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Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV), also known as human herpesvirus 8, is an etiologic
agent of KS, primary effusion lymphoma (PEL), and multicentric Castleman’s disease. We recently demon-
strated that hypoxia can induce lytic replication of KSHV in PEL cell lines. Hypoxia induces the accumulation
of hypoxia-inducible factors (HIF), and we hypothesized that the KSHV genome may respond to hypoxia
through functional hypoxia response elements (HREs). Here, we demonstrate the presence of at least two
promoters within the KSHV genome that are activated by hypoxia or hypoxia mimics. One is in the promoter
region of the gene for Rta, the main lytic switch gene, and the other is within the promoter region of ORF34,
a lytic gene of unknown function. The ORF34 promoter contains three putative consensus HREs oriented in
the direction of the gene. Dissection and site-directed mutagenesis studies confirmed that one of the HREs of
the ORF34 promoter is functional. Under conditions of hypoxia, the ORF34 promoter was strongly upregulated
by HIF-1� and HIF-2�. By contrast, the promoter of the gene for Rta appeared to be preferentially upregulated
by HIF-2�. Reverse transcription-PCR analysis revealed that specific messages for ORF34 and ORF50 are
upregulated in BCBL-1 cells exposed to hypoxia. An HIF-1 binding and competition assay demonstrated that
the HRE sequence from the ORF34 promoter can compete for HIF-1� binding to an erythropoietin HRE
oligonucleotide while a mutant sequence cannot. Thus, we demonstrated that a viral gene can be activated by
hypoxia through activation of a functional viral HRE. To our knowledge, this is the first example of a functional
HRE in a viral promoter.

Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV), also
known as human herpesvirus 8, is a gammaherpesvirus origi-
nally identified in KS tissue (5). It is the etiologic agent of KS
and plays important roles in the pathogenesis of primary effu-
sion lymphoma (PEL) and multicentric Castleman’s disease (4,
28, 32). KSHV has significant sequence homology with herpes-
virus saimiri and Epstein-Barr virus (22, 24). Like other her-
pesviruses, KSHV can establish a latent or lytic infection. Lytic
gene expression can be induced by treatment of latently in-
fected cells with chemical agents such as 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) or sodium butyrate (2, 21, 40). How-
ever, little is known about the factors responsible for activation
of KSHV under physiologic conditions.

It was recently demonstrated that hypoxia can induce lytic
replication of KSHV and that it may be a relevant biological
activator of this virus (6). However, the mechanism by which
KSHV responds to hypoxia is unknown. Cells exposed to hy-
poxic conditions accumulate hypoxia-inducible factor 1 (HIF-
1), which controls transcriptional activation of a number of
genes responsive to low cellular oxygen, including those for
erythropoietin (EPO) (30), vascular endothelial growth factor
(VEGF) (9), and transferrin receptor (17, 34) and others.
HIF-1 was originally described as a heterodimer composed of

HIF-1� and HIF-1� (37). HIF-1� is a basic helix-loop-helix
(bHLH) transcription factor that is constitutively expressed but
rapidly degraded in normoxic cells (13, 26). Under hypoxic
conditions, HIF-1� degradation is blocked, allowing it to ac-
cumulate and bind to HIF-1�. The HIF-1�–HIF-1� dimer
then binds to hypoxia-responsive elements (HREs) within the
promoter of hypoxia-responsive target genes and serves to
upregulate these genes (15, 37). The core consensus sequence
that HIF-1 heterodimers bind to has been identified as the
5�-RCGTG-3� (29). Recently, a second highly related HIF,
termed endothelial PAS domain protein 1 (EPAS1) or HIF-
2�, was identified that shares 48% sequence identity with
HIF-1� (8, 36). HIF-2� also forms a functional heterodimer
with HIF-1� and activates gene transcription from sites with an
appropriate HRE (8, 36).

In the present study, we investigated the mechanism of ac-
tivation of KSHV by hypoxia. In particular, we explored the
hypothesis that KSHV may contain one or more functional
HREs that are responsive to HIF-1� and/or HIF-2�.

MATERIALS AND METHODS

Cell culture. Hep3B cells were obtained from the American Type Culture
Collection (Manassas, Va.) and maintained in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum. The source and culture of the
KSHV-positive BCBL-1 cell line and the conditions for normoxia and hypoxia
have been described elsewhere (6).

Reporter and expression plasmids. The Rta gene promoter luciferase reporter
construct contains the region spanning nucleotides (nt) �1424 to �36 upstream
of the gene for Rta, where �1 indicates the transcription start site of the Rta
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gene promoter (18). The promoter region was amplified from BCBL-1 cellular
DNA by PCR with primers RtaP-F1 (5�-CTAGCTAGCTTCCGCGGAAAAA
TACCCA-3�) and RtaP-R1 (5�-GGAGATCTTTTTGTGGCTGCCTGGACA
G-3�), which contain NheI and BglI1 sites, respectively (underlined). The PCR
fragment was inserted into the corresponding sites of the reporter vector pGL3-
Basic (Promega, Madison, Wis.) to generate the reporter RtaP. The ORF34
wild-type luciferase reporter plasmid contains the region spanning nt �890 to
�109 upstream of the methionine initiation codon of ORF34, where �1 indi-
cates the transcription start site of the ORF34 gene, as determined by rapid
amplification of 5� cDNA ends (data not shown). The promoter region was PCR
amplified with primers 34P-F1 (5�-CTAGCTAGCCTGGGTCCTCTTACGAA
T-3�) and 34P-R1 (5�-GAAGATCTGCTGCTCAGCCGTCACAGG-3�), which
contain NheI and BglI1 sites, respectively. The amplified product was cloned into
the same sites of pGL3-Basic vectors and designated 34PWT. A series of 5�
deletions of the reporter plasmid, 34PWT, were constructed by the use of dif-
ferent primers at the 5� end and a common primer, 34P-R1, at the 3� end.
Oligonucleotides 34PD1-F2 (5�-CTAGCTAGCGTAACAGCCGTTCAGAAA-
3�), 34PD2-F3 (5�-CTAGCTAGCTTGATAGGGACTCCAATA-3�), and
34PD3-F4 (5�-CTAGCTAGCGTGCCGTGTGCAGTATGT-3�) were used for
the amplification of deletions 34PD1, 34PD2, and 34PD3, respectively. The
amplified products were cloned into the same sites as described above. The
reporter plasmid containing the full-length human VEGF gene promoter
(pVEGF-KpnI) (9) and the expression plasmids encoding human HIF-1�
(hHIF1�-pcDNA3), HIF-2� (hEPAS1-pcDNA3) (36), and also human HIF-1�
(pHAHIF1�-pcDNA3) (13) have been described previously.

Site-directed mutagenesis. A plasmid expressing a mutagenized HRE was
constructed by PCR-based mutagenesis as described previously (12, 35).
To construct plasmid 34PD1(HREm), two DNA fragments were amplified by
PCR with two sets of primer pairs, 34PD1-F2/34P(HRE)mR and 34P(HRE)
mF/34P-R1, and plasmid 34PD1 as the template. The sequence of primer
34P(HRE)mF was 5�-TTGATCGGCCGTGGAGATATACGCGTCCTC-3�,
and that of 34P(HRE)mR was 5�-GAGGACGCGTATATCTCCACGGCCGA
TCAA-3�. These sequences are complementary to each other. The sequences of
the other primers have been shown above. The two amplified PCR products were
purified with a QIAquick PCR purification kit (Qiagen, Valencia, Calif.), mixed,
and annealed. The resulting double-stranded DNA was used as a template for
the next PCR with primers 34PD1-F2 and 34P-R1 and cloned into the NheI and
BglI1 sites of the pGL3-Basic vector to generate the mutant reporter 34PD1-
(HREm). The fidelity of the mutant plasmid was confirmed by sequencing. The
mutant plasmid 34PD1(HREm) contains a 3-nt substitution in the HRE.

Reporter assays. All reporter experiments were performed with Hep3B cells in
12-well plates and transfection with SuperFect transfection reagent (Qiagen)
similar to that described previously (11). Transfection of expression plasmids
encoding HIF-1� or HIF-2� was performed in a 10-cm-diameter dish. Cells were
cotransfected with a constant amount of internal control plasmid pSV-�-gal
(Promega) for normalization of transfection efficiency. After transfection, cells
were allowed to grow under normoxic conditions for 30 h and then exposed to
either 21 or 1% oxygen or treated with 150 �M CoCl2 for 18 h. Cells were then
harvested, and luciferase and �-galactosidase (�-gal) activities were assayed with
Promega’s substrate. The luciferase value was normalized to that of �-gal to
correct for transfection efficiency. The normalized value for the reporter incu-
bated at 21% oxygen was set to unity and compared to the results obtained under
conditions of hypoxia or other conditions, which are expressed as fold induction.

RT-PCR. Total cellular RNA was isolated from BCBL-1 cells that were cul-
tured in 21% oxygen (normoxia), exposed to 1% oxygen (hypoxia), or treated
with TPA for 92 h with Trizol reagent (Invitrogen, Carlsbad, Calif.) in accor-
dance with the manufacturer’s protocol. Total RNA (2 �g) was first treated with
RQ1 RNase-free DNase (Promega) to eliminate genomic DNA contamination.
The RNA was then directly used for reverse transcription (RT)-PCR analysis
with Promega’s Access RT-PCR kit with gene-specific primers for ORF34 and
ORF50 in accordance with the manufacturer’s protocol. The sequences and
locations of the primers were as follows: ORF34F, 5�-TAGAATTCATGTTTG
CTTTGAGCTCGCT-3�, nt 54675 to 54694; ORF34R, 5�-GTAGAATTCCTCC
AGAGCCGACTTAAT-3�, nt 55686 to 55669 (the underlined sequences repre-
sents EcoRI restriction linkers); ORF50F, 5�-ATGAAAGAATGTTCCAAGCT
TGGTGCG-3�, nt 72734 to 72760; ORF50R, 5�-TTCTCTGCGACAAAACAT
GCAGCGAC-3�, nt 73758 to 73733. The numbers and sequences are according
to Russo et al. (24). The first-strand cDNA synthesis was carried out at 48°C for
45 min. After an initial denaturation step of 94°C for 2 min to inactivate the
reverse transcriptase, the reactions were run for 40 cycles of 15 s at 94°C, 15 s at
58°C, and 1 min at 72°C, followed by a 7-min extension at 72°C. PCR products
were separated on a 0.8% agarose gel and visualized by ethidium bromide
staining.

Immunoblot analysis. Nuclear extracts were prepared with a nuclear extrac-
tion kit (Pierce, Rockford, Ill.) from Hep3B cells transfected with plasmids
HIF-1� and HIF-2�. Equal amounts (20 �g) of nuclear proteins were electro-
phoresed on 4 to 12% bis-tris polyacrylamide gels (Invitrogen), transferred to
nitrocellulose membrane, and then incubated with antibodies to HIF-1� or
HIF-2� (Novus Biological, Littleton, Colo.). After incubation with a secondary
antibody conjugated to alkaline phosphatase, bands were visualized with the
appropriate substrate (Promega).

HIF-1� binding and competition assay. HIF-1 binding and competition assays
were performed with a TransAM kit (Active Motif, Carlsbad, Calif.), which
measures binding to a 26-bp HRE oligonucleotide from the EPO gene attached
to a 96-well plate. Nuclear extracts were prepared from Hep3B and BCBL-1 cells
as described above following exposure of cells to hypoxia or 100 �M CoCl2 for
16 h. Five micrograms of nuclear extract was used per well. Synthetic oligonu-
cleotide probes for the ORF34 promoter containing the wild-type and mutated
HREs were synthesized and annealed. The following 30-bp double-stranded
probes were used for the HIF-1 binding and competition experiment (the se-
quence of the sense strand is shown): WT, 5�-TTGATCGGCCGTGGAGACG
TGCGCGTCCTC-3�; mut, 5�-TTGATCGGCCGTGGAGATATACGCGTCCT
C-3� (the HRE is underlined, and the mutated bases are in bold). For binding
and competition experiments, 20 or 100 pmol of either the wild-type or the
mutant oligonucleotide of the EPO gene promoter or the ORF34 promoter was
first added to the appropriate well before addition of the nuclear extract and
incubation for 1 h. After washing three times, HIF-1� binding was assessed by
incubation for 1 h each with an anti-HIF-1� antibody and then with a horseradish
peroxidase-conjugated secondary antibody. The A450 was then determined.

Statistical analysis. For certain observations in which data from several ex-
periments were compiled, median values are shown and the signed-rank test was
used to compare conditions. For those observations in which results from mul-
tiple replicates from one experiment are shown, mean values are shown and the
Student t test was used to compare different conditions. All P values are two
sided.

RESULTS

KSHV promoters are responsive to hypoxia. We examined
the KSHV genome (24) for sequences similar to identified
cellular HREs (16, 17, 29). The genome has multiple potential
HREs containing the core HRE sequence (5�-RCGTG-3�) (16,
17, 29). We focused on two promoter regions containing such
sequences. The Rta gene promoter region was selected be-
cause the gene for Rta has been reported to be the main lytic
switch gene for KSHV (10, 18, 19). Also, the ORF34 promoter
region was selected because of the presence of four potential
HREs spanning this region.

Reporter plasmids were constructed with the pGL3-Basic
vector containing the Rta gene or ORF34 promoter region and
transfected into Hep3B cells. The pGL3-Basic vector had min-
imal activity under normoxic conditions, and in agreement with
a previous study with the related pGL2 vector (34), there was
little or no stimulation of this pGL3-Basic vector in hypoxia
(Fig. 1 legend). The Rta reporter activity increased approxi-
mately twofold when the cells were exposed to hypoxia (Fig.
1A). However, treatment of cells with CoCl2, a chemical that
blocks degradation of HIF-1� and can act as a mimic of hyp-
oxia, induced only minimal activation of Rta. Also, CoCl2 did
not increase reporter activity under hypoxic conditions (Fig.
1A). More pronounced (approximately 12-fold) promoter ac-
tivity was seen when cells were transfected with the ORF34
promoter (34PWT) and exposed to hypoxia (Fig. 1B). Again,
treatment with CoCl2 was less effective than hypoxia alone. As
a control, we tested a full-length VEGF-kpn1 reporter. Similar
to previous reports (9), we found higher induction by hypoxia
than by normoxia (Fig. 1C). Here, too, CoCl2 was less effective
than hypoxia. These results suggest that the 5�-flanking se-
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quences of Rta and ORF34 contain sequences that are respon-
sible for hypoxic stimulation.

ORF34 and ORF50 mRNA induction by hypoxia in KSHV-
infected cells. Since hypoxia induced ORF34 and ORF50 pro-
moters in transiently transfected Hep3B cells, we investigated
whether these genes are also activated by hypoxia in KSHV-
infected cells. To accomplish this, we exposed BCBL-1 cells to
normoxia, to hypoxia, or to normoxia with TPA for 92 h,
extracted the total RNA, and performed RT-PCR analysis. As
expected, TPA strongly induced both genes while little or no
expression was observed in untreated cells (Fig. 2). Hypoxia

also activated the expression of ORF34 and ORF50 on the
basis of detection of the 1,012-bp gene and the 1,025-bp frag-
ment, respectively, which were used to detect these genes (Fig.
2). This result indicates that hypoxia can activate these genes in
KSHV-infected cells.

The ORF34 promoter contains a functional HRE. The
ORF34 promoter contains three potentials HREs oriented in
the direction of the gene (Fig. 3A), as well as one oriented in
the opposite direction on the negative strand located between
D2 and D3 (Fig. 3B). We constructed a series of deletion
mutant forms of 34PWT (Fig. 3B) and tested their response to
hypoxia following transfection into Hep3B cells. The reporter
plasmid containing the DNA fragment up to �360 (34PD1)
retained a strong response to hypoxia similar to that of the
wild-type reporter (Fig. 3C, D1). By contrast, the reporter
plasmids containing DNA fragments up to positions �190
(34PD2) and �91 (34PD3) both had a substantially reduced
response to hypoxia compared to those of the wild-type and
34D1 reporters (Fig. 3C). These results suggest that the second
HRE (HRE-2) is the principal functional HRE in the ORF34
promoter. To confirm that the second HRE was, in fact, func-
tional, we performed site-directed mutational analysis on
HRE-2. A three-base substitution was made in the HRE-2
sequence of 34PD1 (Fig. 4A) and its response to hypoxia was
compared to that obtained with the 34PD1 wild-type reporter
plasmid. The wild-type HRE-2-containing reporter, 34PD1,
was activated more than 12-fold by hypoxia, while the mutant
HRE-2-containing plasmid, 34PD1-HREm, was minimally ac-
tivated by hypoxia (Fig. 4B). Overall, these data indicate that
HRE-2 is the principal HRE in the ORF34 promoter region.

Stimulation of Rta gene and ORF34 promoter activity by
HIF-1� and HIF-2�. We wanted to assess the differential ac-
tivation of the HREs by HIF-1� and HIF-2� from the Rta
gene and ORF34 promoters. Cells were transiently transfected

FIG. 1. Activation of KSHV promoters in response to hypoxia and
CoCl2. Cells were transfected with 1.3 �g of a reporter plasmid en-
coding the Rta gene promoter (RtaP) (A), the ORF34 promoter (Orf
34P) (B), or the VEGF gene promoter (Vegf P) as a positive control
(C). Two hundred nanograms of an internal control plasmid, pSV-�-
gal, was cotransfected for normalization of transfection efficiency. Af-
ter exposure of cells to normoxia (N) or hypoxia (H), in the presence
or absence of CoCl2 for 18 h, luciferase activity was determined and
normalized to �-gal activity. Little activity of the pGL3-Basic reporter
vector in normoxia or hypoxia was seen in the absence of inserted
promoters. In an early representative experiment, for example, the
pGL3-Basic reporter vector in normoxia, in hypoxia, and with the
ORF34 promoter in normoxia produced 8,230, 7,800, and 90,430 rel-
ative light units, respectively. The �-gal activity from the pSV-�-gal
internal control plasmid in this experiment yielded 0.148, 0.129, and
0.320 optical density unit, respectively, yielding normalized luciferase
values of 5.56 � 104, 6.04 � 104, and 28.2 � 104 relative light units/
optical density unit, respectively. For each promoter, the fold induc-
tion was calculated compared to the normalized value in normoxia
alone (N), which was set at unity. All values represent the median of six
separate experiments, each done in triplicate. Error bars denote the
quartiles. *, P � 0.05 compared with normoxia.

FIG. 2. Induction of ORF34 and ORF50 mRNAs in hypoxic
BCBL-1 cells as evidenced by RT-PCR. Total cellular RNA was iso-
lated from BCBL-1 cells 92 h after treatment. With RT-PCR, cDNA
was amplified with gene-specific primers as described in Materials and
Methods. PCR products were resolved on 0.8% agarose gel and visu-
alized by ethidium bromide staining. The positions of a 1,012-bp frag-
ment specific for ORF34 and a 1,025-bp fragment specific for ORF50
are indicated on the right. Cells were exposed to normoxia (N; 21%
oxygen), TPA (T) treatment, or hypoxia (H; 1% oxygen). DNA mo-
lecular size markers (M; HaeIII-digested phage 	X174 DNA) are
indicated on the left.
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with the Rta (Fig. 5A) or 34PD1 (Fig. 5B) reporter in the
absence or presence of an expression plasmid encoding either
HIF-1� or HIF-2� and then maintained at 21 or 1% oxygen.
Cotransfection of 250 ng of a plasmid encoding HIF-1� with
the Rta reporter did not increase promoter activity in nor-
moxia and had little or no effect in hypoxia (Fig. 5A). By
contrast, cotransfection of 250 ng of a plasmid encoding

HIF-2� increased Rta gene promoter activity almost 15- and
8-fold compared to that observed with the Rta reporter alone
in normoxia and hypoxia, respectively (Fig. 5A). Cotransfec-
tion of HIF-1� with 34PD1 in normoxia similarly had little
effect on the induction of 34PD1 promoter activity (Fig. 5B).
However, 34PD1 promoter activity was increased about three-
fold by HIF-1� under hypoxic conditions compared with that
of (Fig. 5B). With a different HIF-1 plasmid (13), similar in-
duction of 34PD1 was observed (data not shown). An HIF-2�
expression plasmid increased the 34PD1 promoter activity
about 50- and 7-fold compared to that observed with the re-
porter alone in normoxia and hypoxia, respectively (Fig. 5B).
We further analyzed the effects of HIF-1� and HIF-2� over-
expression with different amounts of transfected plasmids up
to a maximum of 500 ng. This dose-response experiment re-
vealed that the maximal activation of Rta attained with HIF-1�
under normoxic conditions was only 1.4-fold, while the maxi-
mum activation attained with HIF-2� was 24-fold compared to
that obtained with the Rta gene promoter alone (data not
shown). Similarly, under hypoxic conditions, the maximal ac-
tivation attained with HIF-1� was 3-fold and that attained with
HIF-2� was 55-fold. A similar pattern was observed with the
ORF34 promoter, although the degree of activation was
greater.

To further investigate the potential roles of HIF-1� and
HIF-2� in the response of these genes to hypoxia, we analyzed
Hep3B cells for HIF-1� and HIF-2� protein expression.
HIF-1� was not detected in either untransfected or transfected
cells in normoxia, (Fig. 5C). However, it was detected in hy-
poxic transfected cells. By contrast, HIF-2� was detected in
normoxic control cells and the levels increased in transfected

FIG. 3. The ORF34 promoter contains regulatory elements that mediate the transcriptional response to hypoxia. (A) Diagram showing the
upstream putative HRE sequences of the ORF34 promoter and DNA fragments used to generate reporter constructs. (B) 5� deletion constructs
of the ORF34 promoter. The constructs are named according to the 5�-end transcription start site of the ORF34 gene, as determined by rapid
amplification of 5� cDNA ends (data not shown), and are not drawn to scale. (C) Activity of the ORF34 wild-type (WT) and deletion reporters
under hypoxic and normoxic conditions. Cells were cotransfected with wild-type and deletion reporters (WT, D1, D2, and D3) as described in the
legend to Fig. 1. After normalization, fold induction was calculated as described in the legend to Fig. 1. All values represent means of triplicate
determinations in one representative experiment out of two, with error bars denoting the standard deviations. ***, P � 0.001 compared with
normoxia.

FIG. 4. Effect of site-directed mutagenesis on the ORF34 promoter
in response to hypoxia. (A) Sequences of the wild-type (WT) and
HRE-2 mutant ORF34D1 reporters. The mutant reporter has a 3-bp
substitution within the HRE-2 sequence, which is shown in bold.
(B) Cells were cotransfected with a wild-type or mutant reporter and
normalized as described in the legend to Fig. 1. All values represent
means of triplicate determinations in one representative experiment
out of three, with error bars denoting the standard deviations. ***, P
� 0.0001 compared with normoxia.
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cells in normoxia and to an even greater degree in hypoxia.
HIF-2� levels paralleled the induction of the ORF34 and Rta
gene promoters under these conditions.

HRE-2 in the ORF34 promoter competes with the EPO HRE
for HIF1 binding. The HIF-1�–HIF-1� heterodimer has been
shown to bind to HREs of cellular promoters, leading to the
activation of certain genes (8, 36). To determine if the ORF34
promoter could bind to HIF-1�, we carried out an HIF-1
binding and competition ELISA in which the binding of
HIF-1� to the HRE of the EPO gene was assessed in the
presence or absence of a competing HRE. Nuclear extracts

from CoCl2-treated cells showed strong binding to the EPO
HRE, indicating the presence of the HIF-1� heterodimer (Fig.
6A and B, left side). We then used these extracts for the
competition assay. Pretreatment of the nuclear extracts with 20
pmol of a 30-bp wild-type oligonucleotide spanning the HRE-2
region of the ORF34 promoter (HRE-2W) was able to sub-
stantially reduce HIF-1� binding to the EPO HRE (Fig. 6A).
However, the mutant HRE-2 was much less effective at com-
peting with the EPO HRE, even at a fivefold higher concen-
tration. As expected, pretreatment of the extract with a 26-bp
wild-type EPO oligonucleotide competed for binding, while a
mutant EPO oligonucleotide was ineffective (Fig. 6A). We also
tested the wild-type and mutant HRE-2s in the ORF34 pro-
moter for competition with extracts from KSHV-infected PEL
(BCBL-1) cells. Less HIF-1 binding activity to the EPO HREs
was found in the BCBL-1 cells than in the Hep3B cells (Fig.
6B). However, wild-type HRE-2 from the ORF34 promoter
was also able to compete for the HIF-1� binding from these
cells (Fig. 6B). Again, mutant HRE-2 in the ORF34 promoter
was less effective than wild-type HRE-2, even at a fivefold
higher concentration (Fig. 6B).

DISCUSSION

These studies show that KSHV contains at least two pro-
moters, of Rta and ORF34, that can be activated by increased
levels of HIF-1� and/or HIF-2� in cells exposed to hypoxia.
This represents the first identification and characterization of a
functional HRE in a viral genome. The ability of the promoter
of the Rta gene to respond to hypoxia is of particular interest,
as the gene for Rta is the main lytic switch gene of KSHV and
activation of this gene is sufficient to induce lytic replication
(18, 19, 33). Thus, activation of the Rta gene promoter by
hypoxia can account for the induction of lytic KSHV replica-
tion observed in PEL cell lines exposed to hypoxia (6).

The Rta gene promoter has seven potential HREs, six of
which are oriented opposite to the direction of the gene and
only one of which is oriented in the same direction as the gene.
We have not shown which HRE may be active in this promoter
region. It is noteworthy that while Rta gene promoter activity
only increased about twofold in transfection experiments with
Hep3B cells, there appeared to be a more pronounced increase
in Rta RNA in PEL cells exposed to hypoxia, as assessed by a
semiquantitative RT-PCR assay. While it is hard to make
quantitative comparisons, it is possible that the previously de-
scribed autoactivation of the Rta gene (7, 25) may serve to
amplify a relatively small effect directly initiated by hypoxia in
KSHV-infected cells.

In addition to Rta, the promoter region of ORF34 contains
a functional HRE that is strongly activated in cells exposed to
hypoxia. ORF34 codes for a late lytic protein of unknown
function that shares about 33% identity with the BGLF3 gene
of Epstein-Barr virus (14, 23, 24, 27). The genomic organiza-
tion of KSHV (24) suggests that the ORF34 promoter may also
regulate several overlapping downstream genes, including
ORF35 to ORF38 (3). Although the ORF34 promoter con-
tains three potential HREs oriented in the direction of the
genes, only one (HRE-2) was responsible for most of the
hypoxic activation. The single oppositely oriented HRE lo-
cated between deletions D2 and D3 is not responsive (Fig. 3C).

FIG. 5. Activation of reporter genes by HIF-1� and HIF-2�. Cells
were cotransfected with 750 ng of reporter plasmids encoding Rta
(A) or with the ORF34D1 promoter (B) in the presence or absence of
250 ng of an expression plasmid encoding HIF-1� or HIF-2�. Cells
also received 250 ng of an internal control plasmid, and the total
amount of DNA was adjusted by addition of an appropriate amount of
filler plasmid. Cells were exposed to normoxia or hypoxia and normal-
ized as described in the legend to Fig. 1. The normalized value of each
of the reporters with no expression vector incubated with 21% O2 was
set at unity and compared to the results obtained with the expression
vector, which are expressed as fold induction. All of the values shown
represent means of triplicate determinations in one representative
experiment out of two, with error bars denoting the standard devia-
tions. For cells cotransfected with HIF-1� or HIF-2� in panels A and
B, a statistical comparison was made with control cells cultured under
the same oxygen conditions but without HIF transfection. *, P � 0.05;
**, P � 0.005; ***, P � 0.0001. (C) Exposure of transfected Hep3B
cells to hypoxia induces expression of the HIF-1� and HIF-2� pro-
teins. Cells were transfected with 10 �g of each of these expression
plasmids and exposed to either normoxia or hypoxia, and then protein
extracts were analyzed by immunoblotting. C, untransfected control
cells incubated at 21% oxygen; N and H, cells transfected with an
HIF-1� or HIF-2� expression plasmid and incubated with 21 and 1%
oxygen, respectively.
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The HRE sequence in the ORF34 promoter is similar to that
of other genes such as the human EPO and transferrin recep-
tor genes. Most of the known functional HREs contain at least
one sequence termed the hypoxia binding sequence, as well as
an additional element, termed the ancillary sequence, that is
downstream of and adjacent to the hypoxia binding sequence.
Studies have indicated that this ancillary sequence is required
for full hypoxic activation (16). The HRE of the ORF34 pro-
moter also contains a potential hypoxia ancillary sequence
(CACAC) downstream of HRE-2 that is identical to that
found in certain cellular genes (17, 20). Our RT-PCR result
indicates that hypoxia not only activated the Rta gene and
ORF34 promoters in Hep3B cells but also activated them in
KSHV-infected cells.

The first factor identified as mediating the cellular response
to hypoxia was HIF-1� (30). A second factor, called HIF-2� or
EPAS, was subsequently identified as an alternate mediator of
the cellular response to hypoxia (8, 36). Both of these factors
can bind to HREs, but the differences in their activities and
their different roles in the cellular response to hypoxia are not
well understood. The cotransfection experiments performed
here with the 34PD1 promoter indicated that it is strongly
activated by HIF-2�. Maximal effects were seen in hypoxic cells
transfected with HIF-2�, while essentially no increased activity
was seen with HIF-1� in normoxic cells. However transfection
with HIF-1� increased the activation in hypoxic cells. Subse-
quent experiments examining the levels of HIF-1� and HIF-2�
expression provided evidence that the lack of induction of the
promoter by HIF-1� in normoxia was likely due to the low
levels of HIF-1� protein under these conditions. These results

are consistent with a previous study showing that transfection
of Hep3B cells with HIF-2� in normoxia is more effective at
activating cellular hypoxia-responsive genes than is transfec-
tion with HIF-1�, possibly because of the more rapid degra-
dation of HIF-1� under normoxic conditions (39). It is alter-
natively possible that these promoters respond better to
HIF-2� than to HIF-1�. It is interesting that hypoxia was a
better inducer of the ORF34 and Rta gene promoters than was
CoCl2. Analysis of nuclear extracts from Hep3B cells by West-
ern blotting indicates that hypoxia induces a higher ratio of
HIF-2� to HIF-1� than does CoCl2, and this may explain the
higher induction by hypoxia (data not shown).

The Rta gene promoter also responded to HIF-2�, but a
clear response to HIF-1� was not seen, even under hypoxic
condition. However this promoter was weaker overall and the
possibility of a small response to HIF-1� could not be ex-
cluded. With regard to the VEGF gene promoter, there are
conflicting reports on its activation by HIF-1� and HIF-2� (1,
9). It is possible that these differences are, in part, due to the
various conditions used (for example, one study used cotrans-
fection with HIF-1�), and it will be important to sort out how
these differences may influence the activities of HIF-1� and
HIF-2�.

The present study was initially undertaken in an attempt to
understand the mechanism by which hypoxia may induce
KSHV replication (6). The finding that the Rta gene promoter
can respond to hypoxia is sufficient to explain this process.
Interestingly, at least one additional gene of KSHV, ORF34,
contains a functional HRE. These observations raise the ques-
tion of what roles hypoxia plays in the life cycle of KSHV.

FIG. 6. HIF-1 binding and competition assay. Nuclear extracts were prepared from Hep3B and BCBL-1 cells exposed to normoxia (N) or CoCl2
for 16 h. Five micrograms each of nuclear extract of Hep3B (A) and BCBL-1 cells (B) was incubated with 20 pmol (1�) or 100 pmol (5�) of
wild-type (WT) or mutant (Mut) probe from the 26-bp EPO gene promoter HRE oligonucleotide (oligo) or the 30-bp ORF34 promoter HRE
oligonucleotide, as shown. Binding to the 26-bp HRE oligonucleotide from the EPO gene was assessed as described in the text. For competition
experiments, the promoter probe was first added to the appropriate well before addition of the nuclear extracts. The left ends of panels A and B
show the results of a control experiment with nuclear extracts with an EPO probe but with no competing oligonucleotide. All values represent
means of triplicate determinations in one representative experiment, with error bars denoting the standard deviations.
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Endothelial cells are thought to represent a principal target
cell population for KSHV, and the growth of these cells is
stimulated by a number of factors, several of which (such as
VEGF) are stimulated by hypoxia in the body. KSHV itself
codes for a number of proangiogenic factors, such as viral
interleukin-6 or viral macrophage inflammatory proteins 1 and
2, that stimulate endothelial cell growth. Moreover, ORF74 of
KSHV codes for a G-protein-coupled receptor that stimulates
VEGF production and also upregulates the activity of HIF-1�
(31). KSHV is thus poised to both replicate in and stimulate
the growth of an important target cell population under hy-
poxic conditions. This may provide a mechanism that helps the
virus establish infection in the hypoxic tissues found at the edge
of a wound. In addition, it may help explain the tendency of
Kaposi’s sarcoma to occur on the lower extremities (which are
often relatively hypoxic) (38). In this light, it is interesting to
speculate as to what evolutionary advantages may be afforded
KSHV by having certain specific genes, such as ORF34, di-
rectly stimulated by hypoxia. A better understanding of the
KSHV life cycle will allow us to delineate the role of these
genes in virus replication.
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