arsenite for 30 min.
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TIA-1 was present in mock-infected cells as a doublet (lane 1),
as expected from an alternative splice that was previously de-
scribed (24). SK-N-SH cells harvested between 2 and 16 h after
exposure to 10 PFU of HSV-1(F) per cell (lanes 2 to 6) showed
the same level of TIA-1 protein as that present in mock-
infected cells. Therefore, the level of TIA-1 showed no signif-
icant change after HSV-1 infection.

TTP localizes in cytoplasm of HSV-1-infected cells. Certain
mitogens (serum or phorbol esters) induce the synthesis of
TTP and cause it to be rapidly translocated from the nucleus to
the cytoplasm by a mechanism that remains to be determined
(45). To determine the localization of the TTP protein after
viral infection, we examined HFF and HEp-2 cells infected
with HSV-1(F) or the ��4 or �UL41 mutant virus by measur-
ing immunofluorescence. HEp-2 cells were fixed 12 h after
infection, while HFFs were fixed at various times after infec-
tion. Slide cultures containing either HEp-2 cells or HFFs were
incubated with an antibody raised against TTP and with pro-
pidium iodide to counterstain the nucleus. The results are
shown in Fig. 4a to h and 5a to l. For both cell lines, a barely
detectable signal corresponding to the TTP protein was ob-
served in the nuclei of mock-infected cells (Fig. 4a and e and
5a and g). Twelve hours after infection with HSV-1(F), the
TTP protein was clearly detected in HEp-2 cells throughout
the cytoplasm (Fig. 4b and f), while in cells infected with the
�UL41 mutant virus, the amount of TTP detected was demon-
strably lower (Fig. 4d and h). The localization and level of
expression of TTP in ��4 virus-infected cells could not be
differentiated from those of mock-infected HEp-2 cells (Fig. 4c
and g). Similar results were obtained with infected fibroblasts
(Fig. 5). TTP was clearly present in the cytoplasm of cells fixed
2 h after HSV-1(F) infection (Fig. 5b and h). The amount of
TTP increased 6 and 12 h after infection and TTP accumulated
in granular cytoplasmic structures (Fig. 5c, d, i, and j). In cells
infected with the �UL41 mutant virus, the TTP protein levels
present in the cytoplasm were significantly lower than those
detected in wild-type virus-infected cells (Fig. 5f and l). TTP
was not modified after ��4 virus infection, reflecting a similar
decrease observed in immunoblots (Fig. 3B). Interestingly, in
HSV-1- and �UL41 virus-infected cells, TTP appeared to be
concentrated in punctate granules of variable size. These stud-
ies show that TTP is localized in the cytoplasm in response to
HSV-1 infection in both HFF and HEp-2 cells.

TIA-1 and TIAR proteins, markers of SG formation, are
translocated from the nucleus to the cytoplasm of infected
cells. We next performed experiments to determine the local-
ization of TIA-1 and TIAR in different cell lines infected with
HSV-1. We used two approaches, an analysis by Western blot-
ting of TIA-1 expression in nuclear and cytoplasmic extracts of
infected cells and a confocal analysis after immunofluores-
cence staining using an antibody recognizing both TIA-1 and
TIAR.

First, HeLa, HEp-2, and SK-N-SH cells were mock infected
or exposed to 10 PFU of wild-type HSV-1 per cell. The cells
were collected 6, 12, and 18 h after infection and were frac-
tionated into nuclear and cytoplasmic extracts. Equal amounts
of proteins were subjected to electrophoresis in a denaturing
gel, transferred to a nitrocellulose sheet, and incubated with
antibodies directed against TIA-1. The results, shown in Fig.
3D, were as follows. As expected, TIA-1 was found predomi-

nantly in the nuclear fraction of uninfected HeLa, HEp-2, or
SK-N-SH cells. While the cytoplasmic fractions of mock-in-
fected HeLa, HEp-2, or SK-N-SH cells harvested 6, 12, or 18 h
after mock infection contained only small amounts of TIA-1,
the cytoplasmic fraction of cells harvested 6, 12, or 18 h after
HSV-1 infection formed two specific TIA-1 bands.

It should be stressed that the total amount of TIA-1 in the
whole-cell lysate of mock-infected SK-N-SH cells could not be
differentiated from that in infected cells at any time points
tested (Fig. 3C). Therefore, the level of TIA-1 seems to be
constant during the infection, and the increase in TIA-1 in the
cytoplasm observed concomitant with a decrease in the amount
of protein in the nucleus fraction reflects a translocation of
TIA-1 from the nucleus to the cytoplasm rather than new
synthesis of the protein.

The localization of TIA-1/TIAR was also studied by confo-
cal microscopy. HFF and HEp-2 cells were infected with HSV-
1(F) or the ��4 or �UL41 mutant virus as described above and
were incubated with an antibody raised against TIA-1/TIAR.
The results (Fig. 4i to l and 5m to r) were as follows. In
mock-infected HEp-2 cells, TIA-1 and TIAR were predomi-
nantly localized in nuclei (Fig. 5i). HEp-2 cells were also
treated with arsenite (0.5 mM, 60 min) before being processed
for immunofluorescence microscopy. As previously described,
arsenite-induced oxidative stress results in the accumulation of
TIA-1/TIAR at SGs (Fig. 5i, insert). Twelve hours after infec-
tion with HSV-1(F), TIA-1 was partially relocalized in the
cytoplasm as a diffuse staining (Fig. 5j). No SGs were visible.
The TIA-1 and TIAR proteins were localized essentially in the
nuclei of HEp-2 cells infected with the ��4 mutant virus (Fig.
5k) or the �UL41 mutant virus (Fig. 5l). It is noteworthy that
a portion of the cells infected with the �UL41 mutant virus
presented an accumulation of TIA-1/TIAR at granular struc-
tures that were reminiscent of SGs. We observed a similar
distribution of TIA-1/TIAR in infected fibroblasts. Thus, large
amounts of TIA-1/TIAR were concentrated in the nuclei of
mock-infected HFFs (Fig. 5m). Again, after HSV-1(F) infec-
tion, the TIA-1 protein was present in the cytoplasm as a
progressive diffuse staining starting 6 h after infection (Fig. 5n
to p). After ��4 mutant virus infection, the amounts of trans-
located TIA-1/TIAR were much lower than those in wild-type
virus-infected cells (Fig. 5q). The localization of TIA-1 and
TIAR proteins detected in HFFs infected with the �UL41
mutant virus (Fig. 5r) was different from that observed in cells
infected with wild-type HSV-1. A clear portion of the cells
showed an accumulation of TIA-1/TIAR in the cytoplasm in
granular structures that resembled SGs in size and shape (Fig.
5r). This accumulation was observed as early as 6 h after
infection (data not shown). To investigate this distribution
further, we incubated �UL41 virus-infected cells fixed 12 h
after infection with both TTP and TIA-1/TIAR antibodies. An
examination of these cultures showed that the TIA-1/TIAR
aggregated structures did not colocalized with the granular
aggregations of TTP. Extensive studies of these cultures led us
to conclude that they were mutually exclusive: cells containing
cytoplasmic granular structures of TIA-1/TIAR did not contain
cytoplasmic TTP (Fig. 6).

These studies showed that TIA-1 and TIAR accumulate in
the cytoplasm of several cell lines infected with HSV-1. It is
important to stress that in both HFF and HEp-2 cells infected
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FIG. 5. Localization of TTP and TIA-1 in HFFs infected with HSV-1. HFFs were mock infected (a, g, and m) or infected with 10 PFU of
HSV-1(F) (b to d, h to j, and n to p) or the ��4 (e, k, and q) or �UL41 (f, l, and r) mutant virus per cell and fixed with paraformaldehyde and
then methanol at different times postinfection. The cells were labeled with an anti-TTP antibody, detected with a FITC-labeled secondary antibody
(green), and counterstained with propidium iodide (PI; red), or they were labeled with anti-TIA-1/TIAR antibodies and detected with an Alexa
fluor 594-labeled secondary antibody (red). Immunostaining of the monolayers was evaluated by confocal microscopy.
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with wild-type HSV-1, the cytoplasmic TIA-1/TIAR proteins
did not form granular structures characteristic of SGs.

Vhs protein physically interacts with TTP. To analyze the
potential physical interaction between Vhs and TTP, we per-
formed an immunoprecipitation of TTP from SK-N-SH cell
lysates prepared either from mock-infected cells or from cells
infected with HSV-1(F). After 16 h of infection at 37°C, the
cells were harvested and lysed. The lysate was immunoprecipi-
tated overnight at 4°C with a polyclonal antibody raised against
TTP. The precipitate was electrophoretically separated in a
denaturing polyacrylamide gel, transferred to a nitrocellulose

sheet, and incubated with an anti-Vhs antibody. As shown in
Fig. 7, lane 4, the TTP antibody precipitated a fraction of the
Vhs present in infected cell lysates. The relatively poor effi-
ciency of the immunoprecipitation of Vhs by the TTP antibody
could be related to the small amount of TTP present in the
cells at late times after infection, as observed in the immuno-
blots shown in Fig. 3. These results suggest that Vhs and TTP
reside in the same subcellular compartment and indicate a
possible mechanism for Vhs-dependent targeting of ARE-con-
taining RNAs.

DISCUSSION

In earlier reports, members of our laboratory showed that
several upregulated ARE-containing RNAs are degraded in a
Vhs-dependent manner by deadenylation and 3�-to-5� degra-
dation, a process similar to that which turns over ARE-con-
taining RNAs in uninfected cells (15, 42). In the course of a
search for stable RNAs, we noted that TTP RNA was upregu-
lated after HSV-1 infection. In light of the role of TTP in the
turnover of ARE-containing RNAs, we were interested in ex-
amining infected cells with respect to the status of TTP, TIA-1,
and TIAR, the last two of which are related proteins involved
in the destabilization of ARE-containing RNAs. The salient
features of this report are as follows.

(i) We have validated by several methods the upregulation
of TTP RNA in at least two cell lines infected with wild-type
HSV-1. It is interesting that the amounts of TTP RNA de-
tected in these studies were higher in wild-type virus-infected
cells than in cells infected with a �UL41 mutant.

(ii) We have shown that TTP is synthesized and accumulates
in cytoplasmic granular material during HSV-1 infection. The
cytoplasmic accumulation of TTP was detected in HFFs at the
earliest time point tested, that is, 2 h after infection. The levels
of TTP increased with time after infection and were detected
even at late times. As in the case of TTP RNA, the amounts of
this protein that accumulated in the cytoplasm were lower in
�UL41-infected cells that in wild-type virus-infected cells. The
localization of TTP in HFFs and HEp-2 cells was not modified
by infection with a ��4 mutant virus.

FIG. 6. Lack of colocalization of induced TTP and aggregated
TIA-1/TIAR in �UL41 virus-infected cells. HFFs were infected with 10
PFU of �UL41 virus per cell, incubated for 12 h, fixed, and then
incubated with a rabbit anti-TTP antibody detected with a FITC-
labeled secondary antibody (green) and with a mouse anti-TIA-1/
TIAR antibody detected with an Alexa fluor 594-labeled secondary
antibody (red).

FIG. 7. Vhs interacts with TTP in cells infected by HSV-1. SK-
N-SH cells were mock infected (lanes 1 and 3) or infected with HSV-
1(F) (lanes 2 and 4). Sixteen hours after infection, the cells were
harvested, solubilized, immunoprecipitated with a goat polyclonal anti-
TTP serum, eluted from protein A-Sepharose, electrophoretically sep-
arated in an SDS–10% polyacrylamide gel, transferred to a nitrocel-
lulose sheet, and incubated with a specific antibody directed to the Vhs
protein (lanes 3 and 4). The whole-cell lysate was loaded as a control
(lanes 1 and 2).
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(iii) An antibody against TTP pulled down the Vhs protein
from lysates of SK-N-SH cells harvested 16 h after infection.
The amounts of Vhs protein were small The results may reflect
the distribution and state of Vhs at late times after infection.

(iv) In mock-infected cells, TIA-1 was present primarily in
the nuclear fraction of the cell extract. In infected cells, TIA-1
translocated into the cytoplasm as early as 6 h after infection in
the three cell lines tested. The total amount of TIA-1 was
constant during the time course of infection, but TIA-1 accu-
mulated progressively in the cytoplasm. These results corre-
lated with confocal microscopy observations. In uninfected
cells, TIA-1 and TIAR were readily detected in the nuclei. In
infected cells, they were detected 6 h after infection in the form
of diffused, cytoplasmic fluorescence. In contrast, TIA-1/TIAR
was not detected in the cytoplasm of cells infected with the ��4
mutant and formed granular aggregates in a significant fraction
of �UL41-infected cells. TIA-1 is known to accumulate in SGs,
and the appearance of the granular material seen in the cyto-
plasm of �UL41 virus-infected cells was similar to that ob-
served after arsenite-induced oxidative stress and to that re-
ported elsewhere (3). In the experiments performed to date,
TIA-1 did not physically interact with the Vhs protein.

The following observations are relevant to these studies. (i)
The degradation of ARE-containing mRNAs is one of the
means by which HSV-1 curtails the ability of the host to re-
spond to viral entry and the expression of viral genes in in-
fected cells. The evolution of a specific HSV pathway for the
degradation of ARE-containing RNAs may reflect the fact that
these RNAs frequently encode cytokines that signal the pres-
ence of an infected cell to the immune system. The mecha-
nisms by which HSV-1 induces the transcription and activation
of TTP and the translocation of TIA-1/TIAR remain to be
elucidated. It should be noted that TTP is induced by numer-
ous diverse proteins, including insulin and transforming growth
factor beta (TGF-�) (33, 45). In cells exposed to cytokines such
as TGF-�, TTP activation is rapid and transient within the first
2 h (33), while the upregulation of TTP after HSV-1 infection
starts in the first hours of the infection but stays constantly
induced for several hours. Microarray analyses suggested that
TGF-� mRNA is upregulated in HSV-1-infected cells (41),
and in principle we cannot exclude the possibility that a cyto-
kine that is overexpressed in infected cells induces TTP. We
should note, however, that the ��4 mutant virus used in these
studies was also made during the course of productive infec-
tion in complementing Vero cells and that this mutant did not
induce TTP. We exclude the role of virion-associated Vhs in
the upregulation of TTP since Vhs would be expected to be
present in cells infected with the ��4 mutant virus.

(ii) While the available data do not support the hypothesis
that Vhs induces the synthesis of TTP, the results of our stud-
ies indicate that TTP does not accumulate in cells infected with
the �UL41 mutant. One hypothesis that could explain these
observations is that the Vhs protein forms complexes and sta-
bilizes TTP. According to this model, TTP would be transiently
induced early in infection but would accumulate only in cells
expressing the Vhs protein.

(iii) In HSV-1-infected cells, the degradation of ARE-con-
taining RNAs is Vhs dependent. The observed differences be-
tween �UL41 mutant and wild-type virus-infected cells are the
absence of TTP accumulation and the formation of TIA-1/

TIAR-containing SGs in �UL41 virus-infected cells. Another
important difference is related to the degradation of ARE-
containing RNAs in infected and stressed, uninfected cells. As
noted in detail elsewhere, partially degraded 5� domains of
ARE-containing RNAs linger in infected cells but not in un-
infected cells. We have no data that support a particular role of
the Vhs protein in the turnover of cellular RNAs. TTP has
been reported to recruit ARE-containing RNAs to the exo-
some for degradation (10). One model that is consistent with
our observations is that the Vhs protein stabilizes TTP but
displaces from the exosome a partner of TTP whose normal
function is efficient processive RNA degradation.

(iv) The role of TIA-1 and TIAR in the degradation of
ARE-containing RNAs remains to be elucidated since at least
one, and possibly both, of the proteins is activated in �UL41
mutant-infected cells. The observation that the TIA-1 and
TIAR proteins form SGs in �UL41 mutant-infected cells, but
not in wild-type virus-infected cells, suggests that these pro-
teins form different interactions or are in different complexes
in these cells. It should be noted that both TIA-1 and TIAR
have been found to repress the translation of ARE-containing
RNAs (2). This translational silencing can occur even without
visible SGs, since both TIA-1 and TIAR repress the translation
of TNF-� in the absence of exogenous stress by promoting the
assembly of nonpolyribosomal mRNP complexes (20, 25, 34).
At this time, no conclusions can be drawn from the differential
accumulation of SGs in �UL41 mutant-infected cells.

(v) The selective degradation of ARE-containing RNAs me-
diated by Vhs does not fully explain the global Vhs-dependent
shutoff of protein synthesis in infected cells. Consistent with
other viral proteins, Vhs may have more than one function,
and in this instance, more than one way in which it regulates
protein synthesis early in the course of viral infection. One
unresolved question, for example, is whether the reported in-
teraction of Vhs with eIF-4H (17) is a component of the RNA
degradation reported here or a totally different pathway of
RNA degradation.

(vi) Finally, we wanted to review the synthesis and degrada-
tion of ARE-containing RNAs in the context of the viral gene
functions illustrated in Fig. 8. As noted in this figure, HSV-1
replication results in the activation of protein kinase R (PKR)
(12). As reported elsewhere, in HSV-1-infected cells the acti-
vation of PKR is required for the activation of NF-
B (43).
The synthesis of ARE-containing RNAs that have been shown
to be upregulated in infected cells (e.g., IEX-1 [4] and I
B�
[22]) is NF-
B dependent, and they are degraded in a Vhs-
dependent fashion. A correlate of the Vhs-dependent degra-
dation of ARE-containing RNAs is the activation of TTP.
Although we do not know the role of TIA-1/TIAR, it has been
reported that these proteins are activated by the phosphory-
lated form of the � subunit of the translation initiation factor
2 (eIF-2�), a product of activated PKR.

Numerous studies over the past decade have shown that the
fundamental strategy by which HSV-1 takes total control of the
host is the binding and subversion of cellular proteins for its
own needs. Examples include the recruitment of phosphatase
1� to dephosphorylate eIF-2� and the recruitment of the ubiq-
uitin-conjugating enzyme UbcH5A to degrade the PML pro-
tein and forestall exogenous interferon from interfering with
viral replication (9, 19, 21). In some instances, the virtues of a
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specific strategy remain obscure, for example, the choice of
dephosphorylating eIF-2� as opposed to blocking the activa-
tion of PKR with the US11 protein made early in infection.
Since the protein products of the ARE-containing RNAs ex-
amined to date do not accumulate, the question arises whether
the end products of this complex scheme evolved by HSV-1
during the course of its evolution are designed to produce
NF-
B-dependent cellular proteins whose mRNAs lack AREs
in their 3� untranslated domains. The results presented in this
and earlier reports (13, 39) suggest that HSV-1 has evolved
both the machinery necessary to induce the transcription of a
class of cellular genes and the mechanism by which it can block
undesirable genes from being expressed.
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