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Hypoxia and HIF-1α promote lytic de novo KSHV infection
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ABSTRACT The impact of different stress conditions on the oncogenic Kaposi’s 
sarcoma-associated herpesvirus (KSHV) primary infection that can occur in vivo remains 
largely unknown. We hypothesized that KSHV can establish a latency or lytic cycle 
following de novo infection, depending on the conditions of the cellular environment. 
Previous studies showed that hypoxia is a natural stress condition that promotes lytic 
reactivation and contributes to KSHV pathogenesis, but its effect on de novo KSHV 
infection is unknown. To test the effect of hypoxia on KSHV infection, we infected 
cells under normoxia and hypoxia, performed a comparative analysis of viral gene 
expression and viral replication, and tested chromatinization of the KSHV genome during 
infection. We found that hypoxia induces viral lytic gene expression and viral replication 
following de novo infection in several biologically relevant cell types, in which the virus 
normally establishes latency under normoxia. We also found that hypoxia reduces the 
level of repressive heterochromatin and promotes the formation of a transcriptionally 
permissive chromatin on the incoming viral DNA during infection. We demonstrate 
that silencing hypoxia-inducible factor-1α (HIF-1α) during hypoxia abrogates lytic KSHV 
infection, while the overexpression of HIF-1α under normoxia is sufficient to drive lytic 
KSHV infection. Also, we determined that the DNA-binding domain and the N-terminal 
but not the C-terminal transactivation domain of HIF-1α are required for HIF-1α-induced 
lytic gene expression. Altogether, our data indicate that HIF-1α accumulation, which can 
be induced by hypoxia, prevents the establishment of latency and promotes lytic KSHV 
infection following primary infection.

IMPORTANCE The current view is that the default pathway of Kaposi’s sarcoma-associ
ated herpesvirus (KSHV) infection is the establishment of latency, which is a prerequisite 
for lifelong infection and viral oncogenesis. This view about KSHV infection is supported 
by the observations that KSHV latently infects most of the cell lines cultured in vitro 
in the absence of any environmental stresses that may occur in vivo. The goal of this 
study was to determine the effect of hypoxia, a natural stress stimulus, on primary 
KSHV infection. Our data indicate that hypoxia promotes euchromatin formation on the 
KSHV genome following infection and supports lytic de novo KSHV infection. We also 
discovered that hypoxia-inducible factor-1α is required and sufficient for allowing lytic 
KSHV infection. Based on our results, we propose that hypoxia promotes lytic de novo 
infection in cells that otherwise support latent infection under normoxia; that is, the 
environmental conditions can determine the outcome of KSHV primary infection.

KEYWORDS Kaposi’s sarcoma-associated herpesvirus, hypoxia, lytic gene expression, 
primary infection, lytic cycle

K aposi’s sarcoma-associated herpesvirus (KSHV) is the etiological agent of Kaposi’s 
sarcoma (KS) and several lymphoproliferative diseases such as primary effusion 

lymphoma and multicentric Castleman’s disease, and it can also cause KSHV-associated 
inflammatory cytokine syndrome (1–3). Following primary infection, KSHV can establish 
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a persistent and latent infection in many different cell types in vivo (e.g., B cells and 
endothelial cells), which is characterized by the inhibition of lytic gene expression 
and virus production. In contrast, the lytic cycle of KSHV, which is initiated and driven 
by the viral replication and transcription activator (RTA), supports lytic gene expression, 
viral DNA replication, and virus production (4, 5). In the lytic phase, the viral lytic genes 
are expressed in temporal order as immediate-early (IE), early (E), and late (L) genes (6). 
Establishment of viral latency following primary infection is particularly important for 
KSHV pathogenesis, as it is a prerequisite for both lifelong infection and the development 
of KSHV-associated cancers (7).

The current view that the default pathway of KSHV infection is the establishment of 
latency is supported by the observations that KSHV latently infects most of the cultured 
cell lines in vitro (8). However, it is important to note that in vitro KSHV infections 
are usually performed under ideal cell culture conditions that are devoid of the many 
possible stress stimuli that can occur in vivo during KSHV infection. For example, it is 
known that the oxygen level varies significantly in different parts of the body (1%–19%), 
and in many cases, tissues function in a hypoxic microenvironment (<5%) (9, 10). Thus, 
we aimed in this study to investigate whether hypoxic stress, which is a natural inducer 
of KSHV lytic reactivation (11–13), can allow lytic de novo infection in cells that otherwise 
KSHV latently infects under normal or stress-free conditions.

Hypoxia changes the expression of hundreds of hypoxia-responsive genes by 
activating the cellular transcription factors called hypoxia-inducible factors (HIFs), which 
promote the survival of cells under hypoxia (14, 15). HIFs consist of either HIF-1α 
or HIF-2α and HIF-1β/ARNT subunits (16). During normoxia (21% O2 level), HIF-1α is 
hydroxylated by a prolyl hydroxylase (PHD) at its proline residues 402 and 564. The 
hydroxylated HIF-1α is recognized by an E3 ubiquitin ligase complex composed of 
von Hippel-Lindau protein acting as the substrate recognition unit, Cullin-2, Elongin-1, 
Elongin-2, and RBX1, which polyubiquitinates HIF-1α at several lysine residues, resulting 
in its proteasomal degradation (17–19). When the cells are exposed to hypoxia, PHDs get 
inactivated, resulting in the stabilization of HIF-1α, which then heterodimerizes with the 
constitutively expressed HIF-1β in the nucleus. Upon dimerization, HIF-1α/HIF-1β binds 
to E-box-like hypoxia response elements (HREs) located in the promoters of hypoxia-
inducible genes and upregulates their expression (20).

Hypoxia has been shown to have a pro- or anti-viral effect depending on the virus 
and the condition of the viral infection (21). Previous studies have demonstrated that 
hypoxia can induce lytic reactivation of KSHV in latently infected cells and contribute 
to KSHV-induced oncogenesis (12, 22). It was demonstrated that several KSHV gene 
promoters, including those of RTA, contain HREs; thereby, HIF-1α can activate viral gene 
promoters, facilitating lytic replication (23, 24). While hypoxia-induced lytic reactivation 
has been studied by several research groups, the effect of hypoxia on primary KSHV 
infection is still unknown. In this study, we have discovered that hypoxia supports the 
KSHV lytic cycle following de novo infection in various cell types. We demonstrate that 
HIF-1α is required for hypoxia-induced lytic KSHV infection and that HIF-1α expression 
alone is sufficient to support lytic KSHV infection under normoxia. Based on our results, 
we propose that hypoxia allows KSHV-lytic de novo infection in cells that otherwise 
support latent infection under normoxia.

MATERIALS AND METHODS

Cell lines and KSHV infection

HEK293T (ATCC), EA.hy926 (ATCC), and SLK (NIH AIDS Reagent Program) cells were 
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS) and penicillin-streptomycin. HULEC-5a (ATCC) and HMEC-1 
(ATCC) endothelial cells were cultured in MCDB131 medium containing 10 ng/mL 
epidermal growth factor (ThermoFisher), 1 µg/mL hydrocortisone (Sigma), 10 mM 
glutamine (ATCC), and 10% FBS. TIME endothelial cells (ATCC) were cultured in Vascular 
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Cell Basal Medium (ATCC) supplemented with Microvascular Endothelial Cell Growth 
Kit-VEGF (ATCC) and 12.5 µg/mL blasticidine. KSHV [wild type (WT) and RTA knockout 
(KO)] was produced from iSLK-BAC16 cell lines (25). KSHV infection was performed as 
described previously (26). For KSHV infection of CoCl2-treated cells, the cells were first 
treated with 250 µM CoCl2 for 16 h, followed by KSHV infection, which was performed 
by spinoculation. The CoCl2 was left on the cells during the KSHV infection. For KSHV 
infection under hypoxia, the cells were grown in a hypoxia incubator (1% O2) for 16 h, 
then KSHV in cell culture medium was added to the cells and incubated under hypoxia. 
The cell culture media were changed at 8 hpi, and the cells were harvested at the 
indicated time points.

Antibodies

The following primary antibodies were used in the study: anti-HIF-1α (Cell Signaling 
36169S), anti-ORF45 (Santa Cruz sc-53883), anti-K8.1 (Santa Cruz sc-65446), anti-FLAG 
(Sigma F1804), anti-Tubulin (Sigma T5326), anti-GAPDH (Proteintech), anti-H3 (Abcam 
ab1791), anti-H3K4me3 (Active Motif 39159), anti-H3K27me3 (Active Motif 39155), and 
anti-ORF6 (gift from Gary S. Hayward, Johns Hopkins University).

Immunofluorescence assay

Immunofluorescence analysis was performed as described previously (27). Briefly, SLK 
cells were treated with 250 µM CoCl2 for 16 h, followed by KSHV infection for 40 h. Then, 
the cells were washed with phosphate-buffered saline (PBS), fixed with 4% paraformalde
hyde for 10 min at room temperature, and then permeabilized with 0.5% Triton X-100 for 
5 min. The samples were incubated in blocking buffer (10% FBS, 0.2% Tween 20, 0.2% 
Fish Skin gelatin in PBS) for 30 min at 37°C. Primary antibodies (ORF45 and HIF-1α) were 
diluted in blocking buffer at a 1:400 dilution. Primary antibody staining was performed 
for 1 h. This was followed by 30 min of incubation with secondary antibodies (1:400 
dilution) at room temperature and then washing with PBS.

Supernatant transfer assay

SLK cells were incubated in a hypoxia incubator (1% O2) for 16 h, followed by KSHV 
infection for 72 h. Supernatants were collected and filtered with a 0.45-µm SFCA syringe 
filter. Supernatants were supplemented with fresh medium and used to infect fresh 
SLK cells. After 24 hpi, infected cells were harvested, and total DNA was prepared for 
quantitative PCR (qPCR) analysis to determine the level of intracellular viral DNA. Based 
on a standard curve using KSHV BAC16 DNA and the level of intracellular DNA in the 
infected cells, we calculated the number of infectious viral particles in the medium used 
for the infection.

Nanopore sequencing

SLK cells were incubated in a hypoxia incubator (1% O2) for 16 h, followed by KSHV 
infection for 72 h. Total RNA was extracted using the NucleoSpin RNA Mini kit (Macherey-
Nagel). Enrichment of polyadenylated RNAs from total RNA samples was carried out 
using the Poly(A) RNA Selection Kit V1.5 (Lexogen). For library preparation, PolyA(+) 
RNAs were applied for the generation of the sequencing libraries using the Direct 
cDNA Sequencing Kit (SQK-DCS109), following the instructions of Oxford Nanopore 
Technologies. The cDNA libraries from normoxia and hypoxia samples were loaded 
separately onto ONT R9.4.1 SpotON Flow Cells (200 fmol mixture of libraries per flow cell). 
AMPure XP beads were used after each enzymatic step. Samples were eluted in UltraPure 
nuclease-free water (Invitrogen). Guppy basecaller (v6.3.8) was applied for analyzing 
the sequencing data. High-quality reads (quality filter >8) were used for mapping. 
Minimap2 mapper v2.17 was used for aligning the reads to the reference KSHV genome 
(GQ994935.1) according to the following: -ax splice -Y -C5 -t4 -- cs. Downstream data 
analysis was carried out within the R environment as published before (28). In the case of 
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multi-mapped reads, the alignment with the highest mapping quality was kept, and the 
reads were counted once. Viral genes were counted from the alignments by analyzing 
the overlaps between the reads and the genome annotation. The reads were assigned 
to a gene if they covered it by at least 10 bp (on the same strand). If the read contained 
more than one gene, the most upstream gene was counted, as this will be translated. The 
R scripts that were used in the downstream analysis are available at the following GitHub 
link: https://github.com/Balays/Rlyeh. Reads mapped on the KSHV genome have been 
deposited in the European Nucleotide Archive under the accession number PRJEB64045.

Cleavage under targets and release using nuclease

SLK cells were treated with 250 µM CoCl2 for 16 h, followed by KSHV infection for 
72 h. The CUT&RUN assay was carried out based on the manufacturer’s instructions (Cell 
Signaling Technology). Primers used in the qPCR analysis of cleavage under targets and 
release using nuclease (CUT&RUN) samples are listed in Table 1. Then, 200,000 cells and 
1 µg of HIF-1α antibody were used for each reaction.

siRNA knockdown

HIF-1α siRNA was purchased from Santa Cruz Biotechnology (sc-35561). Lipofectamine 
RNAiMAX (Invitrogen) was used for siRNA transfection, which was performed according 
to the manufacturer’s instructions.

Lentiviruses production and transduction

The N-terminal 3xFLAG-tagged HIF-1α wild type (WT) and its mutants were expressed 
from the pCDHCMV-MCS-EF1puro lentiviral vector. Lentiviral vectors with 3xFLAG HIF-1α 
and its mutants were generated by in-fusion cloning (Takara). The lentivirus production 
and lentivirus transduction were performed as described previously (26). Two days after 
lentivirus transduction, the cells were split, and the same number of lentivirus-trans
duced cells was infected with KSHV.

Total RNA and DNA isolation and their qPCR analysis

RNA and DNA extractions and their qPCR analysis were performed as described in 
our previous publication (26). In the RT-qPCR analysis of gene expression, 18S RNA 

TABLE 1 List of primers used in this study

Gene Forward (5′-3′) Reverse (5′-3′) Application

RTAgb ACACTGTACCAGCTGCACCA GAAGTTAACGCAGGCACAGAC RT-qPCR
ORF36 ATTGCCAACGACCTGATGCA ACTCCAGTCCAGCTGCAGCA RT-qPCR
ORF56 CACAGATTCCCGTCAATACAAA GTATCTTCAGTAGGCGGCAGAG RT-qPCR
ORF25gb ACAGTTTATGGCACGCATAGTG GGTTCTCTGAATCTCGTCGTGT RT-qPCR
ORF64 CTTCCTCGAGGGCATCATATAC TATACGGTGATGGACTTGATGG RT-qPCR
ORF48 CCACATCTTCATAGAGCACAT ATTGCATCACCAGGGTATCCA RT-qPCR
RTA (HRE1) ATGTGCGCGTATCCGGGCAAGCA ACACGCCCTGGCGATTTTGGGTA CUT&RUN-qPCR
RTA (HRE2) TCAGGAGAGTTAGGGACGTGCTG ACAGCTGTCGTTCAGATGTACCA CUT&RUN-qPCR
RTA (HRE3) AAGGTATAGGGTCTTCTCAACGT AGTTAGATACCCTGTCCGTCG CUT&RUN-qPCR
ORF34 CCTGGTACTCGACCAGTTGATCG ACATACTTGCAGATGCGGTGTGT CUT&RUN-qPCR
LANApr GTTTATAAGTCAGCCGGACCAA GATATAACTCCGCCCTCCACTA ChIP-qPCR
RTApr (−0.6 kb) AAGACACTGACCCACCAAGG GGTGCCACCAATGTATGACC ChIP-qPCR
K2pr CATACGCAGCCAAGCTATCA GCTAGCACAGCAAATTGAGA ChIP-qPCR
ORF25pr AGTTGTCGGTGTCTATCTGT TGCAGAGCGATACGCAGACT ChIP-qPCR
ORF11 GGCACCCATACAGCTTCTACGA CGTTTACTACTGCACACTGCA qPCR
HS1 TTCCTATTTGCCAAGGCAGT CTCTTCAGCCATCCCAAGAC qPCR
18S TTCGAACGTCTGCCCTATCAA GATGTGGTAGCCGTTTCTCAGG RT-qPCR
VEGF TGCAGATTATGCGGATCAAACC TGCATTCACATTTGTTGTGCTGTAG RT-qPCR
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expression was used for normalization. The viral DNA level was measured by qPCR using 
KSHV ORF11-specific primers. Viral DNA was normalized to the cellular DNA level, which 
was measured using HS1-specific primers. The primers for KSHV and the host genes are 
listed in 5′ to 3′ orientation in Table 1. The RT-qPCR and qPCR results were calculated 
from the average of three independent experiments. To test statistical significance, we 
used a two-tailed Student’s t-test, where P < 0.05 was considered significant.

Chromatin immunoprecipitation assay

The chromatin immunoprecipitation (ChIP) assay was performed as we have previously 
published (26). Then, 2 µg of chromatin and 0.5 µg of antibodies were used for each ChIP 
sample. The ChIP graphs show the average of three independent ChIP experiments. H3 
occupancy was calculated as the percentage of the immunoprecipitated DNA compared 
to the input DNA. The level of histone marks was normalized by the histone H3 level at 
the indicated genomic sites. The ChIP-qPCR primer sequences are shown in Table 1.

Formaldehyde-assisted isolation of regulatory elements assay

The formaldehyde-assisted isolation of regulatory elements (FAIRE) analysis was 
performed as previously described (29). DNA was extracted from both formaldehyde-
crosslinked and de-crosslinked chromatins and analyzed by qPCR using KSHV gene-
specific primers. DNA purified from formaldehyde-crosslinked chromatin represents 
chromatin-free DNA, while DNA extracted from de-crosslinked chromatin represents 
total DNA. The level of chromatinization of viral genomic regions is shown by the ratio of 
chromatin-free DNA to total DNA.

Luciferase reporter assay

The luciferase reporter plasmid for hypoxia signaling was purchased from Addgene 
(#26731; HRE-luciferase). The RTA promoter luciferase plasmid was generated by cloning 
a 3-kb DNA sequence upstream of the ATG of the ORF50 gene into the pGL4.15 luciferase 
reporter vector. HEK293T cells in 24-well plates were transfected with a luciferase 
reporter plasmid together with plasmids expressing HIF-1α or its mutants. The transfec
tion was carried out with polyethylenimine. At 48 h post-transfection, the cells were 
lysed in 200 µL of 0.5% Triton-X100 in PBS. Lysates were mixed with ONE-Glo luciferase 
substrate (Promega), and the luciferase activity was measured by the Promega GloMax-
Multi detection system. All luciferase assays were carried out three times in triplicate. 
To test statistical significance, we used a two-tailed Student’s t-test, where P < 0.05 was 
considered significant.

RESULTS

Hypoxia promotes the KSHV lytic cycle during primary infection

To test the effect of hypoxia on de novo KSHV infection, we first pre-treated SLK cells with 
the hypoxia mimetic agent CoCl2 for 16 h and then infected the cells with KSHV in the 
presence of CoCl2 for 24 and 72 h. CoCl2 is known to be able to induce a hypoxia-like 
state by blocking the degradation of HIF-1α protein, resulting in its accumulation in 
cells and increased HIF-1α-mediated gene expression (30). For infection, we used the 
recombinant KSHV clone BAC16, which constitutively expresses GFP (31). Figure 1A 
shows that compared to KSHV-infected untreated cells, KSHV infection of CoCl2-treated 
SLK cells resulted in increased cell rounding at 72 hpi, which was reminiscent of a 
cytopathic effect due to lytic infection. In line with this observation, when we infected 
CoCl2-treated cells with the reporter virus rKSHV.219, which constitutively expresses 
GFP and an RTA-inducible RFP reporter gene for showing lytic phase (32), we observed 
increased RFP+ cells indicating lytic viral infection (Fig. 1B). This observation was further 
supported by the immunofluorescence analysis showing the expression of the lytic viral 
protein ORF45 in nearly 15% of KSHV-infected CoCl2-treated cells, while ORF45 was 
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undetectable in the KSHV-infected untreated cells (Fig. 1C). Immunoblot analysis showed 
that the CoCl2 treatment of cells during de novo KSHV infection increased HIF-1α protein 
level and the production of viral proteins (Fig. 1D), whereas RT-qPCR analysis showed 
increased transcription of viral lytic genes (Fig. 1E). We also found that while the viral 
DNA level was comparable between control and CoCl2-treated SLK cells at 2 hpi, the 
amount of viral DNA was increased by more than fivefold in CoCl2-treated infected cells 
at 72 hpi (Fig. 1F). These results demonstrated that the hypoxia mimetic agent CoCl2 
induces a viral lytic cycle during de novo KSHV infection.

Next, we assessed the effect of hypoxia on primary KSHV infection by pre-incubating 
SLK cells at a 1% O2 level (hypoxia) for 16 h and then infecting them with KSHV under 
hypoxia (Fig. 2). Our results showed that hypoxia increased viral gene expression and 
viral protein production concomitantly with an increased HIF-1α protein level (Fig. 2A 
and B). KSHV infection under hypoxia also resulted in lytic viral DNA replication, which 
could be inhibited with the viral polymerase inhibitor PAA (Fig. 2C and D). Based on a 
supernatant transfer assay, we also detected a substantial amount of infectious viruses 
in the media of cells that were infected under hypoxia (Fig. 2E). Time-course KSHV 
infection of cells under hypoxia showed that viral lytic gene expression was increased 
as early as 8 hpi compared to viral infection under normoxia, which further supports 
the notion that hypoxia allows lytic de novo infection (Fig. 2F and G). Finally, we also 
tested the effect of hypoxia on KSHV primary infection in several biologically relevant 
endothelial cell types in which KSHV establishes latency after infection under normoxia 
(33, 34). We infected human umbilical vein cells (EA.hy926), immortalized lung microvas
cular endothelial cells (HULEC-5a), immortalized dermal microvascular endothelial cells 
(HMEC-1), and telomerase-immortalized human microvascular endothelial cells (TIME) 
with KSHV under normoxia and hypoxia. We found that hypoxia induced viral lytic gene 
expression in all tested endothelial cell lines following de novo KSHV infection (Fig. 2H). 

FIG 1 Induction of viral lytic gene expression by the hypoxia mimetic agent CoCl2 during de novo KSHV infection. SLK cells were infected with KSHV in the 

absence or presence of CoCl2. (A) Fluorescence microscope imaging of KSHV-infected cells at 24 and 72 hpi. GFP+ cells show KSHV-BAC16-infected cells. (B) 

Fluorescence microscope imaging of SLK cells infected with rKSHV.219 at indicated time points. GFP shows KSHV infection of the cells, while RFP indicates the 

induction of lytic gene expression. RFP+ cells were counted by ImageJ on five independent fields. (C) Immunofluorescence images showing the expression of the 

lytic viral proteins ORF45 (red) and HIF-1α (cy5) at 40 hpi. ORF45+ cells were counted by ImageJ on three independent fields. ND, not detected. (D) Immunoblot 

analysis of HIF-1α and viral protein expression. (E) RT-qPCR analysis of viral gene expression at 72 hpi. The relative fold change represents the induction of viral 

gene expression in CoCl2-treated cells relative to untreated cells. (F) Viral DNA levels at 2 and 72 hpi were measured by qPCR. A Student’s t-test was performed 

between untreated and CoCl2-treated samples (*, P < 0.05).
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Altogether, our data indicate that hypoxia allows lytic de novo infection in cells, in which 
normally KSHV establishes latency following infection in a stress-free environment.

Genome-wide analysis of KSHV gene expression during primary infection 
under hypoxia

To determine if hypoxia globally induces viral gene expression during primary infection, 
we infected SLK cells with KSHV under normoxia and hypoxia and performed nanopore 
sequencing at 72 hpi (Fig. 3). Because this experiment was performed using a hypo
xia incubator, instead of doing a spinning infection, which can achieve nearly 100% 
infectivity, we had to do the infection by incubating the cells with media containing 
KSHV, which is a much less efficient way of doing KSHV infection. Therefore, we 
obtained fewer viral transcripts for nanopore sequencing, which favors the detection 
of more abundant viral transcripts. Nevertheless, in agreement with previous studies, 
we confirmed that KSHV infection of SLK under normoxia results in latency during 
which the latent genes (K12, viral miRNAs, ORF71, ORF72, ORF73) remain expressed 
while the transcription of lytic genes becomes largely limited in the latently infected 
cell population (35, 36). While the K12 RNA transcript was readily detectable in the 
normoxia samples, the detection of the expression of other latent genes such as ORF73 
was more challenging, which can be due to their low expression, which was described 
by previous studies as well (Fig. 3) (35–37). Interestingly, we observed that a subset of 
lytic genes was detectable at a relatively high level in infected cells during normoxia (e.g., 

FIG 2 Lytic infection of cells by KSHV under hypoxia. Cells were infected with KSHV under normoxia and hypoxia. (A) Immunoblot analysis of HIF-1α and RTA 

expressed by KSHV BAC16-3xFLAG-RTA in SLK cells. (B) RT-qPCR analysis of viral gene expression. (C) Viral DNA levels at 8 and 72 hpi were measured by qPCR. 

(D) SLK cells were infected with KSHV in the presence or absence of 100 µM PAA for 8 and 72 hpi under hypoxia. The viral DNA level was measured by qPCR. (E) 

Supernatants from KSHV-infected SLK cells incubated under hypoxia or normoxia were used to infect fresh SLK cells for 24 h. The amount of infectious virus in 

the supernatant was calculated based on the level of viral DNA in cells after infection, which was measured by qPCR. (F) SLK cells were infected with KSHV for 

8, 24, and 72 h, and HIF-1α expression was detected by immunoblotting. The relative fold change represents the induction of viral gene expression in hypoxia 

samples relative to cells cultured under normoxia at different time points of KSHV infection. (G) RT-qPCR analysis of viral gene expression in samples that are 

shown in panel E. (H) The indicated endothelial cells were infected with KSHV for 3 days. Viral gene expression was measured by RT-qPCR. The relative fold 

change represents the induction of viral gene expression in hypoxia samples relative to cells cultured under normoxia. A Student’s t-test was performed between 

untreated and PAA-treated samples (*, P < 0.05). NS, not significant.
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K7/PAN, K8.1 ORF17, K4) (Fig. 3). This result corroborates previous viral transcriptome 
analyses, where the expression of these viral lytic genes was observed during primary 
KSHV infection in several human endothelial cell lines as well (35). In contrast to infection 
under normoxia, however, we found that hypoxia induces all viral genes during de novo 
KSHV infection (Fig. 3). This information further supports the notion that hypoxia allows 
the establishment of lytic KSHV infection.

Hypoxia-induced lytic de novo KSHV infection depends on the expression of 
RTA

RTA is known to be an essential viral transcription factor of KSHV that induces and 
drives the lytic gene expression cascade in the lytic phase (5, 38). However, since HIF-1α 
has been shown to be able to directly induce several lytic genes (24, 39, 40), it raises 
the question of how crucial RTA is for inducing lytic gene expression during de novo 
infection under hypoxia. To test whether the hypoxia-mediated induction of the lytic 
cycle requires RTA, we infected SLK cells with the same titer of WT and RTA-KO KSHV 
under normoxia and hypoxia (Fig. 4A) and analyzed viral and host gene expression at 72 
hpi (Fig. 4B and D). Interestingly, we observed that the HIF-1α protein level was elevated 

FIG 3 Genome-wide viral gene expression during de novo KSHV infection in hypoxia. SLK cells were infected with KSHV for 3 days under normoxia and hypoxia. 

PolyA(+) RNAs were purified from infected cells and subjected to nanopore sequencing.
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in WT KSHV-infected cells but not in RTA-KO KSHV-infected cells compared to the mock 
sample under hypoxia (Fig. 4B). Our results also showed that while the expression of 
the hypoxia-induced HIF-1α target host gene VEGF was comparable between mock and 
KSHV-infected cells (Fig. 4C) (41), the hypoxia-induced lytic viral gene expression was 
abrogated in the RTA-KO KSHV-infected cells (Fig. 4D). This information indicates that 
RTA is required for robust lytic gene expression during infection in hypoxia. Our results 
also suggest that RTA and/or other lytic viral factors are involved in maintaining the high 
HIF-1α protein level during hypoxic lytic infection, which is in agreement with previous 
findings that several viral proteins can modulate HIF-1α protein abundance (12, 39, 42–
44).

Hypoxia promotes euchromatin formation on the KSHV genome during de 
novo infection

It is known that the KSHV genome contains several hypoxia-responsive elements that 
can regulate hypoxia-induced viral gene expression. To measure the binding of HIF-1α to 
HREs in viral gene promoters during de novo infection in hypoxia, a CUT&RUN assay was 
performed in CoCl2-treated SLK cells at 72 hpi. We detected an enrichment of HIF-1α on 
three known HREs at the RTA gene and on one known HRE in the promoter of the ORF34 
gene upon CoCl2 treatment, indicating that HIF-1α can play a role in the upregulation 
of lytic genes during hypoxic infection (Fig. 5A). Next, to determine the effect of hypoxia 
on KSHV chromatinization during de novo infection, FAIRE assays and ChIP experiments 
were performed with CoCl2-treated SLK cells that were infected with KSHV for 72 h. We 
used RTA-KO KSHV to exclude the effect of CoCl2-induced RTA on the chromatinization 
of KSHV DNA during de novo infection. We found that the CoCl2-treatment resulted 
in less chromatinized DNA at the lytic RTA, K2, and ORF25 promoters, which drives 

FIG 4 RTA is required for hypoxia-induced lytic de novo KSHV infection. SLK cells were infected with WT or RTA-KO KSHV for 3 days under normoxia and hypoxia. 

NS, not significant. (A) qPCR measurement of viral DNA level at 8 hpi. (B) Immunoblot detection of HIF-1α in uninfected (mock), WT, and RTA-KO KSHV-infected 

cells under normoxia and hypoxia. (C) RT-qPCR analysis of VEGF gene expression in mock, WT, and RTA-KO KSHV-infected cells under normoxia and hypoxia. 

(D) RT-qPCR analysis of the expression of lytic viral genes in WT and RTA-KO KSHV-infected cells at 72 hpi. ND, not detected. A Student’s t-test was performed 

between WT and RTA-KO (A) as well as WT and mock or RTA-KO KSHV-infected cells (C).
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the expression of an IE, E, and L viral gene, respectively (Fig. 5B). In agreement with 
this, the ChIP assay showed reduced histone H3 occupancy and reduced enrichment of 
the repressive histone mark H3K27me3 on the viral promoters, while the level of the 
activating histone mark H3K4me3 was increased (Fig. 5C). Importantly, the FAIRE and 
ChIP assays that were performed with cells infected with KSHV under hypoxia showed 
comparable results to those of the CoCl2 experiments (Fig. 5D and E). Altogether, these 
experiments demonstrated that hypoxia promotes the formation of a transcriptional 
active chromatin on the KSHV genome during de novo infection, which can favor the 
expression of lytic genes.

HIF-1α is required for hypoxia-induced lytic gene expression during de novo 
infection

Since HIF-1α is the master transcription regulator of the hypoxia stress response, we 
tested the necessity of HIF-1α for the hypoxia-induced KSHV lytic cycle during primary 
infection. To this end, we performed HIF-1α siRNA knockdown in CoCl2-treated or 

FIG 5 Analysis of the effect of hypoxia on the chromatinization of the KSHV genome during de novo infection. Hypoxia was induced by CoCl2 treatment (A–C), 

or the cells were exposed to hypoxia (D–E). (A) CUT&RUN analysis to detect the binding of HIF-1α on HREs in the promoters of the RTA and ORF34 genes. (B) 

FAIRE assay to analyze the level of chromatin-free DNA at KSHV promoters. (C) ChIP analysis to measure H3 occupancy and the enrichment of H3K27me3 and 

H3K4me3 on viral promoters. (D) FAIRE assay to measure the level of chromatin-free DNA at the indicated viral promoters. (E) ChIP analysis of H3 occupancy and 

the enrichment of H3K27me3 and H3K4me3 on viral promoters. A Student’s t-test was performed between untreated and CoCl2-treated samples (A–C) as well as 

between normoxia and hypoxia samples (D–E) (*, P < 0.05).
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hypoxia-exposed de novo KSHV-infected cells, and viral gene expression and viral protein 
production were analyzed at 72 hpi (Fig. 6). Immunoblots showed robust viral protein 
production (RTA, ORF45, and K8.1) when HIF-1α was induced, while siHIF-1α treatment 
abrogated viral protein expression (Fig. 6A and C). In line with the immunoblot data, 
RT-qPCR analysis showed that hypoxia failed to induce viral gene expression in the 
absence of HIF-1α (Fig. 6B and D). These results demonstrate that HIF-1α is indispensable 
for hypoxia-induced viral lytic gene expression during de novo KSHV infection.

HIF-1α can support lytic primary infection by KSHV under normoxia

HIF-1α is a transcription factor consisting of 826 amino acids that possesses several 
functional domains that are crucial for its gene regulatory activity (Fig. 7A). Importantly, 
the hydroxylation of two proline residues (Pro402 and Pro564) located in its oxygen-
dependent degradation domain is required for the interaction of HIF-1α with the VHL 
complex, which induces the degradation of HIF-1α under normoxia (45). Since HIF-1α 
is essential for hypoxia-induced lytic de novo KSHV infection, we wondered if HIF-1α 
expression alone can promote lytic viral gene expression during de novo infection under 
normoxia. To test this, we first analyzed the expression and transcriptional activity of 
overexpressed 3xFLAG-tagged HIF-1α under normoxia. We transfected 293T cells with 
3xFLAG-HIF-1α (wild type) and 3xFLAG-HIF-1αSt (St for stabilized), which contain point 
mutations at Pro402 and Pro564, to prevent its degradation by VHL, resulting in its 
stabilization under normoxia (Fig. 7B). We evaluated the transactivation function of 
HIF-1α and HIF-1αSt with luciferase reporter assays using luciferase reporter plasmids 
that contained a minimal promoter coupled with HREs or contained the RTA promoter, 
which has several HREs (39). Interestingly, we found that HIF-1α WT and HIF-1αSt can 
induce the HRE and the RTA promoter luciferase reporter plasmids at a similar level 
(Fig. 7C), despite the fact that the HIF-1αSt protein level was higher than WT HIF-1α (Fig. 
7B). Next, we infected SLK cells overexpressing GFP (negative control), 3xFLAG-HIF-1α, 
or 3xFLAG-HIF-1αSt with KSHV to test if HIF-1α supports lytic de novo KSHV infection. 
Immunoblotting in Fig. 7D and RT-qPCR analysis in Fig. 7E show that both 3xFLAG-HIF-1α 
and 3xFLAG-HIF-1αSt induced viral gene expression and viral protein production in de 
novo KSHV-infected cells at 24 and 72 hpi under normoxia. We note, however, that 
3xFLAG-HIF-1αSt, whose expression was higher, induced higher lytic gene expression 
relative to 3xFLAG-HIF-1α. Collectively, these results support the notion that HIF-1α 
expression is sufficient to support lytic primary KSHV infection under normoxia.

FIG 6 HIF-1α is essential for hypoxia-induced lytic primary KSHV infection. (A) SLK cells were transfected with 30 nM siControl or siHIF-1α for 16 h, followed by 

250 µM CoCl2 treatment for 16 h, and then infected with KSHV BAC16-3xFLAG-RTA for 3 days. Immunoblot detection of HIF-1α and viral proteins. (B) RT-qPCR 

analysis of viral gene expression in samples shown in panel A at 72 hpi. (C) SLK cells were transfected with 30 nM siControl of siHIF-1α for 16 h under hypoxia 

and then infected with KSHV for 3 days. Immunoblot detection of HIF-1α and the viral protein ORF45. (D) Viral gene expression in samples shown in panel C was 

measured by RT-qPCR. A Student’s t-test was performed between the siControl and siHIF-1α samples (*, P < 0.05).

Full-Length Text Journal of Virology

November 2023  Volume 97  Issue 11 10.1128/jvi.00972-23 11

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
13

 D
ec

em
be

r 
20

23
 b

y 
16

0.
11

4.
10

0.
14

9.

https://doi.org/10.1128/jvi.00972-23


Evaluating the role of HIF-1α functional domains in HIF-1α-induced lytic 
KSHV infection

The N-terminus of HIF-1α contains a basic-helix-loop-helix (bHLH) domain and the 
PER-ARNT-SIM (PAS) domain, which have DNA binding functions and dimerization 
properties, respectively (20, 46). Also, HIF-1α has two transactivation domains [N-termi
nal” transactivation domain (NTAD) and C-terminal transactivation domain (CTAD)] at its 
C-terminus, which are responsible for its transcriptional activity (20, 47). To investigate 
what domains of HIF-1α are required for HIF-1α-induced de novo lytic KSHV infection, we 
constructed a series of HIF-1α truncation mutants. We deleted the DNA binding domain 
(ΔDB), the N- and C-terminal transactivation domains (ΔNTAD, ΔCTAD, and ΔTAD) of 
HIF-1α and made a dominant negative form of HIF-1α (DomNeg), which can dimerize 
with HIF-1β but lost its DNA binding activity, rendering it transcriptionally inactive (Fig. 
8A). In each of these mutants, the Pro402 and Pro564 residues were mutated to prevent 
them from being degraded under normoxia.

SLK cells expressing GFP (negative control), the full-length HIF-1α, or its different 
mutants were infected with KSHV for 72 h. Immunoblot analysis showed that the 
expression levels of full-length HIF-1α and its mutants were comparable (Fig. 8B). 
RT-qPCR analysis of the viral gene expression revealed that the induction of lytic 
genes was greatly reduced when the cells expressed the DomNeg, ΔDB, ΔNTAD, or 
ΔTAD mutant of HIF-1α during de novo KSHV infection. Surprisingly, however, the CTAD 
deletion mutant could still increase lytic gene expression during de novo infection as 
efficiently as full-length HIF-1α (Fig. 8C). We also examined the transcriptional activity 
of the HIF-1α mutants by luciferase reporter assays using the HRE and RTA promoter 
reporter plasmids (Fig. 8D). We found that while ΔNTAD and ΔCTAD mutants partially lost 
their transcriptional activity, the ΔDB, ΔTAD, and DomNeg mutants of HIF-1α failed to 

FIG 7 HIF-1α is sufficient to induce KSHV lytic gene expression during de novo infection under normoxia. (A) Schematic of HIF-1α domain structure. (B) FLAG 

immunoblot analysis of 3xFLAG-HIF-1α and 3xFLAG-HIF-1αSt expression in transfected HEK293T cells. (C) HEK293T cells were co-transfected with vector control, 

3xFLAG-HIF-1α or 3xFLAG-HIF-1αSt, along with luciferase reporter plasmids containing a minimal promoter coupled with HRE or containing the RTA promoter. 

The fold change was calculated by comparing HIF-1α-induced luciferase activity to the basal activity of the luciferase reporter plasmids with vector control. (D) 

SLK cells were transduced with lenti-GFP (negative control), lenti-3xFLAG-HIF-1α, or lenti-3xFLAG-HIF-1αSt for 3 days, followed by KSHV infection for 24 and 72 h. 

The expression of HIF-1α and viral proteins was detected by immunoblotting. (E) RT-qPCR analysis of viral gene expression relative to KSHV-infected cells with 

lenti-GFP. A Student’s t-test was performed between GFP and HIF-1α or GFP and HIF-1αSt samples at the indicated time points (*, P < 0.05). NS, not significant.
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induce the HRE luciferase report plasmid (Fig. 8D). In contrast, only the DomNeg mutant 
lost its ability to induce the RTA promoter, while the other HIF-1α mutants could still 
induce the RTA promoter but at a much lower level relative to the full-length HIF-1α 
(Fig. 8D). Taken together, these results demonstrate that both the DNA-binding domain 
and the N-terminal transactivation domain of HIF-1α are crucial for facilitating lytic KSHV 
infection by inducing viral lytic gene expression during de novo infection.

DISCUSSION

KSHV infection in vivo occurs in a challenging environment in which cells are exposed 
to many different stress stimuli that can affect the outcome of primary KSHV infection, 
that is, whether the virus will establish latency or a lytic cycle after infection. However, 
the impact of the different natural stress conditions on primary KSHV infection has been 
understudied so far. In this study, we provided evidence for the natural stress stimulus 
hypoxia being able to induce lytic de novo infection in cells that would be latently 
infected by KSHV under normoxia (Fig. 1 through 4). We found that when KSHV infects 
cells under hypoxia, the formation of heterochromatin is reduced on the incoming viral 
DNA (Fig. 5), which can favor lytic gene expression and viral DNA replication. Also, our 
data show that HIF-1α is crucial for not only the hypoxia-induced lytic KSHV infection 
(Fig. 6), but HIF-1α alone is sufficient to allow robust lytic viral gene expression during 

FIG 8 DNA-binding and NTAD domains are required for HIF-1α-induced lytic gene expression under normoxia. (A) Schematic of HIF-1α mutants. ΔDB, 

DNA-binding domain deletion. ΔNTAD, N-terminal transactivation domain deletion. ΔCTAD, C-terminal transactivation domain deletion. DomNeg, dominant 

negative form. (B) SLK cells were transduced with lenti-GFP (negative control), lenti-3xFLAG-HIF-1αSt (FL, full length), or the mutants for 3 days, followed by 

KSHV infection for 72 h. Immunoblot detection of HIF-1αSt and its mutants in the lentivirus-transduced, KSHV-infected cells. (C) RT-qPCR analysis of viral gene 

expression relative to lenti-GFP-transduced, KSHV-infected cells. A Student’s t-test was performed between HIF-1αSt (FL) and HIF-1α mutants (*, P < 0.05). NS, 

not significant. (D) HEK293T cells were co-transfected with vector control, 3xFLAG-HIF-1αSt, or the HIF-1αSt mutants along with the indicated luciferase reporter 

plasmids. The fold change was calculated by comparing the luciferase activity of the samples to the basal activity of the luciferase reporter plasmids with vector 

control.
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de novo infection (Fig. 7), which requires HIF-1α’s DNA-binding and N-terminal transacti
vation domains (Fig. 8). Based on our results, we propose that cellular stress responses 
during de novo infection can determine how KSHV infects cells and whether the virus 
will establish latency or lytic infection. In this regard, a recent study demonstrated that 
HIF-1α is necessary for the robust lytic infection of mice with the murine gammaher
pesvirus 68, which supports our notion that HIF-1α could also regulate the lytic KSHV 
infection of humans (48).

Previous studies have demonstrated that hypoxia can induce lytic reactivation of 
KSHV in latently infected cells and promote the growth of KSHV+ PEL cells (11–13, 39, 
42, 44, 49). The lytic reactivation-inducing ability of hypoxia was accounted for by HIF-1 
binding to HREs that are found in viral promoters, which can induce the expression 
of RTA and other lytic genes, resulting in viral replication (23, 24). ChIP-seq analysis 
showed that HIF-1α is enriched at several loci on the KSHV genome in hypoxia-exposed 
KSHV-infected PBMC and KSHV+ BC3 cells (42). In line with previous lytic reactivation 
studies, we showed by the CUT&RUN assay that HIF-1α binds to HREs in viral promoters, 
suggesting that HIF-1α could regulate lytic gene expression also during de novo infection 
in hypoxia (Fig. 5A). In addition, our ChIP analysis demonstrated that during hypoxic 
KSHV infection compared to infection under normoxia, the viral DNA has more open 
chromatin, and there is an enrichment of activating histone marks and a reduced level 
of the repressive histone mark H3K27me3 on the lytic promoters (Fig. 5). Such viral 
chromatin changes have been shown to favor lytic gene expression that can lead to viral 
DNA replication, which can also be observed during de novo infection in hypoxia (Fig. 
1 through 3) (50–52). We also determined that HIF-1α is necessary but not sufficient to 
induce hypoxic lytic KSHV infection; in addition, RTA is required (Fig. 4). Nevertheless, we 
found that the higher the HIF-1α protein level is, the higher the expression of KSHV lytic 
genes is, supporting the importance of HIF-1α in the regulation of lytic KSHV infection 
(Fig. 7). Interestingly, we also noticed that the HIF-1α protein level was reduced in cells 
infected with the lytic cycle-deficient RTA-KO KSHV compared to cells infected with WT 
KSHV during hypoxia. This implies that RTA and/or some other lytic factors of KSHV 
are needed to maintain the high HIF-1α level during hypoxic lytic infection. In this 
regard, previous studies have demonstrated that several KSHV factors can modulate the 
expression of HIF-1α at the protein or mRNA levels or affect its transcriptional activity 
(11, 39, 43, 53, 54). What viral factors play a role in HIF-1α induction in hypoxic lytic de 
novo KSHV infection, however, remains unknown, but we are going to address it in future 
studies. Overall, based on our data, we propose that there is a positive feedback loop 
between the expression of KSHV lytic genes and HIF-1α, facilitating KSHV lytic infection 
under hypoxia.

Is any expression of HIF-1α sufficient to induce robust lytic de novo KSHV infection? 
This is probably not the case. Our fluorescence microscopy analysis showed that there is 
heterogeneity not only in viral gene expression but also in HIF-1α expression in different 
cells in response to CoCl2 treatment during primary infection (Fig. 1B and C). There is 
only a subset of cells showing RFP+ signal or ORF45 expression during CoCl2-incubation, 
despite the fact that more than 99% of cells are infected (data not shown), while all 
cells show HIF-1α expression, although at different levels. This observation suggests a 
heterogenic primary KSHV infection under hypoxic conditions, which correlates with 
a single-cell analysis study showing heterogenous viral gene expression in KSHV-infec
ted cells of oral epithelial organoids as well (37). Several previous studies have also 
demonstrated that not all latently infected KSHV+ cells undergo the same level of 
viral reactivation when all cells are exposed to a potent lytic cycle inducer (55–57). In 
agreement with previous studies, our results support the notion that the transcriptome 
or proteomic profile of different infected cells may determine the output of lytic gene 
expression and virus production in an individual infected cell. As a matter of fact, we 
speculate that the variance in the hypoxia-induced activation of viral genes in different 
endothelial cell lines can also be due to variable HIF-1α protein abundance and/or 
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different levels of HIF-1α-associated co-activators across the different cell lines (Fig. 2H). 
However, this needs further investigation.

HIF-1α has multiple functional domains that are crucial for the activation of vari
ous cellular promoters. Besides the N-terminal bHLH DNA-binding domain, HIF-1α also 
contains two transactivation domains between amino acid residues 531 and 828, such as 
the CTAD and a more centrally located NTAD (Fig. 7A). We found that the DNA-binding 
domain and NTAD are essential for HIF-1α-mediated upregulation of viral lytic genes 
during de novo infection (Fig. 8). Interestingly, CTAD was dispensable for HIF-1α-induced 
lytic gene expression, despite the fact that both NTAD and CTAD are known to be 
involved in recruiting transcriptional co-activators to HIF-1α’s target promoters (Fig. 8) 
(58, 59). However, it has been reported previously that the expression of a subset of 
HIF-1α’s host target genes also requires only NTAD but not CTAD (60). Additionally, 
another group constructed a HIF-1α/HIF-2α chimeric protein by swapping their NTAD 
or CTAD and investigating their transcriptional activity on endogenous HIF-1′s host 
target genes. They found that while both NTAD and CTAD are necessary for optimal 
HIF transcriptional activity, NTAD confers HIF target gene specificity (61). We note that 
while both NTAD and CTAD seem to be necessary for the full transcriptional activity of 
HIF-1α in the HRE and RTA promoter luciferase reporter assays, only NTAD was required 
for the expression of lytic viral genes from the KSHV genome (Fig. 8). We speculate that 
the discrepancy may be accounted for by the KSHV genome being chromatinized in 
contrast to the reporter plasmids, and that the co-activators that interact with HIF-1α 
in the context of the viral chromatin require NTAD rather than CTAD. Further analyses 
will be needed to dissect the mechanism of NTAD-dependent HIF-1α-induced KSHV lytic 
infection.

It was demonstrated that a number of different stress factors, such as certain 
chemicals, reactive oxidative species (ROS), inflammatory cytokines, and viral and 
bacterial co-infections, can also induce lytic reactivation of KSHV in latently infected 
cells (62, 63). Some of the stress signals that are known inducers of the KSHV lytic 
cycle, such as ROS, can also increase HIF-1α expression, raising the possibility that 
cells exposed to these stress signals may be able to support lytic KSHV infection via 
HIF-1α under normoxia (64). In line with this notion, we showed that HIF-1α expression 
under normoxia can substantially increase lytic gene expression during de novo KSHV 
infection, indicative of the establishment of lytic infection. In addition to hypoxia, several 
non-canonical mechanisms have been reported whereby HIF-1α protein levels can be 
upregulated under normoxia. For example, insulin and epidermal growth factor can 
increase the protein level of HIF-1α by activating the phosphatidylinositol 3-kinase and 
mitogen-activated protein kinase signaling pathways (65). Iron deprivation also leads to 
the stabilization of HIF-1α, since Fe2+ is an essential cofactor for PHD-mediated HIF-1α 
degradation (66). Whether any of these non-canonical pathways that can induce HIF-1α 
could also support HIF-1α-mediated lytic KSHV infection remains to be tested in future 
studies.

Interestingly, a recent study revealed that KSHV infection-associated host gene 
expression changes in SLK and endothelial cells show similarity to hypoxia-induced 
gene expression profiles in endothelial cells and host gene expression in AIDS-KS (67). 
In addition, HIF-1α was shown to play a role in regulating the cell metabolism of KS, 
the growth of PEL cells, and hypoxia-induced lytic reactivation (12, 13, 42, 67). Our 
study explored the impact of hypoxia and the expression of HIF-1α on de novo KSHV 
infection, and we found that they allow the establishment of lytic infection. Taken 
together, these studies support the notion that HIF-1α is critical for the regulation of 
the different stages of KSHV infection and viral pathogenesis, which makes HIF-1α and 
the hypoxia-related signaling pathways potential therapeutic targets for inhibiting KSHV 
infection and KSHV-associated diseases.
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