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Hsp90 Inhibitor 17-DMAG Decreases Expression of Conserved
Herpesvirus Protein Kinases and Reduces Virus Production in
Epstein-Barr Virus-Infected Cells
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All eight human herpesviruses have a conserved herpesvirus protein kinase (CHPK) that is important for the lytic phase of the
viral life cycle. In this study, we show that heat shock protein 90 (Hsp90) interacts directly with each of the eight CHPKs, and we
demonstrate that an Hsp90 inhibitor drug, 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG), decreases
expression of all eight CHPKSs in transfected HeLa cells. 17-DMAG also decreases expression the of the endogenous Epstein-Barr
virus protein kinase (EBV PK, encoded by the BGLF4 gene) in lytically infected EBV-positive cells and inhibits phosphorylation
of several different known EBV PK target proteins. Furthermore, 17-DMAG treatment abrogates expression of the human cyto-
megalovirus (HCMYV) kinase UL97 in HCMV-infected human fibroblasts. Importantly, 17-DMAG treatment decreased the EBV

titer approximately 100-fold in lytically infected AGS-Akata cells without causing significant cellular toxicity during the same

time frame. Increased EBV PK expression in 17-DMAG-treated AGS-Akata cells did not restore EBV titers, suggesting that 17-
DMAG simultaneously targets multiple viral and/or cellular proteins required for efficient viral replication. These results sug-
gest that Hsp90 inhibitors, including 17-DMAG, may be a promising group of drugs that could have profound antiviral effects

on herpesviruses.

uman herpesviruses are enveloped viruses containing relatively

large, double-stranded DNA genomes. Although all herpesvi-
ruses experience both latent and lytic stages of infection, they are
grouped into three separate families (alpha-, beta-, and gammaher-
pesviruses) according to differences in sequence homology and cel-
lular tropisms. The alphaherpesviruses, which comprise herpes sim-
plexvirus 1 (HSV-1), HSV-2, and varicella-zoster virus (VZV), cause
recurrent skin lesions and meningitis (1, 2). Human cytomegalovirus
(HCMYV), human herpesviruses 6A and 6B (HHV6), and human
herpesvirus 7 (HHV7) are betaherpesviruses, which cause severe dis-
ease in patients with compromised immune function (3, 4). The
gammaherpesviruses are Epstein-Barr virus (EBV) and Kaposi’s sar-
coma-associated herpesvirus (KSHV), which are causally associated
with mononucleosis (EBV) as well as a variety of human cancers
(5,6).

Each of the eight human herpesviruses encodes a protein ki-
nase (PK) with discernible homology in amino acid sequences and
positional similarity in their respective viral genomes. These re-
lated protein kinases, termed the conserved herpesvirus protein
kinases (CHPKs), are important for viral replication and infection
(7-13). They play important roles in multiple processes, including
gene expression (8, 11, 14), viral DNA replication (11, 15-17),
capsid nuclear egress (7, 11, 18, 19), and the DNA damage re-
sponse (20, 21). For example, EBV PK (the product of the BGLF4
gene) phosphorylates a number of different viral and cellular pro-
teins, including the viral DNA polymerase processivity factor
BMRF1 (7, 22-24); the latent viral proteins EBNA1 (25), EBNA2
(26), and EBNA LP (27); the EBV immediate early (IE) protein
BZLF1 (28); the cell cycle regulatory proteins p27 (29) and pRB
(30); nuclear lamin A/C (7, 31); and interferon regulatory factor 3
(IRF3) (32). In addition, EBV PK may upregulate the expression
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of two viral proteins important for nuclear egress, BFRF1 and
BFLF2 (11, 33). Both EBV PK and the homologous HCMV kinase,
UL97, greatly enhance but are not absolutely required for the re-
lease of infectious viral particles in vitro and appear to be inti-
mately involved in the pathogenesis associated with viral infec-
tions in vivo (34, 35). Although maribavir, an inhibitor of HCMV
UL97, failed a phase III clinical trial in bone marrow transplant
patients (36) (possibly due to insufficient dosing), CHPKs never-
theless remain very promising targets for development of novel
antiviral therapeutics.

Two guanine nucleoside analogues, ganciclovir (GCV) and
acyclovir (ACV), have been used frequently to inhibit replication
of various human herpesviruses by targeting viral DNA poly-
merases (37-40). UL97 mediates the first step of GCV and ACV
phosphorylation (41-43). Since the triphosphorylated forms of
GCV and ACV are much better substrates for herpesvirus DNA
polymerases than cellular DNA polymerases, GCV and ACV in-
hibit viral DNA replication more effectively than cellular DNA
replication (44, 45). It was recently found that EBV PK is required
for inhibition of lytic EBV replication mediated by GCV and ACV
(46).
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Heat shock proteins (Hsps), a group of molecular chaper-
ones, facilitate proper protein folding, stability, interactions,
and intracellular trafficking (47, 48). Unlike other Hsps, only a
relatively small subset of cellular proteins (numbering in the
hundreds) are thought to be clients of Hsp90 (49, 50). Inter-
estingly, cellular kinases make up the bulk of Hsp90 clients;
indeed, Hsp90 was recently shown to interact with over half of
the known human kinases (49). Hsp90 inhibitors such as 17-
DMAG (17-dimethylaminoethylamino-17-demethoxygeldana-
mycin) (also known as alvespimycin) bind to the ATP-binding
motif of Hsp90 and inhibit its protein chaperoning activity, result-
ing in misfolding and subsequent degradation of client proteins
(51,52). Hsp90 inhibitors are often more toxic to tumor cells than
to normal cells (50), since a specific Hsp90 conformation required
for inhibitor binding exists more frequently in tumor cells (53),
and a variety of Hsp90 client proteins contribute to tumor cell
growth, such as EGFR (epidermal growth factor receptor), AKT
(also known as protein kinase B), mutant p53, and IKK (IkB ki-
nase) (54-57).

We have previously demonstrated that Hsp90 inhibitors de-
crease EBNA1 expression in a variety of different EBV-infected
cell types and kill EBV-transformed B cells at nontoxic doses in
vitro and in a SCID mouse xenograft model (58). Here we show
that Hsp90 associates with the CHPKSs encoded by each of the 8
human herpesviruses and that 17-DMAG treatment decreases ex-
pression of the virally encoded kinases in cells transfected with
expression vectors for each kinase. In addition, we find that ex-
pression of the EBV-encoded and HCMV-encoded kinases are
markedly decreased in EBV-infected and HCMV-infected cells,
respectively, when treated with 17-DMAG, while viral IE protein
expression is not affected. Finally, we also show that 17-DMAG
reduces intracellular lytic viral replication, as well as the release of
infectious viral particles, in EBV-infected cells.

MATERIALS AND METHODS

Cell lines and reagents. AGS-Akata/BX1 cells were a gift from Lindsey
Hutt-Fletcher and are gastric carcinoma cells superinfected with the Akata
strain of EBV, which contains the green fluorescent protein (GFP) open
reading frame and a G418 resistance gene (59). The HONE-Akata cell line
is a nasopharyngeal carcinoma line superinfected with the Akata strain of
EBV containing the GFP open reading frame and a G418 resistance gene
(a gift from Lawrence Young). The HeLa cell line is a malignant human
epithelial cervical cancer cell line (obtained from the ATCC). Primary
human foreskin fibroblasts (HFFs) were a gift from Thomas Shenk,
Princeton University. The Mutu I cell line is a type I EBV-positive Burkitt
lymphoma line (a gift from Alan Rickinson at the University of Birming-
ham and Jeff Sample at Pennsylvania State University).

All cell lines were cultured at 37°C with 5% CO, and 100% humidity in
growth medium (Invitrogen) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (Sigma-Aldrich), except where in-
dicated. AGS-AKkata cells were cultured in Ham’s F-12 medium, HeLa cells
and HFFs were cultured in Dulbecco’s modified Eagle’s medium
(DMEM), and HONE-Akata and Mutu I cells were cultured in RPMI
1640. HONE-Akata and AGS-Akata cells were maintained under drug
selection (G418 sulfate at 0.4 mg/ml), as were HFFs (100 pg/ml strepto-
mycin, 0.292 mg/ml glutamine).

17-DMAG (InvivoGen) and lactacystin (Calbiochem) were dissolved
in dimethyl sulfoxide (DMSO). 3-MA (3-methyladenine) (Sigma) was
dissolved in medium just before use. Acyclovir (Sigma) was dissolved in 1
M HCI. Transforming growth factor 8 (TGF-{) was purchased from Bio-
legend (catalog number 580704), diluted in 4 mM HCI (with 1 mg/ml
bovine serum albumin [BSA]), and given at a dose of 5 ng/ml of medium.
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Plasmids. Plasmid DNA was purified through columns (Qiagen) as
described by the manufacturer. The pSG5-Z construct contains the full-
length BZLF1 gene sequence under the control of the simian virus 40
(SV40) promoter in the pSG5 vector (Stratagene) and was a gift from S.
Diane Hayward, John Hopkins University. Hemagglutinin (HA)-tagged
HSV-2 PK in pSG5 was a gift from Lynda Morrison, Saint Louis Univer-
sity. Since we previously found that the activity of the HCMV IE promoter
is decreased by Hsp90 inhibitors (58), HA-tagged HCMV UL97, KSHV
PK, HHV6 PK, HHV7 PK, VZV PK, HSV-1 PK, and EBV PK vectors used
in this paper were constructed by removing each HA-tagged viral kinase
gene from the pCGN vector and inserting it into the BamHI site in the
pSG5 vector by using an In-Fusion HD cloning kit (Clontech). Viral ki-
nase sequences were PCR amplified by using KOD Hot Start DNA poly-
merase (EMD). The templates for HCMV PK (UL97), KSHV PK, HHV6
PK, HHV7 PK, VZV PK, HSV-1 PK, and EBV PK were their respective
HA-tagged PK genes in pCGN vectors (30). The forward primer for these
7 viral PKs is 5'-GGGCGAATTCGGATCGCGCGTATGGCTTCTAG
CTA. The reverse primers are as follows: 5'-AATAAGATCTGGATCTTA
CTCGGGGAACAGTTG for HCMV, 5'-AATAAGATCTGGATCTCAG
AAAACAAGTCCGCG for KSHV, 5-AATAAGATCTGGATCTCACAT
ATGAAAGAGAGA for HHV6, 5'-AATAAGATCTGGATCTTACACCC
GAAATACAGA for HHV7, 5'-AATAAGATCTGGATCTTATGTCGAT
CCTATCCA for VZV, 5'-AATAAGATCTGGATCTCACGACAGCGCG
TGCCG for HSV-1, and 5'-AATAAGATCTGGATCTCATCCACGTCG
GCCATC for EBV. Rat cytomegalovirus (RCMV) PK was constructed by
PCR amplification from genomic DNA, kindly provided by Daniel
Streblow of Oregon Health Sciences University. The forward primer
(encoding an HA tag) is 5'-GGGCGAATTCGGATCATGTACCCATAC
GATGTTCCGGATTACGCTATGGAGAACACGCCGCCC, and the re-
verse primer is 5'-AATAAGATCTGGATCTCAGGGGAACAGGGA
GAA. Murine gammaherpesvirus 68 (MHV68) PK was constructed by
PCR amplification from pORF36 (60). The forward primer (encoding an
HA tag) is 5'-GGGCGAATTCGGATCATGTACCCATACGATGTTCCG
GATTACGCTATGGATTACCGACAGTTA, and the reverse primeris 5'-
AATAAGATCTGGATCTCAAAAAAATCCAGAATA. SG5-HA Z was
constructed by amplifying genomic Z from the SG5-Z plasmid using
primers that add a BamHI or EcoRI site to the ends of the sequence and
also a 5" HA tag and then inserting the PCR product between the BamHI
and EcoRI sites in the SG5 vector. The forward primer (with EcoRI) is
5'-GACGAATTCATGTACCCATACGATGTTCCGGATTACGCTAT
GATGGACCCAAACTCGAC, and the reverse primer (with BamHI) is
5'-CGTGGATCCTTAGAAATTTAAGAGATCCTCGTG. SG5-HA Daxx
was made by cutting pcDNA3-HA Daxx (a gift from M. H. Shih at Aca-
demia Sinica, Taiwan [61]) out of the pcDNA3 vector with Kpnl and Xbal
and ligating it into a modified SG5 vector (a linker with a Kpnl/Xbal site
had been previously inserted into the SG5 multiple-cloning site). Halo-
EBV PK was generated by cloning HA-EBV PK into the expression plas-
mid pFN21A (Promega), which encodes the Halo protein fused to the N
terminus of HA-EBV PK. A kinase-inactive form of the Halo-EBV PK
plasmid (in which lysine residue 102 was changed to an isoleucine resi-
due) was also constructed by using site-directed mutagenesis. The HA-
EBV PK open reading frame was PCR amplified from pCGN-HA-EBV PK
(30) by using the primers 5'-TGTCGCGATCGCCATGGC
TTCTAGCTATCCTTATGACGTGCCTGA and 5'-AACTGTTTAAACT
CCACGTCGGCCATCTGGACC. The HA-EBV PK PCR fragment and
Halo vector (pFN21A) were digested by using Pmel and Sgfl enzymes and
ligated together to produce Halo-EBV PK. pSG5-BMRF1 (early antigen
diffuse [EAD]) was generated in the Kenney laboratory as previously de-
scribed (62). pGEX-2T (Pharmacia) was used to clone a fragment of the
BMRF1 gene for expression of the glutathione S-transferase (GST)-
BMRF1 (C terminus) fusion protein in Escherichia coli. A blunt-ended
Notl/BgllI fragment from pSG5-BMRF1 was ligated into Smal-digested
pGEX-2T to construct pGST-BMRF1 (C terminus), encoding amino ac-
ids 303 to 404 of BMRF1, downstream of the GST protein. An N-terminal
myc-tagged EBV thymidine kinase (TK) expression vector was a gift from
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Edward Gershburg (Southern Illinois University School of Medicine) and
was constructed by PCR amplifying the TK gene from the EBV genome by
using primers 5'-GGATCCGCCGCCATGGAGCAGAAACTCATCTCT
GAAGAGGATCTGATGGCTGGATTTCCAGGAAAGGAG-3" and 5'-C
TCGAGCTAGTCCCGATTTCCCCTCTCAAAATCAGAG-3" and in-
serting it into the BamHI/Xhol sites in the pTK208 lentiviral vector. A
FLAG-tagged Hsp90 expression vector was a gift from Len Neckers at the
National Cancer Institute and was constructed as previously described
(63). All plasmids constructed by PCR have been sequenced and con-
firmed to be correct.

Cell transfection and infection. AGS-Akata, HONE-Akata, and HeLa
cells were transfected by using FuGene 6 (Roche) or Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocols. At 4 h posttrans-
fection, cells were treated with 0.17 uM 17-DMAG or the DMSO control.
In some experiments, cells were treated in the absence or presence of
lactacystin (20 wM) and 3-MA (10 mM). Lactacystin and 3-MA were
added into the medium 16 h and 24 h, respectively, before cell harvesting.

For HCMYV infection studies, primary human fibroblasts (HFFs) were
seeded onto a plate, and the next day, cells were subjected to serum star-
vation (0.1% FBS) for 48 h and then infected with HCMYV (strain AD169)
ata multiplicity of infection (MOI) of 1 or 3 PFU/cell. Cells were harvested
after 6, 24, 48, or 72 h. In some experiments, cells were treated in the
absence or presence of 17-DMAG (0.17 uM), which was added 1 h prior
to infection, and/or lactacystin (7.2 or 10 pM) or 3-MA (10 mM), which
were added at 6 h postinfection.

Immunoblot analyses. Total cellular protein was harvested, separated
on 10% or 7.5% SDS-PAGE gels, and subjected to immunoblot analyses.
The primary antibodies used were as follows: EBV PK (BGLF4) (catalog
number AP8057b, at a 1:1,000 dilution; Abgent), EBV BZLF1 (catalog
number sc-53904, 1:200; Santa Cruz), EBV BMRF1 (catalog number vp-
E608, 1:250; Vector Laboratories), Cdc2 (catalog number sc-54, 1:200;
Santa Cruz), Cdc37 (catalog number sc-13129, 1:200; Santa Cruz), HA
(catalog number sc-805, 1:200; Santa Cruz) (catalog number MMS-101P,
1:1,000; Covance), FLAG M2 antibody resin (catalog number A2220;
Sigma), Hsp90 (catalog number sc-7947, 1:1,000; Santa Cruz), UL44 (cat-
alog number CA006-100, 1:1,000; Virusys), B-actin (catalog number
A5441, 1:5,000; Sigma), lamin A/C (catalog number sc-7292, 1:500; Santa
Cruz), phospho-lamin A/C Ser22 (catalog number 2026, 1:1,000; Cell
Signaling), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(catalog number AM4300, 1:1,000; Ambion). A monoclonal antibody
used to detect EBV PK expression in lytically infected cells was derived as
previously described (64) and was a gift from M. R. Chen at the College of
Medicine, National Taiwan University. A monoclonal primary antibody,
1B12, was a gift from Tom Shenk at Princeton University and was raised
against the C terminus of IE1, as described previously (65), and used at a
1:100 dilution. A primary antibody raised against HCMV-UL97 in rabbits
was a gift from Donald Coen at Harvard University (66) and was used ata
1:1,000 dilution. Rabbit anti-EBV TK (used at a 1:200 dilution) was pre-
pared and analyzed as described previously (67). Briefly, full-length re-
combinant EBV TK was expressed in bacteria and purified as described
previously (68), and the GST moiety was removed as described previously
for HHV8 TK (69). Preimmune rabbit serum was collected, and rabbits
were immunized with purified recombinant EBV TK that was then
provided to a commercial vendor (Harlan Bioproducts) for antibody pro-
duction. Serum was harvested at different time intervals, and antibodies
from both preimmune and immune sera were purified by protein A chroma-
tography (Pierce) and analyzed for titer and specificity (67). The secondary
antibodies used were horseradish peroxidase-conjugated secondary anti-
mouse IgG (catalog number 31430, 1:10,000; Pierce Biotechnology), anti-
rabbit IgG (catalog number 31460, 1:5,000; Pierce Biotechnology), and
anti-rat IgG (catalog number 31230, 1:5,000; Pierce Biotechnology). Bound
antibodies were detected by using the ECL system (Pierce Biotechnology).
Image quantifications were performed by using ImageQuant software (GE
Healthcare).
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siRNA experiments. HONE-Akata cells were transfected with 80
pmol small interfering RNA (siRNA) against the human Cdc37 message
(catalog number sc-29255; Santa Cruz) or a negative-control siRNA (cat-
alog number sc-37007; Santa Cruz) by using X-tremeGENE (Roche). Two
days after delivery of the siRNA, the cells were transfected with 20 pmol
Cdc37 siRNA (or control siRNA) and 400 ng of the pSG5-EBV PK plas-
mid by using Lipofectamine 2000 (Invitrogen). After 4 h, cells were then
treated with 0.17 pM 17-DMAG or the DMSO control. Two days later,
total protein was harvested, separated on 10% SDS-PAGE gels, and sub-
jected to immunoblot analyses.

EBYV replication assays. AGS-Akata cells were transfected in six-well
plates with a BZLF1 expression plasmid (pSG5-Z, at 0.1 pg/well) to in-
duce lytic replication in the presence or absence of 0.17 uM 17-DMAG.
Cell medium was replaced at 2 days posttransfection with medium free of
17-DMAG or DMSO. Twenty-four hours later, virus supernatants were
harvested and filtered through a 0.8-pm filter (3 days after transfection).
Viral titers were determined by the green Raji cell assay (70). Raji cells (4 X
10° cells in 1 ml of medium/well) were infected in 24-well plates with a
serial dilution of virus supernatant. Phorbol-12-myristate-13-acetate
(TPA) (20 ng/ml) and sodium butyrate (3 mM) were added 24 h later. The
next day, GFP-positive Raji cells were scored by using a fluorescence mi-
croscope. The number of green Raji cells per milliliter (green Raji units
[GRU]/ml) was calculated to determine the concentration of infectious
virus particles. All experiments were performed in duplicate.

Preparation of EBV PK. Active (or kinase-dead) purified EBV PK was
prepared by using HaloTag technology (Promega), according to the man-
ufacturer’s instructions. Briefly, expression plasmids for HaloTagged EBV
PK were transfected into 293T cells, and protein lysates were prepared 48
h later. HaloTagged PK was covalently captured by HaloLink resin (cata-
log number G6200) during incubation overnight. After three washes, the
kinase was liberated from the resin and the attached HaloTag by the ad-
dition of tobacco etch virus (TEV) protease (a gift from Richard Burgess,
University of Wisconsin—Madison [UW-Madison]). After 2 h, centrifu-
gation was done to remove the beads and HaloTag, generating a superna-
tant containing purified and active PK. The full lysate and the purified PK
were separated on SDS-PAGE gels and stained with Coomassie to estimate
purity.

In vitro kinase assays. To express GST and GST-tagged BMRF1 (C
terminus), GST plasmids were transformed into Escherichia coli DH5«
cells. The bacteria were grown in 10 ml of LB medium containing 50
mg/ml ampicillin at 37°C until the optical density at 600 nm reached 0.6 to
0.8. Protein expression was induced with 1 nM isopropylthiogalactopyra-
noside (IPTG; Sigma-Aldrich) at 37°C for 2 h. Bacteria were pelleted and
lysed in cold phosphate-buffered saline (PBS) containing protease inhib-
itors (Roche) by sonication. After sonication, Triton X-100 was added to
a final concentration of 1%, and bacterial debris was removed by centrif-
ugation. Crude extracts were incubated with 50 pl of a 50% slurry of
glutathione-agarose beads (Sigma) for 1 h at 4°C. Beads were washed three
times with cold PBS and one time with incomplete kinase assay buffer (50
mM HEPES [pH 7.4], 5 mM MgCl,, 300 mM KCl, 0.1% NP-40). The
beads were split into three aliquots. One aliquot of the beads was resus-
pended in SDS sample buffer, and protein expression was analyzed on
10% SDS-PAGE gels and detected by Coomassie blue staining. The other
aliquots of the beads were incubated with kinase buffer containing 50 mM
HEPES (pH 7.4), 5 mM MgCl,, 300 mM KCl, 0.1% NP-40, 5 pCi of
[y-**PJATP (Amersham), and either purified GST or the GST-BGLF4
fusion protein at 30°C for 30 min. After the reaction, the beads were
washed with buffer (50 mM HEPES [pH 7.4], 5 mM MgCl,, 300 mM KCl,
0.5% NP-40) three times. After the proteins were resolved by 10% SDS-
PAGE, the proteins were then transferred onto a nitrocellulose membrane
and subjected to autoradiography.

Mass spectrometry. Halo-EBV PK was overexpressed in 293T cells,
and protein complexes were pulled down by using HaloLink resin, as
described above. The resulting samples were digested with trypsin over-
night and analyzed on the ThermoElectron Finnigan LTQ mass spec-

Journal of Virology


http://jvi.asm.org

trometer with XCalibur software at the UW-Madison Human Proteomics
Program Core Facility. Data were analyzed with Bioworks software using
SEQUEST searches with human parameters. The resulting hits were fil-
tered and compared with a control sample expressing only the HaloTag
protein.

Coimmunoprecipitation assays. For coimmunoprecipitation exper-
iments using the various HA-tagged viral kinases or the HaloTagged EBV
PK, cells were transfected with expression plasmids in 10-cm dishes. After
24 h, cells were harvested by scraping into 1 ml of PBS. After removal of
PBS by centrifugation, cells were resuspended in 300 pl of mammalian
lysis buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1% Triton X-100,
0.1% Na deoxycholate, protease inhibitors [catalog number G652A; Pro-
megal), followed by incubation on ice for 5 min. The lysates were soni-
cated for 1 min using 10-s on and 10-s off intervals at 30% amplitude.
After centrifugation at 14,000 X g for 5 min at 4°C, the supernatants were
transferred into new tubes and stored on ice until ready for binding to
resin or antibody. After three washes using washing buffer (PBS, 0.0005%
IGEPAL CA-630), either HaloLink resin or HA antibody was added to the
protein lysates, followed by incubation overnight with shaking. After cen-
trifugation at 800 X g for 5 min at 4°C, supernatants were removed, and
beads were washed 4 times using PBS. Proteins were eluted from the beads
by resuspending the beads in 20 pl of 2X sample buffer (125 mM Tris-
HCI [pH 6.8], 4% SDS, 20% [vol/vol] glycerol, 0.004% bromophenol
blue) and boiling for 3 min. Experiments using FLAG-tagged Hsp90 and
cotransfected EBV and CMV kinases were performed in a similar manner,
except that the immunoprecipitations were performed by using the M2
FLAG resin (Sigma), as suggested by the manufacturer.

EBV DNA terminus assay. To evaluate fused and linear structures
of the EBV genome, DNA was isolated from AGS-Akata cells after 48 h
of treatment with 17-DMAG (0.17 wM), the DMSO control, or acy-
clovir (50 pwg/ml). DNA was cut with BamHI, run on a 0.8% agarose
gel, blotted onto a Hybond nylon membrane, and hybridized with a
>2p_labeled riboprobe targeting the EBV termini, as previously de-
scribed (71).

RESULTS

Hsp90 and Cdc37 associate with EBV PK. To identify proteins
that interact with EBV PK, we fused either wild-type EBV PK or a
kinase-dead PK mutant (K102I) in frame with the HaloTag and
transfected it into 293T cells. EBV PK protein was isolated from
the cells 2 days later, and the HaloTag was then removed by using
HaloTag technology (Promega). The purity of the final isolated
EBV PK product was estimated to be >95% based on Coomassie
staining (Fig. 1A). To determine if purified wild-type EBV PK is
active, an in vitro kinase assay was performed by using a GST-
BMRF1 (C terminus) fusion protein that contains several known
EBV PK phosphorylation sites (7, 22-24). As shown in Fig. 1B,
purified EBV PK s active based on its ability to autophosphorylate
itself and to phosphorylate the GST-BMRF1 protein but not the
GST protein alone. As expected, the kinase-dead PK mutant did
not phosphorylate either GST-BMRF1 or itself.

The purified wild-type EBV PK protein was then subjected to
mass spectrometry analysis, since this approach has been used to
identify proteins that interact with more than 100 yeast protein
kinases (72). The results of this analysis showed that Hsp90 and
Cdc37 were specifically pulled down by the Halo-EBV PK fusion
protein, but not the HaloTag alone, in two separate mass spec-
trometry analyses (data not shown), suggesting that Hsp90 and/or
Cdc37 may form a complex with EBV PK in cells.

To further confirm the mass spectrometry results, the HaloTag
control vector (Halo) and the Halo-EBV PK vector were trans-
fected into 293T cells purified by using Halo technology, and the
purified proteins (or unpurified transfected-cell extracts) were
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FIG 1 EBV PK associates with Hsp90 and Cdc37. (A) 293T cells were trans-
fected with a vector expressing wild-type EBV PK fused in frame to a HaloTag
or a kinase-dead mutant (PK-Dead), and the EBV PK proteins were then
purified from the cell lysates (and cleaved from the tag). A Coomassie-stained
gel showing the total cell lysate and purified EBV PK proteins is shown. (B) In
vitro kinase assays using [*’P]JATP were performed by using GST or GST-
BMRF1 (C terminus) fusion protein and purified EBV PK proteins. (Top)
Autoradiography showed phosphorylation of BMRF1 and EBV PK autophos-
phorylation, as indicated. (Bottom) A Coomassie stain of the GST proteins
used for the kinase assay is also shown. Molecular weights (in thousands) are
indicated on the left of panels A and B. (C) 293T cells were transfected with the
Halo control vector or Halo-EBV PK, purified as described above for panel A,
and immunoblotted with antibodies against Hsp90 (left) or Cdc37 (right). (D)
HelLa cells were transfected with various combinations of the vector control,
HA-tagged EBV PK, HA-tagged Daxx, and Flag-tagged Hsp90 expression vec-
tors, as indicated, and then immunoprecipitated (IP) by using a FLAG anti-
body. Immunoblot analyses were performed to examine the expression of
transfected proteins (direct load) or immunoprecipitated proteins by using
HA, Hsp90, and actin antibodies.

then subjected to immunoblot analysis using anti-Hsp90 or anti-
Cdc37 antibodies. As shown in Fig. 1C, the Hsp90 and Cdc37
proteins were copurified with the Halo-EBV PK protein but not
the HaloTag alone, suggesting that both Hsp90 and Cdc37 associ-
ate with EBV PK. Furthermore, FLAG antibody coimmunopre-
cipitated HA-tagged EBV PK protein when it was cotransfected
with a FLAG-tagged Hsp90 expression vector (Fig. 1D).

Cdc37 knockdown does not affect EBV PK stability. Hsp90
and Cdc37 are known to act as cochaperones for many cellular
kinases (49, 73). To determine if Cdc37 affects the expression level
of EBV PK, we treated HONE-AKkata cells with control siRNA or

jviasm.org 10129


http://jvi.asm.org

Sun et al.

¥ &
£
(°\ A°
&
SGS5- <
EBVPK - + +

FIG 2 Knockdown of Cdc37 does not affect EBV PK expression. HONE-
Akata cells were transfected with pSG5-EBV PK in the presence of Cdc37
siRNA or equivalent amounts of a control siRNA. Whole-cell extracts were
prepared, and immunoblot analysis was performed to analyze the expres-
sion of Cdc37, EBV PK, Cdc2 (a known cellular substrate of Cdc37), and
actin.

Cdc37-targeted siRNA and then examined the level of transfected
EBV PK protein by immunoblot analysis 2 days later (Fig. 2).
Although treatment of HONE-Akata cells with Cdc37 siRNA de-
creased the expression levels of Cdc37 and Cdc2 (a known sub-
strate of Cdc37 [74]), it did not affect the level of EBV PK. These
results suggest that Cdc37 may not be required for EBV PK stabil-
ity, even though EBV PK and Cdc37 can be coprecipitated from

293T cells (Fig. 1C). However, it remains possible that the small
amount of Cdc37 expressed in the presence of the siRNA is suffi-
cient to stabilize EBV PK.

The Hsp90 inhibitor 17-DMAG decreases expression of EBV
PK in EBV-positive cells. To determine if Hsp90 is required for
EBV PK stability, we examined the effect of the Hsp90 inhibitor
drug 17-DMAG on EBV PK expression in two different EBV-
positive (EBV™) cell lines (HONE-Akata and AGS-Akata).
HONE-AKkata cells were transfected with an expression vector for
the EBV immediate early (IE) protein BZLF1 (to induce the lytic
form of viral infection) and then treated with either 17-DMAG or
the DMSO control beginning at 4 h posttransfection. Immuno-
blot analyses were performed 2 days later to quantitate the expres-
sion levels of EBV PK, the BMRF1 early lytic protein (which en-
codes the viral DNA polymerase processivity factor), BZLF1, Cdc2
(a known substrate of Hsp90 [75]), and actin (a loading control).
As shown in Fig. 3A, 17-DMAG treatment reduced the expression
level of EBV PK derived from the endogenous viral genome in
response to BZLF1 transfection, although the level of trans-
fected BZLF1 protein was not affected. Furthermore, 17-
DMAG treatment almost completely abolished the hyperphos-
phorylated form of the BMRF1 protein (PP-BMRF1), which is
known to be generated in an EBV PK-dependent manner (7).
As expected, 17-DMAG also decreased the expression of Cdc2.
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FIG 3 17-DMAG decreases the expression level of EBV PK in EBV-positive cells. (A) HONE-Akata cells were transfected with an empty vector or a BZLF1
expression vector (SG5-Z), followed by a 48-h treatment with 17-DMAG (0.17 pM) or the DMSO control beginning at 4 h posttransfection. After 2 days,
whole-cell extracts were prepared, and immunoblot analysis was performed to analyze the expression of EBV PK, BMRF1 (both derived from the endogenous
viral genome), transfected BZLF1, Cdc2, and actin, as indicated. (B) SG5-Z-transfected AGS-Akata cells were treated with or without 17-DMAG (0.17 pM), as
indicated, and immunoblot analyses were performed to detect the level of EBV PK, transfected BZLF1, or actin. (C) Different amounts of the protein extracts
from the experiment shown in panel B were loaded onto a gel, as indicated, and examined by immunoblotting using antibodies directed against EBV PK and
actin. (D) Latent EBV-positive HONE-Akata cells were transfected with SG5, SG5-EBV PK (HA tagged) (top), or SG5-Z (bottom), as indicated, followed by a
48-h treatment with 17-DMAG (0.17 pM) or the DMSO control beginning at 4 h posttransfection. Whole-cell extracts were prepared after 2 days, and
immunoblot analysis was performed to analyze the expression of EBV PK, Cdc2, actin, and BZLF1, as indicated. (E) HeLa cells were transfected with SGS5,
SG5-EBV PK (HA-tagged), or SG5-Z (HA-tagged) expression vectors, and immunoblot analysis was performed by using an anti-HA antibody to detect the
expression of the transfected EBV PK and BZLF1 proteins, Cdc2, or actin. (F) HeLa cells were transfected with the SG5-EBV PK (HA-tagged) vector in the
presence or absence of 17-DMAG, and different amounts of the protein extracts were loaded onto a gel, as indicated, and examined by immunoblotting using
antibodies directed against EBV PK (HA antibody) and actin.
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Similar results were obtained with BZLF1-transfected AGS-
Akata cells (Fig. 3B).

To obtain more quantitative information about the effect of
17-DMAG treatment on EBV PK expression, we also performed
immunoblotting in which the level of EBV PK expression derived
from various different amounts of protein (2 to 20 pg) harvested
from DMSO-treated AGS-Akata cells was compared to the level of
EBV PK expression in 20 pg of protein harvested from 17-
DMAG-treated cells. As shown in Fig. 3C, the EBV PK expression
level in 17-DMAG-treated cells appeared to be approximately 10-
fold lower than that in DMSO-treated cells. These results suggest
that 17-DMAG inhibits expression of the EBV PK protein during
Iytic viral infection.

To determine whether 17-DMAG also alters EBV PK expres-
sion when the protein is driven by a constitutively active pro-
moter, HONE-AKkata cells or EBV-negative HeLa cells were trans-
fected with an EBV PK expression vector (SG5-EBV PK) driven by
the SV40 promoter and then treated with or without 17-DMAG
beginning at 4 h posttransfection. 17-DMAG treatment decreased
the expression of the transfected EBV PK protein (Fig. 3D, top),
while the expression of transfected BZLF1 protein cloned into the
same vector (Fig. 3D, bottom) was not affected. The expression of
the cellular protein Cdc2 was decreased in cells treated with 17-
DMAG, whereas actin expression was not affected. Similarly, 17-
DMAG treatment also decreased the expression of HA-tagged
EBV PK, but not that of the HA-tagged BZLF1 protein, in HeLa
cells (Fig. 3E). Quantification of the 17-DMAG effect on trans-
fected HA-tagged PK expression in HeLa cells suggested that the
drug decreases EBV PK expression levels by approximately 10-
fold (Fig. 3F). Together, these results suggest that Hsp90 enhances
EBV PK protein expression in both EBV-positive and EBV-nega-
tive cells.

17-DMAG treatment decreases phosphorylation of EBV PK
substrates. To further confirm that loss of EBV PK expression in
17-DMAG treated cells results in decreased phosphorylation of
EBK-PK-phosphorylated substrates in lytically infected cells, we
examined the effect of 17-DMAG on phosphorylation of the EBV
BMREF], cellular lamin A, and EBV thymidine kinase proteins. As
shown in Fig. 4A, similar to the effect of 17-DMAG on HONE-
Akata cells (Fig. 3A), the amount of hyperphosphorylated BMRF1
protein was greatly decreased by 17-DMAG treatment of AGS-
Akata cells. Since we previously showed that EBV PK also phos-
phorylates lamin A serine residue 22 (7), we examined the amount
of the phosphorylated lamin A S22 residue in vector control-
transfected, versus BZLF1-transfected, AGS-Akata cells in the
presence and absence of 17-DMAG (Fig. 4B). BZLF1-transfected
cells had an increased amount of phosphorylated lamin A S22, and
this effect was decreased by 17-DMAG treatment. Finally, since we
serendipitously noted that cotransfection of an EBV thymidine
kinase (EBV TK) expression vector with the EBV PK expression
vector in HeLa cells resulted in a higher-migrating form of EBV
TK, which was not observed in the absence of EBV PK (even when
larger amounts of EBV TK were transfected [Fig. 4C]), we deter-
mined if the higher-migrating form of EBV TK expressed in lyti-
cally infected Mutu I Burkitt lymphoma cells was also decreased
by 17-DMAG treatment. As shown in Fig. 4D, treatment of Mutu
I cells with TGF-B induced both EBV TK and EBV PK expression
(consistent with its known ability to activate lytic protein expres-
sion in type I Burkitt cells [76]). EBV PK expression was greatly
decreased by 17-DMAG treatment, as was the expression of the
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FIG 4 17-DMAG decreases phosphorylation of EBV PK substrates. (A) AGS-
Akata cells were treated with 17-DMAG or the DMSO control for 48 h. Whole-
cell extracts were prepared 2 days later, and immunoblot analysis was per-
formed to analyze the expression of BMRF1, BZLF1, Cdc2, and actin, as
indicated. (B) AGS-Akata cells transfected with the vector control or BZLF1
(in the presence or absence of 17-DMAG) were examined by immunoblotting
using antibodies to detect phosphorylated serine 22 of lamin A, total lamin A,
EBV PK, transfected BZLF1, and tubulin. (C) HeLa cells were transfected with
the vector control, a myc-tagged expression vector for EBV thymidine kinase
(EBV TK) (150 ng), or the EBV TK expression vector (50 ng) and the EBV PK
expression vector (50 ng) in the presence or absence of 17-DMAG. Immuno-
blot analyses were performed to examine EBV TK, EBV PK, and actin expres-
sion. (D) Mutu I Burkitt lymphoma cells were treated with and without TGF-
to induce lytic infection (in the presence or absence of 17-DMAG), and im-
munoblot analyses were performed to detect the expression of EBV PK, EBV
TK, and actin.
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Actin

higher-migrating form of the EBV TK protein. These results sug-
gest that phosphorylation of EBV PK substrates is highly inhibited
by 17-DMAG treatment of lytically infected cells.

Hsp90 associates with each of the eight CHPKs. The con-
served herpesvirus protein kinases (CHPKSs) share discernible ho-
mology in amino acid sequences and positional similarity in viral
genomes. Since Hsp90 forms a complex with EBV PK, we next
determined whether Hsp90 also associates with the CHPKs of
HCMV, KSHV, VZV, HSV-1, HSV-2, HHV6, and HHV7. SG5
vectors expressing each of the eight known viral CHPKs (HA
tagged), or the appropriate HA vector control, were transfected
into HeLa cells and immunoprecipitated with anti-HA antibody.
Immunoblots were then performed by using an anti-HA antibody
to detect each of the different transfected viral kinases (Fig. 5A,
top two panels), and an anti-Hsp90 antibody (bottom two pan-
els). As shown in Fig. 5A, although the expression levels of the
various different CHPKs were somewhat variable (as previ-
ously described [30]), Hsp90 protein was coimmunoprecipi-
tated with each of the HA-tagged CHPKs but was not coimmu-
noprecipitated in cells transfected with the HA-tag-only
control vector. In addition, HA-tagged UL97 kinase was shown
to be coprecipitated with FLAG-tagged Hsp90 (Fig. 5B). These
results suggest that the ability to associate with Hsp90 is con-
served across each of the CHPKs.
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FIG 5 Hsp90 is coprecipitated with multiple different CHPKs. (A) HeLa cells
were transfected with the empty vector control (expressing the HA tag only) or
vectors expressing different HA-tagged CHPKSs, as indicated. After 28 h, cells
were harvested, and the cell lysate was immunoprecipitated with an anti-HA
antibody or loaded directly onto the gel (direct-load control). The precipitates
and direct-load control were immunoblotted with antibodies against Hsp90 or
HA, as indicated. (B) HeLa cells were transfected with various combinations of
the vector control, HA-tagged HMCV UL97 or HA-tagged Daxx expression
vectors, or a FLAG-tagged Hsp90 expression vector, as indicated, and then
immunoprecipitated by using a FLAG antibody. Immunoblot analyses were
performed to examine the expression of transfected proteins under each con-
dition (direct load) or immunoprecipitated proteins by using antibodies
against HA, Hsp90, and actin.

17-DMAG decreases expression of multiple different herpes-
virus protein kinases. Since Hsp90 associates with each of the
CHPKs, we next determined if the Hsp90 inhibitor drug 17-
DMAG reduces the expression of these other CHPKs, similar to its
effect on EBV PK. HeLa cells were transfected with the control
vector or vectors expressing HA-tagged HCMV PK (UL97),
HHV6 PK, HHV7 PK, KSHV PK, rat CMV (RCMV) PK, mouse

MHV68 (MHV68) PK, and EBV PK. Similar to its effect on the
EBV PK, 17-DMAG treatment also decreased the expression of
each of the other CHPKs examined (Fig. 6A). As expected, the
expression of Cdc2 was decreased in 17-DMAG-treated cells,
whereas actin expression was not affected. Quantification of the
effect of 17-DMAG on HA-UL97-transfected HeLa cells showed
that 17-DMAG decreased the expression of UL97 by approxi-
mately 10-fold (Fig. 6B). These results indicate that 17-DMAG
inhibits the expression of many different CHPKSs.

17-DMAG reduces HCMV PK (UL97) expression during in-
fection of primary human fibroblasts. To determine if Hsp90 is
required for efficient expression of the HCMV kinase during nor-
mal infection, primary human fibroblasts were infected with
HCMV (strain AD169) and treated with no drug or 17-DMAG
(0.17 wM) for 6, 24, 48, or 72 h. Whole-cell extracts were prepared,
and immunoblot analysis was performed to analyze the expres-
sion of HCMV PK (UL97), the viral immediate early 1 (IE1) pro-
tein, the early lytic viral protein UL44, and cellular GAPDH (load-
ing control), as indicated. As shown in Fig. 7A, 17-DMAG
treatment dramatically decreased the expression of the HCMV PK
protein, while the expression of the viral IE1 protein and the UL44
early lytic protein was much less affected, and the cellular GAPDH
protein was not affected. Similar results were obtained with cells
infected for up to 72 h with HCMYV in the presence of 17-DMAG
(Fig. 7B). These results suggest that Hsp90 inhibitors might be
used to prevent expression of the viral kinase in HCMV-infected,
as well as EBV-infected, cells.

17-DMAG treatment reduces the number of infectious viral
particles released from EBV-infected cells. Although not ex-
pressed during viral latency, EBV PK is required for efficient pro-
duction of infectious viral particles in at least some cell types (7,
11). Since 17-DMAG decreases the expression of EBV PK, we
examined its effect on the amount of infectious EBV particles
released from AGS-Akata cells. Cells were transfected with a con-
trol vector or the SG5-Z vector (to increase virion production over
baseline levels) and treated with 17-DMAG or the DMSO control.
Transfected cell extracts were examined by immunoblotting to
detect the expression of BZLF1, BMRF1, and actin, and the infec-
tious viral titer in each supernatant was determined by using the
green Raji cell assay. 17-DMAG inhibited virus production by
approximately 100-fold in both BZLFI-transfected and control
vector-transfected AGS-Akata cells (Fig. 8A). In contrast, the
number of viable AGS-Akata cells in the same experiment (deter-
mined by trypan blue staining) was reduced by only 50% (Fig. 8B).
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FIG 6 17-DMAG decreases expression of multiple CHPKs. (A) HeLa cells were transfected with the empty vector control or vectors expressing UL97, HHV6 PK,
HHV?7 PK, KSHV PK, RCMV PK, MHV68 PK, or EBV PK (all tagged with HA). A 48-h treatment with 17-DMAG (0.17 uM) or the DMSO control began at 4
h posttransfection. Whole-cell extracts were prepared, and immunoblot analyses were performed to analyze the expression of PKs using antibodies against HA,
Cdc2, or actin, as indicated. (B) HeLa cells were transfected with the SG5-UL97 (HA-tagged) vector in the presence or absence of 17-DMAG, and different
amounts of the protein extracts were loaded onto a gel, as indicated, and examined by immunoblotting using antibodies directed against UL97 (HA antibody)
and actin.
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FIG 7 17-DMAG inhibits expression of HCMV PK in HCMV-infected fibro-
blasts. (A) Primary human fibroblasts were infected with HCMV (strain
AD169) and treated with 17-DMAG (0.17 M) or the DMSO control for 6 or
24 h. Whole-cell extracts were prepared, and immunoblot analysis was per-
formed to analyze the expression of UL97, IE1, UL44, and GAPDH, as indi-
cated. M, mock infection. (B) Primary human fibroblasts were infected with
HCMV in the presence or absence of 17-DMAG, and extracts were harvested at
24, 48, and 72 h postinfection (hpi). Immunoblot analysis was performed to
analyze the expression of UL97, IE1, and GAPDH, as indicated.

24 48 72 :hpi

This reduction in the total number of AGS-Akata cells was ex-
pected given the known ability of 17-DMAG to reduce the expres-
sion of cellular proteins such as Cdc2 that are required for cellular
replication. Consistent with this, when AGS-Akata cells were
plated at a high density (resulting in decreased cellular replica-
tion), the same course of 17-DMAG treatment did not affect cell
numbers (data not shown). Immunoblot analysis of transfected
AGS-Akata cell extracts confirmed that 17-DMAG treatment de-
creased the phosphorylation of BMRF1 but not the levels of trans-
fected BZLF1 and actin (Fig. 8C). These results show that 17-

>
w
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DMAG treatment greatly impairs production of infectious viral
particles during lytic EBV infection.

17-DMAG treatment inhibits intracellular lytic viral replica-
tion in EBV-infected cells. Since we previously reported that a
PK-deleted EBV mutant is defective for the release of infectious
viral particles in 293T cells but is not defective for intracellular
viral DNA replication (7, 11), we examined whether 17-DMAG
treatment decreases the amount of lytically replicated EBV DNA
in AGS-Akata cells. AGS-AKkata cells were treated with 17-DMAG
and/or acyclovir (which prevents lytic viral DNA replication) for
48 h, and DNA was then isolated and examined by Southern blot-
ting using the EBV terminus assay, as previously described (71).
This assay can distinguish between EBV genomes that contain
fused terminal repeats (a combination of latent and lytically rep-
licated DNA) and linear viral genomes in which the terminal re-
peats have been cleaved (derived only from lytically replicated
viral DNA). As shown in Fig. 9, both 17-DMAG and acyclovir
treatment decreased the amount of linear (replicated) EBV ge-
nomes (Fig. 9, left), although neither drug affected the levels of
BMRF1 and BZLFI in AGS-Akata cell extracts (Fig. 9, right).
These results indicate that 17-DMAG treatment inhibits EBV lytic
DNA replication as well as EBV virion production in AGS-Akata
cells.

Increasing the EBV PK expression level does not rescue virus
production in 17-DMAG-treated cells. To determine if the 17-
DMAG effect on EBV virus production is due primarily to the loss
of EBV PK expression, versus the combined effect of the drug on
potentially multiple different viral and/or cellular proteins, AGS-
Akata cells were transfected with SG5-Z in the presence or absence
of a cotransfected EBV PK expression vector and treated with
17-DMAG or the DMSO control. Viral titers were examined 3
days later by using the green Raji cell assay, and the AGS-Akata cell
extracts were examined by immunoblotting for BMRF1, BZLF1,
and actin expression. While overexpression of EBV PK increased
the level of BMRF1 hyperphosphorylation in 17-DMAG-treated
cells (Fig. 10B), suggesting that the EBV PK expression level was
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FIG 8 17-DMAG reduces the EBV titer in lytically infected cells. AGS-Akata cells were transfected with SG5 or SG5-Z expression vectors, followed by a 48-h
treatment with 17-DMAG (0.17 pM) or the DMSO control beginning at 4 h posttransfection. The cell medium was replaced after 48 h with medium free of drug.
At 72 h posttransfection, cells and supernatant were harvested. (A) The virus titer was quantitated by infecting Raji cells with various amounts of the supernatant
at 72 h posttransfection and counting the number of GFP-positive cells (green Raji units [GRU]) by using a fluorescence microscope. The results from two
independent experiments are shown. (B) The number of viable AGS-Akata cells under each condition shown in panel A was determined by counting the cells
(with trypan blue) at the end of the experiment. (C) Whole-cell extracts were prepared from the AGS-Akata cells used to derive the virus titer shown in panel A,
and immunoblot analysis was performed to analyze the expression of BMRF1, BZLF1, and actin.
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FIG 9 17-DMAG decreases intracellular lytic EBV DNA replication. (Left)
AGS-Akata cells were treated with 17-DMAG (0.17 pM), the DMSO control,
and/or acyclovir (50 pg/ml) for 2 days, and the DNA was harvested. The DNA
was cut with BamHI and hybridized to a probe spanning the EBV termini for
Southern blotting. The forms of the EBV genome containing fused viral ter-
mini (a mixture of latent and lytically replicated genomes) as well as the
cleaved linear forms of the genome (produced only by lytically replicated viral
DNA) are indicated. (Right) Immunoblotting was performed to ascertain the
protein levels of BMRF1 and BZLF1 in the AGS-Akata samples used in the left
panel.

increased, it did not rescue EBV virion production (Fig. 10A). This
result suggests that in addition to EBV PK, 17-DMAG reduces the
expression of other viral and/or cellular proteins required for ef-
ficient EBV lytic replication.

The effect of 17-DMAG on EBV PK and HCMV UL97 expres-
sion is not completely reversed by proteasomal or autophagy
inhibitors. Many Hsp90 client proteins are degraded via the ubiq-
uitin-proteasome pathway in the absence of Hsp90 (77-79), sug-
gesting that proteasomal inhibitors might attenuate the effect of
the Hsp90 inhibitor on EBV PK and/or HCMV UL97 expression.
In addition to the ubiquitin-proteasome pathway, the autophagy
pathway is another important protein degradation pathway and
has been shown to mediate the degradation of a subset of Hsp90

client proteins (80-83). To examine this in EBV-infected cells,
AGS-AKkata cells were treated with 17-DMAG or the DMSO con-
trol in the presence or absence of the proteasomal inhibitor lacta-
cystin or an autophagy inhibitor, 3-methyladenine (3-MA). As
shown in Fig. 11A, 3-MA somewhat increased the EBV PK expres-
sion level in the presence of 17-DMAG, while lactacystin had no
effect. The effect of 17-DMAG on UL97 kinase expression in
HCMV-infected primary human foreskin fibroblasts (HFFs) was
slightly reversed by both 3-MA and lactacystin (Fig. 11B). These
results suggest that in addition to its effect on protein stability,
17-DMAG may decrease the expression of both EBV PK and
HCMYV UL97 by inhibiting their synthesis.

DISCUSSION

Although a number of drugs, such as acyclovir and ganciclovir,
have been used as antiherpetic agents (84), the prolonged use of
these antivirals in patients can result in the generation of resistant
viral mutants as well as severe side effects. Therefore, the identifi-
cation of novel drug candidates with newly defined targets and
mechanisms of action may result in the development of improved
treatments for various forms of herpesvirus infections. Since our
laboratories, and others, have shown that EBV PK as well as
HCMV UL97 are required for efficient production of infectious
viral particles in many (but notall) cell types (7, 11, 12, 18, 85, 86),
the development of drugs that can block the activity of these viral
kinases may be therapeutically useful. In the present study, we
show that heat shock protein 90 (Hsp90) is coprecipitated by all
eight conserved herpesvirus protein kinases (CHPKSs) and that the
Hsp90 inhibitor 17-DMAG reduces the expression, and activity,
of the EBV and HCMV kinases in virally infected cells. Further-
more, we find that 17-DMAG efficiently inhibits intracellular EBV
lytic DNA replication, as well as the release of infectious viral
particles, at a nontoxic dose in AGS-Akata cells.

Hsp90 inhibitors are a potentially promising new pool of anti-
viral drugs. Heat shock proteins (Hsps) are a key group of cellular
proteins that serve as molecular chaperones, facilitating proper
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FIG 10 Overexpression of EBV PK does not rescue viral replication in 17-DMAG-treated cells. AGS-Akata cells were transfected with SG5-Z, SG5-EBV PK, or
both, followed by a 48-h treatment with 17-DMAG (0.17 wM) or the DMSO control beginning at 4 h posttransfection. The cell medium was replaced after 48 h
with medium free of drug. At 72 h posttransfection, cells and supernatant were harvested. (A) The virus titer was quantitated by infecting Raji cells with various
amounts of the supernatant at 72 h posttransfection and counting the number of GFP-positive cells (GRU) by using a fluorescence microscope. The results from
two independent experiments are shown. (B) Whole-cell extracts were prepared from the AGS-Akata cells used to derive the virus in the experiments in panel A,
and immunoblot analysis was performed to analyze the expression of BMRF1, BZLF1, and actin.
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FIG 11 EBV PK and HCMV UL97 expression is not completely rescued by pro-
teasomal or autophagy inhibitors in the presence of 17-DMAG. (A) AGS-Akata
cells were transfected with SG5 or SG5-Z, as indicated, followed by a 24-h treat-
ment with 17-DMAG (0.17 uM) or the DMSO control beginning at 12 h post-
transfection in the presence or absence of the proteasomal inhibitor lactacystin or
the autophagy inhibitor 3-MA. Immunoblot analysis was performed to analyze
the expression of EBV PK, Cdc2, transfected BZLF1, and actin. (B) Primary hu-
man foreskin fibroblasts were subjected to serum starvation for 48 h and then
infected with HCMV (strain AD169) at an MOI of 1. Before infection, cells were
pretreated with 0.17 uM 17-DMAG for 1 h and incubated with the same amount
of this drug until harvesting. Under some conditions, lactacystin or 3-MA was
added to the medium at 6 h postinfection. Cells were harvested at 24 h postinfec-
tion, and immunoblot analysis performed to analyze the expression of UL97, IE1,
and GAPDH. M, mock infection.

protein folding and stability. They have also been shown in some
cases to aid in protein-protein interactions and intracellular traf-
ficking (48, 87). The cochaperone Cdc37 is also necessary for the
stability of some cellular protein kinases, including Raf1 (88) and
Cdk4 (89), and Cdc37 binds at the mouth of the ATP-binding
pocket of Hsp90 (73, 90). Interestingly, a recent report studying
the interaction of Hsp90 with cellular proteins revealed that
Hsp90 associates with approximately 60% of cellular kinases, ver-
sus only 7% of cellular transcription factors, and that the Cdc37
cochaperone protein primarily mediates this kinase-specific rec-
ognition (49). We show here that Hsp90 also interacts with each of
the conserved herpesvirus protein kinases and stabilizes their ex-
pression in cells. However, in the case of EBV PK at least, knock-
down of Cdc37 expression did not reduce the expression of the
viral kinase, while it decreased the expression of the cellular kinase
Cdc2. Therefore, the virally encoded protein kinases (which have
not yet been crystallized) may have a somewhat different interac-
tion with Hsp90/Cdc37 than the cellular kinases. Nevertheless,
since Cdc37 was not completely knocked down in these experi-
ments, it remains possible that only a small amount of Cdc37 is
needed to stabilize EBV PK.

Hsp90 inhibitors often cause Hsp90 clients to be degraded via
the proteasomal (77-79) or (less commonly) the autophagy (91)
pathways. We found here that the autophagy inhibitor 3-MA par-
tially increased EBV PK expression levels in the presence of 17-
DMAG, while the proteasomal inhibitor had no effect. Both the
autophagy and proteasomal inhibitors slightly increased the level
of HCMV UL97 in the presence of 17-DMAG. These results sug-
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gest that in addition to inhibiting the stability of the EBV PK and
HCMYV UL97 kinases, Hsp90 inhibitors may also decrease the
translation of these kinases. Of note, Hsp90 inhibitors were pre-
viously shown to decrease the synthesis of at least two different
viral proteins, including the EBV EBNAL protein (58, 92).

CHPKs are key players in viral infection, as they are involved in
multiple critical processes, including retinoblastoma (Rb) inacti-
vation (30), gene expression (8, 11, 14), viral DNA replication (11,
15-17, 86), DNA damage response activation (20, 21), and capsid
nuclear egress (7, 11, 18, 19). Thus, by targeting CHPKSs, Hsp90
inhibitors can potentially disrupt several essential viral pathways
simultaneously. Although we previously reported that an EBV
mutant with a deletion of the EBV PK gene (BGLF4) is not defec-
tive for intracellular lytic DNA replication in 293T cells but is
defective for infectious virion production (7), here we found that
treatment of AGS-Akata cells (an EBV-infected gastric cell line)
with 17-DMAG prevented both intracellular lytic EBV DNA rep-
lication and the release of infectious viral particles. As the pheno-
types of kinase-deficient HCMV and EBV mutants have been
shown to be cell type dependent (7, 86) and can be partially re-
versed by the expression of viral oncoproteins, such as SV40 T
antigen and papillomavirus E7, that inhibit Rb function (7, 86), it
is possible that while EBV PK is not essential for intracellular lytic
EBV DNA replication in 293T cells (which express adenovirus
E1A protein), it is indeed essential for intracellular lytic DNA rep-
lication in AGS-Akata cells.

In addition to the effect on EBV PK, Hsp90 inhibitors may also
repress the expression, or nuclear localization, of other EBV pro-
teins required for intracellular lytic viral DNA replication. Of
note, the Hsp90 inhibitor geldanamycin has been shown to block
HSV-1 viral DNA synthesis and prevent nuclear translocation of
the viral DNA polymerase (93). In addition, while the manuscript
was being reviewed, another group reported that Hsp90 inhibitors
decrease the ability of the EBV-encoded DNA polymerase to enter
the nucleus (94). Hsp90 inhibitors may also inhibit viral replica-
tion at least partially via their effects on cellular proteins. Of par-
ticular interest to our findings here, geldanamycin has been re-
ported to inhibit HCMV replication by disruption of the
phosphatidylinositol 3-kinase (PI3-K) signaling pathway, thereby
leading to decreased expression levels of the viral IE genes (95).
However, in contrast to the previous study (95), we did not find
that 17-DMAG treatment affects expression of HCMV IE1 pro-
tein, or its ability to activate the UL44 early lytic gene, during
infection of primary human fibroblasts. Cell surface Hsp90 has
also been reported to be necessary for mitogen-activated protein
kinase (MAPK) activation and efficient viral gene expression dur-
ing de novo KSHV infection (96).

In the case of the oncogenic gammaherpesviruses EBV and
KSHYV, there is increasing evidence that Hsp90 inhibitors might also
be used to prevent the expression of essential viral transforming pro-
teins during latent forms of infection. We previously reported that
17-DMAG decreases the expression of the EBV EBNAI protein,
which is required for the maintenance of the viral genome during
latent infection, and showed that a nontoxic dose of the Hsp90 inhib-
itor 17-allylamino-17-demethoxygeldanamycin (17-AAG) inhibits
the growth of EBV-induced lymphoproliferative disease in SCID
mice (58). Interestingly, the KSHV homologue of EBNA1, LANA,
was recently shown to be a Hsp90 client protein that is degraded in a
proteasome-dependent manner by Hsp90 inhibitors (97). In addi-
tion, the expression level of another KSHV latency protein that pro-
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motes cellular transformation, K1, has also been shown to be reduced
in the presence of Hsp90 inhibitors (98), as was the essential EBV
transforming protein LMP1 (99). Thus, Hsp90 inhibitors might be
useful for treatment of both the latent and lytic forms of gammabher-
pesvirus infection.

The fact that Hsp90 inhibitors likely abrogate lytic EBV and
HCMV replication via multiple mechanisms actually enhances
the attractiveness of these agents as antiviral drugs, as it suggests
that EBV and HCMYV are not likely to escape the effects of these
drugs through a simple mutation. This is even more important
given the recent failure of the drug maribavir (an inhibitor of the
enzymatic activity of HCMV UL97) in a phase III clinical trial
(36). There are several reasons why maribavir may have failed,
including the use of an insufficient dose of drug in the trial, the
development of specific viral gene mutations that abrogated the
antiviral effect of the drug, and previous findings in vitro suggest-
ing that the activity of the various CHPKSs is more important in
some cell types (and growth states) than in others (7, 86). Multiple
Hsp90 inhibitors have been tested in or are currently undergoing
clinical trials (phases I to III) for cancers such as HER2-positive
breast cancer, ALK-mutated non-small-cell lung cancer, and mel-
anoma (100). These studies and other research have revealed that
tumor cells utilize Hsp90 differently than noncancerous cells and
require more of it, which is why inhibition of Hsp90 targets ab-
normal cells more than their normal counterparts (53, 101-103).
Although our in vitro results here suggest that Hsp90 inhibitors
might be used to inhibit EBV and HCMYV lytic replication (and
potentially the replication of other herpesviruses) in humans by
using doses that are not toxic to normal cells, the safety and effi-
cacy of this approach will next need to be assessed in animal mod-
els of these infections.
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