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HIF-1a-Dependent Gene Expression Program
During the Nucleic Acid-Triggered Antiviral Innate

Immune Responses

Sun Woo Hong'?, Jae Wook Yoo'?, Hye Suk Kang', Soyoun Kim?*, and Dong-ki Lee"*

Recent studies suggest a novel role of HIF-1o. under non-
hypoxic conditions, including antibacterial and antiviral
innate immune responses. However, the identity of the
pathogen-associated molecular pattern which triggers HIF-
1a activation during the antiviral response remains to be
identified. Here, we demonstrate that cellular administra-
tion of double-stranded nucleic acids, the molecular mim-
ics of viral genomes, results in the induction of HIF-1a
protein level as well as the increase in HIF-1a target gene
expression. Whole-genome DNA microarray analysis re-
vealed that double-stranded nucleic acid treatment trig-
gers induction of a number of hypoxia-inducible genes,
and induction of these genes are compromised upon
siRNA-mediated HIF-1o knock-down. Interestingly, HIF-1a
knock-down also resulted in down-regulation of a number
of genes involved in antiviral innate immune responses.
Our study demonstrates that HIF-1a activation upon nu-
cleic acid-triggered antiviral innate immune responses
plays an important role in regulation of genes involved in
not only hypoxic response, but also immune response.

INTRODUCTION

Hypoxia-inducible factor 1 (HIF-1) is a well known transcrip-
tional regulator of hypoxic genes in low oxygen conditions
(Wang and Semenza, 1993). HIF-1 is a heterodimer composed
of an oxygen-regulated HIF-1o subunit, and a common HIF-13
subunit (also known as ARNT) (Wang et al., 1995). In normoxic
conditions, HIF-1o. subunit is rapidly degraded via post-
translational modification of HIF-1o. oxygen-dependent degra-
dation (ODD) domain (Masson et al., 2001). However, when a
cell undergoes hypoxic stress, HIF-1a. is stabilized and translo-
cates into the nucleus to form a complex with HIF-1p, and the
resulting HIF-1 heterodimer activates target genes.

In addition to this canonical, oxygen-dependent mechanism,
a number of recent studies have reported that HIF-1o. can be
also activated by non-hypoxic stimuli (reviewed in Dery et al.,
2005), suggesting that the biological function of HIF-1c is more
diverse than originally thought. One of the hypoxia-independent

roles of HIF-1a is a transcriptional regulator during the innate
immune response (Zinkernagel et al., 2007). Innate immune
response is the first line of defense against pathogenic invasion
(Akira et al., 2006), and during this response, exogenously
introduced pathogen-associated molecular patterns (PAMPS)
are sensed by germline-encoded pattern recognition receptors
(PRRs), triggering signal transduction cascades and activating
a number of immune-related genes (Lee and Kim, 2007). Sev-
eral studies demonstrated the role of HIF-1a in antibacterial
innate immune responses. HIF-1a is transcriptionally induced
by lipopolysaccharide (LPS) treatment, a component of Gram-
negative bacterial cell wall, and induces a number of target
genes (Zinkernagel et al., 2007). It has also been shown that
HIF-1a is responsible for the LPS-induced sepsis by transcrip-
tional induction of the expression of inflammatory cytokines
such as TNF-a (Peyssonnaux et al., 2007).

The role of HIF-1a in antiviral innate immune response has
recently been suggested (Zinkernagel et al., 2007). It has been
shown that respiratory syncytial virus (RSV) causes HIF-1a
stabilization in primary bronchial epithelial cells (Kilani et al.,
2004). Another study reported that hepatitis C virus (HCV) in-
fection can stabilize HIF-1a and stimulate the synthesis of vas-
cular endothelial growth factor (VEGF) (Nasimuzzaman et al.,
2007). Hwang et al. (2006) showed that forced activation of
HIF-1o0. by mutation of von Hippel-Lindau (VHL) protein, a
negative regulator of HIF-1a, confers resistance to vesicular
stomatitis virus (VSV). Thus, collectively the evidence suggests
that HIF-10. might play a distinct role in antiviral innate immune
responses. However, the exact role of HIF-1a in antiviral innate
immune responses is still elusive. Also, the viral PAMP mole-
cule that triggers HIF-1a activation has yet to be defined.

In this report, we studied the role of HIF-1a in nucleic acid-
triggered antiviral innate immune responses. First, we demon-
strate that HIF-1a protein level is induced upon antiviral re-
sponses triggered by poly(l:C) and poly(dAdT), dsRNA and
dsDNA viral PAMPs, respectively. Using the HIF-1a specific
siRNAs, we then show that the expression of GLUT1, a known
HIF-1o target gene (Ebert et al., 1995), as well as the expres-
sion of IFIT1, an interferon-inducible antiviral gene (Hwang et
al., 2006), is regulated by HIF-1o upon double-stranded nucleic
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acid treatment. Genome-wide microarray experiments further
confirm that HIF-1o regulates not only hypoxia-inducible
genes but also innate immune-related genes during the antivi-
ral response triggered by poly(l:C) and poly(dAdT). Taken
together, these results suggest a pivotal role for HIF-1a. as a
key regulator in nucleic acid-triggered antiviral innate immune
responses.

MATERIALS AND METHODS

Cell culture

T98G, a human glioblastoma cell line, was obtained from
ATCC and maintained at 37°C in DMEM (Gibco) supplemented
with 10% (v/v) fetal bovine serum (Gibco), 100 U/ml penicillin,
and 100 pg/ml streptomycin. Cells were routinely subcultured to
maintain exponential growth.

Nuclear fractionation

For nuclear fractionation, 0.5 ml of Buffer A (10 mM HEPES,
1.5 mM MgCl,, 10 mM KCI, 0.5 mM DTT, 0.05 % NP40 pH 7.9)
with protease inhibitor cocktail was added to the cultured cells
in 100 mm dish on ice. Cells were scraped thoroughly and left
on ice for 10 min. Cells were collected by centrifugation at 4°C,
3,000 rpm for 10 min and supernatant was removed. The cell
pellet was resuspended in 93.5 pl of Buffer B [5 mM HEPES,
1.5 mM MgCly, 0.2 mM EDTA, 0.5 mM DTT, 26% glycerol (v/v),
pH 7.9] with 6.5 pl of 4.6 M NaCl. Further the cell membrane
was disrupted by homogenization with 20 full strokes in a
Dounce homogenizer (Sigma). For nuclear protein extraction,
samples were centrifuged at 24,000 x g for 20 min at 4°C and
the supernatant was collected.

Western blot analysis

Cells were lysed in 2x Laemmli sample buffer. Protein concen-
tration was determined using a BCA assay. Nucleic extracts (10
ng) were resolved in sodium dodecyl sulfate-polyacrylamide
gels (10%) and electrophoretically transferred onto nitrocellu-
lose membrane (Protran®, Whatman). Proteins of interest were
detected with specific antibodies as indicated (1:2000 dilution),
and then visualized with an enhanced chemiluminescence
(ECL plus) reagent (Amersham Bioscience). Mouse mono-
clonal anti-HIF-1o antibody (NB100-105) was purchased from
Novous Biologicals. Rabbit anti-DREAM, used as an internal
control, was purchased from Koma Biotechnology through
custom production service.

Transfection of siRNAs and nucleic acids

siRNA target sequences of HIF-1a, NF-xB (p65), and IRF3
were selected from published data (An et al., 2005; Franovic et
al., 2007; Liu et al., 2006; Samanta et al., 2006). As a control
siRNA, we used equimolar concentration of a set of six siRNAs
targeting luciferase (Ui-Tei et al., 2004). siRNAs were chemi-
cally synthesized by Bioneer. The sequence information of
each siRNA is provided in Supplementary Table 1. siRNAs
were transfected using DharmaFECT 2 (Dharmacon) as manu-
facturer’s instruction. Final concentration of siRNA transfected
was 10 nM. Poly(l:C) and poly(dAdT) were purchased from
Sigma and MP Biomedicals, respectively. For poly(l:C) and
poly(dAdT) transfection, Lipofectamine 2000 (Invitrogen) re-
agent was used.

Quantitative real-time PCR

Cells were harvested and total RNA was extracted using the
TRI Reagent® (Ambion) according to the instructions of the
manufacturer. Reverse transcription and quantitative real-time

RT-PCR were performed as previously described (Yoo et al.,
2006). PCR primers used to amplify each gene were chosen by
using the Primer3 (http://frodo.wi.mit.edu/primer3/input.htm)
program and their sequence information is provided in Supple-
mentary Table 2.

NF-xB and ISRE activity test

One day before transfection, T98G cells were plated in 24-well
plate and grown to 50% confluency in complete medium with-
out antibiotics. 10 nM of siRNA was transfected and 24 h later,
second transfection was performed with either NF-xB or ISRE
reporter plasmid (100 ng, pNF-kB-Luc or pISRE-Luc, Strata-
gene). Renilla luciferase vector (1 ng, pRL-SV40, Promega)
was co-transfected for normalization. In case of plasmid trans-
fection, Lipofectamine and Plus reagent (Invitrogen) was used
according to manufacturer’s instruction. The 24 h later the sec-
ond transfection of poly(I:C) and poly(dAdT) was performed for
16 h and luciferase activity was determined using the Dual-
Luciferase Reporter Assay System (Promega). Results were
quantified with the 20/20" Luminometer (Turner Biosystems).

ODD degradation assay

pSV-Luc-ODD plasmid, which expresses luciferase-HIF-1a
ODD domain fusion protein, was a gift from M. H. Lee (Kim et
al., 2007a). The 400 ng of pSV-Luc-ODD plasmid was trans-
fected into T98G cells as described above. Renilla luciferase
vector (1 ng, pRL-SV40, Promega) was co-transfected for
normalization. 48 h later, cells were treated with poly(l:C) and
poly(dAdT) for 16 h and luciferase assay was performed.

DNA microarray experiment and data analysis

DNA microarray experiment and analysis were performed as
described (Hong et al., 2008). Total RNA was extracted using
the TRI Reagent® (Ambion) and an RNeasy® mini kit (Qiagen)
and 15 pg of total RNA was used for each double-stranded
cDNA (dscDNA) synthesis, employing a commercial kit (Invi-
trogen). Reactions were stopped with EDTA and RNase A was
treated. Samples were ethanol-precipitated and rehydrated to
250 ng/ul. The 1 pg of dscDNA was used for labeling by
Klenow fragment (NEB) using Cy3-labeled random 9mer
(TriLink Biotechnologies) and labeled samples were precipi-
tated using isopropanol. The 4 ng of Cy3-labeled DNA (contain-
ing sample tracking control and alignment oligo) was hybridized
to Nimblegen 385K 4-plex human microarray for 18 h at 42°C
using the Nimblegen Hybridization system (Nimblegen). Arrays
were washed and array images were obtained using a GenePix
4000B scanner (Axon Instruments). Scanned images were
imported into NimbleScan software (Nimblegen). Expression
data was normalized through quantile normalization (Bolstad et
al., 2003) and Robust Multichip Average (RMA) algorithm
(Irizarry et al., 2003). Gene ontology (GO) analysis was per-
formed by using web-based tool provided in Database for An-
notation, Visualization, and Integrated Discovery (DAVID) web-
site (http://niaid.abcc.ncifcrf.gov/home.jsp) (Dennis et al., 2003).
Selected gene list was uploaded and whole genes were used
as background. For promoter analysis, DIRE tool was used
(Gotea and Ovcharenko, 2008). Gene list was uploaded and
processed with default setting.

RESULTS AND DISCUSSION

HIF-1a protein level is up-regulated in response to
poly(I:C) and poly(dAdT) treatments

As a first step towards the understanding of the role of HIF-1a
in antiviral innate immune responses, we tested whether trans-



Sun Woo Hong et al. 245

Table. 1. HIF-1a regulated genes with HIF-1o consensus binding sequence

Poly(dAdT) Poly(l:C) Induction by Induction by
log (h-01/cont) log. (h-02/cont) logz (h-01/cont)  log. (h-02/cont) poly(dAdT) (loge) poly(1:C) (log)
PPP1R3C -1.247 -1.494 -0.942 -1.154 -1.130 -0.973
SEMA6D -0.724 -1.419 -1.073 -1.009 1.100 1.099
KCTD11 -0.686 -0.846 -0.640 -0.819 0.580 1.130
FAM59A -1.879 -1.102 -0.883 -0.899 2.278 2.304
POMC -1.321 -0.822 -0.623 -0.813 1.028 1.150
TMEM45A -0.654 -1.050 -1.146 -1.024 0.711 0.573
PAM -0.689 -1.138 -0.633 -0.774 0.802 0.562
CA9 -3.419 -3.448 -0.884 -1.923 3.263 2.842
PAX5 -0.857 -0.772 -0.670 -1.068 2.226 2.156

Genes with HIF-1a binding sequence on the promoter were identified through DIRE analysis. Level of induction by poly(l:C) or poly(dAdT) treatment,

and the expression level change upon HIF-1a siRNA treatment are presented.

fection of double-stranded nucleic acids, the viral nucleic acids
mimics, into cells affects HIF-1a. protein level. We transfected
T98G cells, a well-studied, dsRNA sensitive, human glioblas-
toma cell line (Zamanian-Daryoush et al., 1999), with either
poly(l:C), a synthetic long dsRNA, or poly(dAdT), a synthetic
long dsDNA, respectively. The effect of these nucleic acid mim-
ics on HIF-1a protein level was measured at different time
points by Western blotting with a HIF-1a. specific antibody. As a
positive control, cells were treated with CoCl,, a chemical in-
ducer of hypoxia (Kim et al., 2006). Basal HIF-1a protein level
was barely detectable but, as expected, CoCl, treatment
strongly induced HIF-1a protein level (Fig. 1A). Interestingly,
transfection of synthetic, double-stranded nucleic acids also
showed a significant increase in the HIF-1a protein level (Fig.
1A). The kinetics of HIF-1o induction observed with poly(l:C)
and poly(dAdT) treatments were found to be quite similar. HIF-
1a level began to increase 8 h following nucleic acids transfec-
tion, and reached to maximum between 12 h and 16 h. To our
knowledge, this is the first demonstration that long dsRNA and
dsDNA, which are the mimics of the viral nucleic acid PAMPs,
can up-regulate HIF-1a protein level.

Down-regulation of HIF-1a attenuates induction of GLUT1
and IFIT1 during the nucleic acid-triggered antiviral
responses

To test whether the activation of HIF-1a by nucleic acid PAMPs
plays a role in transcription of genes during the antiviral innate
immune responses, we performed RNAi experiments. First, the
expression of HIF-1a in T98G cells was reduced by two inde-
pendent HIF-1o-specific siRNAs (named as H-01 and H-02,
respectively) (Franovic et al., 2007; Liu et al., 2006) (Fig. 1B).
The cells were then transfected with either poly(l:C) or
poly(dAdT) and incubated for 12 h. First we examined the
mRNA levels of GLUT1 which is a well-known HIF-1a target
gene (Ebert et al., 1995) and found that down-regulation of HIF-
1a by both siRNAs reduced GLUT1 mRNA level (Fig. 1C). We
also observed moderate up-regulation of GLUT1 gene expres-
sion upon either poly(l:C) (1.5 fold) and polydAdT (1.7 fold)
treatment. This result confirms that during the antiviral innate
immune responses triggered by poly(l:C) or poly(dAdT) treat-
ment, GLUT1 gene expression is controlled by HIF-1a. tran-
scription factor activity.

A previous study reported that forced HIF-1a stabilization by
the loss of VHL reinforced the induction of several ISGs after
VSV infection, including IFIT1 gene, which is one of the inter-
feron-stimulated genes (ISGs) (Hwang et al., 2006). We found

that, upon poly(I:C) and poly(dAdT) treatments, the mRNA level
of IFIT1 increased more than 200 fold in both condition and this
induction was repressed by siRNAs targeting HIF-1a (Fig. 1D).
This result suggest that HIF-1a. might play a role in expression
of not only hypoxia-related genes, but also immune response
genes, during the antiviral responses triggered by poly(l:C) or
poly(dAdT) treatment.

Mechanistic study of HIF-1a accumulation triggered by
double-stranded nucleic acids

We then investigated the mechanism of HIF-1a induction dur-
ing the antiviral innate immune responses triggered by double-
stranded nucleic acids. First we examined the possibility that
poly(l:C) or poly(dAdT) might stabilize HIF-1o protein by a simi-
lar mechanism executed during the hypoxic stimulus. To test
this, we utilized an oxygen-dependent degradation domain-
luciferase fusion construct (designated as ODD-luc) (Kim et al.,
2007a). As expected, as a result of luciferase-ODD protein
stabilization, increased luciferase activity, was observed by
CoCl, treatment (Fig. 2A). However, treatment of neither
poly(I:C) nor poly(dAdT) resulted in significant increase in
luciferase activity (Fig. 2A). This data suggests that ODD-
dependent HIF-1a stabilization does not play a major role in
HIF-10. induction during the double-stranded nucleic acid-
triggered antiviral responses.

Treatment with LPS, a bacterial PAMP, also triggers HIF-1o
accumulation. It is reported that the LPS-induced HIF-1a. ac-
cumulation is a result of transcriptional induction of HIF-1a
mRNA (Frede et al., 2006; Kim et al., 2007b; Peyssonnaux et
al., 2007). In addition, a recent study on LPS treated murine
macrophages demonstrated repression of PHD2 gene expres-
sion, a negative regulator of HIF-1a (Peyssonnaux et al., 2007).
However, we did not observe induction of HIF-1oc. mRNA level
upon poly(l:C) or poly(dAdT) treatment (Fig. 2B). Upon
poly(l:C) treatment, HIF-1a. mRNA level decreased at early
time point. With further incubation, the transcript level began to
increase but was still lesser than the original mRNA level. In the
case of poly(dAdT) treatment, HIF-1oo mRNA level did not
change (Fig. 2B). Therefore, induction of HIF-1a. protein level
upon nucleic acid transfection cannot be explained by transcrip-
tional induction of HIF-1o. gene, as observed with LPS treat-
ment. We also analyzed the PHD2 mRNA levels, but did not
observe any reduction (Fig. 2C). Combined together, these
results indicate that mechanism of HIF-10. accumulation upon
poly(l:C) or poly(dAdT) treatment is distinct from that upon LPS
treatment.
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HIF-1a knock-down does not affect NF-xB and IRF3
activity during the nucleic acid-triggered antiviral
responses

Walmsley et al. (2005) demonstrated that hypoxia-induced NF-
kB activity is mediated through a HIF-1o. dependent pathway in
neutrophils. Another study (An and Rettig, 2005) also sug-
gested that HIF-1a activation by VHL mutation results in in-
creased NF-kB activity. In contrast, Peyssonnaux et al. recently
reported that HIF-1a did not affect NF-xB pathway in LPS chal-
lenged murine macrophage (Peyssonnaux et al., 2007). Thus,
we tested whether HIF-1o. modulates NF-xB activity in nucleic
acid-triggered antiviral responses. In addition, we also exam-
ined the activity of IRF3, another key transcription factor in anti-
viral responses (Akira et al., 2006). We confirmed the activation
of NF-kB and IRF3 activity upon either poly(l:C) and poly(dAdT)
treatment (Fig. 3). However, we did not observe differences in
the NF-xB and IRF3 activity between siHIF-10. siRNA- and
control siRNA-treated cells (Fig. 3). This result suggests that
HIF-10. affects neither NF-xB nor IRF3 activity in the dsRNA
and dsDNA-triggered innate immune responses. Rather, HIF-
1o might directly affect gene expression upon nucleic acid
stimulation (Kim et al., 2006; Peyssonnaux et al., 2007).

HIF-1a is responsible for the expression of hypoxia-related
genes during the nucleic acid-triggered antiviral responses
Toward the comprehensive analysis of the role of HIF-1a in the
gene expression program during the nucleic acid-triggered
antiviral responses, we performed whole-genome DNA mi-
croarray experiments upon HIF-1a. knock-down by siRNAs,
followed by poly(l:C) and poly(dAdT) stimulation. 10 nM of HIF-
1o-targeting siRNAs or control siRNA were transfected into
T98G cells, and 48 h later, poly(l:C) or poly(dAdT) was trans-
fected and cells were incubated for additional 12 h. We also
included a mock-transfected cell sample as a control for
poly(I:C) and poly(dAdT) transfection. Total RNAs were isolated
from all samples and microarray analysis was performed by
using the Nimblegen homo sapiens 4-plex array platform.
Through DNA microarray data analysis, Chi et al. (2006)
identified common hypoxia-related genes, which were induced
by hypoxia in various human cell lines. Those genes have been
previously identified as key players in hypoxic response, and
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Fig. 2. Probing the mechanism of nucleic acid-triggered HIF-1a
accumulation. (A) ODD-luciferase construct was transfected into
T98G cells. The 48 h later, poly(I:C) and poly(dAdT) was trans-
fected and cells were harvested 16 h after second transfection. Cell
lysates were assayed for luciferase activity. As a positive control,
200 uM CoCl, was treated for 16 h. Results are means + SD for at
least three independent experiments. Significance to control was
tested and resulting p-values are presented. (B, C) T98G cells were
transfected with poly(l:C) and poly(dAdT) and mRNA level of HIF-
1a (B) and PHD2 (C) was quantified by quantitative real-time RT-
PCR. At least three independent experiments were performed and
relative expression level to no treatment control was calculated.
Mean values were presented with + SD.
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Fig. 3. HIF-1a does not affect transcrip-
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include genes encoding proteins with roles in glucose transport,
cell proliferation and apoptosis, and other biological processes.
We inspected expression levels of the common hypoxia genes
in T98G cells stimulated with double-stranded nucleic acids.
Out of 12 genes examined, 5 genes (GYS1, LOX, DEC1, HIG2,
PGK1) were up-regulated more than 1.5 fold by poly(l:C) or
poly(dAdT) treatment (Figs. 4A and 4B). On the other hand,
none of these genes were significantly repressed. We also
observed that transcriptional responses of those genes were
similar in both poly(l:C) and poly(dAdT) conditions. Furthermore,
knock-down of HIF-1a with specific siRNAs revealed that ex-
pression of these genes were HIF-1a dependent (Figs. 4A and
4B). Taken together, these data support the idea that HIF-1a is
a functionally active transcription factor and regulates hypoxia-
related target genes during the nucleic acid-triggered antiviral

4 L] L]

0
log,(poly(dAdT)/No treat control)

responses.

HIF-1a is responsible for the expression of genes involved
in viral nucleic acid-triggered cellular responses

To test whether HIF-1q is also involved in expression of genes
other than hypoxic response, we analyzed microarray data to
obtain the comprehensive list of HIF-1a regulated genes upon
poly(I:C) and poly(dAdT) stimuli in T98G cells. To identify HIF-
1o regulated genes, we selected genes whose expression
levels were repressed by HIF-1o siRNA treatment in both
poly(l:C) and poly(dAdT) microarray data. To eliminate false
positives, we only selected genes which were down-regulated
more than 1.5 fold by siHIF-1a treatment in all four conditions
tested [poly(I:C) and poly(dAdT) treatment, two HIF-1o siRNAs].
As a result, a list of 131 HIF-1a target genes was generated
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Table. 2. Gene ontology analysis of HIF-1a regulated genes

Role of HIF-1c in Antiviral Innate Immune Responses

GO Term (biological process) Count % P-Value
response to stimulus 34 27 1.30E-04
innate immune response 6 4.8 3.30E-04
immune effector process 6 4.8 5.00E-04
cellular polysaccharide metabolic process 5 4 5.80E-04
polysaccharide biosynthetic process 4 3.2 6.20E-04
cellular polysaccharide biosynthetic process 4 3.2 6.20E-04
multicellular organismal process 37 294 6.20E-04
polysaccharide metabolic process 5 4 6.50E-04
G-protein coupled receptor protein signaling pathway 17 135 8.90E-04
response to other organism 7 5.6 1.10E-03

Gene ontology analysis of HIF-1a regulated genes were performed by using DAVID platform. Top 10 enriched GO terms (Biological process) are pre-

sented with gene numbers, percentage, and p-values.
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Fig. 5. mRNA expression level analysis of individual HIF-1a-regulated genes. From the HIF-1a-regulated gene list, four genes were selected
and tested. Control siRNA, or two different siRNAs targeting HIF-1a (H-01 and H-02) were transfected into T98G cells. The 48 h following
transfection, poly(I:C) or poly(dAdT) was transfected and cells were incubated for another 12 h. mRNA levels of each genes were quantified by
quantitative real-time RT-PCR. mRNA levels were normalized by TBP mRNA level and relative mRNA level to control sample was calculated.
At least three independent experiments were performed and mean values were presented with + SD.

(Supplementary Table 3).

First we inspected the gene expression level of HIF-1a target
genes upon double-stranded nucleic acids stimuli by calculating
the logarithm of fold changes in mRNA level upon nucleic acid
treatment. As shown in Fig. 4C, most of HIF-1a target genes
were up-regulated by both poly(l:C) and poly(dAdT) treatment.
Average values of fold changes (in logarithms) also validate
induction of HIF-1a target gene expression upon nucleic acid-
triggered antiviral responses. We also found a close correlation
of HIF-1a target gene expression level between poly(l:C) and
poly(dAdT) stimuli which suggests that HIF-1a similarly regu-
lates target gene expression in both condition (Fig. 4D).

Promoter analysis of HIF-1a target genes using web-based
tool DIRE (Gotea and Ovcharenko, 2008) reported 9 genes
with HIF-1o. binding sequence (Table 1). Expression of all
genes was down-regulated by siRNAs targeting HIF-1a, and
except PPP1R3C, expression of all genes was activated by
double-stranded nucleic acids. In addition, six genes (PPP1RC,
KCTD11, POMC, TMEM45A, PAM, and CA9) listed in Table 1
were previously identified as hypoxia-inducible genes (Choi et
al., 2004; Gross et al., 2008; Manalo et al., 2005; Sonna et al.,

2003; Wykoff et al., 2000), further supporting the idea that
these genes are direct HIF-1a targets during the double-
stranded nucleic acid triggered antiviral responses.

To understand the cellular function of HIF-1o target genes,
we performed gene ontology analysis by using DAVID platform
and presented 10 most enriched GO terms with p-values (Ta-
ble 2). As shown in Table 2, ‘response to stimulus’ term was
most highly enriched and 34 HIF-1a target genes were catego-
rized within this process. In addition, we observed enrichment
of immune-related terms such as ‘innate immune response’,
‘immune effector process’, and ‘response to other organism’.
The list of immune-related HIF-1a target genes is shown in
Table 3. This list includes cytokine receptors (IL23R, IL22RA1,
and XCR1), pro-apoptotic molecules (BNIP3 and BNIP3L), and
transcription factor (CEBPE). We also confirmed the expression
level of individual genes using quantitative real-time RT-PCR.
The genes tested (BNIP3, C4B, CLEC7A, and IL22RA1) showed
increased MRNA level upon either poly(l:C) and poly(dAdT)
treatment (Supplementary Fig. 1) and we also found that those
inductions are dependent on HIF-1a activity (Fig. 5). Collec-
tively, these data demonstrate that HIF-1a is responsible for the
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Table. 3. List of immune-related HIF-1o-regulated genes

Gene Description

BNIP3 bcl2/adenovirus e1b 19kda interacting protein 3

MASP1 mannan-binding lectin serine peptidase 1 (c4/c2 activating component of ra-reactive factor)
CLEC7A c-type lectin domain family 7, member a

BNIP3L bcl2/adenovirus e1b 19kda interacting protein 3-like

CD1D cd1d antigen, d polypeptide

DMBT1 deleted in malignant brain tumors 1

XCR1 chemokine (c motif) receptor 1

CEBPE ccaat/enhancer binding protein (c/ebp), epsilon

ORM1 orosomucoid 1

IL23R interleukin 23 receptor

C4B complement component 4a (rodgers blood group)

RAG2 recombination activating gene 2

FCN2 ficolin (collagen/fibrinogen domain containing lectin) 2 (hucolin)
CHIA chitinase, acidic

CEBPE ccaat/enhancer binding protein (c/ebp), epsilon

IL22RA1 interleukin 22 receptor, alpha 1

From GO analysis data, genes related to immune response are collected and presented.

expression of a subset of immune-related genes during the
nucleic acid-triggered antiviral innate immune responses.

In this study, we demonstrated the induction of HIF-1a pro-
tein and gene expression program dependent upon HIF-1a
during the nucleic acid-triggered antiviral innate immune re-
sponses. While previous studies have suggested the role of
HIF-1o during antiviral responses (Kilani et al., 2004; Nasimuz-
zaman et al., 2007), our study is the first to demonstrate that
both long dsRNA and long dsDNA, which are mimics of viral
genomes, are sufficient to trigger HIF-1o activation. In addition,
by using HIF-1a specific siRNAs and DNA microarray, we
demonstrate that HIF-1a-dependent gene expression program
encompasses the expression of not only hypoxia-related genes,
but also immune response-related genes. Our result is in
agreement with the recent report showing that hypoxia induced
a number of immune-related genes in monocytes (Bosco et al.,
2006), and another study which showed the forced activation of
HIF-1a confers resistance to vesicular stomatitis virus (VSV) by
activating expression of genes involved in antiviral responses
(Hwang et al., 2006).

The mechanism responsible for HIF-1a induction upon dou-
ble-stranded nucleic acids stimuli is still elusive. Mechanisms
previously demonstrated to induce HIF-1a. during hypoxia or
upon LPS stimulus do not seem to play a major role in HIF-1o
induction upon antiviral stimuli. In addition, the signaling path-
way that senses double-stranded nucleic acids and relays the
signal to activate HIF-1c. remains to be identified. Future study
should focus on identification of the novel HIF-1o induction
mechanism during the nucleic acid-triggered antiviral responses.

In conclusion, our study demonstrates that HIF-1a plays a
pivotal role in antiviral innate immune responses, by acting as a
downstream transcriptional regulator of viral nucleic acid sens-
ing pathway to regulate expression of both hypoxia-related and
immune-related genes. Uncovering of novel innate immunity
transcriptional regulators and the mechanism of their activation
should aid in understanding the complex mechanism of innate
immune responses against pathogenic infections (Hong et al.,
2008).

Note: Supplementary information is available on the Molecules

and Cells website (www.molcells.org).
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