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Hypoxia-inducible factor 1 (HIF-1) is a ubiquitously expressed transcriptional regulator involved in induc-
tion of numerous genes associated with angiogenesis and tumor growth. Kaposi’s sarcoma, associated with
increased angiogenesis, is a highly vascularized, endothelial cell-derived tumor. Previously, we have shown that
the latency-associated nuclear antigen (LANA) encoded by Kaposi’s sarcoma-associated herpesvirus (KSHYV)
targets the HIF-1a suppressors von Hippel-Lindau protein and p53 for degradation via its suppressor of
cytokine signaling-box motif, which recruits the EC;S ubiquitin complex. Here we further show that HIF-1a
was aberrantly accumulated in KSHV latently infected primary effusion lymphoma (PEL) cells, as well as
HEK293 cells infected with KSHYV, and also show that a potential a-helical amino-terminal domain of LANA
was important for HIF-1e nuclear accumulation in normoxic conditions. Moreover, we have now determined
that this association was dependent on the residues 46 to 89 of LANA and the oxygen-dependent degradation
domain of HIF-1a. Introduction of specific small interfering RNA against LANA into PEL cells also resulted
in a diminished nuclear accumulation of HIF-1c«. Therefore, these data show that LANA can function not only
as an inhibitor of HIF-1a suppressor proteins but can also induce nuclear accumulation of HIF-1a during

KSHY latent infection.

Kaposi’s Sarcoma-associated herpesvirus (KSHV) is a hu-
man gammaherpesvirus and is the major etiological agent as-
sociated with Kaposi’s sarcoma (KS) (6). KS is a highly vascu-
larized, inflammatory angiogenic tumor of endothelial cells
commonly found in untreated AIDS patients (41). Infection by
KSHYV is required for the development of KS tumor (8).
KSHYV is also associated with two lymphoproliferative disor-
ders, primary effusion lymphoma (PEL), and multicentric
Castleman’s disease (5, 38). Like other herpesvirus, KSHV
infection has two distinct modes of life cycle: a latent and a lytic
replication cycle (25). In KS tumors, KSHV undergoes a pre-
dominantly latent form of infection that is critical for KSHV
long-term infection and KSHV-mediated sarcomagenesis (40).
with chemical induction or hypoxia treatment, KSHV was able
to reactivate from latency to lytic replication (7, 49).

Although there have been over 90 open reading frames
(OREFs) identified in the KSHV genome, only a small subset of
these genes are typically expressed during latency (32). The
latency-associated nuclear antigen (LANA), one of the major
latent genes, is a multifunctional protein encoded by KSHV
that is important for maintaining latent infection and plays a
crucial role in persistence of the viral episome. In addition,
LANA also has been shown to be involved in the regulation of
a number of cellular genes by functioning as a coactivator or a
corepressor (1, 3, 10, 15, 16, 19, 27-29, 43). More recently, our
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previous studies showed that LANA can also act as an adaptor
for the ubiquitin complex that specifically promotes ubiquity-
lation of the tumor suppressors von Hippel-Lindau protein
(VHL) and p53 leading to degradation (2).

In contrast to normoxia, hypoxia (low oxygen) is known to
exist within many tumors, and the extent of tumor hypoxia
correlates with prognosis in a number of tumor types (13, 39,
42). As a key hypoxia responder, hypoxia-inducible factor 1
(HIF-1) is a heterodimeric transcription factor composed of an
oxygen-sensitive « protein, HIF-1a, and a constitutively ex-
pressed B subunit, HIF-1B, also known as the aryl hydrocarbon
receptor nuclear translocator (44). HIF-1 regulates more than
60 specific cellular proteins involved in a number of core pro-
cesses such as angiogenesis, erythropoiesis, and glycolysis (18,
34). In normoxic conditions, the tumor suppressor VHL or p53
can recruit HIF-1a for rapid ubiquitylation and proteasomal
degradation (24, 30). However, in hypoxic response, HIF-1a
hydroxylation is blocked, and it is translocated to the nucleus,
where it heterodimerizes with HIF-1B to activate expression
of downstream genes (i.e., vascular epidermal grow factor
[VEGF] and Glut-1) by targeting hypoxia responsive elements
(HREs) within the promoters (18).

The evidence of HIF-1a upregulation in a broad range of
cancers and its striking correlation with tumor grade and vas-
cularization suggest that HIF-1 is essential for tumor cell dis-
semination and proliferation (46, 48). Therefore, oncogene
activation or tumor suppressor inactivation of HIF-1a can lead
to deregulated cell proliferation (35, 36). In the KSHV-asso-
ciated B lymphoma tumor cells, we previously showed that the
viral latent antigen LANA can target both HIF-1a suppressors
VHL and p53 for degradation (2). Here, we further demon-
strate that HIF-1« is aberrantly accumulated in KSHV latently
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infected cells and also show that an amino-terminal domain of
LANA is important for HIF-1a nuclear accumulation in nor-
moxic conditions. Moreover, using green fluorescent protein
(GFP) fusion protein constructs, and a series of truncated
LANA polypeptides, we show that this accumulation is medi-
ated by a potential a-helical structure located at the amino
termini of LANA. The results at least in part demonstrate
another mechanism by which LANA mediates HIF-1a accu-
mulation in KSHV-associated cancer during latency infection.

MATERIALS AND METHODS

DNA constructs. Plasmids pDSRed/LANA (LANA-RFP), pA3M/LANAIT-
3297925-1162 (LN-1), pA3M/LANA1-340 (LN-2), and pA3M were described
previously (3, 37). Plasmids pA3M/LANA1-233 (LN-3), pA3M/LANA46-145
(LN-4), pA3M/LANAS89-233 (LN-5), pA3SM/LANA1-46=9427129-233 (LN-6),
and pA3M/LANA1-233H47AC57A (LN-7) were generated by PCR amplicons
subcloned into the pA3M vector by Kpnl/EcoRYV digestion. Construct pEGFP/
HIF-1a was prepared by PCR amplification of the ORF from pCEP4/HIF-1a
(26). The amplicon was digested with BamHI/KpnI and cloned into the BglII and
KpnlI sites of pEGFP-C1 (Clontech, Inc., Mountain View, CA). pEGFP/HIF-1a
1-330(N) was generated by pEGFP/HIF-1a digestion with EcoRI and the self-
ligation of the large fragment. pPEGFP/HIF-1a 1-300530-826(NC) was obtained
from the large fragment of the EcoRI-digested pEGFP/HIF-1a, and its ends
were filled by Klenow enzyme followed by blunt-end ligation. pEGFP/HIF-1a
300-530(M) was generated by PCR from pCEP4/HIF-1a, and then the amplicon
was digested with BamHI/EcoRI cloned into the BglII and EcoRI sites of
pEGFP-C1. All clones were confirmed by DNA sequencing. pCEP4/HIF-1o was
provided by Gregg L. Semenza of Johns Hopkins University (26). The wild-type
hypoxia response element (WHRE) consisted of a trimerized 24-mer containing
18 bp of sequence from the PGK promoter, including the HRE (5-TGTCACG
TCCTGCACGACTCTAGT [HRE is underlined]), and its mutant (mnHRE) had
the ACG of the HIF-1 binding site mutated to CAT, abolishing binding, in the
pGL2-Basic vector provided by Craig B. Thompson (University of Pennsylvania
School of Medicine). pGL3-1.5VEGF plasmid containing the 47-bp HRE and
pGL3-1.2VEGF with HRE deletion were provided by Amit Maity (University of
Pennsylvania School of Medicine, Philadelphia) (22).

Cell cultures and transfection. KSHV-positive type cells (BCBL-1 and BC-3)
and KSHV-negative type cells (BJAB and DG75) were maintained in RPMI
1640 medium with 7% fetal bovine serum (FBS), 4 pM L-glutamine, penicillin,
and streptomycin. The renal carcinoma VHL-null cell line 786-O (provided by
Volker H. Haase from the University of Pennsylvania School of Medicine), the
human osteosarcoma p53-null cell line Saos-2 (provided by Jon Aster from
Brigham and Women’s Hospital, Boston, MA), and human embryonic kidney
293 (HEK293) and U20S cells (from the American Type Culture Collection)
were maintained in Dulbecco modified Eagle medium (DMEM) supplemented
with 5% FBS, 4 uM L-glutamine, penicillin, and streptomycin. All cells were
incubated at 37°C in a humidified environmental incubator supplemented with
5% CO,. Ten million cells with 400 pl of medium were transfected by electro-
poration with a Bio-Rad Gene Pulser in 0.4-cm-gap cuvettes at 220 V and 975
wF. To create a hypoxic environment, cells were allowed to grow for 24 h with
100 wM CoCl, treatment before use (31).

Immunofluorescence assays. Cells transfected on coverslips were fixed in 3%
paraformaldehyde for 10 min at 4°C at 24 h posttransfection. Antibody working
dilutions were as follows: mouse anti-HIF-1a (BD Transduction Laboratory, San
Jose, CA) and anti-myc (9E10) or rabbit anti-LANA polyclonal antibodies
(kindly provided by Bala Chandran of Rosalind Franklin University of Medicine
and Science, North Chicago, IL) at 1:50. Cells were permeabilized in immuno-
fluorescence buffer (0.2% fish skin gelatin and 0.2% Triton X-100 in phosphate-
buffered saline [PBS]) for 5 min, followed by 1 h of incubation in immunofiuo-
rescence buffer with primary antibodies. Cells were washed three times in PBS.
Fluorescence-labeled Alexa Fluor 488 or 594 anti-mouse or anti-rabbit antibod-
ies (Molecular Probes, Inc., Eugene, OR) were used as secondary antibodies for
30 min. DAPI (4',6'-diamidino-2-phenylindole at 0.5 wM was used for nuclear
staining (Pierce, Inc., Rockford, IL), and coverslips were washed in PBS and
mounted on glass slides using Prolong antifade mounting medium (Molecular
Probes). All steps were performed at room temperature. Fluorescence confocal
microscopy was performed with an Olympus microscope using FluoView FV300
software (Olympus, Inc., Melville, NY).

Fractionation of nuclear or cytoplasm proteins. Twenty million transfected
cells were harvested and washed twice with ice-cold PBS, followed by resuspen-
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sion of the cell pellet in hypotonic buffer A (10 mM HEPES-K* [pH 7.5], 10 mM
KCl, 1.5 mM MgCl,, 0.5 dithiothreitol) in the presence of protease inhibitor
cocktail (PIC; 1 mM phenylmethylsulfonyl fluoride, 10 pg of aprotinin/ml, 10 g
of leupeptin/ml, 10 pg of pepstatin A/ml, 10 pg of phenanthroline/ml, 16 wg of
benzamidine/ml). Cells were pelleted by spinning them at 1,000 rpm 5 min. The
cells were lysed in ice-cold 0.5% NP-40 containing buffer A with PIC on ice for
10 min. The nuclei were pelleted by centrifugation at 3,000 rpm for 2 min at 4°C.
The supernatant (cytoplasm protein) was harvested and frozen at —80°C for use.
The nuclear pellets were washed with buffer A (without NP-40), followed by
resuspension in buffer C (20 mM HEPES-K™" [pH 7.9], 420 mM NaCl, 0.2 mM
EDTA, 1.5 mM MgCl,, 0.5 dithiothreitol, 25% glycerol) with PIC. Nuclei were
incubated on ice for 30 min and vortex mixed periodically. Supernatants con-
taining nuclear protein were collected by spinning at 14,500 rpm for 10 min at
4°C and then snap-frozen for further use. Antibodies to nuclear protein Spl
(1C6; Santa Cruz, Inc., Santa Cruz, CA) and cytoplasm protein Hsp70 (BD
Transduction Laboratory) were used as markers.

Immunoprecipitation and immunoblotting. For immunoprecipitation, B-cell
lysates were extracted by using radioimmunoprecipitation assay buffer (50 mM
Tris [pH 7.6], 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 1 mM phenyl-
methylsulfonyl fluoride, aprotinin [1 pg/ml], pepstatin [1 pg/ml], 25 mM N-
ethylmaleimide). The protein concentration was determined by using a Bio-Rad
protein assay. After one-step preclearing (rotation 1 h, 4°C) with protein A/G
(50/50) Sepharose Fast-Flow (Amersham Biosciences, Inc., Piscataway, NJ), the
antibodies were added to the cell protein extract in a binding buffer adjusted to
20 mM Tris (pH 7.5)-200 mM NaCl-0.1% Nonidet P-40. After overnight incu-
bation, immunocomplexes were recovered with protein A/G (50/50) Sepharose
after 1 h of incubation. After three washes with binding buffer, the proteins were
eluted in sample buffer.

For immunoblotting, proteins were resolved by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and transferred to polyvinylidene fluoride mem-
brane. After a blocking step with 5% nonfat dry milk in PBS (2 mM KCl, 120 mM
Na(Cl, 1.5 mM KH,PO,, 8 mM Na,HPO,) containing 0.1% Tween 20, the
membrane was incubated with primary antibodies overnight at 4°C. The next day,
the appropriate infrared-conjugated secondary antibodies (Alexa Fluor 800 or
680) were incubated for 1 h at room temperature, followed by scanning with a
Li-Cor Odyssey scanner (Li-Cor, Inc., Lincoln, NE). The blot was washed three
times with TBST (25 mM Tris-HCI [pH 8.0], 125 mm NaCl, 0.1% Tween 20), and
each wash was for an interval of 5 min.

RNA interference. The small hairpin RNAs complementary to the C-terminal
(GCTAGGCCACAACACATCT) fragment of LANA as described previously
(11) were cloned into the pSIREN vector according to the instructions of man-
ufacture (BD Clontech) to generate sh-LANA (2). pSIREN vector with lucifer-
ase target sequence (sh-Luc) was used as a control. Ten million BCBL-1 cells
were transfected by electroporation with 5 pg of sh-LANA or sh-Luc. BCBL-1
stable cells knockdown for LANA were selected and maintained in 4 pg of
puromycin/ml. Cells were fixed in 3% paraformaldehyde, and an immunofluo-
rescence assay was performed as described previously (3).

Infection of HEK293 cells with KSHYV virus and induction for virus produc-
tion. HEK293 cells grown at 60 to 80% confluence in 100-mm-diameter tissue
culture dishes were infected with the same amount of concentrated virus from an
identical number of BCBL-1 cells. Virus produced from approximately 20 million
BCBL-1 cells was used for infecting a single 100-mm culture dish in the presence
of Polybrene (Sigma, St. Louis, MO) at different time points.

For virus induction, five hundred million exponentially growing BCBL-1 cells
were induced with 20 ng of tetradecanoyl phorbol acetate/ml and 1.5 mM sodium
butyrate (Sigma-Aldrich, St. Louis, MO) for 5 days at 37°C with 5% CO,. The
supernatant was collected and filtered through a 0.45-wm-pore-size filter, and
viral particles were spun down at 25,000 rpm for 2 h at 4°C. The concentrated
virus was collected and used for infection experiments.

Determination of HIF-1« stability. HEK293 cells were cotransfected pCEP4/
HIF-1a with or without pA3M/LANA as described above. After 24 h of trans-
fection, the cells were incubated with 100 pM cycloheximide (C4859; Sigma) for
0 to 4 h and then harvested. Equal amounts of total proteins from each treatment
were taken to perform Western blotting or immunoprecipitation.

VEGF expression. VEGF expression in the cell supernatant was monitored by
using a Quantikine human VEGF immunoassay kit (R&D Systems, Minneapolis,
MN). Briefly, when cells were 70 to 80% confluent (2 X 10° cells/well), they were
washed twice in DMEM and further incubated in phenol red-free DMEM
supplemented with 5% FBS at 37°C. After 24 h of incubation, supernatants were
collected in 1.5-ml vials, spun at 4°C to remove the particulates, and then stored
at —80°C. The supernatant (200 pl) was thawed and used to test VEGF expres-
sion by performing an enzyme-linked immunosorbent assay (ELISA) according
to the manufacturer’s recommendations.

Alsianiun uepn4 Aq GT0Z ‘T¢ Jaqwaidas uo /Bio wse’Ial:dny woll papeojumoq


http://jvi.asm.org/

VoL. 81, 2007

|— — — —|Actin

C

LANA HIF-1a

RNAI:
LANA Control

LANA MEDIATES HIF-la. ACCUMULATION 10415

L M| HIF-1a
| LANA
Actin

LANA

HIF-1a

[ ==] Actin

FIG. 1. HIF-1a accumulates in PEL cells. (A) Western blot analysis of KSHV-positive cell lines (BCBL-1 and BC-3) and KSHV-negative cell
lines (BJAB and DG75) with anti-HIF-1a antibody. Twenty million cells were lysed, and coimmunoprecipitation (IP) with anti-HIF-1a antibody,
followed by immunoblot (IB) detection with anti-HIF-1a, was performed. (B) Western blot analysis of HEK293 cells infected by KSHV virus. Ten
million 293 cells infected with BCBL-1 KSHYV virion were harvested at the indicated times (0, 12, 24, and 36 h). Cell lysates were analyzed by
immunoblotting (IB) with rabbit anti-LANA or mouse anti-HIF-1a antibodies. The data showed that the levels of HIF-1a are increased, along with
LANA expression, and HIF-1a was modified at 36 h postinfection. (C) HIF-1a accumulation in PEL cells is dependent on LANA expression.
Immunofluorescence assays performed on BCBL-1 PEL cells transfected with sh-LANA or control sh-Luc. Cells were stained with antibodies to
LANA (red) or HIF-1a (green). Nuclei were stained with DAPI (blue). (D) Western blotting of LANA knocked-down BCBL-1 cells to detect

LANA, HIF-1a, and B-actin.

Luciferase assay. Ten million cells were transfected with luciferase reporter (5
pg) combined with specific expression constructs. The transfected cells were
harvested at 48 h posttransfection and subsequently washed once with PBS
(HyClone, Inc., Logan, UT), followed by lysis with 200 wl of reporter lysis buffer
(Promega, Inc., Madison, WI). Then, 40 pg of total protein of the lysate was
mixed with 100 pl of the luciferase assay reagent. Luminescence was measured
for 10 s with an OptiComp luminometer (MGM Instruments, Inc., Hamden,
CT). The luciferase activity was normalized with cotransfected B-galactosi-
dase activity (i.e., the optical density at 450 nm), which was driven by the
cytomegalovirus promoter. The relative luciferase activity was expressed as
the fold activation relative to the reporter construct alone. Assays were
performed in triplicate.

RESULTS

HIF-1« is accumulated in KSHV-infected cells. Previously,
we observed an interaction between the key KSHYV latent an-
tigen LANA and HIF-1a, which led to virus lytic replication
under hypoxic conditions (3). More recently, we saw that both
the HIF-1a suppressors VHL and p53 were downregulated by
LANA under normoxic conditions (2). To explore this poten-
tial effect of LANA on HIF-1a accumulation in KSHV latent
infection, we compared the expression levels of HIF-1a in two
KSHV-positive (BCBL-1 and BC-3) PEL cells and two KSHV-
negative (BJAB and DG75) B-lymphocyte cell lines by immu-
noprecipitation and immunoblot assays targeting HIF-1a. The
results clearly showed that HIF-1a levels were dramatically
elevated in the KSHV positive BCBL-1 cells and slightly in-
creased in the BC-3 cells (Fig. 1A). To demonstrate the role of
LANA as an inducer of HIF-1a expression during the KSHV
latent infection, we performed KSHYV latent infection in vitro
using the susceptible cell line HEK293. The data from Western
blot analysis of infected 293 cells at 12, 24, and 36 h postin-
fection by KSHV showed that increased HIF-1a expression
was consistent with increased expression of LANA compared

to cells uninfected at the zero time point (Fig. 1B). Unexpect-
edly, we also observed an increase in modification of HIF-1a at
the 24- and 36-h time points when LANA was expressed at
relatively higher levels (Fig. 1B). Previous studies have shown
that except for latent genes there are many other KSHV im-
mediate-early- and early-stage genes expressed (17). To verify
the role of LANA on HIF-la accumulation, we tested the
HIF-1a levels in the BCBL-1 cells with specific small interfer-
ing RNA targeting LANA mRNA. The data from both immu-
nofluorescence and immunoprecipitation assays showed that
the increased expression of HIF-1a in the PEL cell lines was
significantly diminished once the endogenous viral LANA was
knockdown (Fig. 1C and D). This indicates that LANA con-
tributes to HIF-1a accumulation in KSHV latent infections.

LANA enhances the stability of HIF-la. To determine
whether the effect of LANA on HIF-1a results in an increase
in HIF-1a stability, HEK293 cells expressing HIF-1a alone or
both HIF-1a and LANA were treated with cycloheximide for 1
to 4 h after 24-h posttransfection. Immunoblotting against total
HIF-1a showed that the stability of HIF-1a protein was sig-
nificantly enhanced by LANA coexpressed compared to
HIF-1a alone (Fig. 2, left panel). Determination of the relative
percentage of HIF-la remaining showed that the half-life
HIF-1a was increased ~2-fold with LANA coexpression (Fig.
2, right panel). These data suggest that LANA also contributes
to stabilization of HIF-1a.

LANA promotes HIF-1a nuclear accumulation. To further
investigate the role of LANA in HIF-1a nuclear accumulation
in KSHYV latently infected cells, we wanted to look specifically
at changes in HIF-1la localization in LANA-expressing cells.
First, we constructed a vector carrying an in-frame GFP fusion
of full-length HIF-1a (schematically shown in Fig. 3A). U20S

Alsianiun uepn4 Aq GT0Z ‘T¢ Jaqwaidas uo /Bio wse’Ial:dny woll papeojumoq


http://jvi.asm.org/

10416 CAI ET AL.

J. VIROL.

Vector LANA-myc HIF-1a remaining
CHX(h) o0 1 2 4 01 2 4 1.2 > Vector
& LANA

C R L L L MERPRE |

CHX (h)

FIG. 2. LANA increases the stability of HIF-1a. HEK293 cells were cotransfected HIF-1a with or without LANA-myc expression plasmids. At
24 h posttransfection, cell lysates (40 wg) treated with cycloheximide (CHX) for 0, 1, 2, and 4 h were subjected to immunoblotting as indicated.

The relative quantitation of HIF-1a is shown in the right panel.
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FIG. 3. LANA stimulates HIF-1a nuclear accumulation in U20S

cells. (A) Schematic representation showing the GFP and GFP-
HIF-1« protein constructs. For HIF-1q, the location of the PAS (Per/
Arnt/Sim) and ODD domains are indicated. (B) LANA induces nu-
clear translocation of GFP-HIF-la. U20S cells were transiently
transfected with either GFP or GFP-HIF-1a (green) expression vec-
tors in the presence or absence of the LANA-RFP (red) construct. At
24 h posttransfection, cells were fixed with 3% paraformaldehyde and
subjected to nuclear staining (blue) with DAPI. Cells expressing GFP
or GFP-HIF-1a alone were exposed to hypoxia for 12 h with CoCl,
treatment as the nuclear localization control. (C) Immunoblot analysis.
U20S cells expressing HIF-1a in the presence or absence of LANA-
myc or hypoxia treatment were subjected to nuclear (N) and cytoplas-
mic (C) protein extract, followed by immunoblotting against HIF-1a
and myc antibodies. Nuclear protein Spl and cytoplasmic protein
Hsp70 were blotted as the fraction positive control. The relative den-
sities of HIF-1a are shown in the right panel.

cells with clear cytoplasmic and nuclear compartments were
then transiently transfected with either the parental GFP con-
struct or the chimeric GFP-HIF-1a expression construct in the
presence or absence of LANA-red fluorescence protein (RFP).
Fluorescence was observed in ca. 20% of the cells, which re-
flected the transfection efficiency. As in previous studies (14,
20), the fluorescence of GFP or GFP-HIF-1a alone was uni-
formly distributed throughout the cell (Fig. 3B, left panels),
and hypoxia dramatically increased the nuclear intensity of
GFP-HIF-1a signals but had no effect on GFP alone (Fig. 3B,
middle panels). However, the transient expression of GFP-
HIF-1a with LANA-RFP constructs in normoxia resulted in
clearly nuclear localization of HIF-1a, which also occurs by
hypoxic treatment, even though the nuclear accumulation pat-
terns of HIF-1a induced by LANA and hypoxia were distinctly
different (Fig. 3B, right panels). To quantitatively compare the
signals of HIF-1a in the nuclear and cytoplasmic compart-
ments, the nuclear and cytoplasmic fractions from U20S cells
cotransfected with GFP-HIF-1a in the presence or absence of
LANA-RFP were subjected to immunoblotting analysis to de-
tect HIF-1a (GFP) and LANA. The nuclear protein Spl and
cytoplasm protein Hsp70 immunoblot analysis were performed
to determine the efficiency of nuclear and cytoplasm fraction-
ation. The results showed that the signal for HIF-1a in the
nucleus was significantly higher than in the cytoplasm when
LANA was coexpressed, but similar signals were seen in both
the cytoplasm and nucleus when GFP-HIF-1a was expressed
alone (Fig. 3C). Therefore, this suggests a new role for LANA
in inducing HIF-1a nuclear accumulation under normoxic con-
ditions.

LANA enhances the activities of a HIF-1a responsive pro-
moter. To investigate whether the effect of LANA enhancing
HIF-1a accumulation would lead to an increase in transcrip-
tional activities of HIF-1a under normoxic conditions, we an-
alyzed the specific effects of LANA on the transcriptional ac-
tivities of native HIF-1a targeting its HRE and compared this
to HIF-1a expression alone. The promoter elements of a tri-
merized wild-type HRE (WHRE) and its corresponding mutant
(mHRE) responsive elements fused upstream to the luciferase
reporter individually were tested in these reporter assays using
BJAB and HEK293T cell lines. The data showed that the
wHRE promoter was highly responsive to LANA expression in
both HEK293T and BJAB cell lines (Fig. 4A). However, little
or no response was seen in the mutant HRE reporter (Fig.
4A). Specifically, using the luciferase reporters individually
containing the well-known HIF-1la downstream genes VEGF
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FIG. 4. LANA specifically increases the transcriptional activities of
HIF-1a targeting downstream genes. (A) A trimerized HRE (WHRE)
or its mutant (mHRE) fusion with luciferase was used for a reporter
assay. BJAB and 293T cells were transfected with either pCEP4/
HIF-1a (5 pg) or pASM-LANA (0, 1, 2.5, 10, or 20 ng) in the presence
of 5 pg of pPGL/WHRE or pGL/mHRE reporter. The total amount was
normalized by vector alone. Whole-cell lysates (40 pl) were subjected
to luciferase reporter assay. The transcriptional activity of HIF-1a on
HRE binding sites but not its mutant was enhanced by LANA in a
dose-dependent manner. The transcriptional activity of HIF-1a medi-
ated by LANA was expressed as the fold activation relative to the
reporter construct alone. Means and standard deviations from three
independent experiments are shown. RLU, relative luciferase unit.
(B) Reporter assays of VEGF promoters and its HRE deletion mutant
(AHRE). 293T cells were transfected with either pCEP4/HIF-1a (5
ng) or pA3M-LANA (10 pg) in the presence of the 5 ug of pGL3-
1.5VEGEF or pGL3-1.2VEGF reporter. (C) VEGF expression was in-
creased in the culture medium of LANA-transfected 293T cells. We
monitored the VEGF protein level in the cell culture supernatant by
ELISA. The level of VEGF expression in the supernatant was in-
creased by LANA in a dose-dependent manner. Values represent the
means and standard deviations of the VEGF concentrations in the
medium in three experiments.

promoter and its relative HRE deleted mutant, the reporter
assays data showed that LANA dramatically enhance VEGF
promoter activity and results in a drop in activity of ca. 30%
once the HREs in the VEGF promoter were deleted (Fig. 4B).
This suggests that the induction of VEGF by LANA is at least
in part as a result of HIF-1a accumulation and its responsive
element within the VEGF promoter.

To support these transcriptional studies, ELISAs were per-
formed to determine the levels of VEGF, a downstream target
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FIG. 5. LANA facilitates HIF-1a nuclear accumulation by target-
ing the ODD domain of HIF-la. (A) The schematic presents the
truncated HIF-la fusions with GFP tag. The full-length (1 to 826
amino acids [1-826 aa]) (FL), amino-terminal domain 1-300 aa (N),
central domain with ODD domain 300-530 aa (M), and deleted central
domain 1-300530-826 aa (NC) are indicated. (B) LANA targets the
ODD domain of HIF-1a to stimulate HIF-1a nuclear accumulation.
U20S cells were transfected with GFP or GFP with truncated HIF-1«
(green) in the presence or absence of LANA-RFP (red) expression
vectors. At 24 h posttransfection, cells were fixed with 3% paraformal-
dehyde and subjected to nuclear staining (blue) with DAPI.

of HIF-1a, which was previously demonstrated to be induced
by KSHV infection (21, 47). The data obtained from cells
transiently expressing LANA showed that the levels of VEGF
produced were also significantly increased in HEK293T cells
transfected with LANA compared to only HIF-1a expression
(Fig. 4C). More importantly, increasing amounts of LANA
showed a dramatic increase in VEGF levels as seen by ELISA
(Fig. 4C).

HIF-1a nuclear accumulation mediated by LANA is depen-
dent on its ODD domain. In order to identify which structural
motif involved in nuclear import of HIF-la mediated by
LANA, we generated four expression vectors containing GFP
fused to wild type and three different domains of HIF-1la
(schematically represented in Fig. 5A). After transient expres-
sion of these constructs with or without LANA-RFP in U20S
cells, the cells were analyzed for localization of the fusion
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TABLE 1. Subcellular distribution of GFP-HIF-1a coexpressed with or without LANA in U20S cells”
% Cells localized
Construct Vector LANA

N N>C N=C N<C N N>C N=C N<C
GFP 0 0 100 0 0 0 100 0
GFP-HIF-1a 6 20 74 0 72 26 2 0
GFP-HIF-1a/1-330 0 0 16 84 0 0 18 82
GFP-HIF-1/330-530 0 36 64 0 10 76 14 0
GFP-HIF-1a/A330-530 0 10 76 14 0 16 74 10

¢ Cells were transfected with expression vectors as indicated and 24 h after transfection subjected to fixation and nuclear staining before microscopic observation and
cell counting. N, exclusively nuclear fluorescence; N>C, nuclear fluorescence more than cytoplasmic fluorescence; N=C, equal distribution of nuclear and cytoplasmic
fluorescence; and N<C, exclusively cytoplasmic fluorescence. At least 50 cells were analyzed for each sample. The numbers show the percentage of cells localized in

the nucleus and cytoplasm of the transfected cells.

proteins. As shown in Fig. 5B, the fusion protein containing the
most central region of HIF-1a which spans the oxygen-depen-
dent degradation (ODD) domain resulted in a predominantly
nuclear accumulation when coexpressed with LANA-RFP
(Fig. 5B). Moreover, equal cytoplasm and nuclear distribution
of HIF-1a was seen when the ODD domain was deleted, in-
dicating that its localization was not altered when LANA-RFP
was coexpressed (Fig. 5B). This strongly supports the conclu-
sion that the ODD domain of HIF-la is critical for LANA-
mediated HIF-1a nuclear translocation. Interestingly, unlike
other truncated and full-length HIF-1a, the GFP fusion with
HIF-1oe amino acids 1 to 300 showed significant cytoplasmic
fluorescence activity whether or not LANA-RFP was coex-
pressed in normoxic condition (Fig. 5B). To establish a quan-
titative set of analyses for our data, 50 fluorescent cells were
routinely analyzed for compartmentalization of HIF-lo and
subdivided into four categories according to previous studies
(14, 45): N, exclusively nuclear fluorescence; N>C, nuclear
fluorescence more than cytoplasmic fluorescence; N=C, equal
distribution of nuclear and cytoplasmic fluorescence; and
N<C, exclusively cytoplasmic fluorescence. The percentage of
cells identified in each category is shown in Table 1. With
LANA-RFP coexpression, 72% of cells transiently expressing
the wild-type GFP-HIF-1a construct showed exclusively nu-
clear compartmentalization of HIF-1a (category N), whereas
only a limited number of cells (6%) had similar signal with
GFP-HIF-1a expression alone (Table 1). The GFP fused with
truncated HIF-1o polypeptides showed that only the construct
transiently expressing GFP-HIF-1a/330-530 had 10% of cells
belonging to category N when LANA-RFP was coexpressed.
No other truncated GFP-HIF-1a-expressing cells were seen in
this category. This indicated that the ODD domain of HIF-1a
is critical for LANA-mediated HIF-1a nuclear accumulation.

The amino-terminal residues 46 to 89 are required for
LANA to mediate HIF-1a nuclear accumulation. Previously,
we demonstrated that LANA acts as an adapter of the ECSS
ubiquitin complex blocking the HIF-1a suppressors VHL and
p53 through its unconventional suppressors of cytokine signal-
ing (SOCS)-box motif (Fig. 6A) (2). To test whether LANA-
mediated HIF-1a nuclear accumulation is dependent on this
motif, we coexpressed the LANA truncated mutants contain-
ing the entire (LN-1) or partly (LN-2 and LN-3) SOCS-box
motif with GFP-HIF-1a in U20S cells (Fig. 6A). Immunoflu-
orescence assay data showed that the LANA mutant truncated
from 1 to 233 residues containing only the BC-box component

of the SOCS-box motif is sufficient to mediate HIF-1a nuclear
accumulation (Fig. 6B). This suggests that the amino-terminal
domain of LANA can mediate HIF-1a accumulation that is
independent of its SOCS-box motif. Importantly, in the VHL-
deficient 786-0 cells, HIF-1a was also induced to nuclear ac-
cumulation by LANA coexpression but not HIF-1a alone, in-
dicating that this accumulation is not dependent on VHL (Fig.
6C, top panel). Interestingly, in the p53-deficient Saos-2 cells,
whether HIF-1a was expressed with LANA or not, the major-
ity of HIF-1a was localized in nucleus (Fig. 5C, bottom panel).

To further define which specific domain of LANA is neces-
sary to mediate HIF-1a nuclear accumulation, we sought to
identify the potential secondary structures that are located at
the amino termini of LANA to associate with HIF-1la. The
cysteine and histidine residues, within the region of LANA
from amino acids 1 to 233 were then investigated. Figure 7A
shows the positions of these residues. Based on the predicted
potential functional RING domain formation via different di-
sulfide bonds, three LANA mutants tagged with the myc
epitope and mutated at these specific positions were generated
(Fig. 7B). Immunofluorescence assays with these truncated
LANA polypeptides coexpressed with GFP-HIF-1a constructs
in U20S cells were performed. The data showed that the
LANA mutant with residues 47 to 129 deleted did diminish the
level of HIF-1a nuclear accumulation (Fig. 7C, top panel).
However, the LANA truncated mutant (LN5) containing only
residues 46 to 145 was also not efficient in inducing HIF-1a
nuclear localization (Fig. 7C). Interestingly, the LANA mutant
with 1 to 89 residues deleted (LN6) not only lost the capability
of inducing HIF-1a nuclear localization but was also dramat-
ically reduced in its own ability to localize to the nucleus (Fig.
7C). To verify that the secondary structure containing histidine
47 and cysteine 57 is necessary for LANA to mediate HIF-1a
nuclear accumulation, we generated double mutations of these
two residues, which were converted to alanine and then per-
formed similar immunofluorescence assays. Surprisingly, the
data showed that mutation of these two residues is sufficient to
destroy the effect of LANA on HIF-1a nuclear accumulation
(Fig. 7C). In the cytoplasm and nuclear fractionation assays,
the results also showed that the LANA mutants LN-5 with 46
to 129 residues deleted or LN-7 with only the H47 and C57
double mutations, the effect of LANA on HIF-la nuclear
accumulation was abolished (Fig. 7D). Expectedly, deletion of
the nuclear localization sequence that existed in residues 1 to
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FIG. 6. The effect of LANA on HIF-la nuclear accumulation is
independent of its SOCS-box motif. (A) The schematic shows a trun-
cated LANA fusion with a myc tag. LN-1 (1-329°925-1162 amino
acids), which contains the entire SOCS-box (BC box and Cul box)
motif, and LN-2 (1 to 340 amino acids) and LN-3 (1 to 233 amino
acids), which contains part of the SOCS-box (only the BC box) motif,
are indicated. (B) Immunofluorescence assays of U20S cells cotrans-
fected with GFP-HIF-1a and different truncated LANA polypeptides
or vector alone. At 24 h posttransfection, cells were fixed with 3%
paraformaldehyde and subjected to immunofluorescence assay, fol-
lowed by the addition of mouse anti-myc antibody (red) and nuclear
staining (blue) with DAPI. (C) LANA promotes HIF-1a nuclear ac-
cumulation in VHL-null 786-O and p53-null Saos-2 cell lines. The
786-O (top panel) and Saos-2 (bottom panel) cell lines were trans-
fected with GFP-HIF-1a in the presence or absence of LANA-RFP.
At 24 h posttransfection, the cells were fixed with 3% paraformalde-
hyde and subjected to immunofluorescence assay, followed by nuclear
staining (blue) with DAPI.

23 of LANA resulted in LANA being mostly accumulated in
the cytoplasmic compartment (Fig. 7D).

To determine whether the protein-protein interaction be-
tween LANA and HIF-1a is required for HIF-1a nuclear ac-
cumulation, we also performed immunoprecipitation assays in
HEK?293 cells using the LANA truncated mutants described
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FIG. 7. The secondary structure containing histidine 47 and cys-
teine 57 is required for LANA to mediate HIF-1a nuclear accumula-
tion. (A) Analysis of histidine and cysteine positions in the amino
termini of LANA residues 1 to 233. The residues (cysteines 23, 33, 57,
217, and 227 and histidines 47, 118, and 128), which potentially were
involved in a RING finger domain, are classified into four groups
(indicated in the figure by circled numbers 1 to 4) according to disul-
fide bond formation. (B) Amino-truncated mutants of LANA with
potential secondary structures. LN-4 contains 1 to 46 and 129 to 233
residues with groups 1 and 4; LN-5 contains 46 to 145 residues with
groups 2 and 3; LN-6 contains 89 to 233 residue with groups 3 and 4;
LN-7 contains 1 to 233 residues including histidine 47 and cysteine 57
mutation with groups 1, 3, and 4. (C) Immunofluorescence assays of
U20S cells cotransfected with GFP-HIF-1a and different truncated
LANA polypeptides. At 24 h posttransfection, the cells were fixed with
3% paraformaldehyde and subjected to immunofluorescence assay,
followed by the addition of mouse anti-myc antibody (red) and nuclear
staining (blue) with DAPI. (D) Immunoblotting analysis. U20S cells
expressing HIF-1a in the presence or absence of the truncated LANA
mutants (LN-4, -5, -6, and -7) with a myc tag were subjected to nuclear
(N) and cytoplasmic (C) protein extract, followed by immunoblotting
against HIF-1a and myc antibodies. Nuclear protein Spl and cyto-
plasm protein Hsp70 were blotted as fraction positive controls.
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FIG. 8. The secondary domain with histidine 47 and cysteine 57 of LANA is associated with HIF-1a. (A) HEK293 cells were cotransfected
HIF-1a with different LANA truncated expression plasmids (LN-1 to LN-7), respectively, as indicated. At 48 h posttransfection, cell lysates were
subjected to immunoprecipitation and immunoblotting against myc or HIF-1a antibody. The arrow indicates the expressed LANA truncated
proteins; the asterisks indicate nonspecific bands. (B) The relative binding ability of LANA truncated mutants to HIF-1a is indicated in the
schematic in the right panel. (C) Proposed secondary domain of LANA associated with HIF-1a at its amino terminus. A three-dimensional
structure of LANA, predicted by Robetta (http://robetta.bakerlab.org/), shows distinct amino- and carboxyl-terminal domains. The region from
residues 1 to 233 of LANA that is involved in HIF-1a regulation is presented in blue. The HIF-1a associated residues histidine (H) 47 and cysteine

(C) 57 are enlarged and marked in magenta in the lower panel.

above. As expected, the mutants with residues 46 to 129 de-
leted or with residues 1 to 89 deleted failed to interact with
HIF-1a (Fig. 8A and B). However, compared to the truncated
mutant of LANA 1 to 233, the mutant containing residues 46
to 145 associated with HIF-1a, even though it was not able to
efficiently induce HIF-1a nuclear accumulation (Fig. 8A and
B). This suggests that the secondary structure located in the
region from residues 46 to 89 is necessary for LANA to interact
with HIF-1a but not sufficient to induce HIF-1a nuclear accu-
mulation. The construct with the histidine 47 and cysteine 57
both mutated also lost this association with HIF-1a, supporting
this conclusion (Fig. 8A and B). Surprisingly, the secondary
structure analysis of LANA reveals that residues H47 and C57
may be potentially located at separate a-helix motifs important
for contact with HIF-1a (Fig. 8C).

DISCUSSION

The data presented here demonstrate that the angiogenesis
and tumor growth regulator HIF-1 is aberrantly accumulated
in KSHV-infected PEL cell lines and that this accumulation is
linked to the expression of the key latent viral protein LANA.

LANA not only contains the SOCS motif, which can block the
activities of the HIF-1a suppressors VHL and p53 as an adap-
tor of the ubiquitin complex (2), but also contains a specific
43-amino-acid domain that can mediate HIF-1a nuclear accu-
mulation under normoxic conditions (Fig. 9). This highlights
the role of LANA in regulating HIF-1a levels and nuclear
translocation and suggests that HIF-1« is critical for KSHV-
associated tumor growth during viral latent infection.

VEGF, associated with angiogenesis, is an HIF-la. down-
stream target aberrantly activated in KS disease (23). The
detection of abundant HIF-1a in PEL cell lines, along with
enhanced expression of the HIF-la target gene VEGF by
LANA, confirmed that constitutive activation of genes regu-
lated by LANA is an important contributing factor to the
development of PEL. HIF-la dysregulation is a consistent
feature of KSHV-associated malignancies, which was rein-
forced by our observations that HIF-1a was overexpressed in
the lesions of KS patient tissues (data not shown). Additional
studies have shown that latent KSHV infection of endothelial
cells can activate hypoxia-inducible factors, further supporting
this conclusion (4).
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FIG. 9. Schematic showing the LANA regulation of HIF-1a in KSHV latent infection. In the KSHV-infected B-lymphoma cells, the KSHV-
encoded LANA acts as an adaptor of ECsS ubiquitin complex to induce HIF-1a suppressor (VHL and/or p53) for ubiquitylation and proteasomal
degradation and, in turn, rescue HIF-1a (2). The rescued HIF-1a by LANA is associated with translocation to the nucleus, where HIF-1a activates
the expression of downstream genes, including VEGF and Glut-1, to promote tumor growth and host cell survival. In hypoxic conditions, unknown
factors (i.e., signaling events, including LANA modification) drive LANA to cooperate with HIF-1a to target viral lytic gene (e.g., RTA and
ORF34) expression. This leads to the activation of virus lytic replication to destroy host cells.

Previously, we found that the nuclear extract from HEK293
cells transiently coexpressed with LANA and HIF-1a contains
a complex of LANA and HIF-1a (3). To determine whether
this nuclear accumulation of HIF-1a mediated by LANA is
associated with the ability of LANA to functionally block the
activities of the HIF-1a suppressors VHL and p53, we used the
construct expressing LANA or HIF-1a with different fluores-
cence tags to transfect the VHL-deficient 786-O or p53-defi-
cient Saos-2 cell lines, followed by immunofluorescence assays.
The data showed that p53 deficiency alone was sufficient to
induce HIF-la nuclear accumulation, and LANA efficiently
induced HIF-1a nuclear accumulation in the absence of VHL.
This suggested that we could not exclude the possibility of
LANA to promote HIF-1a nuclear accumulation via its SOCS-
box motif through inhibition of p53 expression. However, im-
munofluorescence assays using a series of LANA truncated
mutants identified a specific domain located within the amino-
terminal residues 46 to 89 of LANA as important for HIF-1a
nuclear accumulation, suggesting that this association medi-
ated by LANA is independent on the inhibition of p53 at least
through the SOCS motif (2).

To determine the likely secondary structure involved, we
scanned the sequence for all of the histidine and cysteine
residues with the potential of forming a disulfide bond within
the region of 1 to 233 residues using the rule for constructing
a RING finger domain (33). We assumed that this region can
potentially form RING finger structures and generated differ-
ent truncated mutants which were distinct in their potential
ability to form a finger domain. Unexpectedly, the mutation of
residues H47 and C57 destroyed the function of LANA to
induce HIF-la nuclear accumulation. This strongly showed
that LANA-mediated HIF-1la nuclear accumulation was de-
pendent on a specific motif containing H47 and C57 residues.
The analysis of this region in a LANA three-dimensional struc-

ture model (http:/www.robetta.com) reveals two relatively
separate o helices containing the H47 and C57 residues
strongly supporting this hypothesis. HIF-1la associated with
residues 46 to 145 of LANA was not sufficient to induce
HIF-1a nuclear accumulation, although the possibility existed
that the secondary structure may be critical. The truncated
mutants with only residues 46 to 145 deleted (LN-4) indicated
that efficient nuclear import of LANA itself was also required
for HIF-1a nuclear accumulation.

Only the wild-type HIF-1a and mutants that contained the
ODD domain were capable of translocating to the nucleus in
the presence of LANA. This suggested that in order to exert a
dominant control of HIF-1a in KSHV-infected cells, LANA
involvement with HIF-1a nuclear import through its ODD
domain via another signaling pathway is quite possible. Further
studies are required to determine the potential role of other
signaling events and other cellular processes involved in the
regulation of HIF-1a nuclear accumulation.

Here, our studies show that LANA contributes to HIF-1a
nuclear accumulation, which therefore leads to the activation
of downstream HIF-1-mediated transcriptional response. We
have demonstrated that this function requires the potential
a-helical structures of LANA which contains the H47 and C57
residues within its amino terminus. The specific domain of
LANA interacting with HIF-1a was also shown to be distinct
from that of other proteins (e.g., tumor suppressors p53 and
Rb), which occur through its carboxyl-terminal domain (8, 10).
This strengthens the case for a multifunctional role of LANA
critical for KSHV-infected cell growth and proliferation. Thus,
by combining the function of LANA which leads to an increase
in HIF-1a accumulation and actively blocking the function of
its suppressors, the resulting data provide compelling evidence
that LANA contributes to the growth-stimulatory property of
KSHYV and that this activity is now linked to manipulation of
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the HIF-1 complex important for regulation of angiogenesis
and tumor growth (Fig. 9).

LANA cooperates with HIF-1a to activate viral lytic gene
expression in hypoxic conditions (3). However, LANA also
dysregulates HIF-1a expression in latency without inducing
lytic replication (2). Clearly, KSHV is capable of regulating cell
survival and destruction (7, 40, 49). The regulation of HIF-1a
levels and nuclear accumulation is likely to contribute at least
in part to this regulation. The higher levels of HIF-1a accu-
mulated during hypoxia, as distinct from latency, the different
posttranslational modifications of LANA or HIF-1« in hypoxia
and normoxic conditions, or other molecules associated with
the LANA-HIF-1a complex in hypoxia, would further eluci-
date this complex regulatory network.

The evidence shows that intratumoral hypoxia usually occurs
early during angiogenesis and tumor growth (9) and that ele-
vated levels of HIF-1la during KSHV latent infection can in-
duce the expression of a number of downstream genes essen-
tial for oxygen homeostasis and angiogenesis, including VEGF
(12, 36). Given the role of HIF-la in regulation of genes
associated with cancer cell survival and tumor angiogenesis,
the effect of LANA on HIF-1a nuclear accumulation raises the
possibility that KSHV likely triggers the expression of hypoxia
response factors, as well as survival factors, in KSHV-associ-
ated human malignancies early during infection and then later
responds to hypoxia by activating viral lytic replication. This
provides a fine balance between production of viral progeny
and long-term survival in the intratumoral environment.
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