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The ataxia telangiectasia-mutated (ATM) protein, a member of the related phosphatidylinositol 3-like
kinase family encoded by a gene responsible for the human genetic disorder ataxia telangiectasia, regulates
cellular responses to DNA damage and viral infection. It has been previously reported that herpes simplex
virus type 1 (HSV-1) infection induces activation of protein kinase activity of ATM and hyperphosphorylation
of transcription factor, Spl. We show that ATM is intimately involved in Sp1 hyperphosphorylation during
HSV-1 infection rather than individual HSV-1-encoded protein kinases. In ATM-deficient cells or cells silenced
for ATM expression by short hairpin RNA targeting, hyperphosphorylation of Spl was prevented even as
HSV-1 infection progressed. Mutational analysis of putative ATM phosphorylation sites on Spl and immu-
noblot analysis with phosphopeptide-specific Sp1 antibodies clarified that at least Ser-56 and Ser-101 residues
on Spl became phosphorylated upon HSV-1 infection. Serine-to-alanine mutations at both sites on Spl
considerably abolished hyperphosphorylation of Sp1 upon infection. Although ATM phosphorylated Ser-101
but not Ser-56 on Spl in vitro, phosphorylation of Sp1 at both sites was not detected at all upon infection in
ATM-deficient cells, suggesting that cellular kinase(s) activated by ATM could be involved in phosphorylation
at Ser-56. Upon viral infection, Sp1-dependent transcription in ATM expression-silenced cells was almost the
same as that in ATM-intact cells, suggesting that ATM-dependent phosphorylation of Sp1 might hardly affect
its transcriptional activity during the HSV-1 infection. ATM-dependent Sp1l phosphorylation appears to be a

global response to various DNA damage stress including viral DNA replication.

Transcription factor Spl is a 95- to 105-kDa protein that
binds to GC-rich recognition elements (GC-boxes) through
C-terminal zinc finger motifs (30). Sp1 functions as a transac-
tivator of gene expression, and its recognition elements are
distributed widely in various promoters of cellular and viral
genes (15, 16, 19). As with many other transcription factors,
the transcription activity of Spl is regulated in part by post-
translational modifications, which include phosphorylation,
glycosylation, acetylation, and sumoylation (5, 9, 26, 54). It has
been recently demonstrated that phosphorylation of Spl alters
its transcription activity in a wide variety of physiological pro-
cesses, including cell cycle progression, terminal differentia-
tion, and viral infection (2, 9, 17, 23, 28, 36, 41). Also, rela-
tionships between the phosphorylation site(s) on Spl and
specific kinases have been clarified, with documentation of
targeting of Ser-59 by cyclin A-CDK, Ser-220 (quoted as Ser-
131 in the original study) by DNA-dependent protein kinase
(DNA-PK), Thr-453 and Thr-739 by p42/p44 mitogen-acti-
vated protein kinase (MAPK), and Thr-668 (quoted as Thr-579
in the original study) by casein kinase II (2, 9, 11, 17, 41).
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Cyclin A-CDK-mediated phosphorylation increases DNA-
binding activity of Spl (17, 23). Inactivation of Thr-453 and
Thr-739 phosphorylation sites by p42/p44 MAPK decreases by
half the transcriptional activity (41). Mutation of the Thr-668
phosphorylation site which is in the Zinc finger motif of Spl
increases its DNA-binding activity, further suggesting that ca-
sein kinase II-mediated phosphorylation decreases DNA-bind-
ing activity of Sp1 (2).

Phosphorylation of Spl upon virus infection has been re-
ported in several studies (9, 11, 28, 31). For example, simian
virus 40 infection induces both increased levels and phosphor-
ylation of Spl (28). In a study of human immunodeficiency
virus type 1 (HIV-1) infection, it was shown that the HIV-1-
encoded Tat protein promotes DNA-PK-dependent Sp1 phos-
phorylation in vitro, which is associated with increased tran-
scription activity (11).

Herpes simplex virus type 1 (HSV-1) is a large, enveloped
virus with 152-kbp double-stranded DNA encoding approxi-
mately 84 proteins (39, 49). During productive replication,
cascade regulation of gene expression occurs, based on step-
wise activation of immediate-early, early, early late, and late
promoters (24). The promoters of different expression kinetics
classes are equipped for binding of not only viral transcription
factors but also various cellular transcription factors, including
Spl. Spl-binding sites are frequently found in promoters of
immediate-early and early genes (48, 57), suggesting a pivotal
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function of Sp1 in gene expression of HSV-1. HSV-1 infection
induces hyperphosphorylation of Spl at early stages of infec-
tion without any significant change in abundance (31). While
the DNA-binding activity of Sp1l was found to be unchanged
until 8 h postinfection (hpi), purified Sp1 from HSV-1-infected
cells at 12 hpi had reduced transcription activity in vitro (31).
However, the kinase(s) responsible for Spl phosphorylation
induced by HSV-1 infection have remained unclear.

We and others previously reported that HSV-1 infection
induces a cellular DNA damage response, with activation of
the ATM signal transduction pathway (37, 53, 60). The acti-
vated form of ATM phosphorylated at Ser-1981 and the DNA
damage sensor Mrel1-Rad50-Nbs1 complex are recruited and
retained in viral replication compartments, where transcription
and replication of viral genes take place. Activation of the
ATM-Rad3-related (ATR) replication checkpoint pathway, in
contrast, is minimal. ATM is a member of the related phos-
phatidylinositol 3 (PI-3)-like kinase family, as well as ATR and
DNA-PK, and displays kinase activity against serine and threo-
nine, followed by glutamine, generally responding to a geno-
toxic stress such as ionizing radiation (IR) (1, 6, 12, 13, 52).

In the present report, we provide evidence for considerable
ATM involvement in the hyperphosphorylation of Sp1 during
HSV-1 infection rather than individual HSV-1-encoded PKs.
In ATM-deficient cells or cells silenced for ATM expression by
short hairpin RNA (shRNA) targeting, the levels of the hyper-
phosphorylated form of Spl did not increase even as HSV-1
infection progressed. Using mutational analysis and immuno-
blotting with phosphopeptide-specific antibodies, we have
identified that at least Ser-56 and Ser-101 on Spl became
phosphorylated in response to HSV-1 infection. Although
ATM phosphorylated Ser-101 but not Ser-56 on Spl1 in vitro,
phosphorylation of Spl at both sites was not detected at all
upon infection in ATM-deficient cells, suggesting that other
cellular kinase(s) activated by ATM could be involved in phos-
phorylation at Ser-56. Upon viral infection Spl-dependent
transcription in ATM expression-silenced cells was almost the
same as that in ATM-intact cells, suggesting that ATM-depen-
dent phosphorylation of Sp1 might hardly affect its transcrip-
tional activity during viral infection. Since it is known that
HSV-1 infection decreases transcriptional activity of Sp1 (31),
modification(s) of Spl besides ATM-dependent phosphoryla-
tion might affect its transcriptional activity.

MATERIALS AND METHODS

Cells. HeLa, HFF2 (human foreskin fibroblasts immortalized by introduction
of the human telomerase reverse-transcriptase [hTERT] gene [56]), and 293T
cells were grown and maintained at 37°C in Dulbecco modified Eagle medium
(DMEM,; Sigma) supplemented with 10% fetal calf serum (FCS). Human glioma
cell lines M059J and MJ-M6 (34) were maintained in DMEM-Ham F-12 nutri-
ent mixture (Sigma) supplemented with 10% FCS and puromycin (0.5 pg/ml).
Skin fibroblasts from ataxia telangiectasia patients immortalized by introduction
of hTERT gene (AT10S/T-n cells) were maintained at 37°C in DMEM supple-
mented with 10% FCS and G418 (200 wg/ml) (43). The 293T cells were infected
with retroviruses expressing ATM shRNA or control retroviruses and selected
(56). The resultant 293T cells stably expressing ATM shRNA (293T-ATM
shRNA) or the control vector cells (293T-Control vector) were maintained at
37°C in DMEM supplemented with 10% FCS and hygromycin B (100 pg/ml)
(56). Sf9 and SF21 cells were maintained at 27°C in Sf-900 II (Gibco) supple-
mented with 10% FCS.

Viruses. HSV-1 strain 17+ was used throughout the experiments. A Us3-
deficient virus, R7041 (46), and a UL13-deficient virus, R7356 (47), derived from
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TABLE 1. Primer sets for construction of serine/threonine-to-
alanine mutations by site-directed mutagenesis

Mutation site Sequences of paired primers (5'-3")

S30A e GGTGGTGCCTTTGCACAGGCTCGAA
TTCGAGCCTGTGCAAAGGCACCACC

SSOA oo GGAGGGCAGGAGGCCCAGCCATCCC
GGGATGGCTGGGCCTCCTGCCCTCC

SBIA e AGAACAGCAACAACGCCCAGGGCCCGAGTC
GACTCGGGCCCTGGGCGTTGTTGCTGTTCT

S85A e CTCCCAGGGCCCGGCTCAGTCAGGGGGAAC
GTTCCCCCTGACTGAGCCGGGCCCTGGGAG

TOIBA ..o GACCTCACAGCCGCACAACTTTCAC
GTGAAAGTTGTGCGGCTGTGAGGTC

ST0TA e GCCACACAACTTGCACAGGGTGCCA

TGGCACCCTGTGCAAGTTGTGTGGC
....CTCTCAGGACAGGCTCAGTATGTGA
TCACATACTGAGCCTGTCCTGAGAG
S281A o CCTTGACTCCCAGCGCTCAGGCAGTCACGA
TCGTGACTGCCTGAGCGCTGGGAGTCAAGG
...AGCAGCTCTGGGGCCCAGGAGAGTGGCGC
ACAGCCTGTCA
TGACAGGCTGTGCGCCACTCTCCTGGGCCCC
AGAGCTGCT
S3I3A o AGCTTGGTATCAGCACAAGCCAGTT
AACTGGCTTGTGCTGATACCAAGCT
S35TA o TCAGGGACCAACGCTCAAGGCCAGA
TCTGGCCTTGAGCGTTGGTCCCTGA
T394A .. CAAAACCAGCAGGCACAGCA
TGCTGTGCCTGCTGGTTTTG
T427A/S431A. ..., GGGCAGACCTTTGCAGCTCAAGCCATCGCC
CAGGAAACCC
GGGTTTCCTGGGCGATGGCTTGAGCTGCAA
AGGTCTGCCC

HSV-1 strain F were kindly provided by B. Roizman. The UL39-deficient virus,
ICP6A, derived from HSV-1 strain KOS was from a collaborator, S. K. Weller
(20). Infection was performed on monolayers of cultured cells at the indicated
multiplicities of infection (MOIs). After 1 h adsorption at 37°C, inoculum was
removed, and monolayers were overlaid with fresh medium.

Plasmids. For subcloning of Sp1 gene into pFastBacl (Invitrogen) containing
a sequence (RGS-6xHis-Flag) supplied by W. Nakai, two primers (5'-GGAAT
TCCATATGGATGAAATGACAGCTGTGG-3" and 5'-GCTCTAGATCAGA
AGCCATTGC-3") were designed. Plasmid CMV-hSpl1 (22) supplied from G.
Suske was used as a template for PCR. The PCR product was double digested by
Ndel and Xbal and subcloned into pFastBacl containing a sequence (RGS-
6xHis-Flag), and the resultant plasmid was designated pFB-RHF/Sp1. For con-
struction of a mammalian expression vector for Spl, two primers (5'-TTATAA
TAGGGGTACCCCACCATGCGCGG-3' and 5'-GCTCTAGAGCTCAGAAG
CCA-3") were designed. pFB-RHF/Sp1 was used as a template for PCR. The
PCR product was double digested by Kpnl and Xbal and subcloned into
pcDNA3.1(+) (Invitrogen), and the resultant plasmid was designated pcDNA-
RHF/Spl. Serine/threonine-to-alanine mutations were constructed with a
QuikChange site-directed mutagenesis kit (Stratagene) using the primer sets
given in Table 1. Multiple mutations were introduced by repetition. The plasmids
were designated pcDNA-RHF/Sp1-S36A, pcDNA-RHF/Sp1-S56A, pcDNA-RHF/
Sp1-S81A, pcDNA-RHF/Sp1-S85A, pcDNA-RHF/Sp1-T98A, pcDNA-RHF/Sp1-
S101A, pcDNA-RHF/Sp1-T250A/S281A, pcDNA-RHF/Sp1-S291/296A, pcDNA-
RHEF/Sp1-S313A, pcDNA-RHF/Sp1-S351A, pcDNA-RHF/Sp1-T394A, pcDNA-
RHF/Sp1-T427A/S431A, pcDNA-RHF/Sp1-S56/81/85A, pcDNA-RHF/Sp1-S56/
101A, pcDNA-RHF/Sp1-S56A/T250A, and pcDNA-RHF/Sp1-S56/281A, and all
mutations were confirmed by sequencing.

For subcloning of a glutathione S-transferase (GST) fusion protein with trun-
cated Sp1 (8 to 167 amino acids), two primers (5'-CGGGATCCCGTATGGAT
GAAATGAC-3' and 5'-ACTCTCGAGCACTCCAGGTAGT-3") were de-
signed, and pcDNA-RHF/Spl, pcDNA-RHF/Sp1-S56A, pcDNA-RHF/Spl-
S101A, and pcDNA-RHF/Sp1-S56/101A were used as templates for PCR. The
PCR products were double digested with BamHI and Xhol and subcloned into
pGEX-6P-3 (Amersham Biosciences). The plasmids were designated pGEX-6P-
Splg.i67» PGEX-6P-Splg 16,-S36A, pGEX-6P-Splg 16,-S101A, and pGEX-6P-
Splg_167-S56/101A.

Purification of recombinant Sp1 from insect cells. Purification of recombinant
His, flag-tagged Sp1 from insect cells was carried out with a Bac-to-Bac system
(Invitrogen). DH10Bac Escherichia coli cells were transformed with pFB-RHF/
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Spl, and the resultant bacmid was transfected into Sf9 cells using Lipofectin
reagent (Invitrogen). The obtained virus was designated AcCRHF/Sp1. SF21 cells
(5 % 107) were infected with AcRHF/Sp1 at an MOI of 5. At 60 hpi, the cells
were harvested, suspended in a buffer (50 mM Tris-HCI [pH 8], 1% Nonidet P-40
[NP-40], 250 mM NaCl, 10 mM 2-mercaptoethanol [2-ME], 1 mM phenylmethyl-
sulfonyl fluoride [PMSF]), sonicated, and centrifuged. The clarified lysate was
combined with Ni-NTA (QIAGEN). After rotation for 2 h, the beads were
washed twice with buffer A (20 mM Tris-HCI [pH 8], 10% glycerol, 10 mM
2-ME) containing 500 mM KCI and 20 mM imidazole, once with buffer A
containing 1 M KCl, once with buffer A containing 500 mM KCI and 20 mM
imidazole, and twice with buffer A containing 100 mM KCI and 20 mM imidazole
and then eluted with buffer A containing 100 mM KCI and 100 mM imidazole.
The eluted protein was dialyzed against dialysis buffer (20 mM Tris-HCI [pH 8],
100 mM NaCl, 20% glycerol, and 1 mM PMSF) and combined with anti-Flag M2
affinity gel (Sigma). After rotation for 3 h, the beads were washed three times
with TBS+ buffer (50 mM Tris-HCI [pH 8], 150 mM NaCl, 1 mM EDTA, 0.1%
NP-40, 10% glycerol, 1 mM PMSF), and the protein was eluted with 0.1 M
glycine (pH 3.5), neutralized immediately, dialyzed against dialysis buffer, and
stored at —80°C.

Purification of recombinant Spl from bacteria. E. coli (BL21) transformed
with pGEX-6P-Splg 147, pGEX-6P-Splg 157-S56A, pGEX-6P-Splg 1,-S101A,
and pGEX-6P-Splg_14,-S56/101A were cultured at 30°C until the optical density
at 600 nm reached 0.6, and IPTG (isopropyl-p-p-thiogalactopyranoside) was
added at a final concentration of 1 mM. After 5 h of incubation, the collected
cells were suspended in GLB buffer (50 mM Tris-HCI [pH 7.4], 50 mM glucose,
1 mM EDTA, 10 mM 2-ME, 1 mM PMSF, 0.2% NP-40). After sonication, the
lysate was clarified by centrifugation, combined with glutathione-Sepharose 4B
(Amersham Biosciences), and rotated at 4°C for 90 min. After three washes with
GLB containing 0.2% NP-40, the proteins were eluted with elution buffer (10
mM reduced glutathione, 50 mM Tris-HCI [pH 8], 1 mM PMSF) and dialyzed
against dialysis buffer. The purified proteins were designated GST-Splg_i¢7,
GST-Splg.167-S56A, GST-Splg.167-S101A, and GST-Splg.167-S56/101A.

IP-kinase assays. Immunoprecipitation (IP)-kinase assays were performed
with some modification as described previously (6, 10, 32). 293T cells (5 X 10°)
were transfected with either pcDNA-Flag-ATMwt or pcDNA-Flag-ATMkd (5
ng of each; kind gifts from M. B. Kastan [6]) using Lipofectamine 2000 (Invitro-
gen). At 48 h posttransfection, cells were harvested, rinsed with ice-cold phos-
phate-buffered saline, lysed with lysis buffer (20 mM Tris-HCI [pH 7.4], 150 mM
NaCl, 1 mM EDTA, 0.5% Triton X-100 [TX-100], 5% glycerol, 1 mM PMSF, 100
mM NaF, 2 mM Na;VO,, and complete protease inhibitor [Roche]), incubated
for 15 min on ice, sonicated, and clarified by centrifugation. Cell lysates (2 mg)
were incubated with anti-Flag M2 affinity resin (20 ul of suspension) and rotated
for 3 h at 4°C. The immunocomplex was washed three times with lysis buffer
containing 0.65% TX-100, twice with Tris-LiCl buffer (100 mM Tris-HCI [pH
7.5],0.5 M LiCl, 1 mM NaF, 1 mM Na;VO,) and once with kinase buffer (10 mM
HEPES [pH 7.9], 50 mM glycerophosphate, 50 mM NaCl, 10 mM MgCl,, 10 mM
MnCl,, 1 mM dithiothreitol, I mM NaF, and 1 mM Na;VO,) containing 5 pM
ATP. For activation of ATM, the immunocomplex was incubated with kinase
buffer containing 1 mM ATP for 30 min at 30°C. After incubation, the immu-
nocomplex was washed three times with kinase buffer containing 5 uM ATP and
divided into two portions for kinase reactions with either purified Sp1 or p53 as
substrate. Kinase reactions were carried out by resuspending the immunocom-
plex in kinase buffer containing 10 uCi [y->*P]JATP and either 500 ng of Spl
purified from insect cells or 250 ng of p53 (Active Motif), followed by incubation
for 30 min at 30°C. The reactions were terminated by addition of sodium dodecyl
sulfate (SDS) gel loading buffer, and the samples were separated by SDS-10%
polyacrylamide gel electrophoresis (PAGE), followed by autoradiography. In the
case of GST-Splg 47, GST-Splg 67-S56A, GST-Splg ;4,-S101A, and GST-
Splg 167-S56/101A, 1 pg of each protein was used as a substrate.

Antibodies. Primary antibodies were purchased from Santa Cruz (Sp1 PEP2),
Abcam (HSV-1 ICP4, UL42), GeneTex (ATM-2C1), Cell Signaling Technology
(ATM-S1981), Ambion (GAPDH [glyceraldehyde-3-phosphate dehydroge-
nase]), Sigma (Flag M2), and Biosource (DNA-dependent PK catalytic subunit).
Phosphopeptide-specific rabbit antibodies were raised against serine-56 phos-
phopeptide, CGGGQEpSQPSPL, for anti-Spl (pS56) and serine-101 phos-
phopeptide, CTATQLpSQGANG, for anti-Sp1 (pS101), conjugated with KLH.
Antibodies were purified through the specific phosphopeptide-conjugated col-
umns and passed through the corresponding unphosphorylated peptide-conju-
gated columns.

Transient-transfection and infection. HeLa cells (6 X 10°) were transfected
with 0.8 pg of pcDNA-RHF/Spl or expression vectors of mutated Spl using
Lipofectamine 2000. At 24 h posttransfection, the transfected cells were infected
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with HSV-1 at an MOI of 10. At 24 hpi, the cells were harvested and subjected
to immunoblot analysis.

IP. HeLa cells transfected with pcDNA-RHF/Sp1, pcDNA-RHF/Sp1-S56A, or
pcDNA-RHF/Sp1-S101A were infected with HSV-1 at an MOI of 10. At 24 hpi,
the cells were harvested, suspended in lysis buffer (50 mM Tris-HCI [pH 7.4], 150
mM NaCl, 1 mM EDTA, 1% TX-100, 100 mM NaF, 2 mM Na,;VO,, and
protease inhibitor cocktail [Sigma]), and centrifuged. The clarified lysate was
combined with anti-Flag M2 affinity resin and rotated for 3 h at 4°C. The immune
complex was washed three times with TBS buffer (50 mM Tris-HCI [pH 7.4], 150
mM NaCl), and eluted with SDS gel loading buffer.

Immunoblot analysis. HeLa, HFF2, M059J, MJ-M6, and AT10S/T-n cells
were suspended in lysis buffer (20 mM Tris-HCI [pH 7.4], 0.5% TX-100, 300 mM
NaCl, 1 mM EDTA, 0.1% SDS, 100 mM NaF, 2 mM Na;VO,, protease inhibitor
cocktail [Sigma]) and incubated on ice for 40 min, followed by centrifugation to
obtain clarified supernatants. 293T-ATM shRNA and 293T-Control vector cells
were suspended in urea buffer (8 M urea, 0.1 M NaH,PO,, 10 mM Tris [pH 8]),
sonicated, and centrifuged. For experiments with alkaline phosphatase treat-
ment, HFF2 and HeLa cells were infected with HSV-1 and harvested at 10 and
12 hpi, respectively. Cells were suspended in AP buffer (50 mM Tris-HCI [pH 8],
0.5 M NaCl, 2% NP-40, protease inhibitor cocktail [Sigma]), stored on ice for 30
min, and then centrifuged. Whole-cell lysates (20 pg) were incubated in a
reaction mixture containing 10 U of calf intestinal alkaline phosphatase (CIAP;
New England Biolabs) and 10 mM MgCl, for 30 min at 37°C. Equal amounts of
proteins (2.5 to 30 ug) were separated by 7.5% (acrylamide [A]:bisacrylamide
[B] = 72:1) or 10% (A:B = 30:0.8) SDS-PAGE and transferred onto Immobilon
transfer membranes (Millipore). Immunoreactivity was detected by Western
Lightning (Perkin-Elmer). Images were processed by LumiVision PRO 400EX
(Aisin/Taitec, Inc.). Signal intensity was quantified with LumiVision Analyzer
400. The system used in the present study mounts the cooled charge-coupled
device camera that has 16 bit = 65,535 grayscale wide dynamic range. It enhances
the accuracy of the quantitative analysis up to 100 times compared to the
ordinary quantitative analysis scanning an X-ray film into the personal computer
after exposing the signal to the film.

IR. HFF2 cells were exposed to gamma irradiation with 10 Gy and harvested
at 15 min after radiation. 293T-ATM shRNA and 293T-Control vector cells were
exposed to gamma irradiation with 20 Gy and harvested at 15 min after radiation.

CAT assays. Chloramphenicol acetyltransferase (CAT) assays were carried
out as described previously (27, 62). All transfections were in triplicate on
35-mm-diameter plates of 293T-ATM shRNA or 293T-Control vector cells
(1.2 X 10°) with either p65F1CAT (3.5 p.g; a gift from A. D. Yurochko) (62) or
pCAT TATA+Spl(—55)+Spl (—75) (1 pg) (27) using Lipofectamine 2000
according to the manufacturer’s instructions. At 24 h posttransfection, cells were
infected with HSV-1 at an MOI of 5 and harvested at 12 hpi. Cell lysates were
then prepared and subjected to CAT assays as described previously (27, 62).
Equal amounts of proteins from each sample [0.4 ng for po5SF1CAT-transfected
cells, 0.2 pg for pCAT TATA+Spl(—55)+Spl(—75)-transfected cells] were
assayed for CAT activity. Acetylated and unacetylated [*C]chloramphenicol
(Amersham Biosciences) were separated by thin-layer chromatography in a
chloroform-methanol (95:5) solvent. Images were obtained using a BAS2500
Image Reader (Fujifilm), the signal intensities were quantified with an Image
Gauge, and the levels of activity were analyzed by calculating the percentage of
the conversion of unacetylated ['“C]chloramphenicol to the acetylated form.

RESULTS

Hyperphosphorylation of Sp1 is induced upon HSV-1 infec-
tion. In order to confirm whether transcription factor Spl is
hyperphosphorylated upon HSV-1 infection as reported pre-
viously (31), HeLa and HFF?2 cells were infected with HSV-1.
As shown in Fig. 1A, most of the Sp1 proteins were converted
to slower-migrating forms in SDS-PAGE by 4 hpi in HeLa
cells. Similarly, the slower-migrating forms of Spl in HFF2
cells became the major form by 4 hpi (Fig. 1C). CIAP treat-
ment of the lysates from HSV-1-infected HeLa cells (Fig. 1B)
or HFF2 cells (Fig. 1D) changed the slower-migrating forms of
Spl to the faster-migrating form. Thus, Spl became hyper-
phosphorylated after HSV-1 infection without a significant
change in abundance, confirming the previous finding (31).
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FIG. 1. Hyperphosphorylation of Spl is induced upon HSV-1 in-
fection. HeLa (A) and HFF2 cells (C) were infected with HSV-1 at
MOIs of 10 and 5, respectively, and were harvested at the indicated
times postinfection. Whole-cell lysates were prepared, and equal
amounts of proteins from each sample (2.5 or 30 pg) were subjected to
immunoblot analysis with anti-Sp1 antibody. (B and D) Whole-cell
lysates obtained from HSV-1-infected HeLa and HFF2 cells at the
indicated times postinfection were treated with (+) or without (—)
CIAP for 30 min at 37°C. The samples were subjected to immunoblot
analysis with anti-Sp1 antibody.

Hyperphosphorylation of Spl is induced even upon infec-
tion of HSV-1 mutants defective for viral PK, Us3, UL13, or
UL39 gene product. HSV-1 expresses at least three viral PKs
encoded by the Us3, UL13, and UL39 genes (20, 46, 47). To
examine whether Us3, UL13, or UL39 viral PK is involved in
the Sp1 hyperphosphorylation, we investigated the phosphory-
lation state of Sp1 in HFF2 cells infected with wild type, Us3-
deficient (R7041), UL13-deficient (R7356), or UL39 (viral ri-
bonucleotide reductase large subunit)-deficient (ICP6A) virus
(Fig. 2). The expression levels of the virus-encoded immediate-
early protein (ICP4) and early protein (UL42) were almost the
same among wild-type- and the mutant virus-infected cells.
Since R7041 and R7356 are derived from HSV-1 strain F (46,
47) and ICP6A is from HSV-1 strain KOS (20), it is possible
that the different gel mobilities of ICP4 proteins among wild-
type HSV-1 (strain 17+) and the mutant viruses could be due
to interstrain variabilities. Sp1 proteins in HFF2 cells infected
with Us3-deficient (R7041), UL13-deficient (R7356), or UL39-
deficient (ICP6A) viruses were mainly detected as hyperphos-
phorylated forms (the slower-migrating forms) by 12 hpi, as in
the case of wild-type HSV-1 (Fig. 2). These results indicate
that HSV-1 encoded PKs are not individually involved to any
large extent in Sp1 hyperphosphorylation induced upon HSV-1
infection. However, the possibility of redundancy among some
combination of these three PKs in Sp1 phosphorylation could
not be excluded.

Activated ATM is involved in hyperphosphorylation of Sp1
upon HSV-1 infection. The HSV-1 infection activates ATM
and elicits an ATM-dependent DNA damage signal transduc-
tion in infected cells (37, 53, 60). Since Spl possesses 15 pu-
tative phosphorylation sites targeted by ATM as estimated
from the motifs (see Fig. 5A), we therefore examined phos-
phorylation states of Spl in ATM expression-silenced 293T
cells infected with HSV-1 (Fig. 3A). The 293T cells stably
expressing the ATM gene-targeted shRNA (293T-ATM
shRNA) or the control vector cells (293T-Control vector) (53,
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FIG. 2. Hyperphosphorylation of Sp1 is induced even upon infec-
tion of HSV-1 mutants defective for viral PK, Us3, UL13 or UL39 gene
product. HFF2 cells were infected with wild-type HSV-1 (wt HSV-1),
Us3-defective virus (R7041), UL13-defective virus (R7356), or UL39-
defective virus (ICP6A) at an MOI of 5. At 12 and 24 hpi, cells were
harvested and whole-cell lysates were prepared. Equal amounts of
proteins from each sample (15 pg) were subjected to immunoblot
analysis with anti-Sp1, ICP4, and UL42 proteins specific antibodies.
Mock, mock infection.

56) were infected with HSV-1. The expression level of ATM
was very low in 293T-ATM shRNA cells compared to that in
293T-Control vector cells. In 293T-Control vector cells, most
of the Spl proteins were hyperphosphorylated to slower-mi-
grating forms by 5 hpi (Fig. 3A). In contrast, in 293T-ATM
shRNA cells part of the Spl protein was converted to hyper-
phosphorylated forms, but 44% of Spl still remained as the
faster-migrating form even at 24 hpi. It should be noted that
the expression profiles of an immediate-early protein, ICP4,
and an early protein, UL42, were almost the same between
both cell lines, although the phosphorylation state of Spl was
considerably different. Furthermore, as shown in Fig. 3B, in
ATM-deficient AT10S/T-n cells from ataxia telangiectasia pa-
tients (43), Spl was originally present mostly as the faster-
migrating form and only partially as the slower-migrating
forms. The conversion efficiency from the faster-migrating
form to slower-migrating forms was low in HSV-1-infected
AT10S/T-n cells, as well as the case with ATM expression-
silenced 293T cells. These observations strongly suggest that
ATM is involved directly or indirectly in Sp1 hyperphosphory-
lation upon HSV-1 infection.

To further confirm the relationship between Sp1 hyperphos-
phorylation and ATM activation, the phosphorylation states of
Sp1 were also compared in the human glioma cell lines M059J,
which is DNA-dependent PK catalytic subunit (DNA-PKcs)
null, and MJ-M6, which is a DNA-PKcs revertant of M059J)
cells transfected with the full-length DNA-PKcs cDNA expres-
sion vector (34) (Fig. 3C). It was previously shown that DNA-
PKcs-deficient cells express very low levels of ATM and that
recovery of DNA-PKcs partially restores ATM expression lev-
els (25, 45). In MJ-MG6 cells, the slower-migrating forms of Sp1
began to increase from 5 hpi, and almost all Sp1 proteins were
converted to hyperphosphorylated forms by 10 hpi, appearing
to correlate with expression levels of the activated ATM phos-
phorylated at Ser-1981. No change in the amount of ATM
protein occurred throughout HSV-1 infection, whereas the
levels of DNA-PKcs protein significantly decreased by 5 hpi.
As previously reported, the degradation is dependent on the
expression of the virus-encoded immediate-early protein ICPO,
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FIG. 3. ATM is involved in hyperphosphorylation of Sp1 induced by HSV-1 infection. (A and B) 293T-ATM shRNA and 293T-Control vector
cells (A) and ATM defective AT10S/T-n cells (B) were infected with HSV-1 at an MOI of 10 and harvested at the indicated times postinfection.
Whole-cell lysates were prepared, and equal amounts of proteins from each sample (7 to 15 pg) were subjected to immunoblot analysis with the
indicated antibodies. Each value at the bottom of the panel of Sp1 (“F/W: %”) represents the percentage of the level of the faster-migrating form
to whole amounts of Sp1, calculated as described in Materials and Methods. M, mock infection. (C) Human glioma M059J (DNA-PKcs null and
the lower level of ATM) and MJ-M6 (M059J cells expressing DNA-PKcs) cells were infected with HSV-1 at an MOI of 2.5 and harvested at the
indicated times postinfection. Whole-cell lysates (15 pg) were subjected to immunoblot analysis for expression profiles of Spl, ATM, ATM
phosphorylated at Ser-1981, DNA-PKcs, ICP4, and GAPDH. Anti-GAPDH antibody was used to confirm equal protein loading.

viral ubiquitin ligase (35, 44). In contrast, in DNA-PKcs-de-
fective M059J cells, the slower-migrating form of Sp1 appeared
from 5 hpi and subsequently did not increase. Although the
ATM phosphorylated at Ser-1981 increased slowly with pro-
gression of HSV-1 infection, the expression level was very low,
reflecting the phosphorylation status of Spl in MO059J cells.
The expression profile of ICP4 was almost the same in both
MO059J and MJ-M6 cells. Overall, the results strongly suggest
that activated ATM is involved directly or indirectly in the
hyperphosphorylation of Sp1 in response to HSV-1 infection.

After IR, Spl is hyperphosphorylated dependent on acti-
vated ATM. In order to determine whether activation of ATM
induces hyperphosphorylation of Spl, HFF2 cells were ex-
posed to 10 Gy of gamma irradiation, which generates double-
strand DNA breaks, leading to activation of ATM-dependent
DNA damage signal transduction. As shown in Fig. 4A, Spl
was hyperphosphorylated immediately after IR accompanied
by phosphorylation of Ser-1981 of ATM, leading to catalytic
activation of the protein.

To determine whether IR-induced Sp1 phosphorylation de-
pends on activated ATM, ATM-silenced 293T cells (293T-
ATM shRNA) and 293T-Control vector cells were exposed to
gamma irradiation (20 Gy) (Fig. 4B). In 293T-Control vector
cells, IR induced the phosphorylation of ATM at Ser-1981 by
15 min post-IR, and simultaneously more than half of the Sp1
proteins were converted to hyperphosphorylated and slower-
migrating forms. In contrast, in IR-treated ATM expression-
silenced 293T cells, the phosphorylation status of Spl was
almost unchanged. These observations with IR support the
idea that the hyperphosphorylation of Spl is directly or indi-
rectly dependent on activated ATM.

Mapping of Sp1 phosphorylation sites induced upon HSV-1
infection. Related PI-3-like kinases family members, ATM,
DNA-PK, and ATR (ATM-Rad3-related), display kinase ac-
tivity against serine (S) and threonine (T), followed by glu-
tamine (Q) (SQ or TQ), residues (1, 6, 12, 13). Sp1 possesses
11 SQ sites and four TQ sites (Fig. 5A). With the aim of
determination of the phosphorylation site(s), we constructed
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FIG. 4. (A) Hyperphosphorylation of Spl induced upon exposure
to IR. HFF2 cells were exposed to gamma irradiation (IR) with 10 Gy
and harvested at 15 min post-IR. Whole-cell lysates were prepared,
and 30-pg aliquots of proteins from each sample were subjected to
immunoblot analysis with anti-Spl and ATM S1981 antibodies.
(B) Sp1 hyperphosphorylation induced upon IR is correlated with the
activation of ATM. The 293T-ATM shRNA and 293T-Control vector
cells were exposed to IR with 20 Gy and harvested at 15 min post-IR.
Whole-cell lysates were prepared, and equal amounts of proteins from
each sample were subjected to immunoblot analysis with anti-Sp1 and
ATM S1981 antibodies. —, No IR.

expression vectors of Flag-tagged Spl (Flag-Spl) containing
alanine mutations of serine/threonine in each SQ/TQ site and
investigated their phosphorylation in HSV-1-infected cells. As
shown in Fig. 5B, most of the exogenously expressed Flag-
tagged wild-type Spl, like endogenous Spl, was converted to
slower-migrating forms upon HSV-1 infection, although a part
of the recombinant protein (25 to 36%) remained as the faster-
migrating form at 24 hpi. Phosphorylation patterns of Spl
containing alanine mutations of Ser-36, Ser-81, Ser-85, Thr-98,
Thr-250, Ser-281, Ser-291, Ser-296, Ser-313, Ser-351, Thr-394,
Thr-427, and Ser-431 were almost the same as that of wild-type
Spl. The percentages of the remaining faster-migrating form
to the total amounts of those mutated Spl were almost the
same as or less than that of wild-type Spl (Fig. 5B, lower
panel). In contrast, although Flag-Spl containing an alanine
mutation of either Ser-56 or Ser-101 was also phosphorylated
upon HSV-1 infection, the percentages of the faster-migrating
form to total Sp1 were much higher (45 to 57%) compared to
that seen with wild-type Spl (25%) (Fig. 5B, upper panel).
Furthermore, Flag-Spl containing alanine mutations at both
Ser-56 and Ser-101 resulted in considerably impaired conver-
sion to the slower-migrating and hyperphosphorylated forms
upon HSV-1 infection. Thus, mutation of Ser residues 56 and
101 individually or in tandem to alanine resulted in a reduction
of the hyperphosphorylation of Spl upon HSV-1 infection.
Kim and DeLuca suggested that Spl is important for the
expression of immediate-early and early genes whose promot-
ers possess Spl binding sites and predicted that its hyperphos-
phorylation contributed to the downregulation of expression of

J. VIROL.

these gene classes late in infection (31). However, the expres-
sion levels of ICP4 were almost constant among cells express-
ing wild-type Spl and a variety of mutated Sp1 proteins (Fig.
5B). Thus, even when the mutated Sp1 at Ser-56 and Ser-101
was expressed exogenously, we did not observe any reduced or
overaccumulation of the immediate-early protein, ICP4, com-
pared to exogenously expressed wild-type Spl.

Ser-56 and Ser-101 on Spl become phosphorylated upon
HSV-1 infection. In order to confirm that Sp1 is phosphory-
lated at Ser-56 and Ser-101 during HSV-1 infection, we pre-
pared phosphopeptide-specific antibodies («-Spl [pS56] and
a-Spl [pS101] antibodies) raised against phosphorylated
Ser-56 and Ser-101 residues, respectively, and characterized
the specificity of each antibody (Fig. 6A and B). Exogenously
expressed Spl proteins were immunoprecipitated with anti-
Flag antibody from whole-cell lysates of HeLa cells that were
transfected with each expression vector—pcDNA-RHF/
Spl, pcDNA-RHF/Sp1-S56A, or pcDNA-RHF/Sp1-S101A—
followed by HSV-1 infection. Immunoprecipitated wild-type
and mutant Spl samples were subjected to immunoblot anal-
ysis with the phosphopeptide-specific antibodies (Fig. 6A).
a-Spl (pS56) could recognize wild-type Flag-Sp1 but not Flag-
Sp1-S56A. Similarly, a-Sp1 (pS101) recognized wild-type Flag-
Spl but not Flag-Sp1-S101A. In addition, both a-Spl (pS56)
and o-Spl (pS101) showed CIAP-sensitive reactivity with en-
dogenous Spl in whole-cell lysates obtained from HSV-1-in-
fected HeLa cells at 12 hpi (Fig. 6B). Thus, it was proved that
these two antibodies are directed against phospho-Ser-56 and
phospho-Ser-101, respectively.

Next, we examined phosphorylation of Spl at Ser-56 and
Ser-101 in HeLa cells and the ATM-deficient cell line, AT10S/
T-n, throughout HSV-1 infection using the phosphopeptide-
specific antibodies (Fig. 6C and D). In HeLa cells, phosphor-
ylation of Spl at Ser-56 or Ser-101 was detected by 4 hpi and
reached maximum level at 8 hpi. Similarly, the activated ATM
phosphorylated at Ser-1981 was detected by 4 hpi and in-
creased gradually. In contrast, in AT10S/T-n cells, both resi-
dues on Spl were not phosphorylated at all throughout infec-
tion. These observations clearly showed that both Ser-56 and
Ser-101 residues on Spl become phosphorylated directly or
indirectly by ATM in response to HSV-1 infection.

ATM phosphorylates Ser-101 but not Ser-56 on Sp1 in vitro.
In order to investigate whether ATM can phosphorylate Spl
directly, IP-kinase assays were performed (Fig. 7). Purified Sp1
from insect cells was subjected to an in vitro kinase assay with
Flag-tagged wild-type ATM and kinase-dead ATM immuno-
precipitated by anti-Flag antibody from cells transfected with
each expression vector. Purified pS3 known as a substrate for
ATM (6) was used as a positive control. Equal amounts of
Flag-tagged wild-type ATM and kinase-dead ATM were im-
munoprecipitated by anti-Flag antibodies. As shown in Fig. 7,
Flag-tagged wild-type ATM phosphorylated Spl and p53 di-
rectly, whereas kinase-dead ATM did not. Thus, ATM can
directly phosphorylate Spl in vitro.

Next, to determine whether ATM can phosphorylate Ser-56
and Ser-101 on Sp1 directly, GST fusion proteins of truncated
Sp1 (8 to 167 amino acids) (GST-Splg_,4,,) and identical frag-
ments with Ser-56 or Ser-101 or both mutated to alanine
(GST-Splg.167-S56A, GST-Splg_;4,-S101A, and GST-Splg_¢-
S56/101A) (Fig. 8A) were used as substrates in IP-kinase as-
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FIG. 5. Mapping of phosphorylation sites of Spl upon HSV-1 infection. (A) Schematic diagram of functional domains and putative ATM
phosphorylation sites of Spl. The 785 amino acids of Spl have two S/T-rich regions, two Q-rich regions, and three zinc fingers. The domains A,
B, C, and D correspond to multiple transcriptional activation domains. The sign “—/+” represents a region of high charge density (14). Motifs of
serine (S) or threonine (T), followed by glutamine (Q) (SQ and TQ) in Sp1, are putative phosphorylation sites for ATM. Sp1 contains 15 SQ and
TQ sites. The amino acid sequences around Ser-56 and Ser-101 are shown in detail. (B) HeLa cells were transfected with pcDNA-RHF/Spl
expressing wild-type (wt) Sp1 or a variety of expression vectors for mutated Sp1 containing the indicated serine or threonine residues replaced with
alanine. Cells were infected with HSV-1 at an MOI of 10 at 24 h posttransfection and harvested at 24 hpi. Whole-cell lysates were prepared, and
25-pg portions of proteins from each sample were subjected to immunoblot analysis with anti-ICP4 antibody or anti-Flag antibody to detect
exogenously expressed Spl proteins (Flag-Sp1). Each value at the bottom of the panel of Flag-Sp1 (“F/W: %) represents the percentage of level
of the faster-migrating form to whole amounts of Flag-Sp1 as described in Materials and Methods.

says. The amounts of immunoprecipitated Flag-tagged wild-
type ATM and kinase-dead ATM proved the same on
immunoblot analysis (Fig. 8B). As shown in Fig. 8C, GST-
Splg.167-S56A, as well as wild-type GST-Splg 47, Was phos-
phorylated by wild-type ATM but not by kinase-dead ATM. In
contrast, wild-type ATM could not phosphorylate GST-
Splg.167-S101A or GST-Splg.,6,-S56/101A. These results
clearly indicate that ATM can directly phosphorylate Spl at
Ser-101 but not Ser-56. Considering this and the result that
neither Ser-101 nor Ser-56 were phosphorylated upon HSV-1
infection in the ATM-defective cell line (Fig. 6D) together,
other kinase(s) activated by ATM would phosphorylate Ser-56
on Spl upon HSV-1 infection.

ATM-dependent Sp1 phosphorylation does not affect Sp1-
dependent transcriptional activity during viral infection. In

order to examine whether ATM affects Spl-dependent tran-
scriptional activity upon HSV-1 infection, CAT activity from
the Sp1 responsive promoter in ATM expression-silenced 293T
cells (293T-ATM shRNA) was compared to those in ATM
expression-intact 293T cells (293T-Control vector) (Fig. 9).
Sp1 stimulates transcription from promoters containing a GC-
rich recognition element, the GC-box (15, 16, 19), and is also
important for the regulation of TATA-less genes that encode
housekeeping proteins (23). As depicted in Fig. 9A, the CAT
reporter plasmid, poSF1CAT, has a promoter sequence (—575
to +38) of p65, an NF-«kB subunit, containing three GC-boxes
upstream of the CAT gene without any TATA consensus se-
quence (62). 293T-ATM shRNA cells and 293T-Control vector
cells transfected with p6SF1CAT were infected with HSV-1 at
24 h posttransfection and harvested at 12 hpi. The lysates from
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FIG. 6. Ser-56 and Ser-101 of Spl are phosphorylated upon HSV-1 infection. (A) HeLa cells were transfected with pcDNA-RHF/Sp1 (wt),
pcDNA-RHF/Sp1-S56A, or pcDNA-RHF/Sp1-S101A and infected with HSV-1 at an MOI of 10 at 24 h posttransfection. At 24 hpi, cells were
harvested and lysed. The whole-cell lysates were subjected to IP with anti-Flag M2 affinity resin, and the immunoprecipitated samples were
subjected to immunoblot (IB) analysis with anti-Flag, a-Sp1l (pS56), and o-Spl (pS101) antibodies. (B) Whole-cell lysates obtained from
HSV-1-infected HeLa cells at 12 hpi were treated with (+) or without (—) CIAP. The samples were applied for immunoblot analysis with the
indicated antibodies. (C) HeLa cells were infected with HSV-1 at an MOI of 10 and harvested at the indicated times postinfection. Whole-cell
lysates were prepared, and equal amounts of proteins from each sample were applied for immunoblot analysis with the indicated antibodies.
(D) AT10S/T-n cells were infected with HSV-1 at an MOI of 10 and harvested at the indicated times postinfection. Whole-cell lysates were
prepared and subjected to immunoblot analysis with the indicated antibodies. Whole-cell lysate from HSV-1-infected HeLa cells at 4 hpi was also

applied as a positive control.

both cells were subjected to CAT assay, and the transcriptional
activities were analyzed by calculating the percentage of the
conversion of unacetylated ['*C]chloramphenicol to the acety-
lated form. In a CAT assay for p6SF1CAT, the transcriptional
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FIG. 7. Spl is phosphorylated by ATM in vitro. The lysates of 293T
cells transfected with plasmid expressing Flag-tagged wild-type ATM
(Flag-wt ATM) or kinase-dead ATM (Flag-kd ATM) were immunopre-
cipitated with anti-Flag antibody. Each of immunocomplexes containing
Flag-wt ATM or Flag-kd ATM protein were incubated with purified Sp1
or p53 as substrates in the presence of [y-**P]ATP. Spl and p53 were
resolved by SDS-10% PAGE, followed by autoradiography. The amounts
of immunoprecipitated Flag-wt ATM and Flag-kd ATM were confirmed
by immunoblot analysis with anti-ATM antibody.

activity from the Spl responsive promoter in 293T-ATM
shRNA cells was almost the same (only a 1.2-fold increase) as
that in 293T-Control vector cells (Fig. 9B and C). Next, an-
other reporter plasmid, pCAT TATA+Sp1(—55)+Sp1(—=75)
(Fig. 9D) containing two GC-boxes and TATA consensus
sequence of human cytomegalovirus (HMCV) major immedi-
ate-early gene upstream of the CAT gene (27) was used as
TATA-dependent Spl responsive promoter. Similarly, the
transcriptional activity from the promoter in 293T-ATM
shRNA cells infected with HSV-1 was almost the same as that
in 293T-Control vector cells (Fig. 9E and F). In 293T-Control
vector cells Spl was detected mainly as the slower-migrating
and hyperphosphorylated forms at 12 hpi. In contrast, in 293T-
ATM shRNA cells, Spl was detected mostly as the faster-
migrating form and partially as the slower-migrating form (Fig.
9C and F, inset images). Phosphorylation of Ser-56 and Ser-
101 on Spl was observed in 293T-Control vector cells, while
the phosphorylation was not in 293T-ATM shRNA cells (data
not shown). As shown in Fig. 3A, the expression profiles of
ICP4, whose promoter possesses several Spl-binding sites, in
293T-ATM shRNA and 293T-Control vector cells were almost
the same throughout HSV-1 infection, corresponding well with
the same Spl-dependent transcriptional activities in both cells
obtained in the reporter-gene analyses of Fig. 9. Collectively,
ATM-dependent Spl phosphorylation does not appear to af-
fect the Spl-dependent transcriptional activity during viral in-
fection.
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FIG. 8. ATM phosphorylates Sp1 at Ser-101 but not Ser-56 in vitro.
(A) Schematic diagram of GST fusion proteins of truncated Spl and
identical fragments with one or both of Ser-56 and Ser-101 mutated to
alanine. (B) Lysates of 293T cells transfected with plasmid expressing
Flag-tagged wild-type ATM (Flag-wt ATM) or kinase-dead ATM
(Flag-kd ATM) were immunoprecipitated with anti-Flag antibody. Im-
munocomplexes of Flag-wt ATM or Flag-kd ATM were resolved on
SDS-10% PAGE gel and subjected to immunoblot analysis with anti-
ATM antibody. (C) IP-kinase assays. GST-Splg 57, GST-Splg i¢7-
S56A, GST-Splg.7,-S101A, and GST-Splg.,6-S56/101A were ex-
pressed in E. coli, purified, and used as substrates for IP-kinase assays.
Immunocomplexes containing Flag-wt ATM (Wt) or Flag-kd ATM
(Kd) protein were each incubated with purified GST-Splg. 47, GST-
Splg 167-S56A, GST-Splg.7,-S101A, or GST-Splg.6,-S56/101A as
substrates in the presence of [y-*?P]JATP. Samples were resolved by
SDS-10% PAGE, followed by autoradiography. The amounts of each
GST fusion protein were confirmed by Coomassie brilliant blue (CBB)
staining.

DISCUSSION

It was found here that hyperphosphorylation of the tran-
scription factor Spl upon HSV-1 infection is mainly due to
ATM and/or cellular kinase(s) activated by ATM rather than
individual HSV-1 encoded PKs. Hyperphosphorylation of Spl
upon HSV-1 infection was thus impaired in ATM-deficient or
-expression silenced cells. Although at least two sites of Ser-56
and Ser-101 could be phosphorylated upon HSV-1 infection,
ATM was here found to directly phosphorylate Sp1 at Ser-101
but not at Ser-56. To our knowledge, this is a first report
describing determination of the target site on Spl for ATM.
Involvement of ATM in Sp1 phosphorylation is also supported
by the previous reports that Spl and ATM coimmunoprecipi-
tate reciprocally in vivo and that Sp1 directly interacts with the
kinase region of ATM in vitro (21).

Hyperphosphorylation of Sp1 is observed also in infection of
other herpesviruses such as HCMV and Epstein-Barr virus
(EBV). HCMV infection results in increased phosphorylated
forms of Spl, together with an increased level of Sp1 (27, 62),
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and the ATM DNA damage checkpoint pathway is activated in
response to HCMYV infection (18, 38). Also, induction of lytic
replication in EBV latently infected cells results in hyperphos-
phorylation of Spl (S. Iwahori, A. Kudoh, and T. Tsurumi,
unpublished result) and EBV Iytic replication elicits ATM
checkpoint signal transduction (33). Thus, ATM-dependent
Sp1l hyperphosphorylation might be a common phenomenon
during the lytic replication of herpesviruses.

Although phosphorylation of Sp1 at Ser-56 was not detected
at all upon infection in ATM-deficient cells, ATM by itself
could not phosphorylate Ser-56 on Sp1 in vitro, suggesting that
other cellular kinase(s) activated by ATM could be involved in
the Ser-56 phosphorylation. The sequence of Ser-56 followed
by glutamine is known as putative phosphorylation site for
related members of the PI-3-like kinase family such as ATM,
ATR, and DNA-PK. Chen et al. have recently suggested that
ATM is likely the kinase mediating IR-induced DNA-PKcs
phosphorylation required for full activation of DNA-PKcs (7).
Spl phosphorylation by DNA-PK has already been reported
from studies of human immunodeficiency virus type 1 infection
(11). However, as shown in Fig. 3C, the level of DNA-PKcs
decreases significantly at early stages of HSV-1 infection, the
degradation being in a virus-encoded ICP0O-dependent manner
as reported by others (35, 44). Also, activation of ATR is
minimal during HSV-1 infection (37, 53), although the ATR
PK activity is dependent upon ATM (29, 42, 58). Furthermore,
it has recently been reported that HSV-1 disrupts the ATR-
dependent DNA damage response through destruction of the
usually tight colocalization of ATR and ATRIP (59). Thus,
involvement of ATR and DNA-PK in phosphorylation of
Ser-56 on Sp1 upon HSV-1 infection is unlikely. In response to
IR, ATM phosphorylates and activates checkpoint kinases,
Chk1 and Chk2, that play roles as signal transducers (3). We
reported that the activation of Chkl and Chk2 was induced
upon HSV-1 infection (53). However, since the sequence
around Ser-56 is distinct from Chkl and Chk2 target motif
(Arg-x-x-Ser) (8, 55), it is also unlikely that activated Chk1 and
Chk2 are involved in the phosphorylation of Spl at Ser-56.

With respect to the role of Sp1 hyperphosphorylation during
HSV-1 infection, Kim and DeLuca have reported purified Sp1
from HSV-1-infected cells at 12 hpi to exhibit reduced tran-
scriptional activity in an in vitro transcription assay, although
the DNA-binding activity of Spl was unchanged until 8 hpi
(31). These researchers suggested that the reduced transcrip-
tional activity of Sp1 may be due to the hyperphosphorylation
of Sp1 and contribute to the reduced transcription of immedi-
ate-early and early genes with Sp1-binding sites in its promot-
ers at late stages of infection (31). We also observed the re-
duced Spl-dependent transcriptional activity upon HSV-1
infection in reporter gene assay (data not shown). As shown in
Fig. 9, however, the transcriptional activity from the Sp1 re-
sponsive promoter in 293T-ATM shRNA cells upon HSV-1
infection was almost the same as that in 293T-Control vector
cells. In addition, there was almost no difference between the
expression profile of ICP4, whose promoter possesses several
Spl-binding sites, in 293T-ATM shRNA and that in 293T-
Control vector cells throughout HSV-1 infection, although Sp1
hyperphosphorylation was impaired in 293T-ATM shRNA
cells (Fig. 3A), a finding corresponding well with our previous
report that there is no difference in the yields of HSV type 2 in
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FIG. 9. ATM-dependent Sp1 phosphorylation does not affect Sp1-dependent transcription upon infection. (A and D) Schematic illustration of
reporter vectors: poSF1CAT contains three Spl-binding sites (GC-boxes) of the TATA less p65 promoter sequence (—575 to +38) (A), and pCAT
TATA+Sp1(—55)+Sp1(—75) contains two GC-boxes and TATA consensus sequence of HCMV major immediate-early gene (D). (B and E)
293T-ATM shRNA and 293T-Control vector cells were transfected with either p6SF1ICAT (B) or pCAT TATA+Spl(—55)+Sp1(—75) (E),
infected with HSV-1 at 24 h posttransfection at an MOI of 5, and harvested at 12 hpi. CAT assays were performed as described in Materials and
Methods. All transfection experiments were in triplicate. (C and F) Data from three independent experiments in panels B and E were plotted on
the graph, respectively. The levels of activity (i.e., the conversion efficiency) were determined by calculating the percentage of the conversion of
unacetylated ["*C]chloramphenicol to the acetylated form. In order to confirm phosphorylation states and amounts of Sp1 in 293T-ATM shRNA
and 293T-Control vector cells infected with HSV-1 at 12 hpi, equal amounts of proteins from each sample were subjected to immunoblot analysis

with anti-Sp1 antibody (panels C and F, inset images).

293T-ATM shRNA cells and 293T-Control vector cells (53).
Thus, although at least Ser-56 and Ser-101 of Sp1 were phos-
phorylated dependent on ATM during HSV-1 infection, the
Spl phosphorylation at both sites does not appear to affect
Spl-dependent transcriptional activity upon HSV-1 infection.
Therefore, modification of Spl besides phosphorylation at
Ser-56 and Ser-101 might induce the reduction of its transcrip-
tional activity during the HSV-1 infection.

IR rapidly activates ATM, which then phosphorylates sev-
eral transcription factors such as p53, ATF2, and CREB (4, 6,
51). In the present study, high doses of IR (10 and 20 Gy)

induced the hyperphosphorylation of Spl in ATM expression-
positive cells, but it did not so significantly in ATM expression-
silenced cells (Fig. 4), suggesting that Sp1 is phosphorylated in
an IR-induced ATM-dependent manner. A previous report
demonstrated that IR at low dose (3 to 6 Gy) induces phos-
phorylation of Spl and simultaneously causes an increase in
DNA-binding activity of Sp1 (40, 61). Furthermore, coexpres-
sion of Spl and ATM in Drosophila Schneider cells lacking
endogenous Sp1 results in an ATM dose-dependent synergistic
transactivation of IGF-IR promoter containing Spl binding
sites, suggesting that Spl phosphorylation by ATM might in-
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crease its transactivation activity (50). In the present study,
however, the transcriptional activity from the Spl responsive
promoter in ATM-silenced cells upon HSV-1 infection was
almost the same as that in ATM-intact cells. Upon HSV-1
infection, Sp1 might undergo phosphorylation besides ATM-
dependent phosphorylation or other modification(s). Thus,
complex modification(s) of Spl caused by HSV-1 infection
might mask the functional change by the phosphorylation at
Ser-56 and Ser-101.

Kim and DeLuca (31) first documented the hyperphosphor-
ylation of transcription factor Sp1 after HSV-1 infection. From
studies conducted with ICP4 deletion mutants, these authors
speculated that ICP4 is necessary for the hyperphosphorylation
of Spl directly or indirectly. Also, they observed partial con-
version of Spl to the hyperphosphorylated form during infec-
tion with wild-type HSV-1 in the presence of phosphonoacetic
acid, a specific inhibitor of the viral DNA polymerase (31). We
and others have previously demonstrated that HSV infection
elicits ATM-dependent DNA damage responses, whereas in-
fection with a UV-inactivated virus or with a replication-de-
fective virus does not, suggesting that viral DNA synthesis is
essential for ATM activation (37, 53). In the presence of phos-
phonoacetic acid, the ATM DNA damage signaling upon in-
fection is blocked at a low multiplicity of infection, although
the UL42 gene product, viral early protein, is expressed (37,
53). Therefore, ICP4 may indirectly contribute to Spl hyper-
phosphorylation through expression for viral replication pro-
teins synthesizing viral DNA. Since synthesized viral DNA
structure triggers activation of ATM-dependent DNA damage
responses upon HSV infection, newly syhthesized viral DNA
rather than expressed viral protein(s) appears to be necessary
for the hyperphosphorylation of Spl.
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