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Hypoxia and hypoxia-inducible factors (HIFs) play an important role in the Kaposi’s sarcoma-associated herpesvirus (KSHV)
life cycle. In particular, hypoxia can activate lytic replication of KSHV and specific lytic genes, including the replication and tran-
scription activator (RTA), while KSHV infection in turn can increase the levels and activity of HIFs. In the present study, we
show that hypoxia increases the levels of mRNAs encoding KSHV latency-associated nuclear antigen (LANA) in primary effusion
lymphoma (PEL) cell lines and also increases the levels of LANA protein. Luciferase reporter assays in Hep3B cells revealed a
moderate activation of the LANA promoter region by hypoxia as well as by cotransfection with degradation-resistant HIF-1� or
HIF-2� expression plasmids. Computer analysis of a 1.2-kb sequence upstream of the LANA translational start site identified six
potential hypoxia-responsive elements (HRE). Sequential deletion studies revealed that much of this activity was mediated by
one of these HREs (HRE 4R) oriented in the 3= to 5= direction and located between the constitutive (LTc) and RTA-inducible
(LTi) mRNA start sites. Site-directed mutation of this HRE substantially reduced the response to both HIF-1� and HIF-2� in a
luciferase reporter assay. Electrophoretic mobility shift assays (EMSA) and chromatin immunoprecipitation (ChIP) assays dem-
onstrated binding of both HIF-1� and HIF-2� to this region. Also, HIF-1� was found to associate with RTA, and HIFs enhanced
the activation of LTi by RTA. These results provide evidence that hypoxia and HIFs upregulate both latent and lytic KSHV repli-
cation and play a central role in the life cycle of this virus.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also called
human herpesvirus 8 (HHV-8), is the causative agent of Ka-

posi’s sarcoma (KS), primary effusion lymphoma (PEL), and mul-
ticentric Castleman’s disease (MCD) (7, 8, 43). Like other herpes-
viruses, KSHV can establish persistent (latent) or lytic infection in
target cells. During latent infection, a limited number of viral
genes are expressed. These include the latency-associated nuclear
antigen (LANA) encoded by ORF73, a viral cyclin (v-cyclin) en-
coded by ORF72, a viral FLICE inhibitory protein (vFLIP) en-
coded by ORF71, viral interferon regulatory factors encoded by
K10, and kaposin encoded by K12 (10, 37). LANA in particular
plays a key role in the maintenance of latency. LANA tethers the
KSHV episome to cellular chromosomes and segregates the KSHV
genome during host cell division (34, 40). In addition, LANA in-
teracts with a variety of cellular proteins to help create a suitable
environment for latent viral persistence (20, 35).

In the KSHV genome, three of the latent proteins, LANA
(ORF73), v-cyclin (ORF72), and v-FLIP (ORF71), are located in a
single cluster, and the mRNAs for these proteins have been found
to originate from the same promoter (10, 37, 38, 45). Transcrip-
tion of the multicistronic mRNAs encoding ORF71 to ORF73 is
regulated by a cis-regulatory region that is primarily located be-
tween ORF73 and K14 (encoding v-OX2), a lytic gene oriented in
the opposite direction (Fig. 1A) (10, 38, 45). During latency, these
multicistronic RNAs are transcribed from a constitutively active
promoter (LTc) initiating from nucleotide 127880 (also mapped
nucleotide positions 127900 and 127948) (10, 31, 38, 44, 45). In-
terestingly, the KSHV replication and transcription activator
(RTA), encoded by ORF50, has been found to activate transcrip-
tion of the mRNAs for ORF71 to ORF73, but in this case using an
alternate inducible promoter (LTi), with mRNA transcripts initi-
ating �270 bp downstream of LTc (31). There is also evidence that
RTA packaged with KSHV virions can assist in the establishment
of latency through activation of LTi (25).

Cells latently infected with KSHV can be induced to undergo
lytic replication by treatment with chemical agents such as 12-O-
tetradecanoyl 13-acetate (TPA) or sodium butyrate (1, 32, 54).
Activation of RTA, the lytic switch gene product encoded by
ORF50, is central to this process, as RTA can by itself initiate lytic
activation through activation of key downstream lytic genes by
binding to RTA response elements (RRE) or interacting with
other regulatory factors (27, 28, 30, 52, 55). Our lab has previously
reported that KSHV could be induced to lytic replication by hyp-
oxia (9). In addition, we found that the promoter region of RTA
could be activated to a limited extent by hypoxia or by hypoxia-
inducible factor (HIF) and that certain other lytic genes, ORF34
through ORF37, could also be directly activated by hypoxia or
HIFs (16, 17). HIFs are heterodimeric transcription factors, com-
prised of HIF� and HIF�, whose levels increase rapidly in the
nucleus in hypoxic cells (12, 46, 48). HIFs activate hypoxia-
responsive genes through binding to hypoxia response elements
(HREs) in the promoter regions (12, 41, 46, 47, 51). The core HRE
consensus sequence is 5=-RCGTG-3= (51). Two principal isoforms
of HIF�, HIF-1� and HIF-2�, have been identified. HIF-2� has a
high degree of similarity and function with HIF-1�, although it
preferentially activates certain genes and plays a more important
role in certain cell types, such as endothelial cells (12, 46, 48).
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Additional studies of KSHV showed that hypoxia and HIFs
play several important roles in the viral life cycle. Cai et al. showed
that robust activation of the RTA promoter was obtained with
HIFs and KSHV LANA through a physical interaction between
these two factors (2). In addition, a constitutively active G

protein-coupled receptor encoded by KSHV ORF74 was found to
enhance the activity of HIF-1� (42). Finally, KSHV latent infec-
tion was found to synergize with hypoxia in endothelial cells to
induce increased levels of HIF-1� and HIF-2�, and this effect was
caused at least in part by LANA (3, 5, 14). Thus, KSHV infection

FIG 1 Hypoxia increases ORF73 (LANA) promoter activity. (A) Schematic diagram of the genomic organization of the region spanning ORFK12 (Kaposin)
through K14 (v-OX2) in the KSHV genome; this region includes ORF71 through ORF73 (LANA) as well as the KSHV miRNA cluster. The numbers above the
closed arrows correspond to positions of initiation/termination codons of the ORFs. Two arrows between K14 (v-OX2) and LANA denote the LANA constitutive
(LTc) and RTA-inducible (LTi) mRNA start sites. The location of the probes used in Northern blots for ORF73 and K12 are shown as lines above the respective
genes. Shown below is an expanded diagram of LANA and the LANA promoter region surrounding LTc and LTi, with the nucleotide positions for the mRNA start
sites indicated. The LTc mRNA start site has been alternatively mapped to nucleotide positions 127900 and 127948 (10, 38). The LANA promoter region contains
six potential hypoxia response elements (HREs), shown as rectangular boxes labeled 1 through 6. R denotes HREs in the reverse orientation to the transcription
of LANA. (B) Schematic diagram of luciferase reporter constructs of the LANA promoter region. pGL3-LANA(c&i)p-luc [LANA(c&i)p] contains a 1,201-bp
DNA segment that includes LTc and LTi and the six potential HREs. pGL3-LANA(c)p-luc [LANA(c)p] contains a 795-bp DNA segment that includes the LTc
start site and four potential HREs (1, 2, 3R, and 4R). pGL3-LANA(i)p-luc [LANA(i)p] contains a 570-bp DNA segment that includes the LTi promoter start site
but not the LTc start site and only three of the potential HREs (4R, 5R, and 6). (C) Hypoxia and CoCl2 treatments induce ORF73 (LANA) promoter activity in
Hep3B cells. A fixed amount (700 ng) of reporter plasmid pGL3-LANA(c&i)p-luc [LANA(c&i)p] or a pGL3-basic plasmid (control) was transfected into Hep3B
cells cultured in triplicate wells of 12-well culture plates. At 24 h of posttransfection, cells were exposed to hypoxia or treated with CoCl2 for 16 h at 37°C. Cells
were harvested, and the cell lysate was analyzed for luciferase activity. Mean light units were normalized to the total cellular protein estimated by the Bradford
method. The fold activation of promoter activity was determined based on the ratio between the normalized mean light units and that of the pGL3-basic control
construct cultured under normoxia. All values represent the means of results from three experiments, each done in triplicate. Error bars represent the standard
deviations. Similar results were obtained in initial experiments when luciferase activity was normalized using a Renilla control (results not shown).

Veeranna et al.

1098 jvi.asm.org Journal of Virology

http://jvi.asm.org


increases levels of HIFs, which in turn appears to play an impor-
tant role in increasing KSHV lytic gene activation. Given this cen-
tral role of hypoxia, we hypothesized that hypoxia and HIFs may
also play a role in regulating the production of KSHV latent genes,
including LANA. In this paper, we show that hypoxia and HIFs
can induce transcription of LANA and that this effect is mediated
at least in part through interactions with one or more HRE in the
LANA promoter region. Moreover, we show that HIFs can en-
hance the activation of LANA by RTA through the LTi.

MATERIALS AND METHODS
Cell lines and culture conditions. The PEL cell lines JSC-1 (gift from
Richard Ambinder, Johns Hopkins University, Baltimore, MD), dually
infected with Epstein-Barr virus (EBV) and HHV-8 (4), and BC-3 (ATCC,
Rockville, MD) and BCBL-1 (National Institutes of Health AIDS Research
and Reagent Program, Rockville, MD), harboring KSHV only (1, 36),
were grown in RPMI 1640 medium (Invitrogen, Carlsbad, CA) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) (Thermo
Scientific, Rockford, IL) at 37°C under normoxic conditions with 5%
CO2. Where indicated, these cells were exposed to hypoxia by culturing in
an incubator with 1% O2 and 5% CO2 (9) or were treated with 20 ng/ml of
TPA (Sigma, St. Louis, MO) to induce KSHV lytic replication. Hep3B, a
human hepatoma cell line (ATCC, Rockville, MD), was maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented with
10% FBS.

RNA isolation and Northern and Western blot analysis. Total cellu-
lar RNA was isolated from cells using TRIzol reagent (Invitrogen). North-
ern blot hybridization was performed using a nonisotopic digoxigenin-
labeled probe as described previously (17). The location of the probes
used for ORF73 and K12 are shown in Fig. 1A. For Western blot analysis,
nuclear extracts were prepared using the NE-PER nuclear extraction kit
(Pierce, Rockford, IL). Nuclear protein (20 �g) was electrophoresed on 4
to 12% NuPAGE gels (Invitrogen). The proteins were transferred to a
nitrocellulose membrane and blocked with 5% skim milk prepared in
washing buffer (1� TBST [Tris-buffered saline containing 0.05% Tween
20]). The membrane was incubated with antibodies to LANA (Advanced
Biotechnologies Inc., Columbia, MD), HIF-1� (BD Biosciences, San Jose,
CA), viral interferon regulatory factor (vIRF-3, also called LANA-2), and
HIF-2� (both from Novus Biologicals, Littleton, CO) with appropriate
dilutions as indicated. After being washed with washing buffer, the mem-
brane was incubated with appropriate anti-rabbit, anti-mouse, or anti-rat
secondary antibody conjugated to peroxidase (Sigma), and bands were
visualized using chemiluminescent substrate (Pierce). Films from these
and other gels were scanned using the Epson Perfection 4990 Pro Scanner
with Epson Silverfast Software, version 6.4 (Seiko Epson Corp., Long
Beach, CA). Contrast was adjusted minimally and equally on some scans
using PowerPoint 2004 version 11.5.1 for the Macintosh (Microsoft Co.,
Redmond, WA). Band intensities were assessed using ImageJ Software
(National Institutes of Health, Bethesda, MD).

Reporter plasmids. The full-length LANA promoter construct
[pGL3-LANA(c&i)p-luc] contains 1,201 nucleotides (nt) spanning posi-
tions 127297 to 128497 upstream of the ATG initiation codon of LANA
(nt position 127297) (Fig. 1A and B) (31, 33, 37). This region includes the
LTc and LTi mRNA start sites (31) and six potential HREs (MacVector,
Cary, NC). The promoter region was amplified by PCR with specific
primers containing KpnI and Bgl11 sites and cloned into the pGL3 basic
vector (Promega, Madison, WI). A LANA promoter region that includes
LTc, but not LTi, was cloned into the pGL3 basic vector and denoted
pGL3-LANA(c)p-luc. This promoter region, which included HRE 1, 2,
3R, and 4R, contains 795 nt (spanning positions 127703 to 128497). A
LANA promoter region that includes LTi [LANA(i)p] but not LTc was
cloned into the pGL3 basic vector and denoted as pGL3-LANA(i)p-luc.
This promoter, which excludes potential HRE 1, 2, and 3R but contains
HRE 4R, 5R, and 6, contains 570 nt (spanning positions 127297 to
127866) upstream of the ATG initiation codon of LANA. Additional con-

structs were made through sequential deletion from the 5= end of
LANA(i)p that excludes HRE4R [pGL3-LANA(i)p(D1)] (nt position
127297 to 127758) and HRE5 [pGL3-LANA(i)p-luc(D2)] (nt position
127297 to 127646) to identify the potential HREs in this promoter. Using
the QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA),
HRE4R was mutated from CTGCAC to GATTAC, and the mutated con-
struct was designated LANA(i)p-luc (HRE4Rm).

Expression plasmids. Expression plasmids encoding degradation-
resistant forms of HIF-1� (pcDNA-HIF-1�m) (P402A, P564A), as well as
HIF-2� (pcDNA-HIF-2�m) (P405A, P531A), which replace two prolines
with alanines in the oxygen-dependent degradation domain of HIF-1�
and HIF-2�, have been described previously (17, 49). An expression plas-
mid encoding KSHV RTA (pcDNA-RTA) (a kind gift from Keiji Ueda,
Osaka University Graduate School of Medicine, Osaka, Japan) and
pcDNA3.1 empty vector were used in cotransfection experiments.

Transfection and reporter assays. Reporter experiments were per-
formed in Hep3B cells using Genjet transfection reagent (SignaGen Lab-
oratory, Gaithersburg, MD) according to the supplier’s protocol. The day
before transfection, 0.5� 106 cells per well were seeded in a 12-well tissue
culture plate. On the following day, cells were transfected with LANA
promoter luciferase constructs (700 ng) or cotransfected (300 ng) with
expression plasmids (400 ng) and cultured at 37°C in normoxic condi-
tions for 24 h or 48 h. At 24 h posttransfection, cells were exposed to
hypoxia for 16 h or treated with CoCl2 (Sigma) (100 �M), an oxygen
mimic, for 16 h in normoxia. At the end of this incubation period, cells
were lysed with 1� reporter lysis buffer (Promega) (250 �l/well), frozen,
and thawed. The cell lysate was centrifuged at 13,000 � g for 15 min, and
supernatant protein extract was collected. Protein extract (20 �l) was used
for the luciferase assay (Promega). The concentration of total protein was
determined using Bradford reagent (Bio-Rad, Hercules, CA). In initial
experiments, cells were also cotransfected with an internal control plas-
mid producing Renilla luciferase to normalize transfection efficiency.
However, we found that the activity of Renilla was generally increased
when cells were cotransfected with HIF-2�, and therefore, subsequent
experiments were done normalizing mean light units to total cellular pro-
tein. The results normalizing to cellular protein paralleled those with the
Renilla control, except to a variable degree with HIF-2� transfection, and
in key experiments, we also assessed transfection by measuring the cellular
levels of HIF-1� and HIF-2� protein. The fold activation of promoter
activity was determined based on the ratio between the normalized mean
light units and that of the pGL3-basic construct or pcDNA control.

HIF-1� binding and competition assay. HIF-1� binding and com-
petition assays were performed using a TransAM HIF-1 kit (Active Motif,
Carlsbad, CA) as described previously (16). This kit measures the binding
to a 26-bp HRE oligonucleotide from the erythropoietin (EPO) gene pro-
moter attached to a 96-well plate. Nuclear extracts were prepared from
Hep3B cells by using the NE-PER nuclear extraction kit (Pierce) from
untreated cells or cells treated with 100 �M CoCl2 for 16 h. Five micro-
grams of nuclear extract was used per well for binding and competition
assays. The following 30-bp wild-type (WT) and mutant (Mut) synthetic
double-stranded oligonucleotide probes from the LANA(i)p HRE4R re-
gion were used for HIF-1� binding and competition experiments;
only the sense strand is shown: WT HRE4R, 5=-ACGAAGCAGT
CACGTCCCCAA GAGCAGCAG-3=; Mut HRE4R, 5=-ACGAAGCAGTC
ATTTCCCCAAGAGCAGCAG-3= (the core HRE sequence is shown in
bold and the mutated region is underlined). Epo WT and mutant oligo-
nucleotides were provided with the kit; the manufacturer suggests that
competition can be obtained with 20 pmol WT oligonucleotide, and this
amount is denoted as 1�. To demonstrate the specificity of binding, com-
petition experiments were carried out in which 20 pmol (designated 1�)
to 200 pmol (10�) of either wild-type or mutated oligonucleotide of the
EPO HRE or the LANA(i)p HRE was first added to the appropriate well
and incubated for 10 min. Nuclear extracts were then added and incu-
bated for 1 h. After three washes with wash buffer, HIF-1� binding was
determined by incubation for 1 h each with anti-HIF-1� antibody and
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then with horseradish peroxidase-conjugated secondary antibody. After
incubating with substrate for 10 min, the reaction was stopped using the
stop solution, and the absorbance was read at 450 nm.

Electrophoretic mobility shift assay. Hep3B cells were cultured in
10-cm dishes in normoxia, in hypoxia for 16 h, or after transfection with
5 �g degradation-resistant HIF-1� or HIF-2� for 48 h. Cells were lysed,
and the nuclear extracts were prepared using the NE-PER nuclear extrac-
tion kit (Pierce). Electrophoretic mobility shift assays were performed
using the digoxigenin (DIG) gel shift kit (Roche Applied Science, India-
napolis, IN). Synthetic oligonucleotides were annealed with their comple-
mentary strand and labeled with a DIG tag at their 3= end using terminal
transferase provided with the kit. Labeled DNA probes were incubated
with 5 �g of nuclear extract for 15 min at room temperature. For compe-
tition assays, labeled probes were incubated with increasing amounts of
cold unlabeled wild-type or mutant probes (100�, 150�) followed by
nuclear extract. Protein-DNA complexes were separated on a 6% DNA
retardation gel (Invitrogen) and transferred onto nylon membrane. After
UV cross-linking, the membrane was blocked with 1� blocking buffer
and then probed with antidigoxigenin antibody conjugated to alkaline
phosphatase (1:10,000 dilution) for 30 min at room temperature. Follow-
ing two washes in washing buffer, the membrane was developed using the
chemiluminescent detection method.

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were
performed using chromatin immunoprecipitation kits (Upstate, Hay-
ward, CA) with some modifications as indicated below. BC-3 cells were
treated with CoCl2 (100 �M) for 16 h at 37°C and then cross-linked with
37% formaldehyde at a final concentration of 1% at room temperature for
10 min. The unreacted formaldehyde was quenched using 2 M glycine for
5 min at room temperature before harvest. Cells were lysed, and nuclear
extracts were prepared using the NE-PER nuclear extraction kit (Pierce).
Nuclear extracts were sonicated using Misonix XL-3000 (Osonica, New-
town, CT) (20-s pulses for 6 min at 4°C) to obtain DNA with an average
length of 200 to 1,000 bp. Sonicated lysate was centrifuged at 13,000 � g
for 10 min at 4°C. Supernatant containing DNA-protein complexes were
collected, and protein concentration was determined using the bicin-
choninic acid reagent (Pierce). Equal amounts of DNA-protein com-
plexes were distributed for each immunoprecipitation. The DNA-protein
complexes in a 55-�l volume (300 �g) were diluted to 550 �l using ChIP
dilution buffer (Upstate), and 20 �l (approximately 10 �g) was set aside
for use as an input control. The remaining DNA-protein complexes were
immunoprecipitated with 8 �g of mouse monoclonal antibody to HIF-1�
or rabbit polyclonal antibody to HIF-2� (Novus Biologicals) and respec-
tive control rabbit (Rb) or mouse (Ms) IgG (Santa Cruz Biotechnology,
Santa Cruz, CA) together with protein A magnetic beads overnight at 4°C
on a rotating platform. Immune complexes were washed sequentially with
high-salt immune complex buffer, low-salt immune complex buffer, lith-
ium chloride immune complex buffer, and Tris-EDTA (TE) buffer, pro-
vided with the kit (Upstate), each for 4 min at room temperature on a
rotating platform. The immune complexes and input samples were each
mixed with elution buffer provided with the kit, and the DNA-protein
cross-linking was reversed by heating at 62°C for 2 h with constant shak-
ing. The DNA was purified using DNA purification columns (Zymo Re-
search Corp, Irvine, CA) and analyzed by PCR using primers flanking the
LANA-inducible promoter region and actin as a control. PCR products
were electrophoresed with a 2% agarose gel stained with ethidium
bromide.

Immunoprecipitation and Western blotting. BCBL-1 cells were ex-
posed to hypoxia for 48 h at 37°C. At the end of incubation period, cells
were lysed and nuclear extracts were prepared using the NE-PER nuclear
extraction kit (Pierce). Immunoprecipitation was performed using Dyna-
beads protein A or protein G (Invitrogen) with modifications. In other
experiments, cells were cotransfected with degradation-resistant HIF-1�
or HIF-2� and RTA expression plasmids. At 48 h posttransfection, cells
were lysed and nuclear extracts were prepared in the same manner. Nu-
clear extracts were immunoprecipitated using anti-HIF-1� monoclonal

antibody (4.0 �g) (Novus Biologicals) bound to protein G magnetic beads
(Invitrogen) overnight at 4°C with constant rotation. Beads were washed
for 10 min three times with washing buffer (Invitrogen) and resuspended
in 20 �l of elution buffer (Invitrogen). The sample was subjected to SDS-
PAGE (4 to 12% NuPAGE Tris-Bis). Western blot analyses were per-
formed using anti-RTA rabbit serum (custom synthesized from Alpha
Diagnostic International Inc., San Antonio, TX). The blot was developed
using chemiluminescent substrate (Pierce).

RESULTS
Hypoxia increases LANA promoter activity. The environs of the
KSHV genome between ORF73 and K14 regulate the expression of
the ORF71-ORF73 gene cluster in one direction and K14/ORF74
in the opposite direction (44) (Fig. 1A). Previous studies of this
region have identified two mRNA start sites for LANA, a consti-
tutive site (LTc) at nucleotide 127880, and an inducible site (LTi)
at nucleotide 127611 or 127610 (10, 31). There is some variability
in the LTc start site, and it has also been variously mapped to
nucleotide positions 127900 and 127948 (10, 39, 45). Previous
studies have shown that KSHV lytic replication, as well as certain
lytic genes, are activated by hypoxia through HIFs, and we hy-
pothesized that the expression of the LANA gene cluster may also
be affected by hypoxia. To explore this hypothesis, we analyzed the
region between the start codon of LANA (127297) and the termi-
nus of v-OX2 (128930) using MacVector bioinformatics software
(MacVector Inc., Cary, NC). Six potential HREs were identified,
denoted here as 1, 2, 3R, 4R, 5R, and 6, where R denotes HREs in
the reverse orientation to the transcription of LANA (Fig. 1A).
Three of these potential HREs were located between the LANA
coding start site and LTc, while the three remaining potential
HREs were located upstream of LTc within the K14 coding region.

We next assessed whether the LANA promoter region was re-
sponsive to the effects of hypoxia or HIF. The LANA promoter
region (127297 to 128497), including both LTi and LTc, was
cloned into a luciferase reporter construct to make pGL3-
LANA(c&i)p-luc (Fig. 1B), and the promoter activity was exam-
ined in Hep3B cells. We found that the basal activity of this con-
struct was 11-fold greater than the pGL3 basic construct (control)
when cultured under normoxic conditions (Fig. 1C). Moreover,
the activity of the pGL3-LANA(c&i)p-luc construct was increased
approximately 2-fold when it was exposed to hypoxia compared
to normoxia, while the pGL3 basic promoter was not affected by
hypoxia. Also, the activity of pGL3-LANA(c&i)p-luc was in-
creased when it was exposed to CoCl2 (100 �M for 16 h), a
hypoxia mimic (Fig. 1C), whereas the activity of the pGL3 basic
promoter was not. These results provided evidence that the pGL3-
LANA(c&i)p-luc construct had constitutive activity that was in-
creased by exposure to hypoxia or CoCl2, a hypoxia mimic.

Hypoxia increases the production of LANA RNA and protein
levels in PEL cell lines. We next sought to determine the effects of
hypoxia on LANA protein and LANA RNA in KSHV-infected PEL
cells and also to determine which species of LANA RNA may be
affected. Previous studies have shown that a latent polycistronic
RNA transcript of approximately 5.8 kb is produced from LTc that
encodes the ORF 73, 72, and 71 gene cluster (Fig. 2A) (10, 31, 33,
38, 44, 45). In addition, through alternative splicing, messages of
approximately 5.4 kb and 1.7 kb are produced from the LTc. The
longer (5.4-kb) transcript encodes ORFs 73, 72, and 71, while the
shorter (1.7-kb) transcript encodes ORFs 72 and 71. It was subse-
quently found that a transcript of 5.5 kb that also encodes ORFs
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FIG 2 Hypoxia increases the production of LANA RNA and LANA protein levels. (A) Diagram of the mRNA transcripts produced from LTc and LTi as
previously reported (10, 31, 33, 38, 44, 45). An unspliced transcript of 5.8 kb encoding ORFs 71 to 73 is produced from the LTc start site. Alternative splicing (as
shown by dotted lines) generates mRNA transcripts of 5.4 kb and 1.7 kb for ORFs 71 to 73 and ORFs 71 to 72, respectively. A 5.5-kb transcript produced from
the LTi start site also encodes ORFs 71 to 73 (31). (B and C) Northern blot analysis showing increased ORF73 (LANA) mRNA in BC-3 and JSC-1 cells exposed
to hypoxia (1% O2). Cells were cultured in normoxia (N) or hypoxia (H) or in the presence of 20 ng/ml TPA (T). After 22 h, RNA was extracted and 5 �g of RNA
was probed using probes specific for ORF73 (B) or K12 (C). LANA mRNAs are upregulated in hypoxia compared to normoxia but not by TPA treatment. K12
is upregulated substantially by exposure to TPA but only minimally or not at all by hypoxia. (D) Western blot showing protein levels of LANA in BC-3 and JSC-1
cells cultured in 1% O2 (H) for up to 72 h in hypoxia compared to those cultured in normoxia (N). After culture in hypoxia or normoxia, cells were lysed and 20
�g of protein was run on two gels. One gel (upper) was probed with antibody specific for LANA, HIF-1�, and actin, and the other (lower) was probed with
antibody to HIF-2� and actin. The gels were stripped between successive probes. HIF-1� and HIF-2� levels were stabilized up to 48 h in hypoxia and then
decreased in both BC-3 and JSC-1 cells. ImageJ analysis, shown in the right panel, showed LANA levels increased approximately 2- to 3-fold in BC-3 and 2.3-fold
in JSC-1 cells. (E) vIRF3 levels in BC-3 and JSC-1 cells exposed to hypoxia for 24 h and through 72 h. Its levels remained essentially unchanged in hypoxia.
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73, 72, and 71 is produced from the LTi in response to RTA (Fig.
2A) (31).

In the current study, BC-3 and JSC-1 cells were cultured in
normoxia, in hypoxia (1% O2), or in normoxia with 20 ng/ml
TPA. After 22 h, RNA was extracted and 5 �g of RNA was used for
Northern blot analysis using digoxigenin-labeled probes specific
for ORF73 and K12 as described previously (17). When probed for
ORF73, mRNA bands at approximately 5.4 to 5.5 kb and approx-
imately 5.8 kb were present in normoxia. In hypoxia, these bands
increased by approximately 2-fold in JSC-1 cells and almost 1.5-
fold in BC-3 cells, both normalized to actin (Fig. 2B). In contrast,
exposure of the cells to TPA appeared to decrease the levels of
these RNA species. It was relatively difficult to differentiate among
the 5.4-kb, the 5.5-kb, and the 5.8-kb species because of their
proximity on the gels. However, it appeared that both an upper
band, corresponding to the 5.8-kb species initiating at the LTc
start site, and a lower band that could represent the 5.4-kb and/or
the 5.5-kb RNA species, were increased by exposure to hypoxia.
Using a probe specific to K12, a latent gene that is reported to
increase in response to lytic reactivation (26), a band of an ex-
pected 2-kb size was seen in BC-3 cells (but not in JSC-1 cells).
This band was strongly upregulated in both cell lines after TPA
treatment. However, there was little or no change in the intensity
of this band when the BC-3 or JSC-1 cells were exposed to hypoxia
(Fig. 2C). These results suggested that hypoxia enhanced produc-
tion of LANA mRNA from the LTc start site and may also have
enhanced production of the 5.5-kb message from the LTi site.

We next assessed whether hypoxia affected the protein levels of
LANA in PEL cell lines. BC-3 and JSC-1 cells were cultured in
normoxia or hypoxia. After 24 h, 48 h, and 72 h of incubation in
hypoxia, cells were lysed, and 20 �g of nuclear lysate was probed
using antibody specific to LANA, HIF-1�, HIF-2�, and actin. One
blot was first probed for HIF-1� and subsequently stripped and
probed for LANA and then actin; a second blot was first probed for
HIF-2� and then for actin. As expected, levels of both HIF-1� and
HIF-2� were upregulated through 48 h of hypoxia compared to
those of normoxia (Fig. 2D) in both PEL cell lines. However, at
72 h of hypoxia, HIF levels were decreased in both cell lines. These
changes in HIF levels are consistent with previous studies showing
that HIF levels decreased after an initial increase in several cell
lines tested (15, 18, 53). In BC-3 cells, LANA levels increased ap-
proximately 1.9-fold after 24 h of hypoxia and then increased
further up to approximately 3-fold after 72 h of hypoxia. In JSC-1
cells, LANA levels were increased approximately 1.7-fold after 24
h of hypoxia and 2.3-fold after 48 h of hypoxia. However, at 72 h,
levels of high-molecular-weight LANA decreased somewhat,
while levels of lower-molecular-weight LANA isoforms (23) were
elevated. Overall, these data suggested that total protein levels of
LANA were increased with hypoxia from 24 h through at least 72
h in both PEL cell lines (Fig. 2D). In contrast, when a parallel blot
made with another aliquot of the same cell lysate was probed using
antibodies specific to the KSHV latent protein vIRF-3, which uti-
lizes a different promoter, the protein levels remain unchanged in
hypoxia (Fig. 2E). This provided evidence that hypoxia upregu-
lated levels of LANA but not another latent gene that utilizes a
different promoter. These results were consistent with the hypoth-
esis that changes in HIFs played a key role in mediating effects of
hypoxia on LANA.

The LANA promoter is induced by both HIF-1� and HIF-2�.
To evaluate the roles of HIF-1� and HIF-2� in mediating the

response of LANA promoter to hypoxia, pGL3-LANA(c&i)p-luc,
pGL3-LANA(c)p, or pGL3-LANA(i)p-luc was cotransfected into
Hep3B cells along with the degradation-resistant mutant HIF-1�
(HIF-1�m) or HIF-2� (HIF-2�m) expression plasmids or with a
pcDNA control. Unlike wild-type HIFs, these mutants are not
degraded under normoxic conditions. As shown in Fig. 3, top,
activity of the LANA(c&i) promoter as well as the two segments
was substantially induced by either HIF-1�m or HIF-2�m, with
the LANA(i)p segment responding somewhat more than the
LANA(c)p segment. Also, each of the constructs responded some-
what more to cells expressing HIF-2�m than HIF-1�m. In parallel
experiments, vascular endothelial growth factor (VEGF) pro-
moter activity was assessed following cotransfection with HIF-
1�m or HIF-2�m. Consistent with previous reports (50, 53),

FIG 3 The LANA promoter is activated by HIF-2� and HIF-1�. The upper
panel shows activation of the LANA promoter containing both LTc and LTi
mRNA start sites [LANA(c&i)p], only the LTc mRNA start site [LANA(c)p],
or only the LTi mRNA start site [LANA(i)p] by degradation-resistant HIF-1�
and HIF-2� (HIF-1�m or HIF-2�m). Hep3B cells were cotransfected with
pGL3-LANA(c&i)p-luc, pGL3-LANA (c)p-luc, or pGL3-LANA(i)p-luc (300
ng) and plasmids encoding degradation-resistant mutants of HIF-1� or
HIF-2� or a pcDNA control (400 ng). At 48 h of posttransfection, cells were
lysed and promoter activity was determined as described in the legend to Fig. 1.
Fold activation for all three promoters was calculated by normalizing to the
pcDNA (400 ng) control for LANA(i)p, and results are shown as normalized to
the respective pcDNA control. In the lower left panel, VEGF promoter activity
was assessed in a similar manner. All values represent means of triplicate de-
terminations in one representative experiment out of two. Error bars represent
the standard deviations. In the lower right panel are shown Western blots of
the cells transfected with pGL3-LANA(c&i)p-luc and plasmids encoding
degradation-resistant mutants of HIF-1� or HIF-2� or a pcDNA control (400
ng). The top half of each blot was probed with either anti-HIF-1� or anti-
HIF2�, while the lower half was probed with anti-� actin as described in
Materials and Methods.
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VEGF promoter activity was upregulated both by HIF-1� and
HIF-2�, with HIF-2� having a substantially greater effect (Fig. 3,
bottom left).

HRE4R contributes to the activation of the LTi LANA pro-
moter by HIFs. Previous studies have shown that LANA(i)p is
activated by RTA (31), which is expressed in KSHV-infected cells
exposed to hypoxia (2). Additionally, as shown in Fig. 3, activation
of LANA(i)p by HIFs was greater than that of LANA(c)p, and in
subsequent experiments we focused on the response of this induc-
ible region to HIF, as well as RTA. This DNA segment contains a
570-bp region upstream from the LANA start codon; this region
includes LTi and three potential HREs (6, 5R, and 4R) but ex-
cludes LTc (Fig. 1A and B). We first investigated the LTi promoter
region for the contribution of the three potential HREs on the
activation by HIFs. Promoter reporter constructs were made with
deleted 4R [pGL3-LANA(i)p(D1)] or deleted 4R and 5R [pGL3-
LANA(i)p(D2)] from the 5= end of the LTi promoter region (Fig.
4A). Each promoter reporter construct was cotransfected with
HIF-1�m or HIF-2�m expression plasmids. As shown in Fig. 4B,
the activation of the promoter with all the three HREs was signif-
icantly higher in the HIF-transfected cells than in the pcDNA con-
trol, and the promoter activity was 2-fold greater in the presence
of HIF-2�m than in the presence of HIF-1�m, consistent with
previous experiments. Deletion of HRE4R resulted in a 3-fold
decrease in HIF-1�m (from 4.3 to 1.4) and a 1.6-fold decrease in
HIF-2�m (from 9.2- to 5.6-fold)-induced promoter activation
compared to the 570-bp LTi promoter that contained all the
HREs. However, deletion of HRE5R to form LANA(i)p(D2) did
not result in a substantial further decrease. The above-described
results suggest that HRE4R was a functional HRE in the RTA-
inducible LANA promoter. Also, the residual activity remaining in
LANA(i)p(D2) suggested that HRE6 may also contribute to the
HIF-2�-induced activation.

To further assess whether HRE4R could act as a functional
HRE in the LTi LANA promoter, we introduced a 2-bp mutation
in the putative binding sequence in the HRE4R by site-directed
mutagenesis (Fig. 4C). The reporter constructs having a wild-type
LTi LANA promoter region [pGL3-LANA(i)p-luc] or mutated
HRE4R [pGL3-LANA(i)p-luc (HRE4Rm)] were cotransfected
with HIF-1�m or HIF-2�m expression plasmids or with a pcDNA
control plasmid into Hep3B cells. This mutation decreased the
response of the pGL3-LANA(i)p-luc promoter to HIF-2�m by
almost half, from about 8-fold activation to about 4.2-fold activa-
tion (Fig. 4D). Also, this mutation decreased the response of the
promoter to HIF-1�m cotransfection by about 44%, from ap-
proximately 3.6-fold activation to 2-fold activation. These data
confirmed that HRE4R was a substantial contributor to activation
of the LANA LTi promoter region by HIFs.

HIFs bind to the inducible LANA promoter. To explore
whether HIFs bind to the HRE4R in the LTi LANA promoter
region, electrophoretic mobility shift assays were performed using
nuclear extracts from Hep3B cells cultured in normoxia or hyp-
oxia or transfected with HIF-1�m or HIF-2�m in normoxia. The
DIG-labeled oligonucleotide probe containing HRE4R formed a

FIG 4 HRE4R can mediate much of the activation of the LTi LANA promoter
by HIFs. (A) Schematic diagram of the LTi promoter luciferase reporter con-
structs with progressive deletions of HRE4R [pGL3-LANA(i)p-luc(D1)] and
5R [pGL3-LANA(i)p-luc(D2)]. The wild-type LTi promoter luciferase re-
porter construct is shown in Fig. 1B. (B) Deletion of HRE4R but not HRE5R
substantially decreases LTi LANA promoter induced by HIF-1� and HIF-2�.
Hep3B cells were cotransfected with 300 ng each of wild-type pGL3-
LANA(i)p-luc, pGL3-LANA(i)p-luc(D1), and pGL3-LANA(i)p-luc(D2) con-
structs, respectively, and degradation-resistant mutants of HIF-1� or HIF-2�
or pcDNA control plasmids (400 ng). At 48 h of posttransfection, cells were
lysed and promoter activity was assessed as described in the legend to Fig. 1.
Fold activation was calculated by normalizing to the pcDNA (400 ng) control
results of LANA(i)p. All values represent means of triplicate determinations of
a representative experiment out of two. Error bars represent the standard
deviations. (C) Schematic diagram of the pGL3-LANA(i)p-luc(HRE4Rm)
construct. This construct was created by mutating the HRE4R sequence in the
569-bp pGL3-LANA(i)p-luc construct by site-directed mutagenesis. The se-
quence shown is for the DNA strand encoding LANA; the HRE is in the reverse
orientation with sequence GACGTG. Mutated nucleotides are represented in
bold. (D) Mutation of HRE4R attenuates LTi LANA promoter activity induced
by HIF-2� and HIF-1�. Hep3B cells were cotransfected with 300 ng each of
wild-type pGL3-LANA(i)p-luc or the pGL3-LANA(i)p-luc(HRE4Rm) con-
structs and degradation-resistant mutants of HIF-1� or HIF-2� or pcDNA
control plasmids (400 ng). At 48 h of posttransfection, cells were lysed and

promoter activity was assessed as described in the legend to Fig. 1. Fold acti-
vation was calculated by normalizing to LANA(i)p with pcDNA (400 ng) con-
trol. All values represent means of triplicate determinations of a representative
experiment out of two. Error bars represent the standard deviations.
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complex with nuclear extracts from hypoxic, HIF-1�m-
transfected, and HIF-2�m-transfected Hep3B cells, compared to a
minimal amount of binding with extracts from normoxic Hep3B
cells (Fig. 5A). HRE4R complex formation with HIF-1�m and
with HIF-2�m was inhibited by competition with unlabeled wild-
type HRE4R oligonucleotide at 150 times the concentration of
labeled probe but not by identical concentrations of mutant
HRE4R oligonucleotides, suggesting that binding was specific to
the HRE4R sequence (Fig. 5A). For reasons that are not clear,
slightly greater inhibition was seen with a 100-fold excess of la-
beled probe. These data demonstrated that both HIF-1�m and
HIF-2�m can bind to HRE4R of the LTi LANA promoter.

To further assess whether HIFs might activate LANA by bind-
ing to the LTi LANA promoter region, we performed ChIP assays
using BC-3 cells treated with 100 �M CoCl2 for 16 h in normoxia.
Primers were designed that covered 450 bp in the inducible LTi
promoter region as shown in Fig. 5B. Formaldehyde-cross-linked
nuclear lysate from BC-3 cells was sonicated and immunoprecipi-
tated with mouse antibody specific to HIF-1� or rabbit antibody
specific to HIF-2� (Fig. 5C). The complexes were then de-cross-
linked and used as a template for PCR using the above-described
primers. As expected, the PCR product of 450 bp was observed as
having greater intensity with HIF-1� or HIF-2� immunoprecipi-
tated samples than their respective IgG controls. Bands observed
with antibody to HIF-2� were darker; however, this could have
been due to the greater affinity of this antibody compared to that
of the antibody to HIF-1�. Beta-actin amplification using the
DNA template from respective input samples served as an internal
control for the equal amounts of DNA-protein complex used for
immunoprecipitation (data not shown) (Fig. 5C). These results
confirmed that HIFs bind to the LANA-inducible promoter in
vivo in PEL cells.

FIG 5 HIFs bind to the LANA promoter. (A) HIFs bind to the HRE4R in vitro
as detected by electrophoretic mobility shift assay. DIG-labeled synthetic oli-
gonucleotide containing wild-type (WT) HRE4R was incubated with nuclear
extracts (NE) from Hep3B cells cultured in 10-cm dishes in normoxia (N) or in
hypoxia (H) for 16 h or transfected with 5 �g degradation-resistant mutants of
HIF-1� or HIF-2� for 48 h. The mixture was then analyzed on a 6% DNA
retardation gel. Where indicated, unlabeled wild-type (WT) or mutant (Mut)
oligonucleotides (at concentrations 100� and 150� that of the labeled probe)
were added to the reaction to assess binding competition (Comp.). Protein-
DNA complexes were separated, blotted onto a nylon membrane, and probed
with antidigoxigenin antibody conjugated to alkaline phosphatase. The se-
quence of the labeled WT probe and the WT and Mut competing oligonucle-
otides are shown at the bottom. The WT HRE4R sequence is underlined, and
nucleotide changes in the Mut sequences are shown in bold. The positions of
the DIG-labeled HIF complexes and free probe are indicated with arrows. (B)
Diagrammatic representation of the LANA promoter region showing the lo-
cation of forward and reverse primers used in the chromatin immunoprecipi-
tation (ChIP) assay in the region surrounding LTi. Amplification of DNA
flanking the primers produces an expected band of 450 bp. Sequences of for-
ward (F) and reverse (R) primers are shown in the lower panel. (C) HIFs bind
to HRE in the region of the LANA promoter surrounding LTi in vivo as de-
tected by ChIP assay. Duplicate samples of 107 BC-3 cells were treated

with CoCl2 (100 �M) for 16 h at 37°C. Cells were cross-linked with 37%
formaldehyde (1% final concentration), and unreacted formaldehyde was
quenched using 2 M glycine. The nuclear extracts were sonicated (Misonix
3000; 20 s pulses for 6 min at 4°C) to obtain DNA with an average length of 200
to 1,000 bp. Sonicated lysate was centrifuged at 13,000 � g for 10 min at 4°C.
Supernatant containing DNA-protein complexes was collected, and protein
estimation was done by the BCA method. DNA-protein complexes in a 55-�l
volume (300 �g) were diluted to 10� using ChIP dilution buffer (Upstate,
California), and 20 �l (approximately 10 �g) was set aside for use as an input.
The remaining DNA-protein complexes were immunoprecipitated with 8 �g
of monoclonal mouse antibody to HIF-1� (lanes 3 and 4) or polyclonal rabbit
antibody to HIF-2� (lanes 5 and 6) and respective control rabbit (Rb) antibody
(lane 7) or mouse (Ms) (lane 8) IgG. After de-cross-linking, the DNA was
purified and amplified using primers flanking the LTi LANA promoter region
as diagrammed in Fig. 5B. The more-intense 450-bp bands of HIF-1� and
HIF-2� immunoprecipitated samples compared to that of their IgG controls
suggest the binding of HIFs to the LTi LANA promoter region. (D) HIF-1�
binding to the HRE4R as detected by in vitro binding and competition assay.
Nuclear extracts were prepared from Hep3B cells cultured in normoxia or
treated with CoCl2 (100 �M) for 18 h at 37°C. A total of 5 �g of nuclear extract
was incubated with 20 pmol (1�), 100 pmol (5�), or 200 pmol (10�) of a
wild-type (WT) 26-bp probe from the EPO gene promoter encompassing an
HRE or a mutant (Mut) probe with a mutated HRE sequence. At the same
time, parallel extracts were incubated with equivalent amounts of a 30-bp
LANA(i)p HRE 4R synthetic oligonucleotide probe from the LANA promoter
region encompassing wild-type (WT) HRE4R or a similar probe with a mu-
tated HRE4 (Mut). The binding of HIF-1� in the Hep3B nuclear extracts to
EPO HRE bound to a well in the microtiter plate was then assessed as described
in Materials and Methods; results shown are the absorbance at 450 nm. All
values represent means of duplicate determinations in a representative exper-
iment out of two.
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To assess HIF-1� binding to HRE4R using a different tech-
nique, we utilized an HIF-1�-specific enzyme-linked immu-
nosorbent assay (ELISA)-based competition assay using nuclear
lysate from CoCl2-treated Hep3B cells (Fig. 5D). For this assay,
both wild-type and mutant probes specific for HRE4R were de-
signed, and their abilities to inhibit binding of HIF-1� to an HRE
in the enhancer region of the erythropoietin (EPO) gene were
used. As seen in Fig. 5D, nuclear extracts from CoCl2-treated
Hep3B cells efficiently bound to the EPO HRE bound to the plates,
and this binding was inhibited by wild-type EPO HRE but not by
mutant EPO HRE. In a similar manner, 1� LANA WT HRE4R
inhibited binding of HIF-1� to the EPO HRE, while up to 10�
Mut HRE 4R had a substantially lesser effect. This provided fur-
ther evidence that HIF-1� could bind to LANA HRE 4R.

Hypoxia or CoCl2 treatment enhances the RTA-mediated in-
duction of the LANA promoter. Previous studies have found that
the LANA-inducible promoter has RTA response elements (Fig.
6A) and that the promoter was responsive to RTA (31). Given our
results described above that the LANA promoter was also respon-
sive to hypoxia, we wondered if hypoxia (or HIFs) might cooper-
ate with RTA in inducing the LANA(i)p. Hep3B cells were
cotransfected with an RTA expression plasmid or with a pcDNA
control together with the LTi LANA promoter reporter. At 24 h of
posttransfection, cells were exposed to hypoxia (1% O2) for 16 h at
37°C. We observed that under normoxic conditions, RTA trans-
fection induced an approximately 75-fold activation of the LTi
promoter region compared to that of the control. However, after
treatment with CoCl2 (100 �M) for 16 h in normoxia, the activa-
tion of LTi promoter was increased to approximately 118-fold
over that of the control in normoxia, an increase of approximately
1.6-fold over the RTA transfected cells in normoxia. Similarly, the
activation of LTi promoter by RTA was increased to approxi-
mately 123-fold in hypoxia, an increase of approximately 1.6-fold
compared to that of RTA transfected cells in normoxia (Fig. 6 B).

To determine whether HIFs could be responsible for the coop-
erative activation by hypoxia, Hep3B cells were cotransfected with
RTA and HIF-1�m or HIF-2�m or pcDNA plasmids. At 48 h
posttransfection, cells were lysed and promoter assays were per-
formed. As expected, LTi LANA promoter was induced by HIF-1�
(10.7-fold), HIF-2� (26.5-fold), and RTA (95.3-fold) individually
compared to the pcDNA control (Fig. 6C). Moreover, activation
of the LTi promoter was increased to 156-fold in HIF-1� and RTA
cotransfected cells and to 190-fold in RTA and HIF-2� cotrans-
fected cells. To exclude the possibility that RTA protein levels
could have been stabilized following cotransfection with HIF and
by this mechanism contributing to the activation of the LTi pro-
moter, we examined RTA protein levels in cells cotransfected with
RTA and HIF-1�m. We observed that while HIF-1� levels were
substantially increased after transfection, RTA protein levels re-
mained unchanged (data not shown). Taken together, these re-
sults suggest the possible cooperation between RTA and HIFs in
activating the LTi LANA promoter and suggest that a stronger
effect is observed with HIF-2�.

RTA interacts with HIF-1� and HIF-2� in vivo in BCBL-1
cells. Because HIF and RTA appeared to cooperate in the activa-
tion of the LTi LANA promoter region, we hypothesized that the
two may physically interact with each other. In initial experi-
ments, we observed coimmunoprecipitation of RTA and either
HIF-1� or HIF-2� in Hep3B or 293T cells cotransfected with
degradation-resistant HIF-1� or HIF-2� and with RTA expres-

sion plasmids (results not shown). To study this in KSHV-infected
cells, BCBL-1 cells were exposed to hypoxia for 48 h at 37°C. At the
end of incubation period, nuclear extracts were prepared and im-
munoprecipitated (IP) using anti-HIF-1� monoclonal antibody
and subsequently immunoblotted using anti-RTA rabbit serum.
As shown in Fig. 7, RTA was immunoprecipitated with HIF-1�,
suggesting that during hypoxia, RTA interacts physically with
HIF-1� in vivo in BCBL-1 cells. These results suggest that the
cooperative effects of hypoxia or HIFs and RTA in activating

FIG 6 Hypoxia or CoCl2 treatment enhances the RTA-mediated inducible
LANA promoter activity (A) Schematic representation of the RTA-inducible
LANA promoter region showing the presence of RTA response elements
(RRE) in relation to the putative HRE sequences. RRE are shown as rectangu-
lar boxes filled with black color. (B) Hypoxia or CoCl2 enhance RTA-inducible
LANA promoter activity. Hep3B cells were transfected with 400 ng empty
vector or an RTA expression plasmid along with a fixed amount (300 ng) of
pGL3-LANA(i)p-luc. At 24 h posttransfection, cells were exposed to hypoxia
or treated with CoCl2 (100 �M) for 16 h. At the end of incubation period, cells
were lysed and promoter activity was determined as described in the legend to
Fig. 1. All results are normalized to the empty vector control in normoxia.
CoCl2 or hypoxia alone induced the inducible LANA promoter by approxi-
mately 1.6-fold and 2-fold, respectively. All values represent means of triplicate
determinations of a representative experiment out of two. Error bars represent
the standard deviation. (C) HIFs cooperate with RTA to increase the LTi
LANA promoter activity. Hep3B cells were cotransfected with 300 ng of pGL3-
LANA(i)p-luc along with 200 ng of degradation-resistant HIF-1� or HIF-2�
and/or 200 ng RTA expression plasmid as shown. The total amount of DNA
was normalized where appropriate using the pcDNA control (200 or 400 ng).
At 48 h posttransfection in normoxia, cells were lysed and promoter assay was
assessed as described in the legend to Fig. 1. Fold activation was calculated by
normalization to the pcDNA control. All values represent means of triplicate
determinations. Error bars represent the standard deviations.
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LANA may result from their physically interacting with each other
and binding to adjacent sites on the promoter region.

DISCUSSION

Here, we show that hypoxia can increase the levels of LANA and
that this can occur through activation of the LANA promoter by
HIFs. Moreover, we show that this effect can be mediated by either
the LTi or the LTc promoter region, although the effect is more
pronounced for the LTi region. This promoter region has several
potential HREs, and we show that the activity is mediated at least
in part by one of these, HRE 4R, which can be activated by either
HIF-1� or HIF-2�. Finally, we show that HIFs can physically in-
teract with and cooperate with RTA in activating the LTi.

Our group has previously shown that hypoxia and HIFs can
activate lytic KSHV replication and in addition specifically acti-
vate certain lytic genes (e.g., the ORF34 to ORF37 gene cluster) (9,
16, 17). Subsequent studies have shown that HIFs can cooperate
with LANA to induce transcription of RTA, the lytic switch pro-
tein (2). In this report, we extend these results to show that hyp-
oxia and HIFs also play a major role in activating transcription of
the latency transcript cluster encoding ORF71 to ORF73 and can
thus promote both the latent and lytic modes of replication. This
effect was mediated at least in part by the binding of HIFs to
HRE4R in the LTi. Evidence in support of this included the effect
of deletion mutations on reporter constructs, the effects of site-
directed mutagenesis of the HRE4R, and evidence for binding of
HIFs to HRE4R by EMSA, ChIP assay, and an HIF-1�-specific
competition ELISA. In cotransfection experiments, both HIF-1�
and HIF-2� were found to activate the LTi, and both of these
factors were also found to bind to the LTi HRE in the EMSA and
the ChIP assay. There was some evidence that HIF-2� had a
greater effect in transfection assays and bound better to the HRE
in these assays; however, such differences can be affected by the
level of HIF in transfected cells and the relative avidity of the
antibodies used in the binding assays, making quantitative com-
parisons difficult. However, the results of these experiments at a

minimum do indicate that the LTi can be induced by both HIF-1�
and HIF-2�.

The results of this study provide evidence that HIFs can acti-
vate both the LTi and the LTc start sites. Analysis of the LANA
mRNA species produced in PEL cell lines exposed to hypoxia (Fig.
2B) show a major transcript or transcripts of about 5.4 kb to 5.5
kb, which is consistent with previously described species starting
from LTc and LTi (10, 31, 33, 38, 44, 45). In addition, a slightly
longer mRNA species of about 5.8 kb is observed, suggesting that
hypoxia can also enhance this species of mRNA production from
LTc. Consistent with these results, transfection experiments sug-
gest that both the LTi and the LTc start site can be activated by
hypoxia in the absence of RTA. In addition to these direct effects
on the LANA promoter, we found that hypoxia, HIF-1�, and
HIF-2� enhance the activation of the LTi by RTA. Moreover, we
found that HIF-1� physically interacted with RTA (Fig. 7), sug-
gesting possible mechanisms for this effect. RRE on the LTi are
located between putative HRE 5R and 4R (31, 44), and binding of
RTA to HIFs could enhance binding of these factors to their re-
spective response elements. Alternatively, tethering of the com-
plex to HRE could assist in the indirect binding of RRE to the LTi
through factors such as RBP-J� (25, 44).

Hypoxia can induce RTA production and lytic KSHV activa-
tion, primarily through the effects of HIFs interacting with LANA
and the RTA promoter (2, 9, 16). The current paper provides
evidence that hypoxia and HIFs also activate the mRNAs of the
latency transcript cluster, which encodes for LANA, v-cyclin, and
vFLIP. Moreover, HIFs cooperate with RTA in the activation of
this cluster; this may assist the effective production of KSHV prog-
eny by inhibiting p53 and blocking apoptosis (11, 13). The effects
of hypoxia on LANA production may also play a key role in the
induction of latency during initial infection. There is evidence that
RTA packaged with KSHV virions can activate LANA (and other
RTA-responsive genes) during the initial stages of infection and
that this can help in the establishment of latent infection (22, 25).
The LANA produced during the initial stages of infection then
suppresses production of RTA, helping to maintain the latent state
(24, 25, 29). If KSHV infects a cell in a hypoxic environment, the

FIG 7 RTA interacts with HIF-1� as detected by immunoprecipitation assay.
BCBL-1 cells were exposed to hypoxia for 48 h at 37°C. At the end of the
incubation period, cells were lysed and nuclear extracts were prepared. Fifty
micrograms of nuclear extracts were immunoprecipitated using anti-HIF-1�
mouse monoclonal antibody and respective control mouse monoclonal anti-
body (Ms). The immunoprecipitated material was then subjected to SDS-
PAGE and Western blot analysis performed using anti-RTA rabbit serum.
Total lysate (40%) was also probed with anti-RTA rabbit serum as a control. A
parallel blot was also probed using anti-HIF-1� mouse monoclonal antibody.
Results suggest that RTA associates with HIF-1� in vivo in BCBL-1 cells in
hypoxia.

FIG 8 Schematic model showing some of the key interrelationships between
HIF and LANA. A plus sign indicates upregulation, with greater activation
indicated by a larger size. LANA mRNA is constitutively produced and also
induced by RTA (19, 25, 31, 44). HIF is normally degraded under conditions of
normoxia, but when cells are exposed to hypoxia or certain other conditions,
this process is inhibited and levels of HIF increase. As shown in the present
study, HIF can activate production of LANA and also enhances LANA pro-
duction induced by RTA. Also, as previously shown, KSHV latent infection
and LANA act to increase the levels of HIF (3, 5, 14, 31). This provides a
positive feedback loop that can lead to sustained levels of HIF and LANA in
KSHV-infected cells.
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effects of HIFs on the LANA promoter may help produce LANA
even without RTA and would also serve to boost the production of
LANA (and other genes of the latency transcript cluster) in com-
bination with RTA. This may serve to enhance early LANA pro-
duction under hypoxic conditions through effects such as the pre-
vention of apoptosis and thus help establish latent infection. Also,
the effects of LANA and other KSHV genes to increase cellular
levels and activity of HIF (3, 5, 14, 42) may provide a positive
feedback loop that helps sustain LANA production and latent
KSHV infection. The effects of LANA and HIFs in inducing RTA
in this environment (2, 16) may in turn help a percentage of the
cells establish lytic infection and infect other cells.

How might this process help KSHV maintain itself in its hu-
man host population? One possibility is that it may help establish
infection after exposure. KSHV is shed in saliva (6, 21), and it is
possible that a principal portal of entry is through small cuts in the
skin or oropharynx. The edges of wounds are hypoxic, and the
effects of hypoxia on LANA production described here may assist
in the establishment of initial latent infection. Alternatively, it may
help spread KSHV and establish latent infection in areas of hyp-
oxia and endothelial cell growth in an infected individual.

KSHV appears to be unique among the viruses studied to date
in its extensive interface with hypoxia and the HIFs in particular.
Hypoxia and HIFs can activate RTA and lytic infection and in
addition can directly activate certain lytic KSHV genes (2, 9, 16,
17). Moreover, KSHV LANA and ORF74 can enhance the levels
and activity of HIFs in infected cells (3, 5, 42), and HIF-1 escapes
suppression of cellular genes by KSHV shutoff exonuclease
(OR37) (14). The current paper extends our understanding of this
relationship to show that hypoxia and HIFs activate LANA and the
latency transcript cluster and play a significant role in regulating
both latent and lytic life cycles of KSHV (Fig. 8). Additional stud-
ies may help shed light on how these molecular interactions affect
the interactions of KSHV with its human host.
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