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Abstract: The Kaposi’'s sarcoma-associated herpesvirus (KSHV) is the etiologic agent of Kaposi's sarcoma (KS)—the
most common tumor associated with HIV infection and an important cause of morbidity and mortality in this patient
population. The majority of patients with KS exhibit little or no clinical response to existing therapies. The nuclear
factor-kappaB (NF-kB) family of transcription factors plays a critical role in facilitating cancer pathogenesis associated
with oncogenic viruses, and a better understanding of how cellular factors regulate NF-«kB activation in the context of
KSHV infection may facilitate development of new therapies for KS. Existing data implicate heat shock protein-90
associated with the cell surface (csHsp90) as a co-factor in cancer cell migration and invasion, and we recently re-
ported that csHsp90 serves as a co-factor for mitogen-activated protein kinase (MAPK) activation during de novo
KSHV infection. However, whether csHsp90 regulates NF-kB activation, or cellular pathogenesis associated with KS,
has not been established. We have found that csHsp90 serves as an important co-factor for canonical NF-kB activa-
tion by KSHV during de novo infection of primary human cells relevant to KS. Furthermore, our correlative functional
studies reveal that csHsp9O0 inhibition suppresses KSHV-induced, NF-kB-dependent secretion of the pro-migratory
factors interleukin-8 and vascular endothelial growth factor as well as invasiveness for primary cells following de novo
infection. These data implicate csHsp90 in KSHV-mediated activation of NF-kB and associated pathogenesis, and
support the potential utility of targeting csHsp90 as a therapeutic approach for KS.

Keywords: Cancer, Kaposi’'s sarcoma, NF-kB, KSHV, heat shock protein, invasion, transcription factors, signal, trans-
duction

Introduction an important cause of morbidity and mortality in
patients receiving solid organ transplants [11].

The Kaposi's sarcoma-associated herpesvirus

(KSHV) is one of the most common etiologic
agents for cancers arising in the setting of HIV
infection, including primary effusion lymphoma
(PEL) [1], multicentric Castleman’s disease
(MCD)[2], and Kaposi’'s sarcoma (KS)[3]. Al-
though highly active antiretroviral therapy
(HAART) has successfully reduced the incidence
of HIV-associated KS[4], KS still represents the
most common HIV/AIDS-associated malignancy
and an important cause of morbidity and mor-
tality in the modern era [5,6]. Moreover, KS has
been increasingly recognized in patients exhibit-
ing successful suppression of HIV replication
with HAART [7-10]. Notably, KS also represents

Standard therapy for KS includes cytotoxic che-
motherapeutic agents administered alone or in
combination. Unfortunately, the majority of pa-
tients exhibit little or no clinical response with
this approach, and progression-free intervals
are often less than one year [12,13]. Moreover,
these agents incur many side effects com-
pounding those caused by HAART [4,14]. During
de novo infection, KSHV proteins initiate signal
transduction resulting in activation of pro-
migratory cytokine responses and induction of
cell motility and angiogenesis [15-22]. These
data suggest that suppression of KSHV-induced
cancer pathogenesis through targeting of signal
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transduction initiated by KSHV may offer an
appealing therapeutic strategy. However, exist-
ing approaches targeting signal transduction
pathways activated by KSHV are not widely used
in clinical practice due to their inability to
achieve remission for many existing tumors, or
to their well-characterized toxicities (due in part
to non-specificity of drug targets) [23-26]. Iden-
tification of cellular co-factors regulating signal
transduction initiated during KSHV infection
may lead to identification of new and safer-
therapeutic targets for KS.

NF-kB represents a highly conserved family of
transcription factors, including RelA (p65), RelB,
c-Rel, p50 (NF-kB1l) and p52 (NF-kB2), that
share an N-terminal Rel homology domain re-
sponsible for DNA binding, dimerization and
nuclear translocation [27,28]. Canonical (a.k.a.
classical) activation of NF-kB occurs in response
to inflammatory mediators and involves IkB
kinase (IKKB) phosphorylation of IkBa, leading
to IkBa ubiquitination and degradation and NF-
KB nuclear translocation [29]. KSHV-encoded
proteins, including the viral G-protein coupled
receptor (vVGPCR) and viral FLICE inhibitory pro-
tein (VFLIP), induce gene transcription, secretion
of soluble mediators of cell migration and inva-
sion, and endothelial cell transformation
through canonical activation of NF-kB [30-26]. It
follows that inhibition of NF-kB may interfere
with migration and invasion for KSHV-infected
tumor cells. Although under evaluation in clini-
cal trials, small molecule inhibitors of NF-kB
also incur toxicities that may limit their clinical
utility [37]. Therefore, a better understanding of
alternative mechanisms for KSHV activation of
NF-kB might facilitate development of novel
strategies for targeting this pathway.

Heat shock proteins (Hsp) modulate a wide vari-
ety of intracellular processes through the stabili-
zation or regulation of protein folding [38], and
Hsp90 plays an important role in the activation
of signaling proteins relevant to cell migration
and invasion [39]. Furthermore, Hsp90 inhibi-
tors have proven beneficial for reducing solid
tumor burden, and their utility is under evalua-
tion in clinical trials for a variety of cancers [40].
Recent identification of Hsp90 on the cell sur-
face (csHsp90) [41] has led to the observation
that csHsp9O serves as a co-factor in the activa-
tion of specific intracellular signal transduction
pathways in a manner distinct from the intracel-
lular form of the protein [42]. Moreover, we
have recently demonstrated a role for csHsp90
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in KSHV induction of MAPK activation during de
novo infection [43]. In the present study, we
sought to determine whether csHsp90 regulates
KSHV-initiated NF-kB activation and whether
targeting csHsp9O interferes with NF-kB-
associated cell migration and invasion for KSHV
-infected cells.

Materials and methods
Cell culture and infection assays

KSHV-infected body cavity-based lymphoma
(BCBL-1) cells were maintained in RPMI 1640
media (Mediatech) supplemented with 10%
fetal bovine serum (FBS), 10 mM HEPES (pH
7.5), 100 U/mL penicillin, 100 pyg/mL strepto-
mycin, 2 mM L-glutamine, 0.05 mM §-
mercaptoethanol, and 0.02% (wt/vol) sodium
bicarbonate. To obtain purified KSHV for infec-
tion experiments, BCBL-1 cells were incubated
with 0.6 mM valproic acid for 6 days and puri-
fied virus concentrated from culture super-
natants as described previously [43]. For nega-
tive controls using ultraviolet light-inactivated
KSHV (UV-KSHYV), viral aliquots were exposed to
1200 J/cm2 UV light for 10 min using a CL-
1000 Ultraviolet Crosslinker. Human primary
dermal microvascular endothelial cells
(obDMVEC) were maintained according to the
manufacturer’s instructions (Lonza). HeLa and
human foreskin fibroblasts (HFF) were main-
tained in Dulbecco’s modified Eagle’'s medium
(DMEM, Mediatech) supplemented with 10%
FBS, 10 mM HEPES (pH 7.5), 100 U/mL of peni-
cillin, and 100 pg/mL streptomycin. Human
umbilical vein endothelial cells (HUVEC) were
maintained in Dulbecco’s modified Eagle’s me-
dium/Ham’s F12 50/50 mix (DMEM F12, Medi-
atech) supplemented with 1 ug/mL puromycin,
10 mM HEPES (pH 7.5), and 5% FBS. Infectious
titers were determined using both pDMVEC and
Hela cells and previously described methods
[43].

Hsp90/ NF-kB inhibition

The previously characterized csHsp90 inhibitor
DMAG-N-oxide (DNo) [42] and the NF-«kB inhibi-
tor Bayl11-7082 (Sigma-Aldrich) were dissolved
in DMSO and aliquots frozen at -80°C. Cells
were incubated with DNo for 16 h at 37°C,
Bay11-7082 for 1 h at 37°C or with equivalent
volumes of DMSO (vehicle) for negative controls
prior to subsequent analyses. Cells were also
incubated with 20 ng/mL TNF-a (Cell Signaling)
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for 20 minutes to induce canonical NF-«kB acti-
vation for some experiments. In parallel experi-
ments, cells were incubated for 12-16 h with 15
pg/mL of an anti-Hsp90 monoclonal antibody
(Stressgen) or a control rat IgG2A isotype anti-
body (Invitrogen).

Cell viability assays

Cell viability was assessed using a standard
MTT assay as previously described [42]. A total
of 5x103 cells were incubated in individual
wells in a 96-well plate for 24 h. Serial dilutions
of DNo or Bay11-7082 were added and cells
subsequently incubated in 1 mg/mL MTT solu-
tion (Sigma-Aldrich) at 37 °C for 3 h followed by
50% DMSO overnight. Optical density was deter-
mined thereafter at 570 nm using a spectropho-
tometer (Thermo Labsystems).

Transfection assays

pFLAG-CMV2-p65 constructs were used in
transfection assays to overexpress p65, and
pFLAG-CMV2 empty vectors were used as nega-
tive controls. For other experiments, cells were
transfected with luciferase-based NF-kB re-
porter constructs for quantification of endoge-
nous NF-kB activation. Cells were transfected in
12-well plates for 24-48 h using Lipofectamine
2000 (Invitrogen) according to the manufac-
turer’'s instructions. For luciferase expression
assays, cells were lysed with 100 uL of lysis
buffer (Promega), and 20 pL aliquots from each
lysate were analyzed for luciferase activity using
a Berthold FB12 luminometer. Light units were
normalized to total protein levels for each sam-
ple using the BCA protein assay kit (Pierce) ac-
cording to the manufacturer’s instructions to
determine relative luciferase units (RLU). Trans-
fection efficiency was assessed through co-
transfection of a lacZ reporter construct, and -
galactosidase activity was determined using a
commercially available B-galactosidase enzyme
assay system according to the manufacturer’s
instructions (Promega). Three independent
transfections were performed for each experi-
ment, and all samples were analyzed in tripli-
cate for each transfection.

Immunoblotting
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 NasVOa4. Lysates were re-
solved by 10% SDS-PAGE and transferred to
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nitrocellulose membranes. Proteins were identi-
fied using antibodies recognizing total and phos-
phorylated proteins as follows: phospho-NF-kB
p65 (Ser536), phospho-IKKa/B (Serl76/180),
NF-kB p65 (C22B4), IKKa, IKKB (L570), IkKBa
(L35A5), Refl (Cell Signaling), o-Tubulin
(Sigma), and B-Actin (Sigma) for loading con-
trols. Immunoreactive bands were developed
using an enhanced chemiluminescence reac-
tion (Perkin-Elmer). Nuclear protein fractions
were isolated using a Nuclear Extract Kit (Active
Motif) as previously described [31], and the nu-
clear origin of these extracts was verified using
anti-Refl antibodies. Anti-o-tubulin antibodies
were also used to exclude contamination of nu-
clear extracts with extranuclear proteins. Pro-
tein concentrations were determined using a
bicinchoninic acid reagent (Pierce Biotechnol-
ogy) and stored at -80°C.

ELISA

Concentrations of IL-8 and VEGF in culture su-
pernatants were determined using human IL-8
(Becton Dickinson) and VEGF (Pierce Biotech-
nology) ELISA kits according to the manufactur-
ers’ instructions.

Transwell invasion assays

After incubation, Matrigel Invasion Chambers
(Becton Dickinson) were hydrated for 2 h at 37°
C with appropriate media. After hydration, fresh
media was added to the bottom of the well,
then 5 x 104 HFF or 1-1.5 x 104 HUVEC were
plated in the top of the chamber. After 24 h, the
cells were fixed with 3% paraformaldehyde in
PBS for 15 min at room temperature and the
chambers were rinsed in PBS and stained with
0.2% crystal violet for 10 minutes. After washing
the chambers 5 times with dH20, the cells at
the top of the Matrigel membrane were re-
moved with cotton swabs. “Invading” cells at
the bottom of the membrane were counted us-
ing a phase contrast microscope. Relative inva-
sion for cells in experimental groups was calcu-
lated as follows: relative invasion = # invading
cells in experimental group / # invading cells in
control groups.

Statistical analysis
Significance for differences between experimen-

tal and control groups was determined using
the Student's two-tailed t-test (Excel 8.0). P val-
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ues less than 0.05 or 0.01 were considered
significant or highly significant, respectively.

Results

Canonical activation of NF-kB by KSHV is
csHsp90-dependent

KSHV induces canonical activation of NF-kB
during de novo infection [30,31,32]. We re-
cently demonstrated that targeting csHsp90
suppressed KSHV activation of MAPK during de
novo infection [43]. However, ectopic MAPK
overexpression during csHsp9O inhibition only
partially rescued KSHV gene expression [43],
suggesting that multiple signaling pathways
initiated by KSHV may be csHsp90-dependent.
Therefore, we sought to determine whether
KSHYV induction of NF-kB during de novo infec-
tion was csHsp90-dependent using two compli-
mentary methods for specifically inhibiting
¢sHsp90 function that we and others have em-
ployed in previous studies [38,39,43]: pharma-
cologic inhibition of csHsp90 using a membrane
non-permeable compound (DMAG-N-oxide, or
DNo) targeting the extracellular ATP-binding
pocket of the Hsp90-alpha subunit located in
the N-terminal region of the protein; and target-
ing of an N-terminal epitope within the Hsp90-
alpha subunit using a monoclonal antibody.
First, we confirmed that DNo induced minimal
cytotoxicity over a range of concentrations and
exposure times for two primary cell types rele-
vant to KS pathogenesis, primary dermal mi-
crovascular endothelial cells (pDMVEC) and
human foreskin fibroblasts (HFF) (Figure 1A, B).
KSHV initiates canonical NF-kB activation
through phosphorylation of p65 and an increase
p65/p50 dimerization [31, 32, 44]. Im-
munoblotting experiments using whole cell lys-
ates revealed that csHsp9O inhibition sup-
pressed KSHV induction of p65 phosphorylation
(Figure 1C, D). To confirm these results and to
assess the role of csHsp90 in KSHV-induced
activation of NF-kB binding to gene promoters,
we employed NF-kB reporter assays in which
binding of endogenous NF-kB to an ectopically
expressed promoter induces luciferase expres-
sion. These assays showed that csHsp90 inhibi-
tion significantly suppressed KSHV-induced acti-
vation NF-kB (Figure 1E-H). The degree of NF-xB
inhibition observed with csHsp90 targeting in
our immunoblotting and reporter assays ap-
proximated that observed with direct NF-kB inhi-
bition using a well-characterized NF-kB inhibitor
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(Figure 1C, E-H).

TNF-a initiation of canonical NF-«kB activation is
well-characterized [45,46] and may play an im-
portant role in facilitating KS pathogenesis, pos-
sibly through paracrine upregulation of NF-kB
following interactions between TNF-a and cell
surface receptors [47-51]. Hela cells have been
used previously to investigate the role of canoni-
cal NF-kB activation in KSHV pathogenesis
[52,53]. Therefore, we used Hela cells to deter-
mine whether csHsp90 regulates TNF-a and/or
KSHV induction of canonical NF-kB activation.
TNF-o« induced phosphorylation of p65 and
IKKa/B and the degradation of IkBa (consistent
with canonical NF-kB activation) in HelLa cells as
previously demonstrated, and csHsp9O inhibi-
tion suppressed these effects to a degree simi-
lar to that achieved with direct NF-kB inhibition
(Figure 2A). Nuclear translocation of p65 is a
key step in canonical NF-kB-mediated gene
transactivation [28], and we confirmed that
csHsp90 inhibition significantly reduced TNF-o-
mediated nuclear translocation of p65 (Figure
2B). In subsequent de novo infection experi-
ments, we observed that KSHV increased phos-
phorylation of p65 and IKKa/B as well as nu-
clear translocation of p65 as anticipated, and
that csHsp90 inhibition suppressed these ef-
fects to an extent similar to that observed with
direct NF-«kB inhibition (Figure 2C, D).

csHsp9O0 regulates KSHV-initiated/NF-kB-
dependent secretion of pro-migratory factors
and cell invasiveness

Previous studies have demonstrated that NF-«kB
initiates expression and secretion of soluble
mediators of tumor cell invasion and angiogene-
sis, including VEGF and IL-8, within a variety of
cancer cells [54-56]. Neovascular proliferation
and proliferation of KSHV-infected cells are car-
dinal pathologic features of KS, and VEGF and
IL-8 are upregulated by KSHV-induced NF-«kB
activation during de novo infection of endothe-
lial cells [57-60]. In addition, KSHV induces cell
migration and invasion following de novo infec-
tion [61,62]. We found that targeting csHsp90
significantly reduced KSHV-initiated secretion of
VEGF and IL-8 during infection of pDMVEC and
HFF, approximating the effect seen with direct
inhibition of NF-kB (Figure 3A-F). Next, we used
transwell invasion assays to determine whether
csHsp90 facilitates KSHV-mediated invasive-
ness for human umbilical vein endothelial cells
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Figure 1. KSHV activation of NF-kB is cs-Hsp90-dependent. (A, B) pDMVEC (black bars) and HFF (white bars) were
incubated with the indicated concentrations of DNo (uM) for 16 h (A) or Bay11-7082 (Bay) for 1 h (B), and cell viabil-
ity was determined thereafter using a standard MTT assay according to the manufacturer’s instructions. (C, D) Follow-
ing their incubation with KSHV for 2 h, pPDMVEC (C) were incubated with DMSO (vehicle control), DNo or Bay as above.
HFF (D) were incubated with 15mg/mL monoclonal anti-Hsp90 antibody (840Ab) or 15mg/mL antibody control
(isoAb) for 16 h. Immunoblots were performed to quantify total or phosphorylated signaling intermediates and B-actin
as an internal loading control. (E, F) pDMVEC (E) and HFF (F) were transiently transfected with a luciferase-based NF-
KB reporter construct and, 48 h later, incubated with KSHV for 2 h followed by either DMSO, 1 uM DNo for 16 h, or
10uM Bay for 1 h prior to assessment of NF-kB activity (RLU) as described in Methods. (G, H) pDMVEC (G) and HFF
(H) were transiently transfected as in (E) and (F) and incubated with KSHV for 2 h prior to their incubation with either
DMSO, 1 uM DNo, 15mg/mL monoclonal anti-Hsp90 antibody (840Ab) or 15mg/mL antibody control (isoAb) for 16 h
prior to assessment of NF-kB activity (RLU) as described in Methods. Error bars represent the S.E.M. for three inde-
pendent experiments. * = p<0.05, ** = p<0.01.
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Figure 2. csHsp90 mediates KSHV induction of canonical NF-kB activation. (A) HeLa cells were incubated with DMSO
(vehicle control), 1.0 yM DNo for 16 h, or 10 yM Bay for 1 h followed by 20 ng/mL TNF-a for 20 minutes. Im-
munoblots were performed 12 h later to quantify total or phosphorylated signaling intermediates or B-Actin as an
internal control. (B) HelLa cells were incubated with DNo, Bay and TNF-a as in (A), then nuclear fractions isolated as
described in Methods. Immunoblots were performed to detect signaling molecules, Ref-1 as a positive internal con-
trol for nuclear protein expression/loading, and o-tubulin to exclude the possibility of contamination of nuclear frac-
tions with extranuclear proteins. (C) Following their incubation with KSHV for 2 h, HelLa cells were incubated with DNo
or Bay as in (A), then immunoblots performed 12 h after viral incubation to detect expression of signaling molecules
as above. (D) Following their incubation with KSHV, Hela cells were incubated with DNo or Bay as in (A), then nuclear

fractions isolated after 12 h and immunoblots performed as above.

(HUVEC) and HFF. We used HUVEC rather than
pDMVEC since we find that pDMVEC do not effi-
ciently pass through the matrigels used in our
transwell assays. Of note, we observed no ap-
parent toxicity for HUVEC incubated with DNo
over the range of concentrations and exposure
times in our assays (Figure 4A). We found that
csHsp90 inhibition significantly suppressed
KSHV-induced invasiveness for both HUVEC and
HFF (Fig. 4B-l). In subsequent experiments, we
transfected HUVEC with a construct encoding
p65 (Figure 5A) and found that NF-kB overex-
pression restored secretion of VEGF and IL-8, as
well as invasiveness, for KSHV-infected cells in
the presence of csHsp90 inhibition (Figure 5B-
H), implicating csHsp90 regulation of NF-kB as a
mechanism for KSHV induction of cell migration
and invasion following de novo infection.
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Discussion

We recently demonstrated that csHsp90 serves
as a co-factor for KSHV-induced MAPK activa-
tion and viral gene expression [43]. In that
study, we found that MAPK overexpression only
partially restored KSHV gene expression in the
presence of csHsp90 inhibition, suggesting that
csHsp90 regulates multiple signal transduction
pathways activated during KSHV infection. NF-
KB transcriptional activation plays a key role in
facilitating KSHV gene expression as well as cell
proliferation and survival of transformed cells,
and several KSHV-encoded proteins initiate ca-
nonical activation of NF-kB [30-32, 36, 44, 53,
60, 63]. Existing data support a role for intracel-
lular Hsp90 in the regulation of NF-kB activation
and herpesvirus gene expression [64] as well as
NF-kB-mediated survival for KSHV-infected lym-

Am J Cancer Res 2011;1(5):687-700



KSHYV activation of NF-kB is csHsp90-dependent

25

VEGF (pg/mL) VEGF (pg/mL)
s 2 g 5 2 = o= opa
= = (=] = = = =0 = o =]
%,
" * I
* I
*
k)
*
*

*k *%
miim -
e o ol
£ & ¥ &
€§§35 €+
E 100
350
300
2 250
W@
2 200 *x
w
@ 150
100
50
0
5 " s}
&€ *,&" &

IL-8 (pg/mL)

I8 (pg/mL)

il

I8 (pg/mL)

3000
2500
2000
1500

1000

500 '
o
o [ |
o

4000
3500
3000

2500
2000
%
1500
*k
1000
P o & &
a5 X x
L X
&a&w &° ¥
3500
3000
2500
2000 .

1500
1000
500
0
P
s

* ‘F(' K
‘;\oc' &

Figure 3. KSHV-induced secretion of pro-migratory factors is csHsp90-dependent. Following their incubation with ei-
ther media (mock) or KSHV (K) for 2 h, pDMVEC (A, B) or HFF (C, D) were incubated with DMSO (vehicle control), 10
UM Bay for 1 h, or 1.0 uM DNo for 16 h. In separate experiments, KSHV-infected pDMVEC (E) and HFF (F) were incu-
bated with 15mg/mL of a monoclonal anti-Hsp90 antibody (840) or 15mg/mL of an isotype control antibody (iso).
VEGF and IL-8 were quantified within culture supernatants 20 h later using a commercial ELISA kit as described in
Methods. Error bars represent the S.E.M. for three independent experiments. ** = p<0.01 relative to K + vehicle (A-

D) or K + iso (E-F).

phoma cells [65]. Other work has demonstrated
that intracellular Hsp90 regulates TNF-
associated canonical activation of NF-kB [66],
and that a cell permeable Hsp9O0 inhibitor, 17-
allylamino-17-demethoxygeldanamycin  (17-
AAG), suppresses IkB kinase-dependent IkBa
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phosphorylation/degradation, NF-kB activation,
and cancer cell invasiveness [67]. Although ex-
hibiting promise for reducing solid tumor burden
in phase Il clinical trials, cell-permeable Hsp9O0
inhibitors incur toxicities due to off-target ef-
fects that may ultimately limit their efficacy [40].
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Figure 4. KSHV-induced invasiveness is csHsp90-dependent. (A) HUVEC were incubated with the indicated concentra-
tions of DNo (in uyM) for 16 h and cell viability determined using a standard MTT assay according to the manufac-
turer’s instructions. (B-G) Following a 2 h incubation with either media (mock) or KSHV (K), HFF (B-D) or HUVEC (E-G)
were incubated with DMSO (vehicle control) or 1.0 uM DNo prior to assessment of cell invasiveness using matrigel
invasion assays as described in Methods. Representative images from one of three independent experiments are
shown. (H, I) Relative invasiveness for groups B-G was determined as described in Methods. Error bars represent the
S.E.M. for three independent experiments. ** = p<0.01.

csHsp90 regulates a more limited array of sig- pathogenesis. To our knowledge, there are no
nal transduction pathways relative to the intra- prior studies addressing whether csHsp90 regu-
cellular protein [42], justifying additional studies lates virus-associated NF-kB activation and re-
to explore the role of csHsp90 in viral cancer lated cancer pathogenesis. Therefore, we
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Figure 5. csHsp90 regulation of KSHV-initiated pathogenesis is mediated through csHsp90 regulation of NF-kB. (A)
HUVEC were transfected with a construct encoding p65 (pc65) or empty control vector (pcFLAG), and 24 h later im-
munoblots were used to identify expression of p65 and B-Actin for loading controls as described in Methods. (B, C)
HUVEC were incubated with media (mock) or KSHV (K) for 2 h in the presence or absence of p65 (or control vector)
transfection as in (A), then incubated with either DMSO (vehicle control) or 1.0 yM DNo for 16 h. IL-8 and VEGF were
then quantified within culture supernatants 20 h later using a commercial ELISA kit as described in Methods. (D-G)
HUVEC were treated as above, and matrigel invasion assays used to assess invasiveness as described in Methods.
Representative images from one of three independent experiments are shown. (H) Relative invasiveness for groups D
-G was quantified as described in Methods. Error bars represent the S.E.M. for three independent experiments. * =
p<0.05, ** = p<0.01.
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sought to extend our prior observations regard-
ing the role of csHsp90 in KSHV-initiated signal
transduction, and to identify related functional
effects relevant to KS cellular pathogenesis,
through determination of whether csHsp9O0
serves as a co-factor for KSHV activation of NF-
kB and KSHV-initiated cell invasion.

We found that targeting csHsp90 reduces both
TNF-ac and KSHV-induced canonical activation of
NF-kB. TNF-at is a well-characterized inducer of
canonical NF-kB activation [45,46, 66] and may
play an important role in facilitating KS patho-
genesis, in part through TNFR-mediated canoni-
cal activation of NF-kB [47-51]. Therefore, it is
interesting to speculate whether targeting
csHsp90 inhibits KS pathogenesis indirectly
through a reduction in soluble TNF-a-receptor
interactions, or other undetermined mecha-
nisms. Furthermore, since NF-kB regulates
KSHV gene expression during de novo infection
[31], and since csHsp9O inhibition suppresses
MAPK-dependent and MAPK-independent KSHV
gene expression [43], we hypothesize that tar-
geting csHsp90 reduces NF-kB-mediated viral
gene expression following de novo infection,
although this is not addressed in the present
studies. Furthermore, our studies do not ad-
dress whether direct interactions between KSHV
and csHsp90 initiate NF-kB activation. This pos-
sibility is supported by published data revealing
that direct interactions between infectious
pathogens and csHsp90 activate NF-kB [68].

NF-kB transactivation of soluble mediators of
angiogenesis facilitates pathogenesis related to
a wide variety of cancers [69, 70]. Existing data
also suggest that NF-kB-dependent induction of
angiogenic cytokines and chemokines by KSHV
facilitates KS progression [54,57,58,60]. Inhibi-
tion of csHsp90 using DNo reduces cell motility
in vitro and cancer metastasis in vivo
[44,71,72]. Our experiments including primary
human endothelial cells and fibroblasts (two
cell types present within KS lesions) revealed
that targeting csHsp90 effectively suppresses
KSHV-induced secretion of VEGF and IL-8, two
well-characterized mediators of cell migration
and angiogenesis induced following KSHV acti-
vation of NF-kB [55, 56]. These results compli-
mented our functional assays wherein targeting
csHsp90 effectively suppressed KSHV-induced
migration and invasiveness following de novo
infection. Furthermore, invasiveness was re-
stored with ectopic p65 expression, suggesting
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that suppression of invasion during csHsp9O0
inhibition is mediated by NF-kB and its down-
stream effectors. These results are in agree-
ment with published data supporting a role for
extracellular Hsp9O in the induction of NF-kB-
mediated transactivation of IL-8 [73]. While
VEGF and IL-8 likely participate in csHsp9O-
mediated migration for KSHV-infected cells,
additional pro-angiogenic factors not examined
in our studies are also secreted following KSHV
infection, including matrix metalloproteinases
[62], and we cannot exclude the possibility that
targeting csHsp90 suppresses secretion of
these factors as well. In addition, our studies do
not address whether interactions between cell
surface proteins and csHsp90 in KSHV-infected
cells induce cell migration and invasion through
NF-kB-independent mechanisms. For example,
we recently demonstrated that KSHV induces
cell invasiveness through upregulation of the
membrane-associated protein  emmprin
(Extracellular Matrix MetalloPRoteinase IN-
ducer) [61], and emmprin associates with
Hsp90 and other proteins within lipid rafts at
the cell surface [74]. Future studies are needed
to explore the potential relationship between
csHsp90, surface-localized proteins, and NF-kB
activation.

The data presented in this study provide novel
observations implicating csHsp90 as a co-factor
in KSHV-mediated cell migration and invasion
through its regulation of NF-«kB activation. These
studies provide rationale for determining more
precisely the mechanistic role of csHsp90 in
KSHV-host cell interactions and whether drugs
targeting extracellular Hsp9O inhibit KSHV-
mediated angiogenesis and KS progression in
vivo.
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