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Abstract
The Kaposi’s sarcoma-associated herpesvirus (KSHV) is the causative agent of Kaposi’s sarcoma
(KS), an important cause of morbidity and mortality in immunocompromised patients. KSHV
interaction with the cell membrane triggers activation of specific intracellular signal transduction
pathways to facilitate virus entry, nuclear trafficking, and ultimately viral oncogene expression.
Extracellular heat shock protein 90 localizes to the cell surface (csHsp90) and facilitates signal
transduction in cancer cell lines, but whether csHsp90 assists in the coordination of KSHV gene
expression through these or other mechanisms is unknown. Using a recently characterized non-
permeable inhibitor specifically targeting csHsp90, we show that csHsp90 inhibition suppresses
KSHV gene expression during de novo infection, and that this effect is mediated largely through
the inhibition of mitogen-activated protein kinase (MAPK) activation by KSHV. Moreover, we
show that targeting csHsp90 reduces constitutive MAPK expression and the release of infectious
viral particles by patient-derived, KSHV-infected primary effusion lymphoma cells. These data
suggest that csHsp90 serves as an important co-factor for KSHV-initiated MAPK activation and
provide proof-of-concept for the potential benefit of targeting csHsp90 for the treatment or
prevention of KSHV-associated illnesses.
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Introduction
In the modern era, cancer represents one of the leading causes of morbidity and mortality in
patients infected with the human immunodeficiency virus (HIV) and in patients receiving
solid organ transplants. (Bonnet et al., 2004; Engels et al., 2008; Lebbe et al., 2008). The
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Kaposi’s sarcoma-associated herpesvirus (KSHV) remains one of the most common
etiologies of cancer in these populations (Bonnet et al., 2004; Engels et al., 2008; Lebbe et
al., 2008), including primary effusion lymphoma (PEL) (Cesarman et al., 1995), multicentric
Castleman’s disease (MCD) (Soulier et al., 1995), and Kaposi’s sarcoma (KS) (Chang et al.,
1994). Use of cytotoxic chemotherapeutic agents or withdrawal of immune suppressive
medications remain the preferred therapeutic approaches for patients with systemic HIV-
associated and transplant-associated KS, respectively (Stallone et al., 2005; Vanni et al.,
2006; Von Roenn., 2003). However, clinical responses to cytotoxic agents vary widely in
published trials (Vanni et al., 2006; Von Roenn, 2003), and withdrawal of immune
suppression in response to transplant-associated KS may lead to allograft rejection (Stallone
et al., 2005).

Targeted approaches introduced thus far for the treatment of KSHV-associated cancers have
included the inhibition of KSHV replication (Martin et al., 1999), or the inhibition of
KSHV-induced signaling pathways (Chaisuparat et al., 2008; Stallone et al., 2005; Koon et
al., 2005). Intracellular signaling events induced during KSHV infection and supporting
viral gene expression include activation of the mammalian target of rapamycin (mTOR) (Sin
et al., 2007; Sodhi et al., 2006) and mitogen-activated protein kinases (MAPK) (Sharma-
Walia et al., 2005). However, the targeting of signal transduction pathways presents many
challenges given the non-selectivity of kinase inhibitors, associated toxicities, and the
development of resistance through multiple mechanisms, including the upregulation of
alternative signaling pathways (Kerkela et al., 2006; Zhang et al., 2009; Chaisuparat et al.,
2008). Existing data suggest that ongoing viral replication and infection of new target cells
are important for KS progression (Boivin et al., 2000; Brown et al., 2006; Campbell et al.,
2000; Dupin et al., 1999; Pak et al., 2005; Pyakurel et al., 2004; Quinlivan et al., 2002;
Staskus et al., 1997; Aluigi et al., 1996; Grundhoff and Ganem, 2004; Lebbe et al., 1997;
Salahuddin et al., 1988). Therefore, a more complete understanding of KSHV interactions
with cell surface co-factors facilitating the initiation of signal transduction and viral gene
expression during de novo infection may result in the development of novel targeted
strategies for the treatment and/or prevention of KS.

Heat shock proteins (Hsp) modulate a wide variety of intracellular processes through the
stabilization or regulation of protein folding (Tsutsumi and Neckers, 2007). In particular, the
molecular chaperone Hsp90 plays an essential role in the protein maturation and subsequent
activity of a multitude of signaling proteins pertinent to cancer pathogenesis (Tsutsumi and
Neckers, 2007). Existing data also suggest that Hsp90 serves as a receptor for viruses (Lin et
al., 2007; Reyes-Del Valle et al., 2005), as well as a critical co-factor for herpesvirus
replication and nuclear localization of viral proteins (Basha et al., 2005; Burch and Weller,
2005; Li et al., 2004). Hsp90 inhibitors have proven beneficial for reducing solid tumor
burden, and their validation for widespread use is ongoing in phase II clinical trials
(Ramalingam et al., 2008). Moreover, recent identification of Hsp90 on the cell surface
(csHsp90) (Eustace et al., 2004) has led to the observation that csHsp90 serves as a co-factor
in the activation of specific intracellular signal transduction pathways in a more selective
manner relative to the intracellular form of the protein (Tsutsumi et al., 2008).

In the present study, we used a cell-impermeable ansamycin derivative, DMAG-N-oxide
(DNo), targeting the ATP-binding pocket of csHsp90 (Tsutsumi et al., 2008) as well as anti-
Hsp90 antibodies to determine whether csHsp90 serves as a co-factor in KSHV activation of
specific signal transduction pathways and KSHV gene expression during de novo infection.
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Results
Hsp90 localizes to the cell surface on KSHV-susceptible cells

In order to determine whether KSHV-susceptible cells express csHsp90, we used a flow
cytometry-based assay for quantification of csHsp90 for two KSHV-susceptible cell types—
HeLa cells and DMVEC. Antibodies recognizing a C-terminal epitope for Hsp90 (SPS-830)
failed to identify csHsp90 expression on a number of primary and transformed cell lines in
our laboratory (data shown for HeLa cells in Fig. 1A). However, antibodies recognizing an
N-terminal epitope (SPS-771) identified csHsp90-alpha expression by both HeLa cells (Fig.
1B) and pDMVEC (Fig. 1D). A second antibody recognizing a different epitope expressed
by csHsp90-alpha (SPA-840) also identified csHsp90-alpha expression by HeLa cells (Fig.
1C). Immunofluorescence assays further validated the selectivity of the N-terminal antibody
in identifying csHsp90 for HeLa cells (Fig. 1E–G).

Targeting csHsp90 reduces KSHV gene expression during de novo infection
To determine initial DNo concentrations to be used for infection assays, we incubated HeLa
cells and pDMVEC with DNo using a range of concentrations over which DNo inhibits
intracellular signaling as shown previously (Tsutsumi and Neckers, 2007). DNo elicited no
discernable toxicity over this range for either cell type (Fig. 2A). Next, to determine whether
Hsp90 regulates KSHV gene expression during de novo infection, we quantified KSHV
gene expression in KSHV-incubated, DNo-treated cells using an IFA for the KSHV-
encoded latency-associated nuclear antigen (LANA) and qRT-PCR to amplify representative
latent transcripts. We observed dose- and time-dependent reduction in the expression of
LANA even if cells were incubated with DNo following viral incubation (Fig. 2B–G). In
addition, latent transcripts representing 3 different open reading frames (ORF71-vFLIP,
ORF72-vCyclin, and ORF73-LANA) were reduced in cells treated either before or after
viral incubation with DNo (Fig. 2H). As further validation of these observations, we found
that DNo treatment either before or after viral incubation reduced LANA expression in
pDMVEC as well (Fig. 3A–E). Of note, DNo did not reduce intracellular KSHV genome
copies in HeLa cells following viral incubation (Fig. 4A). In separate experiments to
validate our findings with DNo, we incubated HeLa cells with anti-Hsp90 antibodies prior to
viral incubation and found that a monoclonal antibody targeting Hsp90-alpha (SPA-840)
also reduced LANA transcripts and protein expression in HeLa cells (Fig. 4B and C).
Interestingly, a second antibody targeting Hsp90-alpha (SPS-771) had no effect (Fig. 4B and
C). In addition, as with DNo, incubation of cells with the mAb SPA-840 failed to reduce
intracellular KSHV genome copy number after viral incubation (Fig. 4C).

Previous work has demonstrated that csHsp90 may serve as a receptor for viruses since viral
binding and entry to host cells was reduced by either pre-incubation of cells with Hsp90-
specific antibodies or pre-incubation of purified virus with recombinant Hsp90 (Lin et al.,
2007; Reyes-Del Valle et al., 2005). Pre-incubation of purified KSHV with heparin sulfate
as a positive control reduced viral genome copies (not shown) and LANA expression in our
infection assays (Fig. 4D) as previously described (Birkmann et al., 2001; Akula et al.,
2001), but pre-incubation of KSHV with concentrations of recombinant Hsp90 (rHsp90)
previously shown to inhibit entry by other viruses (Lin et al., 2007; Reyes-Del Valle et al.,
2005) did not reduce either viral genome copies (not shown) or LANA expression (Fig. 4D).
Furthermore, we have not found a relationship between csHsp90 expression and cell
permissiveness to KSHV (representative data are shown for HEK cells in Supplemental Fig.
1, as HEK are permissive for infection but express little to no csHsp90 upon passage in
culture). Together with our data indicating that DNo reduces KSHV gene expression even if
added following viral incubation, these data suggests that Hsp90 modulates KSHV gene
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expression largely through the regulation of post-entry events, and that this effect may be
cell type-specific.

Targeting csHsp90 reduces KSHV-initiated MAPK activation
KSHV gene expression during de novo infection is regulated by a number of cell signaling
intermediates that facilitate entry and intracellular trafficking of the virus following KSHV
interactions with cell surface receptors, including α3β1 integrins (Krishnan et al., 2006;
Sharma-Walia et al., 2004, 2005). To first determine whether csHsp90 regulates expression
of α3β1 integrin-associated signaling intermediates, we quantified total and phosphorylated
protein expression using immunoblot analyses for FAK, Src, PKC-ζ, MEK, and ERK during
incubation of cells with DNo (Fig. 5). We observed dose-dependent DNo inhibition of basal
MEK and ERK phosphorylation in HeLa cells to an extent comparable to that seen with a
specific inhibitor of MAPK activation (U0126) shown previously to reduce ERK activation
during de novo KSHV infection (Sharma-Walia et al., 2005). In addition, we observed
inhibition of KSHV-initiated MEK and ERK phosphorylation in both HeLa cells and
pDMVEC (Figs. 5B) with DNo, and validated these results with the observation of
inhibition of both basal and KSHV-initiated MEK and ERK phosphorylation in HeLa cells
with an Hsp90-specific antibody (Figs. 5C and D). Constitutive expression of MEK or ERK
rescued MAPK activation during DNo treatment in HeLa cells (Fig. 5E), whereas
transfection of cells with a construct encoding dominant-negative ERK reduced
phosphorylated ERK levels below those of untreated or DNo-treated control cells (Fig. 5E).
Therefore, we transfected KSHV-infected HeLa cells with the constructs described above to
determine whether MEK or ERK overexpression rescued KSHV gene expression during
DNo treatment. Compared to empty vectors that had no effect, MEK or ERK overexpression
restored LANA protein (Fig. 6A) and transcript (Fig. 6B) expression in DNo-treated cells to
approximately 50–80% of control levels, whereas control cells transfected with dominant-
negative ERK constructs or incubated with U0126 revealed minimal LANA expression to
levels similar to that seen with DNo. For verification, we obtained similar data for
transcripts for two other latent genes expressed within KSHV-infected cells: vFLIP and
vCyclin (Supplemental Fig. 2).

Targeting csHsp90 reduces KSHV lytic transcripts and virion release by latently infected
cells

Existing data suggest that reactivation of KSHV lytic replication from latency is dependent
upon MAPK activation, and more specifically activation of ERK (Cohen et al., 2006; Ford
et al., 2006; Xie et al., 2008; Yu et al., 2007). We sought to determine whether DNo
treatment of BCBL-1 cells reduced lytic gene expression activation and virion release by
these cells during induction of lytic replication. We first confirmed that BCBL-1 express of
csHsp90 (Fig. 7A) and that 0.5 μM DNo induces no toxicity for BCBL-1 when incubated
with these cells over 7 days based on MTT assays (data not shown). Next, we found that
DNo reduces phosphorylation of MEK/ERK within BCBL-1 cells in the presence or absence
of valproic acid (Fig. 7B). In addition, DNo reduces basal transcript expression of LANA
and RTA (Figs. 7C and D), as well as valproic acid induction of RTA expression (Fig. 7E),
so the same extent as observed for U0126. DNo also significantly reduced the number of
infectious viral particles released by valproic acid-treated BCBL-1 cells in a manner similar
to U0126 (Fig. 7F).

Discussion
Existing data support a role for Hsp90 in mediating virus-host cell interactions for many
different viruses, including herpesviruses. Events putatively mediated by Hsp90 include
virus binding and entry, nuclear localization of viral proteins, and replication (Basha et al.,
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2005; Burch and Weller, 2005; Connor et al., 2007; Field et al., 2003; Li et al., 2004; Lin et
al., 2007; Okamoto et al., 2006; Reyes-Del Valle et al., 2005). One study demonstrated that
a cell-permeable Hsp90 inhibitor, geldanamycin, reduces HSV-1 replication (Li et al.,
2004), and this may occur through the inhibition of nuclear localization of the viral DNA
polymerase (Burch and Weller, 2005). Another study documented a role for Hsp90 in the
expression of cytomegalovirus (CMV) genes during de novo infection, including genes
representing all phases of the viral life cycle (Basha et al., 2005). Activation of the serine/
threonine kinase Akt and nuclear factor-kappa B (NF-kappaB) following CMV infection
was reduced in the presence of geldanamycin (Basha et al., 2005) suggesting that Hsp90
facilitates CMV-induced activation of these signaling pathways. Finally, geldanamycin was
shown to inhibit IKK co-localization with Hsp90 in KSHV-infected BC-3 cells, as well as
BC-3 cell growth (Field et al., 2003). These data provide rationale for performing additional
studies to identify mechanisms for Hsp90 regulation of herpesvirus gene expression.

Recent identification of extracellular Hsp90 localized to the cell surface (Eustace et al.,
2004) justifies further study of whether csHsp90 can be targeted to influence viral
pathogenesis. DNo binds to the ATP-binding cleft within the N-terminal region of Hsp90
and inhibits ATPase activity to the same degree as for cell-permeable Hsp90 inhibitors
(Tsutsumi et al., 2008). The non-permeable nature of DNo has been verified through its
inability to compete for intracellular Hsp90 binding with tritium-labeled cell- permeable
Hsp90 inhibitors, its inability to affect steady state levels of signaling molecules affected by
cell-permeable Hsp90 inhibitors, and its inability to induce heat shock protein expression
through the dissociation of intracellular Hsp90 with Hsp transcription factors (Tsutsumi et
al., 2008). Unlike cell-permeable Hsp90 inhibitors, DNo does not affect steady-state levels
of Akt and Raf-1 (Tsutsumi et al., 2008), supporting the notion that csHsp90 regulates a
more limited array of intracellular signaling pathways and that targeting csHsp90 may
induce less cellular toxicity. The advent of DNo compliments the use of functional anti-
Hsp90 antibodies and has provided an important scientific advance for proof-of-concept
experiments identifying cell functions regulated by csHsp90 and the potential utility of
targeting csHsp90 for clinical applications. To our knowledge, the role of csHsp90 in
pathogenesis related to oncogenic viruses has not been explored. DNo interrupts focal
adhesion kinase (FAK) activation, focal adhesion formation, and cell migration by a
fibrosarcoma cell line (Tsutsumi et al., 2008) which led us to hypothesize that csHsp90
facilitates KSHV-induced cell signaling and viral gene expression during de novo infection
of target cells.

In agreement with numerous studies revealing surface localization of Hsp90-alpha for a
variety of cell types (Jin et al., 2003; Kotsiopriftis et al., 2005; Reyes-Del Valle et al., 2005;
Triantafilou et al., 2001), we found that Hsp90-alpha is localized to the cell surface for both
HeLa cells and DMVEC. Our subsequent infection assays revealed that csHsp90 inhibition
with either DNo or an anti-Hsp90 monoclonal antibody reduces latent KSHV transcripts and
LANA expression during de novo infection. Interestingly, DNo still inhibits KSHV gene
expression if added to cells following the viral incubation period, and even if administered
beginning 6 h after viral incubation. Limited published data support the possibility that
Hsp90 serves as a receptor for viruses (Lin et al., 2007; Reyes-Del Valle et al., 2005), but
neither DNo nor anti-Hsp90 antibodies reduced intracellular KSHV genome copies in our
experiments. Furthermore, unlike pre-incubation of cells with heparin sulfate, pre-incubation
of cells with antibodies recognizing Hsp90-alpha, or pre-incubation of purified KSHV with
recombinant Hsp90-alpha, also failed to reduce intracellular viral genome copies during
viral incubation. These methods have been shown to reduce infection mediated by Hsp90
interactions on the cell surface with other viruses (Lin et al., 2007; Reyes-Del Valle et al.,
2005). These data further support the notion that Hsp90 localized to the cell surface
facilitates KSHV gene expression primarily through the regulation of post-entry events,
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although they do not categorically exclude the possibility that csHsp90 inhibition reduces
KSHV binding and entry mediated through KSHV receptor client proteins of Hsp90
localized to the cell surface, or possibly even Hsp90 itself. For cells passed in vitro, we have
thus far found no relationship between cell permissiveness to KSHV infection and
quantitative csHsp90 expression (data for HEK shown in Supplemental Fig. 1). In fact, the
monoclonal anti-Hsp90 antibody eliciting functional repression of MAPK and KSHV gene
expression in our experiments yielded the least robust flow cytometric identification of
csHsp90-alpha by HeLa cells (Fig. 1). Furthermore, an antibody recognizing a different
epitope for csHsp90-alpha and which yielded more robust identification of csHsp90-alpha
by HeLa cells (Fig. 1) failed to repress MAPK or KSHV gene expression in these cells.
Additional work is, therefore, needed to more thoroughly localize and characterize the
functional epitopes of csHsp90 that mediate KSHV-initiated signal transduction and viral
gene expression, and to determine whether paracrine factors associated with KSHV
infection or the KS microenvironment regulate the surface localization of Hsp90 and cell
susceptibility to infection.

The activation and function of a number of intracellular proteins important for KSHV gene
expression have been linked to Hsp90, including FAK (Tsutsumi et al., 2008), PI3K (Basha
et al., 2005), Akt (Basha et al., 2005), Src (Bijlmakers and Marsh, 2000), ERK (Georgakis et
al., 2006; Koga et al., 2006), and NF-kB (Basha et al., 2005; Field et al., 2003). We found
that targeting csHsp90 selectively reduces steady state MAPK activation (Fig. 5), and that
restoration of MAPK activation partially restores latent KSHV transcripts and LANA
protein expression in these cells. Moreover, this effect was comparable to that seen with a
specific inhibitor of MAPK activation, U0126. To our knowledge, these are the first data
suggesting that csHsp90 serves as a co-factor for MAPK activation or MAPK-associated
viral gene expression. These data are in accordance with one previous study documenting a
role for Hsp90 in the activation of ERK (Georgakis et al., 2006). Although conflicting data
exist for the role for Hsp90 in the activation of MAPK pathways in cancer cells (Georgakis
et al., 2006; Koga et al., 2006), conditional activation of ERK by viruses, and the differential
regulation of signaling by csHsp90 relative to intracellular Hsp90 (Tsutsumi et al., 2008),
may contribute to differences between virus-related Hsp90 chaperoning of ERK and
constitutive ERK activation in tumor cells. Additional studies are ongoing to determine
whether csHsp90 facilitates KSHV-induced ERK activation in other primary cell targets of
the virus. Our data are also in agreement with previous data implicating ERK in the
transcriptional activation of a number of different KSHV genes, including ORF73 and
ORF50 (Sharma-Walia et al., 2005). The precise mechanism by which csHsp90 facilitates
ERK-mediated KSHV gene expression remains to be determined, although ERK activation
of the transcription factor AP-1 is one possibility (Sharma-Walia et al., 2005). We looked
only at the expression of a few representative latent genes in these studies, but since the
expression of all 3 latent genes we examined was reduced following csHsp90 inhibition, it is
possible that inhibition of csHsp90 causes a —global reduction in viral gene expression
during de novo infection. If this is true, it is unlikely that inhibition of ERK activation is the
only mechanism through which this occurs, and this is supported by the fact that MEK or
ERK overexpression only partially rescued latent gene expression in csHsp90-targeted cells.
We also observed a reduction in the expression of PKCζ (see Fig. 5A), an —upstream
molecule putatively involved in KSHV-induced ERK activation, and this observation
requires additional characterization.

Our analyses were not exhaustive, as they did not include assessment of other potential
mediators of ERK activation and KSHV gene expression, including PI3K or Rho-GTPase-
activated microtubule assembly (Sharma-Walia et al., 2004). Hsp90 has been previously
implicated in microtubule trafficking of intracellular proteins to the nucleus (Galigniana et
al., 2004) and participates in the nuclear trafficking of the herpes simplex virus DNA
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polymerase (Burch and Weller, 2005). Therefore, it is possible that targeting csHsp90
restricts microtubule-associated KSHV protein trafficking to the nucleus, thereby reducing
expression of an array of viral genes. csHsp90 regulates FAK recruitment and focal
adhesion formation in some cell lines (Tsutsumi et al., 2008), and FAK activation has been
linked previously to Rho-GTPase activation during KSHV infection (Sharma-Walia et al.,
2004). Therefore, it is possible that although we observed no changes in total or
phosphorylated FAK levels during csHsp90 targeting, this might reduce FAK recruitment
following KSHV-receptor engagement, thereby reducing downstream signaling events
pertaining to microtubule assembly. Hsp90 also regulates NF-κB activation (Basha et al.,
2005; Field et al., 2003; Jin et al., 2003) which provides an important alternative pathway
for transcriptional activation of KSHV gene expression independent of MAPK activation
(Sadagopan et al., 2007). It is, therefore, conceivable that the coordinated regulation by
csHsp90 of a number of different signaling intermediates facilitates the expression of
multiple viral genes during KSHV infection. Studies are ongoing in our laboratory to
determine the role of csHsp90 in facilitating KSHV gene expression during de novo
infection through the regulation of NF-κB, and profiling a broader array of viral genes for
these studies may shed additional light on these questions.

Previous studies have documented a role for ERK in the activation of lytic KSHV gene
expression, including the activation of both ORF73 and ORF50 (Sharma-Walia et al., 2005).
In our experiments using BCBL-1 cells, csHsp90 inhibition reduced MAPK activation,
steady state expression of ORF50 and ORF73 transcripts, and valproic acid-induced
activation of RTA to the same extent as observed using a specific inhibitor of MAPK
activation. In addition, DNo suppressed the release of infectious viral particles by valproic
acid-induced BCBL-1. Although other published data support a role for LANA in the
regulation of RTA expression through interactions with its promoter (Li et al., Virology.
2008), it is plausible that reduction of ERK activation with csHsp90 inhibition reduces both
LANA and RTA activation independent of one another. It also remains possible that
inhibition of csHsp90 influences alternative signal transduction pathways in PEL cells that
may independently influence expression of LANA and RTA, and further exploration of
alternative signaling pathways and their relationship to csHsp90 function in these cells is
warranted. One limitation of these experiments was that although DNo exhibited no toxicity
for uninduced BCBL-1 cells over a range of concentrations, cell death induced by valproic
acid (as occurs during induction of lytic replication in BCBL-1) obscured our ability to
determine whether csHsp90 targeting accentuates cell death during lytic cycle induction.

In summary, our data implicate csHsp90 as a co-factor in the establishment of KSHV gene
expression during de novo infection through its regulation of MAPK activation. Future
studies should clarify the role of csHsp90 in lytic reactivation of KSHV within latently
infected cells and characterize additional signaling intermediates regulated by csHsp90 that
impact KSHV gene expression. These studies provide support for the potential utility of
targeting csHsp90 for reducing KSHV gene expression and KSHV-associated disease
progression.

Materials and methods
Flow cytometry

HeLa and primary human dermal microvascular endothelial cells (pDMVEC) were first
maintained at 50–70% confluence. Following trypsinization, cells were resuspended in
staining buffer (0.1% sodium azide in 1X PBS) for 20 minutes, then incubated on ice for 30
min with 2.5 μg/mL of primary antibodies (Stressgen) recognizing either the C-terminus
(SPS-830), N-terminus (SPS-771), or an uncharacterized epitope (SPA-840) of Hsp90-
alpha. Following two subsequent wash steps, cells were incubated for an additional 30 min
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with secondary antibodies (Invitrogen) diluted 1:100 that recognize either the N-terminal
primary antibody (goat anti-mouse IgG Alexa Fluor 488), C-terminal primary antibody (goat
anti-rabbit IgG Alexa Fluor 488), or the mAb targeting an uncharacterized epitope (goat
anti-rat IgG Alexa Fluor 488). Controls included cells incubated with secondary antibodies
only. Cells were resuspended in 1X PBS and analyzed using a FACS Calibur 4-color flow
cytometer and FlowJo software (TreeStar) to quantify cell surface localization of Hsp90.

Cell culture and infection assays
KSHV-infected body cavity-based lymphoma (BCBL-1) cells were maintained in RPMI
1640 media (Gibco) supplemented with 10% fetal bovine serum (FBS), 10 mM HEPES (pH
7.5), 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine, 0.05 mM β-
mercaptoethanol, and 0.02% (wt/vol) sodium bicarbonate. pDMVEC were maintained
according to the manufacturer’s instructions (Lonza). HeLa and human embryonic kidney
(HEK) 293A cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco) supplemented with 10% FBS, 100 U/mL of penicillin, and 100 μg/mL streptomycin.
To obtain KSHV for infection experiments, BCBL-1 cells were incubated with 0.6 mM
valproic acid for 6 days, and purified virus was concentrated from culture supernatants as
described previously (Qin et al., 2010; Parsons et al., 2006). For negative controls using
ultraviolet light-inactivated KSHV (UV-KSHV), viral aliquots were exposed to 1200 J/cm2

UV light for 10 min using a CL-1000 Ultraviolet Crosslinker. Infectious titers (MOI) were
determined using both pDMVEC and HeLa cells and methods previously described (Qin et
al., 2010; Parsons et al., 2006) and approximated 4×106 infectious particles/ml routinely in
these preparations. For competition assays, viral stocks were pretreated with medium only,
recombinant Hsp90 proteins (1 h at 37°C), or 1 mg/mL of heparan sulfate (1.5 h at 37°C)
prior to infection assays.

Immunofluorescence assays (IFA)
Briefly, 1×104 HeLa cells or pDMVEC per well were seeded in eight-well chamber slides
(Nunc) and incubated with serial dilutions of viral stocks in the presence of 8 μg/mL
Polybrene (Sigma-Aldrich) for 2 h at 37°C. After remaining in culture overnight, cells were
incubated in 1:1 methanol-acetone at 20°C for fixation and permeabilization, then with a
blocking reagent (10% normal goat serum, 3% bovine serum albumin, and 1% glycine) for
an additional 30 minutes. Cells were then incubated for 1 h at 25°C with 1:1000 dilution of a
rat anti-LANA monoclonal antibody (ABI) followed by a 1:100 dilution of a goat anti-rat
secondary antibody conjugated to Texas Red (Invitrogen). For nuclear localization, cells
were subsequently counterstained with 0.5 μg/ml 4′,6-diamidino-2-phenylindole (DAPI;
Sigma) in 180 mM Tris-HCl (pH 7.5). Relative LANA expression = #LANA dots per 100
cells in experimental group/#LANA dots per 100 cells in control group. For determination
of Hsp90 surface localization, HeLa cells were incubated first at 37°C for 30 min with
blocking reagent, and then for 1 h with 1:25 dilution of either SPS-771 or SPS-830 for
negative controls. After two washes with 1X PBS, cells were incubated at 37°C for 45 min
with 1:100 dilutions of respective secondary antibodies as for flow cytometry, then in cold
1:1 methanol/acetone for 10 min at −20°C. Some cells were incubated only with secondary
antibodies for additional negative controls. For nuclear localization, cells were incubated at
4°C in the dark for 10 minutes with 0.5 μg/mL 4′,6-diamidino-2-phenylindole (DAPI;
Sigma) in 180 mM Tris-HCl (pH 7.5). Slides were washed once in 180 mM Tris-HCl for 15
min and prepared for visualization using a Leica TCPS SP2 AOBS confocal microscope.

Cell viability assays
Cell viability was assessed by MTT assay as previously described (Tsutsumi et al., 2008). A
total of 5×103 Hela cells were incubated in each of individual wells in a 96-well plate for 24
h. Serial dilutions of DMAG-N-oxide (DNo) were then added and after 24–72 h, cells were
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incubated in 1 mg/ml of MTT solution (Sigma-Aldrich) at 37°C for 3 h, then 50% DMSO
overnight and optical density at 570 nm determined by spectrophotometer (Thermo
Labsystems). In parallel experiments to determine whether DNo influenced cell adherence
(which may itself influence cell susceptibility to infection), Hela cells were incubated with
serial dilutions of DNo and the number of adherent cells determined for different time points
over 16 h following removal of media and non-adherent cells, trypsinization, and
quantification of cells using a hemocytometer.

Hsp90/MAPK inhibition
DNo was dissolved in DMSO and aliquots frozen at −80°C. For DNo pre-treatment assays,
5×103 HeLa cells or pDMVEC were seeded per well in eight-well chamber slides (Nunc)
and incubated with serial dilutions of DNo at 37°C. Viral aliquots were then added (MOI
between 2–10) for 2 h at 37°C followed by an overnight incubation prior to IFA. For DNo
post-treatment assays, the cells were incubated with viral aliquots for 2 h. Cells were washed
three times, fresh media containing DNo was added immediately afterward (0 h) or 6 h later,
and then cells were incubated for an additional 12 h prior to IFA. Control cells were treated
with DMSO. As a control for MAPK activation experiments, cells were treated with the
selective MAPK inhibitor U0126 (Sigma) for 1.5 h at 37°C.

Transfection assays
pcDNA3.1 control (pc), pcDNA3.1-FLAG-MEK (pcMEK), pcDNA3.1-FLAG-ERK
(pcERK) and pcDNA3.1-FLAG-ERK dominant negative (pcERK-DN) vectors were kindly
provided by Dr. Scott Eblen (Medical University of South Carolina, Charleston, SC). Cells
were transfected with vectors in 12-well plates for 48 h using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Uniformity of transfection
efficiency was confirmed through co-transfection of a lacZ reporter construct also kindly
provided by Dr. Yusuf Hannun (Medical University of South Carolina), and β-galactosidase
activity was determined using a commercially available β-galactosidase enzyme assay
system according to the manufacturer’s instructions (Promega). 2–3 independent
transfections were performed for each experiment, and all samples were analyzed in
triplicate for each transfection.

Western blotting
Cells were lysed in buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1% NP40, 1 mM
EDTA, 5 mM NaF and 5 mM Na3VO4. Total cell lysates (30 μg) were resolved by 10%
SDS–PAGE, transferred to nitrocellulose membranes, and immunoblotted with 100–200 μg/
mL antibodies recognizing total and phosphorylated proteins as follows: phospho-p44/42
MAPK (Thr202/Tyr204), phospho-MEK1/2 (Ser217/221), phospho-PKCζ (Thr410/403),
phospho-Src (Tyr416), p44/42 MAPK, MEK1/2, PKCζ and Src (Cell Signaling
Technologies); phosphor-FAK (Tyr397) and FAK (Biosource). For loading controls, blots
were also reacted with antibodies detecting the respective total protein or β-Actin (Sigma).
To assess transfection efficiency, FLAG expression was detected with FLAG-specific
antibodies. Immunoreactive bands were developed by enhanced chemiluminescence reaction
(Perkin-Elmer) and visualized by autoradiography.

PCR
Total cellular DNA was prepared using the QIAamp DNA Mini kit according to the
manufacturer’s instructions (QIAGEN). Briefly, cells were trypsinized for 5 min at 37°C
and collected with 1 ml of ice-cold DMEM. Cells were pelleted at 2,000 rpm for 5 min,
washed, and resuspended in 200 μL of 1X PBS, and total DNA was prepared according to
the manufacturer’s instructions. To ensure that viral DNA amplification in these
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experiments was not the result of —carry over viral DNA from culture supernatants rather
than intracellular virus, cells were washed several times in fresh media prior to
trypsinization, and samples from culture supernatants following these washes were assessed
for viral DNA content. Total RNA was isolated from infected or uninfected cells using the
RNeasy Mini kit according to the manufacturer’s instructions (QIAGEN). cDNA was
synthesized from equal total RNA using SuperScript III First-Strand Synthesis SuperMix Kit
(Invitrogen) according to the manufacturer’s procedures. Coding sequences for genes of
interest and β-actin (loading control) were amplified from 200ng input cDNA or DNA and
using iQ SYBR Green Supermix (Bio-Rad). Custom primer sequences used for
amplification experiments (Operon) were as follows: LANA sense 5′
TCCCTCTACACTAAACCCAATA 3′; LANA antisense 5′ TTGCTAATCTCGTTGTCCC 3′;
vFLIP sense 5′ GGGCACGGATGACAGGGAA 3′; vFLIP antisense 5′
TGTGATGGGCCGGAAAGG 3′; vCyclin sense 5′ CCCTCGGGACTTCTGGAT 3′; vCyclin
antisense 5′ CGTCGCTAAGACTGCCTC 3′; RTA sense 5′ TAATGTCAGCGTCCACTCC 3′;
RTA antisense 5′ TTCTGGCACGGTCAAAGC 3′; β-actin sense 5′
GGAAATCGTGCGTGACATT 3′; β-actin antisense 5′ GACTCGTCATACTCCTGCTTG 3′.
Amplification experiments were carried out on an iCycler IQ Real-Time PCR Detection
System, and cycle threshold (Ct) values were tabulated in triplicate (DNA) or duplicate
(cDNA) for each gene of interest for each experiment. —No template (water) controls were
also used to ensure minimal background contamination. Using mean Ct values tabulated for
different experiments and using Ct values for β-actin as loading controls, fold changes for
experimental groups relative to assigned controls were calculated using automated iQ5 2.0
software (Bio-rad).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. KSHV-permissive cells express extracellular Hsp90
(A–D) To identify cell surface localization of Hsp90 (csHsp90) by flow cytometry, HeLa
(A–C) and primary dermal microvascular endothelial cells (pDMVEC) (D) were incubated
with antibodies recognizing either the C-terminus (A), N-terminus (B and D), or an
uncharacterized epitope (C) of the alpha isoform of Hsp90 followed by secondary antibodies
conjugated to ALEXA-488 (black histograms). For controls, cells were incubated with
secondary antibodies alone (gray histograms). (E–G) To validate these results, HeLa cells
incubated with secondary antibodies conjugated to ALEXA-488 (E), anti-C-terminal Hsp90
Ab and secondary antibodies (F), or anti-N-terminal Hsp90 Ab and secondary antibodies (G)
were examined by fluorescence microscopy. Original magnification × 60. Data shown
represent one of three independent experiments.
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Figure 2. Extracellular Hsp90 acts as a co-factor for KSHV gene expression during de novo
infection of HeLa cells
(A) HeLa cells and pDMVEC were incubated with the indicated concentrations of DNo and
cell viability determined after 48 h by a standard MTT assay according to the
manufacturer’s instructions. (B–E) HeLa cells were incubated with KSHV (MOI = 2) and
DMSO vehicle (B) or UV-KSHV (C) or treated with 0.1 μM (D) or 1.0 μM (E) DNo for 16
h prior to KSHV incubation. Immunofluorescence assays (IFA) were performed 12 h after
viral incubation to identify the typical punctate intranuclear expression of LANA (red dots)
using an anti-LANA mAb and a secondary Ab conjugated to Texas Red, along with DAPI
for nuclear co-localization (blue). (F, G) The number of LANA dots was determined for at
least 100 cells for each DNo pre-treatment (DNo+K) and post-treatment (K+DNo) group
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and normalized to positive control cells. (H) qRT-PCR was used to determine relative
transcript expression for ORF73 (LANA), ORF72 (vCyclin) and ORF71 (vFLIP) at 16 h
after viral incubation from HeLa cells incubated with media alone (mock), KSHV alone (K),
1.0 μM DNo 16 h before KSHV (DNo+K) or for 16 h beginning immediately following
KSHV incubation (K+DNo). Error bars represent the S.E.M. for three independent
experiments.
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Figure 3. Extracellular Hsp90 acts as a co-factor for KSHV gene expression during de novo
infection of endothelial cells
(A–D) pDMVEC were incubated with KSHV and DMSO (A), UV-KSHV (B), or 1.0 μM
DNo for 16 h before (C) or beginning immediately after (D) their incubation with KSHV.
LANA expression was determined by IFA 12 h after viral incubation as in Fig. 2. (E)
Relative LANA expression in groups A–D was calculated as described in Figure 2. Error
bars represent the S.E.M. for three independent experiments.
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Figure 4. Direct KSHV interaction with extracellular Hsp90 is not required for KSHV entry
(A) HeLa cells were incubated with media alone (mock), KSHV alone (K), 1.0 μM DNo 16
h before KSHV (DNo+K) or for 16 h beginning immediately following KSHV incubation
(K+DNo), and qPCR was used to determine relative intracellular KSHV DNA content in the
above groups. (B) Cells were incubated with KSHV alone, UV-KSHV alone, or 30 μg/mL
monoclonal antibodies recognizing either the N-terminus (771Ab) C-terminus (830Ab), or
an uncharactierized epitope (840Ab) of Hsp90 or isotype control Ab (isoAb) for 12 h prior
to incubation with KSHV. LANA expression was quantified by IFA 12 h after viral
incubation. (C) Cell-free KSHV pellets were incubated with 1.0 mg/mL of heparan sulfate
(hs) for 1.5 h at 37°C, 1.0 μg BSA, 1.0 μg or 5.0 μg purified recombinant Hsp90-α for 1 h at
37°C, or media alone prior to infection. LANA expression was quantified by IFA 12 h later
as above. Error bars represent the S.E.M. for three independent experiments.
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Figure 5. Extracellular Hsp90 serves as a co-factor for KSHV-induced MAPK activation
(A) HeLa cells were pre-treated with the indicated concentrations of DNo for 16 h.
Immunoblot analyses were performed 16 h later for total (t) or phosphorylated (p) signaling
intermediates or β-Actin as an internal control. Control cells were treated with 10 μM of the
MAPK-specific inhibitor U0126 for 1.5 h at 37°C. (B) Hela cells and pDMVEC were
incubated with 1.0 μM DNo for 16 h beginning immediately following KSHV incubation,
then immunoblot analyses were performed for signaling molecules as above. (C) HeLa cells
were incubated with 30 μg/ml of either control isotype Ab (isoAb) or monoclonal anti-
Hsp90 antibodies (771Ab and 840Ab) for 12 h at 37°C, then with purified KSHV for 2 h.
Immunoblot analyses were performed 16 h later for signaling molecules as above. (D) HeLa
cells were incubated with KSHV with or without pre-incubation with 30 μg/ml anti-Hsp90
antibodies (840Ab). Immunoblot analyses were performed 16 h later. (E) HeLa cells were
incubated with DMSO or 0.5 μM DNo for 16 h, or first transiently transfected with 1 μg of
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pcDNA3.1 control (pc), pcDNA3.1-FLAG-MEK (pcMEK), pcDNA3.1-FLAG-ERK
(pcERK) or pcDNA3.1-FLAG- dominant-negative-ERK (pcERK-DN) vectors prior to DNo
treatment. 24 h post-transfection, cell lysates were collected and analyzed as above.
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Figure 6. Constitutive MAPK expression restores KSHV gene expression during functional
inhibition of extracellular Hsp90
(A) HeLa cells were incubated with UV-KSHV, KSHV, 0.5 μM of DNo for 16 h followed
by KSHV, or 0.5 μM of DNo following their initial transfection with a control vector (pc) or
vectors encoding MEK (pcMEK), ERK (pcERK), or dominant-negative ERK (pcERK-DN).
Control cells were incubated with 10 μM of U0126 for 1.5 h at 37°C or transfected with
pcERK-DN alone. IFA were performed 16 h later to quantify LANA expression. Relative
LANA expression was calculated as previously described. (B) qRT-PCR was used to
determine relative transcripts expression for ORF73 (LANA) in the groups described above.
Error bars represent the S.E.M. for two independent experiments.
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Figure 7. Targeting extracellular Hsp90 reduces KSHV lytic gene expression and release of
infectious virions by PEL cells
(A) BCBL-1 cells were prepared for flow cytometry experiments following their incubation
with a monoclonal antibody recognizing Hsp90-alpha (771Ab) followed by secondary
antibodies conjugated to ALEXA-488 (black histograms). For controls, cells were incubated
with secondary antibodies alone (gray histograms). (B) BCBL-1 cells were incubated with
0.5 μM of DNo for 48 h with or without 0.6 mM valproic acid (VA), then immunoblot
analyses were performed for signaling molecules as above and β-Actin used as an internal
control. (C–D) BCBL-1 cells were incubated with 0.5 μM of DNo for 16 h, or with 10 μM
U0126 for 1.5 h, then LANA (C) and RTA (D) transcripts quantified by qRT-PCR. (E)
BCBL-1 cells were incubated with 0.6 mM valproic acid (VA) for 5 days along with either
vehicle (DMSO), 0.5 μM of DNo or 1.0 μM U0126, and RTA transcripts quantified by qRT-
PCR. (F) 200 μl of BCBL-1 culture supernatants were collected from groups of (E) then
diluted 1:5 and incubated with HeLa cells in 8-well chamber slides for 16 h for LANA IFA
as above. Controls included cells incubated with UV-KSHV (UV-K). Error bars represent
the S.E.M. for two independent experiments.
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