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EBV causes infectious mononucleosis and is associated with certain
malignancies. EBV nuclear antigen 1 (EBNA1) mediates EBV genome
replication, partition, and transcription, and is essential for persis-
tence of the viral genome in host cells. Here we demonstrate that
Hsp90 inhibitors decrease EBNA1 expression and translation, and
that this effect requires the Gly-Ala repeat domain of EBNA1. Hsp90
inhibitors induce the death of established, EBV-transformed lym-
phoblastoid cell lines at doses nontoxic to normal cells, and this
effect is substantially reversed when lymphoblastoid cell lines are
stably infected with a retrovirus expressing a functional EBNA1
mutant lacking the Gly-Ala repeats. Hsp90 inhibitors prevent EBV
transformation of primary B cells, and strongly inhibit the growth
of EBV-induced lymphoproliferative disease in SCID mice. These
results suggest that Hsp90 inhibitors may be particularly effective
for treating EBV-induced diseases requiring the continued presence
of the viral genome.
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BV isa human herpesvirus that causes infectious mononucleosis

(IM) and persists in the host for life, but is normally well con-
trolled by the immune system. Nevertheless, EBV is also associated
with human malignancies of both epithelial and B-cell origin, in-
cluding lymphoproliferative disease, Burkitt lymphoma, nasophar-
yngeal carcinoma (NPC), and gastric cancer (1). In addition,
increasing evidence suggests that EBV infection may contribute to
certain autoimmune diseases, including multiple sclerosis, rheu-
matoid arthritis, and lupus (2). Like all herpesviruses, EBV can
infect cells in either latent or lytic forms.

EBNAL1 is the one viral protein expressed in all three forms of
latent viral infection, and is the only viral protein absolutely
required for persistence of EBV infection in host cells. EBNA1
mediates replication of the viral episome during latent infection
by recruiting host replication initiation factors to the initiation site
in the latent origin of replication, oriP (reviewed in ref. 3). EBNA1
also plays essential roles in partitioning of viral episomes during
cell division (4, 5), and activates transcription of other essential
viral transforming proteins in cells with type III latency (6). In
addition, increasing evidence suggests that EBNA1 may directly
contribute to tumorigenesis by inhibiting apoptosis (7, 8). Col-
lectively, the fundamental roles of EBNAL1 in maintenance of the
viral episome, as well as its possible direct contributions to tu-
morigenesis, make it a particularly desirable target for therapeutic
strategies. However, drugs that inhibit expression of EBNAI or its
functions are not currently available.

Here we demonstrate that Hsp90 inhibitors can be used to inhibit
expression of EBNAL in cells with various types of latent EBV
infection, and that Hsp90 inhibitors prevent EBV transformation of
primary B cells and are highly toxic to EBV-immortalized lym-
phoblastoid cell lines (LCLs). Heat shock proteins (Hsps) are a
class of molecular chaperones that facilitate proper protein folding
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and stability. Unlike other Hsps, only a small subset of cellular
proteins (approximately 100) are thought to be clients of Hsp90 (9).
Hsp90 inhibitors such as geldanamycin and its analogues (17-AAG
and 17-DMAG) bind to the ATP-binding motif of Hsp90 and
inhibit its protein chaperoning activity, consequently resulting in
misfolding (and subsequent degradation) of cellular client proteins
(10, 11). Hsp90 inhibitors are often more toxic to tumor cells than
to normal cells (12), not only because a number of Hsp90 client
proteins contribute to tumor cell growth, but also because a par-
ticular Hsp90 conformation required for inhibitor binding exists
more frequently in tumor cells (13).

EBNAT1 is an unusual protein that is translated with extremely
poor efficiency, but is highly stable once it is made (14-18). In-
terestingly, our results suggest that, rather than decreasing the
stability of EBNA1, Hsp90 inhibitors further reduce the ability of
EBNAL1 to be translated. A region in EBNA1 previously shown
to inhibit EBNAI translation (the Gly-Ala repeat domain) (14,
16-18) is required for Hsp90 inhibition of EBNAI expression.
Importantly, the toxic effect of low dose Hsp90 inhibitors in
LCLs is substantially reversed following enforced expression of a
mutant EBNAL1 protein (missing most of the Gly-Ala repeat
domain) resistant to the Hsp90 effect. Finally, we also show
that EBV-induced lymphoproliferative disease in SCID mice is
strongly inhibited using a nontoxic dose of 17-AAG. Our results
suggest that Hsp90 inhibitors can be used to decrease EBNAL
expression in a variety of different EBV-infected cell types and
thus may prove useful for treating certain EBV-induced diseases.

Results

Hsp90 Inhibitors Decrease EBNA1 Expression in a Variety of Cell Types.
To determine whether Hsp90 inhibitors alter EBNA1 expression,
various types of latently infected, EBV-positive cells were treated
with vehicle control or Hsp90 inhibitors. Hsp90 inhibitors decreased
the expression level of EBNAL in every EBV-infected cell line
examined, including two different LCL lines (Fig. 14), two different
Burkitt lymphoma lines (Fig. 1 B and C and Fig. S14), two different
NPClines (Fig. 1D and Fig. S1B), and a gastric carcinoma line (Fig.
S1C). Treatment with 17-DMAG reduced the EBNA1 expression
level to 6% to 8% of its normal expression level in LCL1, LCL2, and
Mutu BL lines (Fig. S1D). As expected, expression of the cellular
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Fig. 1. Hsp90 inhibitors decrease expression of EBNA1. (A) LCL cells (line 1 and
2) were treated with no drug, 17-DMAG (0.17 uM), geldanamycin (0.5 pM), or
17-AAG (0.5 pM) for 96 h. (B and C) Mutu | and Akata Burkitt lymphoma cells
were treated with no drug or 17-DMAG (0.17 pM) for 96 h. (D) The EBV-infected
NPC cell line HONE/Akata was treated with no drug or 17-AAG (0.5 pM) for 48 h.
(E) AGS gastric cells (EBV-negative) were transfected with empty vector (pSG5),
pPSG5-EBNAT, or pSG5-LMP1 as indicated, followed by a 48-h treatment with 17-
AAG (0.25 pM) beginning at 4 h after transfection. Whole-cell extracts were
prepared and immunoblot analysis was performed to analyze the expression of
EBNA1, cdc2 (a known cellular substrate of Hsp90), cellular g-actin, or LMP1 as
indicated.

protein, cdc2 (a known substrate of Hsp90) (19), was also decreased,
whereas p-actin expression was not affected. The inhibitory effect of
Hsp90 inhibitors on EBNA1 expression in B cell lines (in which the
EBNA1 half-life is >24 h) required several days of treatment, but
was apparent in epithelial cell lines (in which the EBNAL1 half-life is
shorter) (20) within 48 h.

To determine if Hsp90 inhibitors decrease EBNA1 expression
outside the context of the EBV genome, EBV-negative AGS
gastric carcinoma cells were transfected with an EBNA1 expres-
sion vector driven by the SV40 promoter (in the SG5 vector), then
treated with or without 17-AAG beginning at 4 h after trans-
fection. As shown in Fig. 1E, 17-AAG treatment significantly
decreased expression of transfected SG5-EBNAI1, whereas ex-
pression of another EBV protein, LMP1, in the same vector was
increased. Of note, we found that Hsp90 inhibitors nonspecifically
decrease expression of all CMV promoter—driven proteins and
thus did not use CMV promoter constructs for these experiments.

Hsp90 Inhibitors Can Decrease EBNA1 Expression Without Affecting
EBNA1 Transcript Level. The EBNA1 transcript is derived from the
Qp viral promoter in EBV + Burkitt lymphomas, gastric cancers,
and NPC tumors, and derived from the Cp promoter in LCLs
(1). The level of EBNA1 mRNA in HONE/Akata cells was not
significantly affected by 17-DMAG treatment (Fig. 24), sug-
gesting that Hsp90 inhibitors do not affect EBNA1 transcription
or RNA stability in this cell type. In contrast, in cells with type IIT
viral latency (i.e., LCLs), in which EBNAL activates its own
transcription from the viral Cp promoter, 17-DMAG treatment
decreased the level of EBNA1 transcripts as expected (Fig. S2),
as well other viral proteins derived from Cp such as EBNA2,
although LMP1 was increased.

Hsp90 Inhibitors Do Not Affect EBNA1 Stability or Half-Life. Many
Hsp90 client proteins are degraded via the proteasome—ubiquitin
pathway in the absence of Hsp90, suggesting that proteasomal
inhibitors might attenuate the effect of Hsp90 inhibitors on EBNA1
expression. To examine this, AGS cells were transfected with the
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Fig. 2. Hsp90 inhibitors reduce EBNA1 independent of effects on EBNA1
transcripts or EBNA1 stability. (A) EBV-positive HONE/Akata cells were trea-
ted with 17-DMAG (0.17 pM) for 24 h. Expression of the EBNA1 transcript
was examined by quantitative RT-PCR. The level of EBNA1 transcript in
untreated cells is set as 100. (B) EBV-negative AGS cells were transfected with
empty vector (pSG5) or pSG5-EBNA1, followed by a 48-h treatment with no
drug or 17-DMAG (0.17 uM) beginning at 4 h after transfection in the
presence or absence of the proteasome inhibitor MG-132 (50 pM). (C) Hela
cells were transfected with pSG5-EBNAT1 in the presence of Atg5 siRNA or
equivalent amounts of a control siRNA, then treated with no drug or 17-
DMAG (0.17 pM). (D) LCL1 cells were treated with no drug or 17-DMAG
(0.17 pM) in the presence or absence of the autophagy inhibitor 3-MA (10
mM). (E) EBV-positive HONE/Akata cells were treated with no drug or 17-
AAG (0.5 pM) for 48 h in the presence or absence of CHX (50 pg/mL) added
into medium 12 h before cell harvesting. Whole-cell extracts were prepared
and immunoblot analysis was performed to analyze the expression of viral
and cellular proteins as indicated (B-E).

SG5-EBNA1 vector and treated with 17-DMAG or vehicle control
in the presence or absence of the proteosomal inhibitor MG-132. As
shown in Fig. 2B, 17-DMAG decreased EBNAL1 level to a similar
degree in the presence or absence of MG-132, although the effect on
cdc2 was attenuated. Similarly, although EBNA1 has been shown to
be degraded through autophagy in B cells (21), Administration of
17-DMAG down-regulated EBNAL levels to a similar degree in
HelLa cells even when a key autophagy pathway component, Atg5,
was knocked down using siRNA (Fig. 2C). In contrast, the effect of
17-DMAG on IkB kinase—a (IKKa), a cellular protein degraded via
the autophagy pathway (22), was reduced by the Atg5 siRNA (Fig.
2C). In addition, treatment of LCLI1 cells with the autophagy
inhibitor 3-methyladenine (3-MA) attenuated the effect of 17-
DMAG on IKKa but not EBNAL1 (Fig. 2D). To determine if Hsp90
inhibitors might affect EBNA1 stability through some other mech-
anism, EBV-positive HONE cells were treated with 17-AAG or
vehicle control in the presence or absence of cycloheximide (CHX).
As shown in Fig. 2F, the half-life of EBNA1 was not decreased, but
increased, in the presence of Hsp90 inhibitors.

Gly-Ala Repeats Are Required for Inhibition of EBNA1 Expression by
Hsp90 Inhibitors. EBNA1 contains an internal Gly-Ala repeat
domain (Fig. 34) that inhibits both translation of EBNA1 (16-18)
and EBNAI degradation via the proteasomal pathway (15).
Therefore, EBNA1 is translated with extremely poor efficiency but
is highly stable once it is made. To determine if this region of the
protein is required for the effect of Hsp90 inhibitors on EBNA1
expression, we compared the effect of 17-AAG/17-DMAG on the
full-length EBNA1 protein or a mutant EBNAI lacking most of the
Gly-Ala repeats (23). In contrast to their effect on full-length
EBNAL, neither drug affected expression of the mutant EBNAlina

PNAS | February 16,2010 | vol. 107 | no.7 | 3147

MICROBIOLOGY


http://www.pnas.org/cgi/data/0910717107/DCSupplemental/Supplemental_PDF#nameddest=sfig02

L T

/

1\

BN AS  PNAS D)

A B S
Na )
el indi & &
y-Ala DNA-binding/ o \‘&\ e\\
EBNA1 repeats Dimerization «&° <
T A
—— — EBNA1
1 90 327 459 641
—— EBNA1AGA
—— — cdc2
-—_B.acﬁn
AGS
C RO D
2 o
o qs\?’ o
<« ¢
—_——
17-DMAG - - *+ - + 17-DMAG -
- EBNA1

== == EBNA1AGA EBNA1AGA

—— s CAC2

HelLa HONE/Akata

—— (3 -2CtiN

Fig. 3. The Gly-Ala repeats are required for inhibition of EBNA1 expression
by Hsp90 inhibitors. (A) Schematic diagram of the EBNA1 protein showing
some of its functional elements and amino acid numbers. AGS cells (B), HeLa
cells (C), and EBV-positive HONE cells (D) were transfected with empty vector
(pSG5), pSG5-EBNA1, or pSG5-EBNATAGA (a mutant protein missing the Gly-
Ala repeats), followed by a 48-h treatment with 17-AAG (0.5 uM) or 17-
DMAG (0.17 pM) beginning at 4 h after transfection. Immunoblot analysis
was performed to analyze the expression of EBNA1, cdc2, and B-actin.

variety of different cell types, and in some cell types (HeLa and
Hone/Akata) the mutant EBNA1 was consistently increased by the
drugs (Fig. 3 B-D). These results suggest that the Gly-Ala repeats
domain is required for the Hsp90 inhibitor effect on EBNAL.

Geldanamycin Inhibits Translation of EBNA1 in Reticulocyte Lysate.
To investigate the effect of Hsp90 inhibitors on EBNAI1 trans-
lation, we translated EBNALI in vitro using rabbit reticulocyte
lysate in the presence or absence of geldanamycin, using a dose of
drug previously shown to inhibit Hsp90 in reticulocyte lysate (24).
As shown in Fig. 44, geldanamycin inhibited the translation of
full-length EBNA1 while not affecting translation of the EBV
protein, BZLF1, expressed in the same SGS5 vector. Furthermore,
translation of the mutant EBNA1 protein lacking the Gly-Ala
repeats domain was not affected by geldanamycin (Fig. 4B). (Note
that 10-fold less of the Gly-Ala deleted EBNA1 mutant versus the
full-length EBNAL1 protein was loaded on the gel in Fig. 4B to
normalize for the greatly enhanced translation of the mutant
protein.) These results suggest that Hsp90 inhibitors further re-
duce the already very poor translation efficiency of EBNAI1, and
that the Gly-Ala repeat domain is required for this inhibition.

Hsp90 Does Not Associate with EBNA1. To determine if Hsp90 forms
a complex with EBNALI, the full-length EBNA1 and the mutant
EBNAI1 lacking the Gly-Ala repeats were transfected into AGS cells
and immunoprecipitated with anti-EBNA1 antibodies. As shown in
Fig. S3, no detectable Hsp90 protein was coimmunoprecipitated
with either full-length or mutant EBNAL1 protein. These results
suggest that Hsp90 does not detectably associate with EBNAL.

Hsp90 Inhibitors Reduce Viability of EBV-Immortalized LCLs and Prevent
EBV Transformation of Primary B Cells. To determine if Hsp90
inhibitors affect the viability of LCLs in vitro, two different LCLs
were treated for 5 d with low-dose 17-DMAG (0.03 pM) or vehicle
(DMSO) and cell viability was determined by trypan blue exclusion.
As shown Fig. 54, 17-DMAG treatment induced close to 100% cell
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Fig. 4. Geldanamycin inhibits EBNA1 translation in reticulocyte lysate. (A)
pSG5 expression constructs encoding EBNA1 and BZLF1 were transcribed and
translated in vitro with T7 RNA polymerase using a coupled transcription—
translation reticulocyte lysate system supplemented with [**Slmethionine/
cysteine in the presence or absence of geldanamycin (0.5 pM). EBNA1 trans-
lation was reduced by 74% in the presence of geldanamycin. (B) pcDNA3.1
expression constructs encoding EBNA1 and EBNA1AGA were also transcribed
and translated in vitro using the same method in the presence or absence of
geldanamycin (0.5 pM). Ten fold less EBNATAGA versus EBNA1 protein is
loaded on the gel.

death of both lines. This drug-induced death in LCLs required
several days of treatment, consistent with the long half-life of
EBNAU1 in B cells. In contrast, the same low dose of 17-DMAG had
minimal effect on the growth of two EBV-negative B-cell lym-
phoma lines, BJAB and DG75; an EBV-positive Burkitt line, Mutu
I, which can survive in the absence of EBV (in contrast to most
EBV + Burkitt lymphomas) (25); or an LCL line (IB4) previously
shown to be EBNA1-independent as a result of an integrated EBV
genome (26) (Fig. 54). The effect of 17-DMAG on cellular cdc2
level was similar in each line (Fig. 5B), confirming that the drug is
active in all cell types. To determine if Hsp90 inhibitors prevent
EBV transformation of B cells, primary B cells (15,000 cells per
condition) were infected with 100 infectious units of EBV and
treated with low-dose 17-DMAG or DMSO beginning 1 h after
infection. EBV infection of B cells resulted in the formation of
LCLs by 3 to 4 weeks after infection in each of eight conditions
treated with the vehicle control (Fig. 5C), whereas none of the 16
conditions treated with 17-DMAG (eight wells given 0.03 pM of 17-
DMAG and eight wells given 0.1 uM of 17-DMAG) formed LCLs.
Administration of 17-DMAG did not affect the viability of primary
B cells (Fig. 5D). These results indicate that Hsp90 inhibitors
prevent EBV transformation of primary B cells, and that even
established LCLs are highly susceptible to the toxic effect of Hsp90
inhibitors. The combination of very low—dose 17-DMAG (0.005
puM) and low-dose bortezomib (an inhibitor of the 26S proteasome
that is highly effective against LPD-like lesions in SCID mice) (27)
killed more LCLs than either drug alone (Fig. 5E), suggesting the
17-DMAG/bortezomib combination might be particularly potent.

17-AAG Inhibits Lymphoproliferative Disease in SCID Mice. To inves-
tigate whether Hsp90 inhibitors can inhibit the growth of EBV-
induced lymphoproliferative disease at a nontoxic dose in SCID
mice, mice were injected with 5 x 10° LCLI cells in the flank at
d 0, and then given three low doses of 17-AAG (total cumulative
dose, 25 mg/kg) or DMSO on d 7, 9, and 11 following injection of
the cells. As shown in Fig. 5F, 17-AAG dramatically inhibited the
growth of EBV-transformed lymphoblastoid cells in SCID mice.
These results suggest that 17-AAG may be particularly useful for
treating EBV-positive lymphoproliferative disease in humans.
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Fig. 5. Hsp90 inhibitors reduce viability of EBV-transformed LCLs and pre-
vent EBV transformation of primary B cells. (A) Two different independently
derived LCLs (late passage line LCL1 and early passage line LCL2), IB4 (an LCL
in which the EBV genome is integrated), two EBV-negative B-cell lymphoma
lines (BJAB and DG75), and an EBV+ Burkitt lymphoma line (Mutu 1), were
treated with either vehicle control (DMSO) or 17-DMAG (0.03 pM). Cell
counts in each condition were determined by trypan blue exclusion at the
time points indicated. (B) Whole-cell extracts were prepared from cells
treated with or without 17-DMAG (0.17 pM) and immunoblot analysis was
performed to analyze the expression of cellular proteins as indicated. (C)
Primary B cells were infected with EBV and treated with either vehicle
control (DMSO) or 17-DMAG (0.03 uM or 0.1 pM) beginning 1 h after
infection. Media (and drug) were replaced once per week. Numbers of
transformed wells and the total numbers of wells treated with either no
drug (DMSO) or 17-DMAG (0.03 pM or 0.1 uM) at 3 weeks after infection are
given. (D) Primary B cells were treated with either no drug or 17-DMAG (0.03
uM or 0.1 pM). Cell counts in each condition were determined by trypan blue
exclusion at the time points as indicated. (E) LCL1 cells were treated with no
drug, 17-DMAG (0.005 uM), bortezomib (0.01 pM), or both, and cell counts
determined. (F) EBV-positive lymphoblastoid cells (5 x 10% LCL1 cells) were
implanted s.c. into the flanks of SCID mice. Tumors (six mice in each group)
were treated with either no drug or three low doses (total cumulative dose,
25 mg/kg) of 17-AAG (giveni.p.on d 7, 9, and 11 after injection of LCL1 cells).
Columns show mean tumor volumes at different time points; bars show SE.

Expression of an EBNA1 Mutant Missing the Gly-Ala Repeat Domain
Reduces the Toxic Effect of Hsp90 Inhibitors in LCLs. To determine if
reduced EBNA1 expression contributes to Hsp90 inhibitor killing of
LCLs, LCL1 cells were stably infected with a pBABE-puro retro-
virus vector expressing the EBNA1 mutant missing the Gly-Ala
repeat domain, or the empty retrovirus vector. The Gly-Ala repeat
domain of EBNAL is not required for any of the essential functions
of EBNA1 invitro. As expected, the EBNA1 mutant protein (driven
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by the retrovirus LTR promoter) was less susceptible than the full-
length endogenous EBNAL protein to Hsp90 inhibitors in the stably
infected LCL line (Fig. 64). LCLs expressing the mutant EBNA1
were much more resistant than vector control LCLs to the toxic
effect of very low—dose 17-DMAG (0.03 pM; Fig. 6B). A higher dose
of 17-DMAG (0.1 pM) prevented cellular replication in cells
infected with the EBNA1 mutant retrovirus (consistent with the loss
of cdc2 expression; Fig. 64) but did not induce cell killing, whereas
the vector control cells were killed by d 5. In contrast, the EBNA1
mutant did not protect LCLs from the toxic effect of methotrexate
(MTX; Fig. 6C). In addition, LCLs expressing the mutant EBNA1
were more resistant than vector control LCLs to G1 arrest (Fig. 6D)
and apoptotic events (Fig. S4) induced by low-dose 17-DMAG (0.03
uM). These results indicate that decreased EBNA1 expression
substantially contributes to the unusual susceptibility of LCLs to
Hsp90 inhibitors.

Discussion

The essential roles of EBNA1 in EBV genome maintenance, as
well as its consistent expression in all proliferating EBV-positive
cells, provide an attractive target for developing antiviral and an-
titumor strategies. Hsp90 inhibitors have recently been shown to
inhibit the expression of some cellular, oncogenic Hsp90 clients at
doses safe for humans. Here we show that Hsp90 inhibitors also
effectively decrease expression EBNAI, and that this effect re-
quires the EBNAI Gly-Ala repeat domain. Furthermore, we show
that Hsp90 inhibitors kill EBV-transformed B cells at nontoxic
doses, and that this effect is at least partially caused by the loss of
EBNALI expression. Thus, Hsp90 inhibitors have been shown to
inhibit EBNAT.

Although the exact mechanism for the Hsp90 inhibitor effect
on EBNALI remains unclear, the finding that Hsp90 inhibitors
decrease translation of EBNALI in vitro while not decreasing
EBNAL1 stability or half-life strongly suggests that their primary
effect is to attenuate EBNAI translation. Decreased translation
of EBNAL then leads to decreased transcription of EBNAI in
cells with type III latency, in which EBNAL1 activates its own
transcription. As EBNA1 and Hsp90 were not found to directly
interact, we speculate that a cellular protein required to translate
EBNAL1 efficiently is an Hsp90 client protein. At least two ribo-
somal proteins, S3 and S6, are known to be Hsp90 client proteins
(28). Our results suggest that the effect of Hsp90 inhibitors on
translation is protein-specific. Interestingly, inhibition of EBNA1
translation by the Gly-Ala repeats is mediated at the nucleotide
rather than protein sequence level (17).

Consistent with the ability of Hsp90 inhibitors to decrease
EBNAI1 expression, we found that these drugs prevent EBV
transformation of primary B cells at nontoxic doses, and are highly
toxic to established EBV-transformed LCLs. Our finding that
Hsp90 inhibitors do not affect EBNA1 stability once the protein has
been successfully translated, along with the very long half-life of
EBNAL in B cells, helps to explain why killing of LCLs by Hsp90
inhibitors requires a number of days. Thus, a previous study sug-
gesting that Hsp90 inhibitors are not particularly toxic to LCLs (29)
likely underestimated the toxicity of these drugs because cells were
treated for only 1 d.

As the toxicity of low-dose Hsp90 inhibitors in LCLs is sub-
stantially reversed by expression of an EBNA1 mutant resistant to
the Hsp90 inhibitor effect, the toxicity of these drugs in LCLs is at
least partially mediated through loss of EBNA1 expression. Nev-
ertheless, the ability of Hsp90 inhibitors to decrease expression and/
or function of certain cellular proteins, particularly NF-xB, no
doubt collaborates with the loss of EBNALI to induce killing of
EBV-transformed LCLs. Interestingly, as we also found that ex-
pression of the EBV protein LMP1 is rather dramatically increased
(at least in LCLs) by Hsp90 inhibitors, and high level LMP1
expression is toxic (30), LMP1 overexpression may also contribute
to the death of LCLs. The antiapoptotic effect (7, 8) of EBNA1 may
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Fig. 6. Expression of an EBNA1 mutant missing the Gly-Ala repeat domain decreases the toxic effect of Hsp90 inhibitors in LCLs. (A) LCL1 cells were infected
with a retrovirus vector expressing EBNATAGA or the control retrovirus vector. Inmunoblot analysis was performed to analyze the expression of EBNA1,
EBNA1AGA, cdc2, and B-actin in the presence and absence of 17-DMAG. (B) LCL1-vector and LCL1-EBNA1AGA cells were treated with either no drug or 17-DMAG
(0.03 pM or 0.1 pM). Cell counts in each condition were determined by trypan blue exclusion at the time points indicated. (C) LCL1-vector and LCL1-EBNATAGA
cells were treated with either no drug or MTX (0.1 pg/mL or 0.5 pg/mL). Cell counts in each condition were determined by trypan blue exclusion at the time points

indicated. (D) LCL1-vector and LCL1-EBNA1AGA cells were treated with either no drug or 17-DMAG (0.03 pM) for 48 h. The cell cycle distribution is given.

normally attenuate the toxicity of LMP1. Finally, we also demon-
strated that a nontoxic dose of 17-AAG effectively inhibits the
growth of EBV-induced lymphoproliferative disease in SCID mice.

In addition to EBNA1, recent evidence suggests that some other
important viral proteins also require Hsp90 for proper folding and/
or stability. For example, poliovirus capsid protein P1 is expressed
at only low levels in the presence of Hsp90 inhibitors, and gelda-
namycin treatment prevents the death of poliovirus-infected mice
(31). Geldanamycin and 17-AAG delay growth of influenza A virus
in cell culture and reduce half-life of the PB1 and PB2 subunits of
the viral RNA polymerase complex (32). Hsp90 is also required for
lytic replication of HSV-1 and human cytomegalovirus (33, 34).

Our results suggest that Hsp90 inhibitors might be useful for
treating a variety of different EBV-induced diseases, provided that
the continued presence of the viral genome is required for these
EBV-associated illnesses. Given our finding that Hsp90 inhibitors
prevent EBV transformation of B cells in vitro and inhibit the
growth of EBV-induced lymphoproliferative disease in SCID mice,
the most obvious target for Hsp90 inhibitor therapy in humans
would be EBV-induced lymphoproliferative disease. In this dis-
ease, each of the known EBV-encoded transforming proteins is
expressed, and there is little doubt that the continued presence of
EBV is required for growth of these lesions. Another often fatal
illness that appears to be highly dependent upon the presence of
EBYV, and might thus respond to Hsp90 inhibitors, is chronic active
EBYV disease. This rare disease, which most commonly occurs in
Asia, is caused by persistent latent EBV infection of T cells and/or
natural killer cells, and frequently culminates in EBV-positive T
cell/natural killer cell malignancies (1).

Whether the loss of EBNA1 expression induced by Hsp90 in-
hibitors in EBV-positive tumors such as Hodgkin lymphoma, NPC,
gastric carcinoma, and Burkitt lymphoma, which have additional
genetic abnormalities and express only a subset of the EBV trans-
forming proteins, would result in EBV-dependent killing is less
clear. However, given that inhibition of EBNA1 induces apoptosis
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in most (but not all) EBV-positive Burkitt lymphoma cells in vitro
(7, 25) and reduces the growth and survival of some EBV-positive
epithelial tumors (35), these malignancies may indeed continue to
require EBNALI expression for their growth in vivo, similar to the
recently described “oncogene addiction” theory for cellular onco-
genes (36).

Finally, it is interesting to speculate whether Hsp90 inhibitors
could be used to treat nonmalignant illnesses associated with EBV
infection. In the case of EBV-induced IM, Hsp90 inhibitors would
be predicted to not only reduce the number of cells infected with
EBV, but would also likely attenuate the host immune response
through their effect on cellular proteins such as NF-kB. As the host
immune response to EBV-infected B cells is largely responsible for
the clinical symptoms of this illness, short-term treatment of pa-
tients with low-dose Hsp90 inhibitors might alleviate the clinical
symptoms of IM without increasing the risk of EBV-induced lym-
phoproliferative disease. In addition to IM, an increasing number
of autoimmune illnesses have also been linked to EBV infection
(including multiple sclerosis, lupus, and rheumatoid arthritis) (2),
and continued expression of EBV-encoded antigens may contrib-
ute to these diseases. Hence, reducing the total number of EBV-
infected cells in such patients might be useful. Nevertheless, as
humans may be infected by different strains of EBV (37), long-term
suppression of EBV infection using Hsp90 inhibitors would likely
require lifelong therapy, and the long-term toxicities of these drugs
are not known. In addition, EBV can persist in nonreplicating
memory B cells without any EBNA1 expression. Thus, clinical trials
will be required to assess the potential of these drugs for different
types of EBV-induced illnesses.

Materials and Methods

In Vitro Cell Killing Studies with Hsp90 Inhibitors or MTX. LCL cells (1 x 10° cells/
mL) were treated with vehicle control (DMSO; 0.016%, vol/vol) or 17-DMAG
(0.005, 0.03, or 0.1 pM) or bortezomib (0.01 pM). Human primary B cells
infected or uninfected with EBV (the B95-8 strain) were treated with no drug
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(DMSO; 0.006%, vol/ivol) or 17-DMAG (0.03 pM or 0.1 pM). LCL1 vector and
LCL1 EBNATAGA cells were treated with no drug (DMSO; 0.006%, vol/vol),
17-DMAG (0.03 M, 0.1 pM, or 0.17 uM), or MTX (0.1 pg/mL or 0.5 pg/mL).
Media containing DMSO or 17-DMAG were exchanged every 7 d. Cell killing
was determined by trypan blue (Sigma-Aldrich) exclusion.

In Vitro Translation Assays. The pSG5-EBNA1, pSG5-BZLF1, pcDNA3-EBNA1,
and pcDNA3-EBNA1AGA constructs were transcribed and translated in vitro
with T7 RNA polymerase using a coupled transcription/translation retic-
ulocyte lysate system (Promega), supplemented with 20 uCi of 3*[Smethio-
nine/cysteine (GE Healthcare), in the absence or presence of geldanamycin
(0.5 pM). Lysates were incubated for 5 min at 95 °C with protein loading
sample buffer and subjected to SDS/PAGE. Gels were fixed, incubated with
Amplify (GE Healthcare), dried, and then subjected to autoradiography.

EBV Transformation Assays. Human primary B cells were incubated with WT
EBV (B95.8) for 1 h at room temperature and divided into aliquots into wells
of a 96-well plate (15,000 cells/well; 100 infectious units of virus/well). RPMI
1640 supplemented with 20% FBS and 10% penicillin—streptomycin was
added to bring the medium volume up to 200 pL/well. 17-DMAG (or DMSO)
was then added to achieve a final concentration of 0.03 uM or 0.1 pM. Media
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(and drug) were replaced once per week until transformation into LCLs was
apparent in the vehicle treated cells (at approximately 3-4 weeks after
infection).

In Vivo Tumor Studies. All animal experiments were performed in accordance
with the guidelines of the University of Wisconsin-Madison Animal Care
Committee. LCL1 cells (5 x 10°) were implanted s.c. into the flanks of 6-week-
old SCID mice. The mice (six mice per group) were then given either three
low doses of 17-AAG i.p. (total cumulative dose, 25 mg/kg) or vehicle control
(DMSO) on d 7, 9, and 11 after injection of tumor cells. The mice were
examined and tumor size was measured in three dimensions every 2 to 3 d.
Mice were euthanized when the tumor size exceeded 1 cm? in size. Stat-
istical analysis was done using the t test.

Additional Methods. Detailed methodology is described in S/ Methods.
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