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Abstract
Hypoxia has been identified as a contributing factor in the pathophysiology of several diseases and
oxygen regulation is important during stem cell development, particularly in early embryogenesis.
One aspect that has emerged is the role of hypoxia-inducible factors, or HIFs in regulating the
effect of hypoxia. Studies in our laboratory sought to examine the hypoxic regulation of HIF
activity in placental trophoblast cells, through the use of dual-reporter luciferase assays. Our study
demonstrates that hypoxic conditions cause a significant increase in the level of constitutive
luciferase reporter activity. We also show that this induction is not a cell-type or species-specific
phenomenon and provides an alternative method for normalizing transfection efficiency in
luciferase assays under hypoxic conditions. Our results suggest that in studies dealing with
hypoxic conditions, caution should be used when interpreting measurements of transcriptional
activity by traditional dual-reporter assays.
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INTRODUCTION
Hypoxia (low oxygen) has been identified as a contributing factor in the pathophysiology of
a host of diseases [2,6,14,20–22,41,42,56,57]. Hypoxia is also important during early
embryonic development. Embryonic implantation and placental formation occur under
extremely low oxygen conditions of 2–3% oxygen and proper placental development is
critical for normal fetal growth and embryonic survival [12,19,25,46,48,49,57].

The major mediators of hypoxia are proteins that belong to the family of basic helix-loop-
helix transcription factors known as hypoxia inducible factors (HIFs). HIFs are
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heterodimeric proteins consisting of an alpha (HIF-α) and beta (HIF-β) subunit. Both
subunits are highly conserved across species and must dimerize with each other in order to
be functionally active. The HIF-β subunit is also known as the aryl hydrocarbon receptor
nuclear translocator (ARNT) and is constitutively expressed at all oxygen levels in all cell
types [4 10,25,34,54,57,60,63].

Two predominant isoforms for the HIF-α subunits have been identified, HIF-1α and HIF2α /
EPAS-1 [28,50,61]. HIF-1α mRNA is present in almost all cell types, however, HIF-2α
expression is cell-type specific, appearing predominantly in epithelial, neuronal, and
fibroblast tissues [4,12,28,50,51,61]. Under normal oxygen conditions, key proline and
asparagine residues within the oxygen dependent degradation domain (ODD) and C-
terminal transactivation domain (CTAD) of the HIF-α protein subunit are hydroxylated by
prolyl and asparaginyl hydroxylases. Hydroxylated HIF-α subunits are ubiquitinated through
interactions with the von Hippel-Lindau (VHL) tumor suppressor protein and are degraded
through the proteosomal degradation pathway [9,24,25,31,34]. Under low oxygen
conditions, hydroxylation of the HIF-α subunits does not occur, allowing for its
stabilization. Stabilized HIF-α protein dimerizes with the HIF-β subunit to become
transcriptionally active [4,10,28,39,60,64]. The functional HIF protein, in the presence of
other cofactors such as CBP/p300, binds to consensus sequences (5'- T/G ACGTGCGG-3'),
known as Hypoxia Response Elements (HREs), located within the promoter regions of
hypoxia-regulated genes, such as erythropoietin (EPO), phosphoglycerate kinase-1 (PGK-1),
and vascular endothelial growth factor (VEGF) [17,39,42,45,58,60 64,65].

When delineating the role of HIFs and other transcriptional factors, assaying for
transcriptional activity is important to show functionality. One of the easiest ways that this
can be accomplished is via reporter assays. Reporter assays are used in numerous studies to
test for the transcriptional activity of a variety of proteins. Reporter genes consist of a gene
encoding a protein attached to an upstream promoter or enhancer sequence of interest. The
encoded proteins are easily quantifiable when transfected in a eukaryotic system. Genes
commonly used as reporters are beta galactosidase LacZ), Green fluorescent protein (GFP),
Chloramphenicol acetyl transferase (CAT), and Luciferase (Luc/Lux) assays [8,37,59].

Luciferase dual-reporter assays are widely used in a variety of scientific fields to study
transcriptional activation [1,11,29,33]. The two different types of luciferases commonly
used have distinct substrate requirements, producing different wavelengths of fluorescence,
thus allowing them to be quantified sequentially from a single sample. In a conventional
luciferase dual-reporter assay, cells are transfected with a firefly (Photinus pyralis)
luciferase gene under the control of a promoter region from a gene of interest and a Renilla
(Renilla remiformis) luciferase gene under the control of the promoter region from a gene
that is constitutively expressed. Three commercially available luciferase reporters are
commonly used to normalize for transfection efficiency, due to their constitutive activity
within most cells types. The pRL-SV40 luciferase reporter (GenBank accession number
AF025845) is composed of the Renilla luciferase gene under the control of the constitutively
active simian-virus 40 (SV40) early enhancer/promoter. Similarly, the pRL-CMV and pRL-
TK (GenBank accession numbers AF025843 and AF025846, respectively) are composed of
the Renilla luciferase gene under the control of the constitutively active immediate/early
promoter/enhancer of cytomegalovirus (CMV) and herpes simplex virus thymidine kinase
(HSV-TK), respectively [7,22,45,52,59].

Studies in our laboratory sought to examine the transcriptional activity of HIF-1α in
response to hypoxia in the Rcho-1 trophoblast cell line, using a conventional luciferase dual-
reporter assay [19,49]. However, during the course of these studies, the level of activation of
the constitutive reporters was significantly higher in hypoxic samples than in normoxic
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controls, creating variability in the results obtained. The current study examines the effects
of hypoxia on constitutive luciferase reporters and provides a reliable, alternative for the
analysis of transcriptional activation under hypoxic conditions.

MATERIALS AND METHODS
Materials

The Rcho-1 trophoblast cell line was a kind gift from Dr. Michael Soares (Kansas
University Medical Center, Kansas City, Kansas). The Cos 7 and NIH-3T3 cell lines were
obtained from ATCC. The EPO-Hypoxia Response Element (HRE)-luciferase reporter
plasmid, with four copies of the HRE consensus sequence from the promoter of the
erythropoietin gene in the pGL3 vector, was a kind gift from Dr. Florent Soubrier
(INSERM, Paris, France). The PGK-1-HRE luciferase reporter plasmid, which contains six
copies of a 24 base pair sequence including the HRE sequence from the phosphoglycerate
kinase-1 (PGK-1) promoter in the pGL3 vector, was a kind gift from Dr. Peter Ratcliffe
(University of Oxford, England). The pc3DNAHIF-1α3xSDM construct was a kind gift
from Dr. Christine Warnecke (University Erlangen-Nuremberg, Erlangen, Germany).
pEGFPN-1 was purchased from Clonetech. RPMI 1640 with L-glutamine (RPMI),
Dulbecco's Modified Eagle Medium (DMEM), 1× Dulbecco's Phosphate Buffered Saline
(PBS), were purchased from Cellgro. Fetal Bovine Serum (FBS) was purchased from
BioWest. HEPES buffer, Trypsin-EDTA, and antibiotic-antimycotic were purchased from
Invitrogen. The NXTRACT CelLytic™ NuCLEAR™ Extraction Kit was purchased from
Sigma-Aldrich. Rabbit polyclonal HIF-1α antibody (NB100–449) was purchased from
Novus Biologicals. Anti-rabbit and anti-mouse horseradish peroxidaseconjugated secondary
antibodies were purchased from Promega. Supersignal West Pico Chemiluminescent
substrate was purchased from Pierce. Deferoxamine mesylate salt (DFO) and cobalt chloride
(CoCl2) were purchased from Sigma. The Dual-Luciferase Assay (DLR) kit, pRL-CMV
luciferase constitutive reporter plasmid, pRL-SV40 luciferase constitutive reporter plasmid,
and pRL-TK luciferase constitutive reporter plasmid are available from Promega.
METAFECTENE™ transfection reagent was purchased from Biontex (Martinsried/Planegg,
Germany).

Cell culture
The Rcho-1 placental trophoblast cell line was cultured as previously described [19,44].
Briefly, cells were maintained in RPMI 1640 supplemented with 20% FBS, 1% antibiotic-
antimycotic, 50μl beta-mercaptoethanol, 1mM sodium pyruvate solution and 20mM HEPES.
Cells were not cultured higher than passage 25. Cell number and viability were determined
by Trypan Blue exclusion. Cos 7 and NIH-3T3 cells were cultured in DMEM, 10% FBS,
and 1% antibiotic-antimycotic. All cells were maintained at a density of 2−3×105/ml and
cultured at 37° C in 95% O2 and 5% CO2.

Luciferase Reporter Assay
Reporter activation was determined using the Dual-Luciferase Reporter Assay System
(Promega) according to the manufacturer's instructions. Briefly, cells were lysed for 15
minutes at room temperature using 1× passive lysis buffer. Lysed cells were collected and
centrifuged at 14,000rpm for 15 minutes to eliminate cell debris. The supernatant was used
for determination of luciferase activity. Unused supernatant was stored at −80°C until
further use. Luciferase activity was measured using a Dynex Revelation 4.06 luminometer
(Dynex Technologies, Chantilly, Virginia) [47]. For analysis, the experimental reporter was
normalized to the constitutive reporter to control for differences in transfection efficiency.
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Conventional and Split Transfection Luciferase Assay
Conventional luciferase assays were performed. Individual plates of Rcho-1 cells (2×105

cells/ml) were transfected with 5 μl Metafectene, 1 μg EPO-HRE plasmid or 1 μg PGK-1-
HRE plasmid and 0.2 μg of constitutive reporter plasmid, for 18 hours. The DNA plasmid
and Metafectene were allowed to complex at room temperature for 20 minutes in serum-
free, antibiotic-free media before application to cells [47]. Twenty-four hours post-
transfection, one set of samples was moved to a Coy hypoxia chamber (Coy Laboratories,
Grass Lake, Michigan) set at 3%, or 5%, or 8% oxygen balanced with 5% CO2/ N2, while a
parallel set was maintained at 21% O2/ 5% CO2 (normoxia). Cells were collected and
analyzed for Luciferase activity using Promega Dual luciferase assay kit as described earlier.

Split-transfections, where transfection efficiency is the same in all samples, were also
performed; where the induction of the reporter of interest was directly compared to the
induction of the same reporter in the normoxic control. For hypoxic experiments, one plate
of Rcho-1, Cos 7, or NIH-3T3 cells (2×105 cells/ml) was transfected with 5 μl Metafectene,
1 μg PGK-1-HRE plasmid, and 0.2 μg of either pRL-CMV, pRL-SV40, or pRL-TK
luciferase constitutive reporter plasmid, as indicated in the Figure Legends. DNA and
Metafectene were mixed and incubated at room temperature for 20 minutes in serum-free,
antibiotic-free media then applied to cells in antibiotic-free media for 18 hours at 21% O2.

Twenty-four hours after transfection, cells were trypsinized and replated at equal cell
number to ensure equal and comparable transfection efficiency. Twenty-four hours post
replating, one plate from each constitutive reporter transfection was moved to the hypoxia
chamber, set at 5% O2, while the parallel set was maintained at 21% O2 for 18 hours. Cells
were collected and analyzed as described above.

Hypoxia mimetics and constitutive reporter activation—To examine the effect of
hypoxia mimetics, one plate of Rcho-1 cells (2×105 cells/ml) per constitutive reporter was
transfected as described above. Twenty-four hours post-transfection, the cells were
trypsinized and plated at equal cell number into three parallel sets. Cells transfected with
each luciferase constitutive reporter were treated with either 100 μM DFO, 100 μM CoCl2,
or vehicle for 18 hours at 21% oxygen, to chemically induce HIF-1α protein. Cells were
processed and analyzed for luciferase activity as described above.

HIF-1α and constitutive reporter activation—To test the effect of HIF-1α
overexpression on constitutive reporter activation, Rcho-1 cells were transfected with
PGK-1-HRE reporter and pRL-SV40, or pRL-TK, or pRL-CMV. Twenty -four hours post
transfection cells were plated at equal cell number. Each plate was then further transfected
with either pc3DNA, or pEGFP-N1, or pc3 HIF-1α3XSDM, or mock transfected with
reagent alone. Transfected plates were then maintained at 21% oxygen for 18hrs. Cells were
processed and analyzed for luciferase activity as described above.

Western Blot Analysis
Nuclear extracts were collected using the NXTRACT CelLytic™ NuCLEAR™ Extraction
Kit per the manufacturer's instructions. Hypotonic buffer was used for Rcho-1 nuclear
protein extraction. Protein concentration was determined according to the Bradford method
[5]. Nuclear extracts (50 μg protein) were heated in 1× Lammeli Buffer (15.62 mM Tris,
0.5% SDS, 3.125 % glycerol, 0.625% β-mercaptethanol, and 0.025% bromophenol blue) at
95°C for 10 minutes and separated by SDS-PAGE electrophoresis. Proteins were transferred
to polyvinylidene fluoride (PVDF) membrane in transfer buffer (25 mM Tris, 192 mM
glycine, and 20% methanol) overnight at 100 V constant current and 30 mA constant
Voltage. The PVDF membrane was stained with Ponceau S Red stain to confirm transfer

Doran et al. Page 4

Biochimie. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and then incubated with blocking buffer (5% Non- fat dry milk, 60mM Tris base, 204mM
NaCl, 0.025% Tween 20, pH 7.4) for 2 hours at room temperature [19,49]. Blots were then
probed for HIF-1α with a polyclonal rabbit antibody (1ug/ml overnight at 4°C) followed by
an HRP-conjugated anti-rabbit secondary (0.02ug/ml; 45 minutes at room temperature). To
confirm equal loading, the blot was reprobed with a pan-actin mouse primary antibody (0.25
μg/ml; overnight at 4°C) followed by an HRP-conjugated anti-mouse secondary (0.02μg/ml;
45 minutes at RT). Proteins were visualized using chemiluminescence and Kodak X-ray film
(XAR-5).

Sequence Analysis
Transcription factor binding site analysis was performed using PATCH promoter analysis
Public Version 1.0 with boundary set at 87.5 (Patch Promoter Analysis Software).

Statistics
Error bars represent standard deviations. Statistical significance was calculated using One
Way Anova followed by a Tukeys post hoc test. Significance was set at p≤ 0.05. All
experiments were performed independently a minimum of three times.

RESULTS
Studies in our laboratory examined the transcriptional activity of HIF-1 in Rcho-1
trophoblast cells utilizing the conventional luciferase dual-reporter assay. To determine the
effects of hypoxia on HIF-1 activity, Rcho-1 trophoblast cells were transfected with the
PhosphoGlycerate Kinase-1 (PGK-1)-HRE experimental luciferase reporter plasmid, which
contains the firefly luciferase gene under the control of six copies of the consensus HRE
sequence from Phospho Glycerate Kinase -1 and the pRL-SV40 constitutive luciferase
reporter. PGK-1 has been shown to be a direct target of HIF-1 [17,39,45,58,60,64]. The
transfected cells were then exposed to varying levels of hypoxia (3–8% O2) or normoxia
(21% O2) and the amount of luciferase was quantified to determine HIF-1 activity (Figure
1A). We observed that the PGK-1-HRE reporter was induced 1.7 fold in 3% oxygen, a 1.8
fold induction of the reporter was observed at 5% oxygen whereas, 1.1 fold induction of the
reporter was observed at 8% oxygen, when compared with the 21% control.

We further analyzed for the induction of the constitutive reporter pRL-SV40 in the hypoxia
samples. We observed a significant induction of the constitutive reporter, pRL-SV40, in
hypoxia with a 3.4 fold induction at 3% oxygen, 8.7 fold induction at 5% oxygen and a 4
fold induction of the constitutive reporter at 8% oxygen, when compared with normoxic
(21%) controls (Figure 1B).

To test if the hypoxic induction of the constitutive reporter was restricted to pRL-SV40, we
analyzed for the induction of two other commonly used constitutive reporters, pRL-CMV
and pRL-TK. Since maximum induction of pRL-SV40 was observed at 5% oxygen, this
level of oxygen was used for treatment (Figure 2). Rcho-1 cells, transfected with constitutive
reporters (0.2μg), were placed in hypoxia of 5% or at 21% for 18hrs and analyzed for
induction of luciferase constitutive reporters. Significant induction of all three reporters was
observed at the 5% oxygen, with a 5.6 fold induction of pRL-TK, 4.4 fold induction of pRL-
SV40 and a 4.79 fold induction of the pRL-CMV reporter, suggesting that hypoxia is
inducing the constitutive luciferase reporters.

In order to minimize the potential variability induced by the hypoxic activation of the
constitutive reporters, we developed an alternative transfection protocol. A split-transfection
protocol normalizes the transfection efficiency among samples prior to treatment, thus
allowing for experimental (firefly) reporter induction to be directly compared between
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samples without the need for a constitutive (Renilla) reporter to normalize for transfection
efficiency.

Using the split-transfection method, Rcho-1 cells were transfected with the PGK-1-HRE
construct and treated at 3%, or 5%, or 8% oxygen and control at 21%, oxygen for 18hrs, and
samples were analyzed for reporter activation. In contrast to conventional dual-luciferase
assays, significantly higher activation of the PGK-1-HRE reporter was observed at all levels
of hypoxia, with 8.1 fold induction at 3%, 4.9 fold induction at 5% and 7.6 fold induction at
8% oxygen (Figure 3A).

Rcho-1 trophoblasts are a rodent, choriocarcinoma-derived cell line that serves as a model of
the placental giant cell lineage [19,44]. To determine if the induction of constitutive
luciferase reporters by hypoxia was restricted to the placental cells, the split transfection
assays were repeated in Cos7 cells, an immortalized SV40-transformed African green
monkey kidney cell line [5], and NIH-3T3 cells, a mouse embryonic fibroblast cell line
(Figure 4) [26]. In Cos 7 cells, pRL-SV40 was significantly induced (3.25-fold) by exposure
to hypoxia of 5% oxygen; pRL-TK and pRL-CMV were induced by exposure to hypoxia,
but did not reach statistical significance. In NIH-3T3 cells, pRL-CMV showed a significant,
3-fold induction upon exposure to hypoxia of 5%, while pRL-SV40 and pRL-TK had only a
slight induction that was not statistically significant.

Hypoxia inducible factor 1 (HIF-1) is known to be a major effector of hypoxic responses. To
test whether the hypoxic activation of constitutive luciferase reporters was a HIF-1α
dependent event, we evaluated the effect of hypoxia mimetics cobalt chloride (CoCl2) and
deferoxamine (DFO) on constitutive luciferase reporters (Figure 5). DFO and CoCl2 act to
stabilize HIF-1α protein thus allowing transcriptional activation to occur. Both compounds
act by blocking the action of the prolyl hydroxylases, which target HIF-1α for degradation
by hydroxylating conserved proline residues. Surprisingly, no significant luciferase
induction of pRL-TK, pRL-SV40, or pRL-CMV was observed in Rcho-1 cells treated with
100μM CoCl2 or DFO for 18hrs at 21% oxygen (Figure 5A). To confirm HIF-1α protein
stabilization, Western blot analysis of nuclear extracts obtained after treating Rcho-1 cells
for 18hrs with CoCl2 and DFO was performed. The results indicate a significant
stabilization of HIF-1α protein (110 kDa) in both the CoCl2 as well as DFO treated Rcho-1
cells when compared with the vehicle only treated cells (Figure 5B). Densitometric analysis,
when normalized to actin (45 kDa), revealed a greater than 3-fold induction in HIF-1α
protein in CoCl2 as well as DFO treated sample when compared with vehicle treated
controls alone (Figure 5C). HIF-1α is stabilized under low oxygen conditions and previous
studies have shown that HIF-1α protein levels increase when trophoblasts are exposed to
hypoxia. The mechanism of stabilization of HIF-1α in hypoxia differs from the stabilization
with hypoxia mimetics such as DFO and CoCl2. Therefore, we examined the induction of
constitutive luciferase reporters after transfecting Rcho-1 cells with a constitutively-active,
site-directed mutant HIF-1α construct (pc3HIF-1α 3xSDM) that is protein stable and present
under normoxic conditions. The pc3HIF-1α 3xSDM construct is stably expressed and active
in normoxia due to two site directed point mutations within the oxygen dependent
degradation domain and one site directed point mutation within the transactivation domain,
that prevent the hydroxylation-dependent degradation of the HIF-1α protein [60].

Rcho-1 trophoblasts were transfected with the PGK-1-HRE luciferase reporter along with
one of the three constitutive luciferase reporters using the split transfection method. One
plate was mock-transfected while the other three plates were transfected with either
pc3DNA, pEGFP-N1, or pc3HIF-1α3xSDM. The results indicate that transfection with the
stable HIF-1α3xSDM construct did not significantly induce any of the three constitutive
luciferase reporters above levels seen in control transfections (Figure 6A), despite the
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presence of HIF-1α protein in the Rcho-1 cells transfected with the constitutively active
HIF-1α construct (Figure 6B). Additionally, the pc3HIF-1α 3xSDM construct significantly
induced PGK-1-HRE experimental reporter activity above that of mock transfected, vector
transfected, or enhanced GFP expressing (pEGFPN-1) transfected cells (Figure 6C),
indicating that the constitutively active HIF-1construct can transcriptionally activate direct
targets but does not affect the constitutive luciferase reporters.

Because all three reporters share a common backbone but have different promoter regions,
we hypothesized that the promoter regions present in constitutive reporters would contain
sequences that were activated by hypoxia. HIFs are the transcription factors most commonly
associated with the up-regulation of genes in response to hypoxia. Using PATCH promoter
analysis software, we searched for the consensus HRE sequence, 5'-T/G ACGTGCGG-3',
within pRL-CMV, pRL-SV40 and pRL-TK constitutive luciferase reporters, however, no
full HRE consensus sequences was found [data not shown, 13,32,40]. In addition, sequence
analysis of the promoterless backbone luciferase construct, pRL-null, indicated that no HRE
consensus sequences were present.

Using the results of the PATCH promoter analysis (data not shown), we looked for other
sequences within the constitutive reporter promoter regions of each construct that could be
potential targets of the proteins that may be activated during hypoxic stress. It has been
previously shown that the CMV promoter contains at least one cAMP response element
(CRE) and that the SV40 promoter contains at least one Activator Protein-2 (AP-2) binding
site [15,27]. The CRE is the binding site for the cAMP-Response Element Binding (CREB)
protein, a transcription factor activated under a variety of physiological conditions, including
hypoxia [13,35,38]. The consensus sequence for CRE has been defined as 5'-
TGACGTCA-3' [3,36]. Our search revealed that the CMV promoter contained eleven CREs
and the TK promoter contained two. The SV40 and TK promoters each contained three
AP-2 binding sites, while the CMV promoter contained four. Other consensus sequences
found in varying levels within the luciferase constitutive reporters include AhR/ARNT
binding sites, SP-1 binding sites, and NF-κB binding sites (Patch software, 40). AhR/ARNT
is constitutively present in most cells types and is a binding partner for HIF-1α while the
SP-1 and NF-κB have been shown to be upregulated under hypoxic conditions
[4,12,30,43,60]. We also found high numbers of steroid hormone response elements in all
three promoter regions. Taken together, our results suggest that the transcriptional activation
of constitutive luciferase reporters in response to hypoxia is independent of HIF-1 activity.

DISCUSSION
Effect of hypoxia has been studied in various systems. Hypoxia is known to affect various
developmental processes, including early embryonic development. The effect of hypoxia is
mediated by transcription factors known as hypoxia inducible factors or HIFs. Luciferase
reporter assays are frequently used to study the roles of HIFs in the activation of several
hypoxia-regulated genes. In this study, we describe the induction of constitutive luciferase
reporters under hypoxic conditions.

The luciferase dual-reporter assay is an easy to use, effective, and extremely sensitive means
of measuring transcriptional activity and is widely used under a variety of experimental
conditions. The two reporters used for the assay include the experimental reporter, ie.
promoter derived from the gene under study tagged with firefly luciferase gene and a
constitutive reporter, which consists of a promoter derived from a constitutively active gene
tagged with a renilla luciferase gene. The constitutive luciferase reporter serves as a measure
of control for the transfection efficiency of the reporters in this transfection-sensitive assay.
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In this study, we investigated the role of hypoxia in activating constitutive luciferase
reporters. We first detected this phenomena in the Rcho-1 cell line, which is an established
placental trophoblast cell line. We observed a significant induction of the constitutive
reporters, pRL-SV40, pRL-CMV and pRL-TK, at varying levels of hypoxia (3%, 5% and
8% oxygen). The induction of constitutive reporters has also been previously reported in
response to steroid treatment, stimulation with LPS (lipopolysaccharide), GATA
transcription factors, and stress activated MAPK protein kinases [7,22,45,55].

Our study is one of the first to identify the induction of constitutive reporters by hypoxia.
Using various cotransfection plasmids, we have confirmed that the constitutive activation of
luciferase reporters is not an effect of the cotransfection plasmid alone. We were also able to
demonstrate that the hypoxic induction of constitutive luciferase reporters pRL-SV40, pRL-
CMV, and pRL-TK was not a limited phenomenon, but occurred in other cell types such as
Cos7 and NIH3T3, also confirming that the phenomena was not species specific. The levels
of hypoxic induction varied between the three different constitutive reporters and also
between cell types. Higher induction of the constitutive reporters was observed in Rcho-1
cells when compared with Cos7 and NIH3T3. This may be due to stem cell-like nature of
the Rcho-1 cells. We developed an alternative transfection protocol for luciferase assays
performed in hypoxia. This approach ensures equal transfection efficiency among treatment
sets, thus eliminating the need for a constitutive luciferase reporter. With this approach we
show significant differences in the result obtained with the HIF-1α specific PGK-1 HRE
reporter. (Figure 1 and Figure 3).

To determine if the hypoxic induction of the constitutive reporters was a HIF-1α - mediated
effect of hypoxia, we treated the luciferase-transfected cells with two purported chemical
mimetics of hypoxia, DFO and CoCl2, that have been shown to stabilize HIF-1α, even at
21% O2. Surprisingly DFO and CoCl2 failed to significantly induce the luciferase
constitutive reporters over the vehicle treatment, even though increased levels of HIF-1α
protein were observed. This suggests that stabilization of HIF-1α, through the use of DFO or
CoCl2, is not an exact replication of hypoxia and that other, more complex factors may be
involved during hypoxia, which may play a role in the hypoxic induction of the constitutive
reporters. We further analyzed the effect of HIF-1α constitutive luciferase reporter-
induction, by transfecting a mutant HIF-1α, known to be stable in normoxia [60]. However,
this also failed to significantly induce the constitutive luciferase reporter activation above
the levels seen in mock-transfected cells, or cells transfected with other vectors; even though
HIF-1α transfected with the pc3HIF-1α3xSDM construct. This data suggested that
constitutive luciferase reporter induction by hypoxia may occur in a HIF-α independent
manner and was further supported by the lack of consensus HREs in any of the constitutive
luciferase reporters.

It is possible that the hypoxic induction of the constitutive luciferase reporters is the result of
some hypoxically-induced phenomenon such as the generation of reactive oxygen species,
which have been shown to up-regulate a number of factors, including CREB, NF-κB, and
AP-2, with binding sites within the luciferase constitutive reporters [18,38,53,62]. This may
explain the variance seen not only between the different reporters, but also between the
different cell types, as factors may not be present or induced in equal amounts across species
or cell types. Future studies are needed to clarify the exact mechanisms of the observed
hypoxic induction of constitutive luciferase reporters, particularly analysis of the shared
plasmid backbone in the three reporters. Future studies using the pRL-null vector
(Invitrogen), which contains the plasmid backbone but no promoter, should indicate if
hypoxic responsiveness is within individual promoters or in the shared pRL backbone
sequence via a nonconsensus HRE.
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In conclusion, we have defined a phenomenon that has major implications for the
interpretation of data obtained by luciferase dual-reporter assays in the study of hypoxia by
showing that hypoxia induces commonly used, constitutive luciferase reporters. The
induction of constitutive luciferase reporters that are used to control for transfection
efficiency may alter data interpretation and lead to erroneous conclusions. Hypoxic
regulation of gene transcription has often been attributed primarily to HIF-1α [66], however,
our study suggests that hypoxia evokes a more complex set of responses than previously
known. Finally, this study proposes a highly reliable method of controlling for transfection
efficiency that eliminates the need to use a constitutive reporter to normalize for transfection
efficiency, overcoming the problem of hypoxic induction of constitutive luciferase reporters.
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Figure 1. Induction of PGK-1-HRE and pRL-SV40 luciferase reporters by hypoxia
In the conventional luciferase assay, two or more plates are plated with equal numbers of
cells and individually transfected with an experimental and a constitutive luciferase reporter
construct. During analysis, differences in initial transfection efficiency are accounted for by
normalizing the luminescence obtained for the experimental reporter to the luminescence
obtained for the constitutive reporter. Normalized reporter luminescence under experimental
conditions is then compared with that of the control condition to obtain results as fold
change over control. Rcho-1 trophoblast cells were plated at equal cell number of 1.0 × 105

cells and transfected with 1 μg PGK-1-HRE and 0.2μg pRL-SV40 and incubated at the O2
concentration indicated for 18hrs and analyzed for (A) PGK-1-HRE reporter activation and
(B) pRL-SV40 constitutive reporter activation. Results are the average of three independent
experiments. Luciferase activity at each concentration was analyzed and is shown relative to
activity at 21% oxygen. Error bars represent standard deviation. Significance was denoted as
*p≤0.01 or **p≤0.001 and was determined using a one way Anova with Tukeys post hoc
test.
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Figure 2. Hypoxia induces activation of pRL-SV40, pRL-CMV, and pRL-TK constitutive
reporters
Rcho-1 trophoblast cells were plated at equal cell number of 1.0 × 105 cells and transfected
with 1 μg of PGK-1-HRE and 0.2μg of pRL-SV40, or pRL-CMV or pRL-TK as indicated
using the conventional transfection method. Samples were incubated at 5% or 21% oxygen
for 18hrs and analyzed for activation of the constitutive reporter. Results are the average of
three independent experiments. Luciferase activity at each concentration was analyzed and
is shown relative to activity at 21% oxygen. Error bars represent standard deviation.
Significance was denoted as *p≤0.01 or **p≤0.001 and was determined using a one way
Anova with Tukeys post hoc test.
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Figure 3. Induction of PGK-1-HRE luciferase reporter by hypoxia using the split transfection
protocol
In the split transfection luciferase assay, cells are transfected with an experimental luciferase
reporter alone. Post-transfection, the plate is split equally into multiple plates as required.
Differences in transfection efficiency are accounted for by splitting out the original plate at
equal cell number, thus eliminating the need for normalization using a constitutive reporter.
Experimental reporter luminescence under test conditions can then be directly compared
with that of the control condition to obtain results as fold change over control. Rcho-1
trophoblast cells were plated at equal cell number of 1.0 × 105 cells and transfected with
PGK-1 and then treated with the indicated level of oxygen for 18hrs. Cells were collected
and PGK-1-HRE reporter activation was analyzed. Results are the average of three
independent experiments. Luciferase activity at each concentration was analyzed and is
shown relative to activity at 21% oxygen. Error bars represent standard deviation.
Significance was denoted as *p≤0.01 or **p≤0.001 and was determined using a one way
Anova with Tukeys post hoc test.
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Figure 4. Hypoxia induces constitutive luciferase activation in Cos7 and NIH3T3 cells
(A) Cos 7 cells and (B) NIH 3T3 cells were transfected with pRL-CMV, pRL-SV40, or
pRL-TK constitutive luciferase reporter using the split transfection protocol as described.
Samples were treated at the oxygen concentration indicated and analyzed as described in
Materials and Methods. Results are average of three independent experiments. Luciferase
activity at each concentration was analyzed and is shown relative to activity at 21% oxygen.
Error bars represent standard deviation. Significance was denoted as *p≤0.01 or **p≤0.001
and was determined using a one way Anova with Tukeys post hoc test.
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Figure 5. Hypoxia mimetics do not induce constitutive luciferase reporter activation
Equal numbers of Rcho-1 trophoblasts were seeded and incubated for 24 hours. Rcho-1
trophoblasts were then transfected with 0.2 μg pRL-CMV, pRL-SV40, or pRL-TK
constitutive luciferase reporter using the split transfection protocol as described earlier. Cells
were treated with 100μM Deferoxamine (DFO) or 100μM Cobalt chloride (CoCl2) or
vehicle for 18 hours. (A) Samples were analyzed for constitutive reporter activation. Results
are the average of three independent experiments. Luciferase activity at each concentration
was analyzed and is shown relative to activity at 21% oxygen. Error bars represent standard
deviation. Significance was determined using a one way Anova with Tukeys post hoc test.
(B) Nuclear extracts were collected, separated by SDS-PAGE, and Western blotting was
performed using a polyclonal HIF-1α antibody and the appropriate secondary antibody as
indicated in the Materials and Methods. The same blot was reprobed with actin monoclonal
antibody for equal protein loading. Arrows identify HIF-1α actin (45kDa). The figure is a
representative of three independent experiments. (C) Densitometric analysis of HIF-1α
protein Rcho-1 cells treated with vehicle, CoCl2 or DFO. Protein levels were normalized to
levels of actin.
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Figure 6. HIF-1α does not induce constitutive luciferase reporter activation
Rcho-1 cells were transfected with PGK-1-HRE luciferase reporter and pRL-CMV, pRL-
SV40, or pRL-TK constitutive luciferase reporter and either pc3DNA, pEGFP-N1 (as an
internal control), or pc3HIF-1α 3xSDM, or mock transfected, as indicated. Samples were
maintained in normoxia (21% oxygen) for 24hrs and analyzed for, (A) constitutive reporter
activation and (C) PGK-1-HRE reporter. Results are average of three independent
experiments. Luciferase activity at each concentration was analyzed and is shown relative to
activity at 21% oxygen. Error bars represent standard deviation. Significance was denoted as
*p≤0.01 was determined using a one way Anova with Tukeys post hoc test. (B) Nuclear
extracts were collected, separated by SDS-PAGE, and Western blotting was performed
using a polyclonal HIF-1α antibody and the appropriate secondary antibody as indicated in
the Materials and Methods. The same blot was reprobed with actin monoclonal antibody for
equal protein loading. Arrows identify HIF-1α and actin. The figure is a representative of
three independent experiments.
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