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ABSTRACT  Hypoxia-inducible factors (HIF-1 and HIF-2) are essential mediators for the adap-
tive transcriptional response of cells and tissues to low-oxygen conditions. Under hypoxia or 
when cells are treated with various nonhypoxic stimuli, the active HIF-α subunits are mainly 
regulated through increased protein stabilization. For HIF-1α, it is clear that further transcrip-
tional, translational, and posttranslational regulations are important for complete HIF-1 activ-
ity. Novel evidence links hypoxia and HIF-1 to arginine methylation, an important protein 
modification. These studies suggest that arginine methyltransferases may be important for 
hypoxic responses. Protein arginine methyltransferase 1 (PRMT1), the predominant arginine 
methyltransferase, can act as a transcriptional activator or repressor by modifying a diverse 
set of substrates. In this work, we show that PRMT1 is a repressor of both HIF-1 and HIF-2. 
The cellular depletion of PRMT1 by small interference RNA targeting leads to increased HIF 
transcriptional activity. This activation is the result of enhanced HIF-α subunit transcription, 
which allows increased HIF-α subunit availability. We provide evidence that PRMT1-depen-
dent HIF-1α regulation is mediated through the activities of both specificity protein 1 (Sp1) 
and Sp3, two transcription factors known to control HIF-1α expression. This study therefore 
identifies PRMT1 as a novel regulator of HIF-1– and HIF-2–mediated responses.

INTRODUCTION
The maintenance of oxygen homeostasis is essential for most or-
ganisms. Transient or prolonged imbalance between oxygen avail-
ability and requirement can result in oxygen deficiency (hypoxia), 
requiring rapid adaptive mechanisms. The hypoxia-signaling path-
way, mediated through hypoxia-inducible transcription factors 
(HIFs), is responsible for triggering cellular adaptive responses to 

this physiological stress. HIFs activate the primary transcriptional re-
sponse to hypoxia, regulating processes that include cell metabo-
lism, survival, and proliferation (Majmundar et al., 2010) by recogniz-
ing and binding to hypoxic response elements (HREs) on the 
promoters of numerous target genes (Wenger et  al., 2005). HIFs 
belong to the basic helix-loop-helix-Per/ARNT/Sim (bHLH-PAS) 
transcription factor family, which includes the two main hypoxia-re-
sponsive complexes, HIF-1 and HIF-2 (Loboda et al., 2010). Both 
complexes are heterodimers formed from a distinct oxygen-sensi-
tive HIF-α subunit and a constitutive HIF-1β subunit (Wang et al., 
1995). Although it is usually expressed in a constitutive manner, 
HIF-α is rapidly degraded under normal oxygen tension (Kaelin and 
Ratcliffe, 2008). HIF-α protein stability is controlled through its oxy-
gen-dependent degradation domain, which contains two key pro-
line residues hydroxylated by specific HIF prolyl-hydroxylases (PHDs) 
when oxygen is present (Bruick and McKnight, 2001; Epstein et al., 
2001). HIF-α prolyl-hydroxylation allows for recognition by von Hip-
pel–Lindau tumor suppressor protein (pVHL), the product of the von 
Hippel–Lindau tumor suppressor gene (Ivan et al., 2001; Jaakkola 
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Figure 1, siPRMT1-transfected cells showed significantly higher HIF-
1α protein levels under hypoxic conditions (1% O2) than did siCtrl-
transfected cells (2.1 ± 0.4–fold). A similar increase was also ob-
served under CoCl2 treatment, a known hypoxia mimetic and 
activator of HIF complexes (Supplemental Figure SIA). In addition, 
increased HIF-1α accumulation was observed at all time points stud-
ied under hypoxic conditions (from 15 min to 48 h; Supplemental 
Figure  SIB). HIF-1α’s sister protein, HIF-2α, was also increased in 
PRMT1-depleted cells under both hypoxic and CoCl2 treatments 
(Supplemental Figure SIIA). These results identify PRMT1 as a re-
pressor of HIF-1/2α subunit accumulation. Under our conditions, we 
consistently observed a PRMT1 protein depletion of >80%. To con-
trol for siPRMT1 specificity, we also assayed a second siPRMT1 se-
quence (siPRMT1*). As seen in Supplemental Figure SIIIA, siPRMT1* 
also increased HIF-1α protein accumulation. We then determined 
whether siPRMT1 could modify the expression of other PRMTs. As 
seen in Supplemental Figure SIIIB, siPRMT1 had no effect on PRMT5 
protein levels. In addition, although it decreased the expression of 
PRMT1 mRNA, siPRMT1 and siPRMT1* did not decrease the ex-
pression of PRMT2 through to PRMT9 mRNA (unpublished data). 
Finally, the depletion of PRMT5, previously identified as a positive 
regulator of HIF-1α (Lim et al., 2012), did not increase HIF-1α pro-
tein levels under our experimental conditions (Supplemental 
Figure SIIIC).

PRMT1 does not modify HIF-1α protein stability
Because protein stabilization is the major regulatory mechanism 
for HIF-1α induction, we investigated whether PRMT1 could 

et al., 2001; Masson et al., 2001; Yu et al., 2001). As the recognition 
component of an E3 ubiquitin ligase complex, pVHL allows for HIF-α 
polyubiquitination and subsequent proteasomal degradation 
(Maxwell et al., 1999). Hence, after hydroxylation, HIF-α is rapidly 
targeted for proteasomal degradation (Kaelin and Ratcliffe, 2008). 
This regulatory mechanism allows for HIF-α to be quickly and effi-
ciently stabilized in hypoxic conditions.

Contributing to HIF-α regulation are diverse factors acting at the 
level of transcription and translation and through posttranslational 
modifications (Kuschel et  al., 2012). These factors allow precise 
modulation of HIF activity in response to oxygen-dependent and 
-independent stimuli. An important posttranslational modification in 
eukaryotic cells is arginine methylation. This modification interferes 
with protein interactions, activity, stability, and localization and af-
fects processes such as transcription, RNA processing, translation, 
signal transduction, and DNA repair (Bedford and Clarke, 2009). 
Arginine methylation is catalyzed by the protein arginine methyl-
transferase (PRMT) family, the members of which are responsible for 
the direct transfer of a methyl group from S-adenosyl-l-methionine 
to the guanidine nitrogen atom of an arginine residue frequently 
located in arginine/glycine–rich sequences termed RGG/RG motifs 
(Bedford and Clarke, 2009; Thandapani et al., 2013). PRMTs are able 
to catalyze the formation of monomethylarginines and either asym-
metric (type I PRMTs) or symmetric dimethylarginines (type II PRMTs). 
PRMT1, a type I PRMT, is the predominant arginine methyltrans-
ferase in mammalian cells, responsible for >85% of all arginine 
methylation (Bedford and Clarke, 2009; Yu et al., 2009). PRMT1 has 
a diverse set of substrates and is implicated in the regulation of vari-
ous cellular processes (Boisvert et  al., 2005; Yang and Bedford, 
2013). Among these, PRMT1 acts to regulate transcription by meth-
ylating histones, transcription factors, transcriptional coactivators 
and corepressors, RNA-binding proteins, and transcription elonga-
tion factors (Yang and Bedford, 2013).

Of interest, hypoxia has been linked to changes in arginine meth-
ylation. S-Adenosyl-l-methionine is reduced under hypoxia due to 
decreased methionine adenosyltransferase expression (Chawla and 
Jones, 1994; Chawla et al., 1996; Avila et al., 1998). In addition, mice 
kept under chronic hypoxia had increased PRMT2 expression and 
increased asymmetric dimethyl-arginine (ADMA) levels, the residues 
of arginine-methylated protein proteolysis (Yildirim et al., 2006). Fi-
nally, a recent study directly linked HIF-1 to arginine methylation, 
demonstrating that PRMT5 promotes HIF-1α translation via its 5′-un-
translated region sequence (Lim et al., 2012). Together these stud-
ies suggest a role for arginine methylation in the hypoxic response 
and potential cross-talk between HIFs and PRMTs.

In the present study, we set out to further evaluate the role of 
arginine methylation in HIF-dependent hypoxic responses. We were 
specifically interested in PRMT1’s potential role in regulating HIF 
activity. We demonstrate that the specific depletion of PRMT1 leads 
to increased HIF-α transcription. Increased HIF-α mRNA expression 
during PRMT1 depletion correlates with augmented HIF-α protein 
levels and HIF-dependent transcriptional activity. We show that HIF 
repression by PRMT1 is mediated through the activity of specificity 
protein 1 (Sp1) and Sp3 transcription factors, known regulators of 
HIF-α expression. Taken together, these results identify PRMT1 as a 
novel regulator of HIF-mediated transcriptional responses.

RESULTS
PRMT1 represses HIF-1 complex accumulation
To examine the role of arginine methylation in regulating HIF-1α 
subunit accumulation, we depleted the major type I enzyme, PRMT1, 
using RNA interference in HeLa cells. Of interest, as shown in 

Figure 1:  PRMT1 depletion increases HIF-1α protein accumulation. 
HeLa cells were transfected with a control siRNA or a siRNA against 
PRMT1 mRNA (20 nM). At 48 h posttransfection, cells were 
maintained under control conditions or under 1% oxygen for 2 h. 
HIF-1α, PRMT1, and α-tubulin levels were analyzed by Western blot 
(top) and quantified (bottom) with the Odyssey Infrared Imaging 
System using α-tubulin as a loading control. *p < 0.05 as compared 
with siCtrl cells under hypoxia.
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pVHL was not modified by PRMT1 depletion, consistent with the 
results obtained for HIF-1α half-life. As expected, incubation of 
GST-HIF-1α fusion protein with extracts containing CoCl2 or dim-
ethyloxalylglycine, two inhibitors of HIF-1α hydroxylation, blocked 
the binding of HIF-1α to pVHL. Taken together, these results indi-
cate that the regulation of HIF-1α levels by PRMT1 is not mediated 
through changes in HIF-1α protein stability.

PRMT1 represses HIF-1α mRNA expression
The regulation of HIF-1α gene transcription can be an important 
mechanism to modify HIF-1 complex formation, accumulation, and 
activity (Kuschel et al., 2012). Furthermore, previous studies showed 
that PRMT1 can regulate gene transcription (Bedford and Clarke, 
2009; Nicholson et  al., 2009). Therefore we next determined 
whether PRMT1 could regulate HIF-1α mRNA expression. We first 
evaluated the effect of PRMT1 depletion on HIF-1α mRNA levels by 
real time quantitative reverse transcription (RT) PCR experiments. 
Of interest, siPRMT1-transfected cells showed a striking increase of 
HIF-1α transcript levels (2.3 ± 0.1–fold over siCtrl-transfected cells; 
Figure  3A). In addition, increased HIF-1α mRNA levels during 
PRMT1 depletion occurred under both normoxic and hypoxic con-
ditions (Supplemental Figure  SIC). A similar increase in HIF-2α 
mRNA levels was observed in siPRMT1-transfected cells (2.1 ± 
0.3–fold over siCtrl-transfected cells; Supplemental Figure SIIB). It is 
important to note that hypoxia did not increase basal HIF-1α mRNA 
levels under these conditions. To further evaluate the role of PRMT1 

regulate HIF-1α stabilization or degradation. First, HIF-1α half-life 
was determined under reoxygenation conditions using cyclohex-
imide, a general protein synthesis inhibitor. Under these condi-
tions, changes in HIF-1α half-life reflect changes in HIF-1α stability 
(Laughner et  al., 2001; Page et  al., 2008; Michaud et  al., 2009; 
Patten et al., 2010; Labbe et al., 2012). siPRMT1- or siCtrl-trans-
fected cells were maintained under hypoxic conditions for 1 h to 
induce HIF-1α. Cells were then treated with cycloheximide and 
transferred to normoxic conditions (20.9% O2; reoxygenation) for 
different periods of time (Figure  2A). HIF-1α half-life was deter-
mined by quantifying HIF-1α protein levels over the time of reoxy-
genation. Surprisingly, HIF-1α half-life was not significantly modi-
fied by PRMT1 depletion (5.6 ± 1.1 and 7.0 ± 0.8 min for siCtrl- and 
siPRMT1-transfected cells, respectively; Figure 2B). As expected, 
increased HIF-1α half-life was observed in siPHD2-transfected cells 
(10.5 ± 1.0 min). Second, we determined whether PRMT1 modu-
lates HIF-1α binding to pVHL. The binding of HIF-α subunits to 
pVHL is a key step for targeted proteasomal degradation and is a 
direct consequence of PHD-dependent HIF-α hydroxylation (Ivan 
et al., 2001). To determine the effect of PRMT1 depletion on pVHL 
binding, we performed a pVHL-capture assay. A glutathione 
S-transferase (GST)–HIF-1α fusion protein comprising amino acids 
344–582 from human HIF-1α was subjected to modification by ex-
tracts from siPRMT1- or siCtrl-transfected HeLa cells. This was fol-
lowed by interaction with in vitro–translated pVHL and GST pull 
down. As demonstrated in Figure  2C, the binding of HIF-1α to 

Figure 2:  PRMT1 depletion does not modify HIF-1α protein stability. (A) HeLa cells were transfected with a control 
siRNA or siRNAs against PRMT1 or PHD2 mRNA (20 nM). At 48 h posttransfection, cells were maintained under control 
conditions or under 1% oxygen for 1 h. The HIF-1α degradation rate was determined by treating cells with 
cycloheximide (30 μg/ml) for 5 min to block all de novo protein synthesis, followed by reoxygenation for the indicated 
times. HIF-1α, PRMT1, PHD2, and α-tubulin protein levels were evaluated by Western blot and quantified with the 
Odyssey Infrared Imaging System. (B) HIF-1α half-life was determined by plotting data as HIF-1α/α-tubulin ratio vs. time 
under reoxygenation, as quantified from A. Results are an average ± SEM of four independent experiments. *p < 0.05 
as compared with siCtrl cells. (C) HeLa cells were transfected with a control siRNA or a siRNA against PRMT1 mRNA 
(20 nM). At 48 h posttransfection, cells were lysed, and cytoplasmic extracts were incubated with GST-HIF-1α coupled 
to Sepharose beads for 1 h in the presence or not of 200 μM CoCl2 or 1 mM dimethyloxalylglycine (DMOG). Samples 
were then incubated in the presence of in vitro–translated pVHL and resolved by SDS–PAGE (12%). Immunoblotting was 
performed using anti-HA (pVHL) and anti-GST antibodies.
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PRMT1 regulates HIF-1α levels in a methyltransferase-
dependent manner
To evaluate the requirement of PRMT1’s methyltransferase activity in 
regulating HIF-1α accumulation, we studied the effect of an inactive 
form of PRMT1 on HIF-1α protein levels. Small interfering RNA 
(siRNA)–insensitive and catalytically inactive PRMT1 was generated 
by inserting mutations into the region recognized by siPRMT1 and 
the methyl-donor-binding region (residues 68–70; VLD to AAA). The 
VLD mutation was reported to cause complete loss of methyltrans-
ferase activity and act as a dominant-negative protein by forming 
hetero-oligomers with endogenous PRMT1 (Herrmann and Fackel-
mayer, 2009). To confirm the effect of the VLD mutation on PRMT1 
activity, we evaluated total asymmetric protein arginine methylation 
levels using an anti–methyl-arginine antibody, ASYM25 (Boisvert 
et al., 2003). As expected, siPRMT1-transfected cells showed de-
creased asymmetric arginine methylation (Supplemental Figure SV). 
This decrease was reversed by expressing an siRNA-insensitive form 
of wild-type PRMT1 (PRMT1siR) but not the catalytically inactive 
PRMT1 VLD mutant (PRMT1siR-VLD-A). These mutants were then 
used to “rescue” the changes in HIF-1α protein expression caused 
by PRMT1 depletion. The expression of PRMT1siR at endogenous 
levels in siPRMT1-transfected cells blocked increased HIF-1α pro-
tein levels during PRMT1 depletion (Figure 4). These results indicate 
that PRMT1 is indeed a repressor of HIF-1α protein levels. In addi-
tion, the expression of inactive PRMT1siR-VLD-A was not able to re-
establish HIF-1α protein levels caused by PRMT1 depletion. These 
results indicate that PRMT1’s methyltransferase activity is required 
to repress HIF-1α expression and protein levels.

in HIF-1α mRNA expression, we used a luciferase reporter plasmid 
driven by the human HIF-1α gene promoter region (pHIF1A-
571/+32Luc). When cells were transiently cotransfected with this 
reporter along with siPRMT1, a significant increase in reporter activ-
ity was observed (1.5 ± 0.1–fold over siCtrl-transfected cells; 
Figure 3B). We also assessed HIF-1α mRNA stability after PRMT1 
depletion by determining the rate of mRNA degradation. After 
treatment of cells with actinomycin D during different periods of 
time to block transcription, the level of HIF-1α mRNA remained 
high, demonstrating its high stability (Figure 3C). More important, 
PRMT1 depletion did not significantly modify HIF-1α mRNA stabil-
ity. As a control for actinomycin D effectiveness, increased 6-phos-
phofructo-2-kinase/fructose-2,6-biphosphatase 4 (PFKFB4) mRNA 
expression under CoCl2 treatment was blocked by pretreating cells 
with actinomycin D (Supplemental Figure SIV). These results indi-
cate that increased mRNA stability is not responsible for augmented 
HIF-1α mRNA levels, confirming a role for enhanced transcription in 
HIF-1α regulation during PRMT1 depletion. Taken together, these 
results demonstrate that PRMT1 is a transcriptional repressor of 
HIF-1α expression.

Figure 3:  Cellular PRMT1 depletion increases HIF-1α mRNA 
expression. (A) HeLa cells were transfected with a control siRNA or a 
siRNA against PRMT1 mRNA (20 nM). At 48 h posttransfection, cells 
were lysed, followed by RNA extraction and cDNA synthesis. 
Real-time PCR was performed using HIF-1α and HPRT (internal 
control) oligonucleotides. Results are an average ± SEM of 10 
independent experiments. ***p < 0.001 (B) HEK 293T cells were 
transfected with a control siRNA or a siRNA against PRMT1 mRNA 
(20 nM) along with pGL2 HIF-1α -572/+32 and an expression vector 
coding for R. reniformis luciferase. At 48 h posttransfection, cells were 
lysed and luciferase activity was measured. Results are expressed as a 
ratio of luciferase activity to R. reniformis luciferase activity and are an 
average ± SEM of seven independent experiments performed in 
triplicate. ***p < 0.001 (C) HeLa cells were transfected with a control 
siRNA or a siRNA against PRMT1 mRNA (20 nM). At 48 h 
posttransfection, cells were treated with actinomycin D (1 μg/ml) for 
the indicated times to block transcription, followed by RNA extraction 
and cDNA synthesis. Real-time PCR was performed using HIF-1α and 
HPRT (reference gene) oligonucleotides. Results are an average ± 
SEM of at least three independent experiments.

Figure 4:  PRMT1’s methyltransferase activity is required for HIF-1α 
repression. Cells were transfected with a control siRNA or a siRNA 
against PRMT1 mRNA (20 nM), along with pcDNA3 empty vector, 
pCDNA3-PRMT1siR (siRNA-resistant mutant), or pCDNA3-PRMT1siR 
VLD-A (siRNA-resistant and catalytically inactive mutant). At 48 h 
posttransfection, cells were maintained under 1% oxygen for 2 h. 
HIF-1α, PRMT1, myc-Tag, and α-tubulin levels were analyzed by 
Western blot (top) and quantified (bottom) with the Odyssey Infrared 
Imaging System using α-tubulin as a loading control. *p < 0.05 as 
compared with siCtrl cells.
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complexes, identified through detection of HIF-1α and HIF-1β 
bound to HRE oligonucleotides (Figure  5A). More important, 
siPRMT1-transfected cells showed increased HIF-1 DNA binding as 
compared with siCtrl-transfected cells (2.1 ± 0.1– and 1.7 ± 0.2–fold 
for HIF-1α and HIF-1β, respectively), which parallels increased HIF-
1α protein levels observed in Figure 1. To determine binding speci-
ficity, we used a dsDNA oligonucleotide substituted on two residues 
essential for HIF-complex binding. As expected, no increased HIF-1 
binding to these oligonucleotides was observed under hypoxia-mi-
metic conditions or after PRMT1 depletion (unpublished data). To 
further examine the role of PRMT1 in regulating HIF activity, we 

PRMT1 represses HIF transcriptional activity
To examine the consequence of HIF-α regulation by PRMT1 on HIF 
transcriptional activity, we first investigated the effect of PRMT1 on 
the binding of HIF complexes to a DNA sequence containing a hy-
poxic response element. Active HIF complexes bind to specific HRE 
DNA sequences upon dimerization of HIF-α with HIF-1β (Wang 
et al., 1995). To undertake these studies, we performed HIF tran-
scription factor enzyme-linked immunoassays using specific HIF-
binding (HRE-containing) double-stranded DNA (dsDNA) oligonu-
cleotides (Blouin et  al., 2004). Nuclear extracts from HeLa cells 
treated with CoCl2 showed increased DNA binding of HIF-1 

Figure 5:  HIF activity is increased in PRMT1-depleted cells. (A) HeLa cells were transfected with a control siRNA or 
a siRNA against PRMT1 mRNA (20 nM). At 48 h posttransfection, cells were exposed or not to 200 μM CoCl2 for 2 h. 
Nuclear extract proteins (10 μg) were incubated in a 96-well plate coated with oligonucleotides containing the HIF-
binding site. Presence of HIF transcription complexes was evaluated with antibodies to either HIF-1α or HIF-1β. Results 
are expressed as the fold increase of absorbance at 450 nM over control conditions and are an average ± SEM of three 
independent experiments performed in triplicate. **p < 0.01 and ***p < 0.001 as compared with CoCl2-treated siCtrl 
cells. (B) HEK293T cells were transfected with a control siRNA or a siRNA against PRMT1 mRNA (20 nM), along with 
pGL3 (R2.2) 3HRE-tk-LUC and an expression vector coding for R. reniformis luciferase. At 48 h posttransfection, cells 
were maintained under control conditions or under 1% oxygen for 6 h. Cells were lysed, and luciferase activity was 
measured. Results are expressed as a ratio of firefly luciferase activity to R. reniformis luciferase activity and are an 
average ± SEM of three independent experiments performed in triplicate. **p < 0.01 as compared with siCtrl cells 
under hypoxia. PRMT1 and α-tubulin protein levels were evaluated by Western blot. (C) HeLa cells were transfected 
with a control siRNA or a siRNA against PRMT1 mRNA (20 nM). At 48 h posttransfection, cells were maintained under 
control conditions or under 1% oxygen for 4 h, followed by RNA extraction and cDNA synthesis. Real-time PCR was 
performed using PFKFB4, VEGF, HIG2, BNIP3, and HPRT (reference gene) oligonucleotides. Results are an average ± 
SEM of at least three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 as compared with siCtrl cells 
under hypoxia. (D) HeLa cells were transfected with a control siRNA or siRNAs against PRMT1 mRNA (20 nM) and/or 
HIF-1α mRNA (10 nM) as indicated. At 48 h posttransfection, cells were maintained under control conditions or under 
1% oxygen for 4 h, followed by RNA extraction and cDNA synthesis. Real-time PCR was performed using PFKFB4 and 
HPRT (reference gene) oligonucleotides. Results are an average ± SEM of three independent experiments. *p < 0.05 as 
compared with siCtrl cells. HIF-1α, PRMT1, and α-tubulin protein levels were evaluated by Western blot.
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Sp1 and Sp3 mediate HIF-1α repression by PRMT1
The Sp family of transcription factors are important activators of 
HIF-1α expression, and their specific DNA-binding motifs (GC-rich 
sequences) are present on the HIF-1α promoter (Iyer et al., 1998; 
Minet et al., 1999). As seen in Supplemental Figure SVIIA, the tran-
sient transfection of Sp1 or Sp3 constructs (Sapetschnig et  al., 
2004), the two main Sp family members, both significantly in-
creased HIF-1α gene promoter (pHIF1A-571/+32Luc) activity by 
1.8 ± 0.1– and 1.6 ± 0.1–fold over control levels (empty expression 
vector), respectively. The transfection of both Sp1 and Sp3 did 
not produce an additive effect on HIF-1α promoter activity (1.7 ± 
0.2–fold), indicating competition for the same DNA-binding sites. 
We therefore investigated whether Sp1 and/or Sp3 are involved in 
the transcriptional repression of HIF by PRMT1. We first evaluated 
whether Sp1 and/or Sp3 activity could be repressed by PRMT1. 
For these experiments, we performed a luciferase assay using a 
reporter construct driven by a promoter containing six Sp-specific 
GC-rich elements (Dynan and Tjian, 1983; Supplemental 
Figure SVIIB). Transient transfection of either Sp1 or Sp3 increased 
promoter activity by 5.4 ± 0.6– and 5.1 ± 0.4–fold, respectively 
(Figure 6A). Of greater interest, increased Sp-specific promoter ac-
tivity was further enhanced in siPRMT1-transfected cells (3.1 ± 0.3 
and 2.1 ± 0.07 over siCtrl-transfected cells for Sp1 and Sp3, re-
spectively). These results identify PRMT1 as a repressor of Sp1/3 
transcriptional activity, which would therefore have a direct effect 
on HIF-1α expression. We then evaluated the importance of Sp1/3 
in the regulation of HIF activity by PRMT1, using Sp1- and Sp3-
specific siRNAs (Supplemental Figure SVIIC). As demonstrated in 
Figure 6B, Sp1/3 depletion caused a complete inhibition of the 

performed gene reporter assays using a luciferase reporter plasmid 
driven by three HRE sequences (pGL3 [R2.2] 3HRE-TK). Exposure of 
siCtrl-transfected cells to hypoxic conditions increased HRE reporter 
activity (7.1 ± 1.8–fold) as compared with normoxic conditions 
(Figure 5B). Of interest, siPRMT1-transfected cells showed enhanced 
HRE reporter activity in hypoxic conditions (1.9 ± 0.2–fold) over siC-
trl-transfected cells. It is important to note that increased HRE re-
porter activity in siPRMT1-transfected cells was also consistently 
observed in normoxic conditions (1.7 ± 0.1–fold over siCtrl-trans-
fected cells), although not statistically significantly. The repressive 
role of PRMT1 on HIF-mediated transcriptional activity was further 
demonstrated by evaluating the expression of known HIF target 
genes. Among others, the exposure of HeLa cells to hypoxic condi-
tions increased the expression of PFKFB4, vascular endothelial 
growth factor (VEGF), hypoxia-inducible gene 2 (HIG2), and BCL2/
adenovirus E1B 19-kDa interacting protein 3 (BNIP3) mRNA in an 
HIF-dependent manner (Supplemental Figure  SVI). As seen in 
Figure  5C, the hypoxic inductions of PFKFB4, VEGF, HIG2, and 
BNIP3 were all enhanced by PRMT1 depletion (2.2 ± 0.5–, 
1.6 ± 0.2–, 2.7 ± 0.2x–, and 1.4 ± 0.02–fold over hypoxic siCtrl-trans-
fected cells, respectively). To confirm that increased HIF-responsive 
gene expression by PRMT1 depletion was dependent on HIF activ-
ity, we targeted HIF-1α expression with a specific small interfering 
RNA (siHIF-1α). Indeed, as seen in Figure  5D, HIF-1α depletion 
abolished increased PFKFB4 expression in siPRMT1-transfected 
cells. Taken together, these results indicate that PRMT1 depletion 
induces the accumulation of HIF-1/2α subunits, allowing the forma-
tion of HIF-1/2 complexes, which can bind to specific HRE DNA se-
quences and increase HIF-dependent gene transcription.

Figure 6:  Sp1 and Sp3 transcriptional activity is increased after PRMT1 depletion and required for HIF induction. 
(A) HEK 293T cells were transfected with a control siRNA or a siRNA against PRMT1 mRNA (20 nM), along with 
pN3-Control, pN3-Sp1, or pN3-Sp3 constructs and pGL3 promoter vector. At 48 h posttransfection, cells were lysed 
and luciferase activity was measured (top). Results are expressed as a ratio of luciferase activity to total protein levels 
and are an average ± SEM of three independent experiments performed in triplicate. ***p < 0.001 and **p < 0.01 as 
compared with Sp1/siCtrl or Sp3/siCtrl cells, respectively. Sp1, Sp3, PRMT1 and α-tubulin protein levels were analyzed 
by Western blot (bottom). (B) HEK 293T cells were transfected with a control siRNA or siRNAs against PRMT1 (20 nM), 
Sp1 (10 nM), or Sp3 mRNA (10 nM), as indicated, along with pGL3 (R2.2) 3HRE-tk-LUC and an expression vector coding 
for R. reniformis luciferase. At 48 h posttransfection, cells were maintained under control conditions or under 1% 
oxygen for 6 h. Cells were lysed, and luciferase activity was measured (top). Results are expressed as a ratio of firefly 
luciferase activity to R. reniformis luciferase activity and are an average ± SEM of at least three independent 
experiments performed in triplicate. **p < 0.01 as compared with siCtrl cells under low oxygen. Sp1, Sp3, PRMT1, and 
α-tubulin protein levels were analyzed be Western blot (bottom).
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methionine, the principal biological methyl donor, was reduced un-
der hypoxic conditions through changes in methionine adenosyl-
transferase expression (MAT; Chawla and Jones, 1994; Chawla et al., 
1996; Avila et al., 1998; Liu et al., 2011). Reduced S-adenosyl-l-me-
thionine levels were associated with decreased DNA methylation 
after hypoxic exposure (Chawla et al., 1996; Liu et al., 2011). Fur-
thermore, MAT2A expression is regulated in an HIF-1–dependent 
manner in hepatoma cells under hypoxic conditions (Liu et al., 2011). 
We believe that during hypoxia and HIF activation, PRMT1 activity 
could be reduced in order to decrease its repressive effects on HIF 
and maintain elevated HIF-1α levels. Even if we did not observe this 
phenomenon under our hypoxic conditions in HeLa cells, it is impor-
tant to consider that this feedback regulation may be observed only 
under longer periods of hypoxic exposure and vary among cell 
types. We are investigating this possibility in various cell lines sensi-
tive to oxygen level variations.

A recent report indicated that PRMT5 depletion positively regu-
lates HIF-1α translation in A549 lung adenocarcinoma cells but that 
depletion of other PRMTs had no apparent effect on HIF-1α levels 
after 8 h of hypoxia (Lim et al., 2012). We investigated the effect of 
our specific siPRMT1 in A549 cells at different hypoxic time points. 
Of interest, after hypoxic exposure of A549 cells from 15 min to 6 h, 
we observed an increase in HIF-1α protein levels during siPRMT1 
depletion (unpublished results). However, after prolonged periods 
of hypoxia, increased HIF-1α protein induction gradually decreased. 
These observations support our hypothesis of down-regulation of 
PRMT1 activity through reduced S-adenosyl-l-methionine availabil-
ity under longer hypoxic exposure, ensuring maintenance of ele-
vated HIF-1α levels. Further supporting our results and hypothesis is 
a recent observation that PRMT1 depletion slightly modulates HIF-
1α protein levels in A549 cells after 24 h of hypoxia (Lim et al., 2013). 
We also believe that short-term HIF regulation, even if not sustained 
for longer periods, leads to significant changes in gene regulation 
and biological responses, as observed here through specific target 
gene expression. Nonetheless, different feedback loop mechanisms 
in HIF regulation have been reported and shown to be important to 
fine tune responses and adaptations to prolonged hypoxia. Finally, 
our results indicate that HIF-1α mRNA repression also occurs under 
normoxic conditions, indicating that the effect of PRMT1 on HIF-1α 
mRNA levels can occur regardless of changes in oxygen levels. In 
future studies, it will be interesting to determine the effect of PRMT1 
on different nonhypoxic activators of HIF-1 (Dery et al., 2005).

Our study establishes a novel and interesting link between PRMT1, 
Sp1/3 activity, and HIF regulation. The mechanism underlying the 
direct regulation of Sp1/3 activity by PRMT1 remains to be deter-
mined and is under investigation. It will be interesting to evaluate the 
modulation of Sp1/3 DNA binding by PRMT1 through chromatin im-
munoprecipitation assays on various promoters and identify the tar-
get of PRMT1’s methyltransferase activity in this regulation. Finally, 
our work provides a better understanding of how protein arginine 
methylation can control transcriptional regulation in diverse cell acti-
vation conditions and provides an interesting connection between 
this important posttranslational modification and hypoxic signaling.

MATERIALS AND METHODS
Materials
Cobalt chloride, cycloheximide, and actinomycin D were all from 
Sigma-Aldrich (St. Louis, MO). Dimethyloxalylglycine was from 
Frontier Scientific (Logan, UT). Polyclonal anti–HIF-1α and anti–
HIF-2α antibodies were raised in our laboratory in rabbits immu-
nized against the last 20 amino acids of the C-terminus of each 
human protein (Richard, 1999; Lauzier et  al., 2008). Anti–HIF-1α, 

siPRMT1-dependent increase of HIF transcriptional activity, as 
demonstrated with the HIF-sensitive HRE luciferase reporter. Taken 
together, these results indicate that the repression of Sp1/3 by 
PRMT1 is an essential step in blocking HIF-α expression and de-
creasing HIF activity.

DISCUSSION
HIF activity is under the control of a wide variety of factors. This 
diversity ensures fine tuning of HIF-mediated responses under dif-
ferent conditions. Although HIF-1α subunit stability is the principal 
pathway involved in HIF-1 activation, other regulatory mechanisms 
have also gained importance. HIF-1α has been found to be tran-
scriptionally regulated by Sp1/3, NFκB, Egr-1, and Stat3 transcrip-
tion factors (Frede et al., 2006; Belaiba et al., 2007; Bonello et al., 
2007; Niu et al., 2008; Oh et al., 2008; Rius et al., 2008; van Uden 
et al., 2008; Koshikawa et al., 2009; Patel and Kalra, 2010; Biswas 
et  al., 2013). Translation of HIF-1α mRNA was also found to be 
regulated by the PI3K/AKT/mTOR and Ras/MEK/ERK pathways, by 
activation of the ribosomal 6S protein, and the eukaryotic transla-
tion initiation factor 4E (eIF-4E), as well as by IRES-mediated trans-
lation (Laughner et al., 2001; Fukuda et al., 2002, 2003; Lang et al., 
2002; Zhou et al., 2004; Schepens et al., 2005; Young et al., 2008). 
Studies provide clear evidence that increased HIF-1α mRNA ex-
pression is important for enhanced HIF-1 activity after cell activa-
tion by several stimuli. Previous studies with angiotensin II, li-
popolysaccharide, growth factors, and oncogenes all demonstrated 
that increased HIF-1α transcription can be essential for HIF-1 
induction and activation (Page et  al., 2002; Blouin et  al., 2004; 
Gorlach, 2009; Kuschel et al., 2012). Even under oxygenated con-
ditions, when the HIF-1α degradation pathway is fully active, in-
creased HIF-1α expression can maintain sufficient protein synthesis 
to overcome the rate of degradation and allow normoxic HIF-1α 
accumulation. This has been observed in numerous studies during 
HIF-1α overexpression experiments using expression plasmids 
under normoxic conditions.

The transcription factors Sp1 and Sp3 have putative binding sites 
on the HIF-1α gene promoter (Iyer et al., 1998). The Sp-binding sites 
were suggested to be involved in the maintenance of constitutive 
HIF-1α gene transcription (Minet et al., 1999). Of interest, although 
less studied, HIF-2α gene expression has also been linked to Sp1 
(Wada et al., 2006). Sp1 and Sp3 are the main members of the Sp 
family of transcription factors that bind to GC-rich elements on pro-
moter regions of target genes. They are constitutively expressed, 
share >90% sequence homology, and are implicated in activation or 
repression of a wide variety of genes. Sp1 and Sp3 are able to either 
synergize or compete for the regulation of target genes, depending 
on the particular promoter context (Wierstra, 2008; Li and Davie, 
2010). Here we confirm the role of Sp1 as a transcriptional activator 
of HIF-1α and further demonstrate a similar role of Sp3 for HIF-1α 
expression. Our results suggest that Sp1 and Sp3 compete for the 
same GC sites on the HIF-1α promoter and act as equivalent activa-
tors, since overexpression of both factors was not additive for HIF-
1α promoter activity. Even though the HIF-1α promoter contains 
several Sp-binding sites, lipopolysaccharide stimulates significant 
Sp1 binding at only one of the three proximal sites (Oh et al., 2008). 
Therefore we speculate that in this context, only one Sp site is fully 
active on the HIF-1α promoter, allowing both Sp1 and Sp3 to act as 
competitive and equivalent transcriptional activators.

We report here that the protein arginine methyltransferase 
PRMT1 represses HIF-1α/2α mRNA expression by blocking Sp1/3 
activity. This effect may provide a positive feedback loop in order 
to regulate HIF activity. Indeed, the production of S-adenosyl-l-
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tation. At 16 h after transfection, the medium was changed and 
the cells were allowed to recover. At 48 h posttransfection, cells 
were treated and harvested. Ambion siRNA duplexes were ob-
tained from Life Technologies/Applied Biosystems (Carlsbad, 
CA). The specific sequences used were as follows: human PRMT1 
(accession no. NM_001536; predesigned siRNA 110967; sense, 
5′-GCCAACAAGUUAGACCACGtt-3′), human PRMT1* (validated 
siRNA s6917), human HIF-1α (accession no. NM_001530; sense, 
5′-AGGACAAGUCACAACAGGAuu-3′), human HIF-2α (acces-
sion no. NM_001430; sense, 5′-GGGUCAGGUAGUAAGUG-
GCuu-3′), human EGLN1/PHD2 (accession no. NM_022051; vali-
dated siRNA s29231), human Sp1 (accession no. NM_138473; 
sense, 5′-GGUAGCUCUAAGUUUUGAUtt-3′), and human Sp3 
(accession no. NM_003111; predesigned siRNA 115336; sense, 
5′-CCUUCUGCUAACAUCCAGAtt-3′). As a control, Ambion 
Silencer Negative Control #2 siRNA (Life Technologies/Applied 
Biosystems) was used.

Luciferase assay
HEK 293T cells seeded in six-well plates were transfected by cal-
cium phosphate precipitation with pGL3 (R2.2) 3HRE-tk-LUC, 
pHIF-1A-572/+32Luc, or pGL3 promoter vector (500 ng/well). 
R. reniformis luciferase expression vector (25 ng/well) was used as 
a control for transfection efficiency. In experiments with Sp1 and/
or Sp3 overexpression, total protein levels determined by Lowry 
assay were used to normalize samples. At 48 h posttransfection, 
cells were exposed to hypoxia for 6 h, and luciferase assays were 
performed using the Dual Luciferase Reporter Assay System 
(Promega). Results were quantified with a Luminoskan Ascent mi-
croplate reader with integrated injectors (Thermo Fisher Scientific, 
Waltham, MA). Results are expressed as a ratio of firefly luciferase 
activity over R. reniformis luciferase activity or total protein level. 
Experiments are an average ± SEM of at least three independent 
experiments performed in triplicate.

Real time quantitative RT PCR
HeLa cells were lysed with TRIzol reagent and RNA was extracted 
according to the manufacturer’s protocol (Life Technologies). RT 
was performed with the qScript cDNA SuperMix kit, followed by 
quantitative PCR analysis with the Perfecta SYBR Green SuperMix, 
Low ROX kit according to the manufacturer’s protocol (Quanta 
BioSciences, Gaithersburg, MD). Quantitative RT-PCR primers used 
in this study are outlined in Table 1. The expression of the gene of 
interest relative to HPRT, a reference gene, was calculated based 
on the threshold cycle (Ct) using the Pfaffl formula (Pfaffl, 2001). 
HPRT1 stability was assessed using geNorm (www.biogazelle.com). 
Experiments are an average ± SEM of at least three independent 
experiments.

Transcription factor enzyme-linked immunoassay
Experiments were performed as described previously (Blouin et al., 
2004). In brief, high-bind NeutrAvidin-coated 96-well strip plates 
(Thermo Fisher Scientific) were incubated with a 5′-biotinylated 
26–base pair dsDNA oligonucleotide for 1 h at room temperature. 
This sequence contains the wild-type or mutant (underlined) 
HIF-1–binding motif described previously (Semenza and Wang, 
1992). We used 5′-GATCGCCCTACGTGCTGTCTCAGATC-3′ for 
W26 wild-type sequence and 5′-GATCGCCCTAAAAGCTGTCTCA-
GATC-3′ for M26 mutant sequence. Nuclear extracts from HeLa 
cells were incubated with oligonucleotides, and HIF-1 complexes 
bound to DNA were detected using anti–HIF-1α or anti–HIF-1β an-
tibodies (Novus Biologicals), horseradish peroxidase–conjugated 

anti–HIF-2α, and anti–HIF-1β used in DNA-binding assay and anti-
GST and anti-PHD2 antibodies were from Novus Biologicals (Little-
ton, CO). Anti–α-tubulin antibody was from Sigma-Aldrich. Poly-
clonal anti-PRMT1 antibody was from Cell Signaling Technology 
(Danvers, MA), and polyclonal anti-PRMT5 antibody was obtained 
from Millipore (Billerica, MA). Polyclonal anti-ASYM25 was raised as 
previously described (Boisvert et al., 2003). Anti-Sp1 and anti-Sp3 
antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). 
Monoclonal HA.11 antibody was from Covance (Emeryville, CA). 
Horseradish peroxidase–coupled anti-mouse and anti-rabbit anti-
bodies were from Promega (Madison, WI). A GST–HIF-1α fusion 
protein comprising amino acids 344–582 from human HIF-1α and 
pVHL-hemagglutinin (HA) constructs were kind gifts from Jacques 
Pouysségur (Université de Nice, France) and Peter Ratcliffe (Univer-
sity of Oxford, UK), respectively. pCDNA3-PRMT1-myc expression 
vector was previously described (Cote et al., 2003). pCDNA3-PRMT-
1siR (siRNA-resistant mutant) and pCDNA3-PRMT1siR VLD-A (cata-
lytically inactive mutant) were constructed by site-directed muta-
genesis by inserting mutations into 1) the region recognized by 
siPRMT1 (nucleotide 650; T to C) and 2) the methyl-donor-binding 
region (residues 68–70; VLD to AAA). pN3-Control, pN3-Sp1FL, and 
pN3-Sp3FL expression vectors were obtained from Guntram Suske 
(Philipps-Universität, Marburg, Germany) (plasmids 24544, 24543, 
and 24541, respectively [Addgene, Cambridge, MA]; Sapetschnig 
et  al., 2004). pGL3 (R2.2) 3HRE-tk-LUC luciferase reporter vector 
was generated in our laboratory (Lauzier et  al., 2007). pHIF-1A-
572/+32Luc reporter vector was graciously provided by Gregg 
Semenza (Johns Hopkins University, Baltimore, MD). pGL3 promoter 
vector and Renilla reniformis luciferase expression vectors were from 
Promega (Madison, WI).

Cell culture
Human cervical carcinoma (HeLa) and human embryonic kidney 
(HEK 293T) cells were from the American Type Culture Collection 
(Manassas, VA). Cells were cultured in DMEM containing 10% heat-
inactivated fetal bovine serum. Culture medium was also supple-
mented with antibiotics (50 U/ml penicillin and 50 μg/ml streptomy-
cin) and 2 mM glutamine (Life Technologies, Grand Island, NY). Cells 
were cultured in a humid atmosphere (5% CO2, 95% air) and serially 
passaged upon reaching confluence. Hypoxic conditions were 
obtained by placing cells in a sealed hypoxic workstation (Ruskinn 
Technology, Bridgend, United Kingdom). The oxygen level in this 
workstation was maintained at 1%, with the residual gas mixture con-
taining 94% nitrogen and 5% CO2.

Western blot analysis
Cells were lysed in a 2× Laemmli buffer. The protein concentration 
was determined by Lowry assay. Samples were resolved on 
SDS–polyacrylamide gels and electrophoretically transferred to 
polyvinylidene difluoride membranes (Immobilon-P; Millipore) or 
nitrocellulose membranes (Hybond C Extra; GE Healthcare Life 
Sciences, Piscataway, NJ). Proteins were analyzed using indicated 
antibodies and visualized with enhanced chemiluminescence 
system (GE Healthcare Life Sciences) or with the Odyssey Infrared 
Imaging System (LI-COR Biosciences, Lincoln, NE). Western blots 
were quantitated using LI-COR Image Studio software 2.0 (LI-COR 
Biosciences). For Western blot studies, results are representative of 
at least three independent experiments.

RNA silencing
Cells were seeded in 60-mm plates. At 24 h after plating, siRNA 
oligonucleotides were transfected by calcium phosphate precipi-
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pVHL capture assay
pVHL capture assay was performed as previously described (Lauzier 
et al., 2008). HeLa cells were grown to confluence and stimulated as 
indicated. Cells were washed once in phosphate-buffered saline 
and twice in HEB buffer (20 nM Tris, pH 7.5, 5 mM KCl, 1.5 mM 
MgCl2, and 1 mM dithiothreitol). Cells were then lysed using a 
Dounce homogenizer, and cytoplasmic extracts were cleared by 
centrifugation (20,000 × g). Cytoplasmic extracts (250 μg) were incu-
bated with Sepharose-bound GST–HIF-1α 344–582 (30 μg) for 1 h 
at room temperature, with or without specific inhibitors. The Sep-
harose-bound GST–HIF-1α was washed with NETN buffer (150 nM 
NaCl, 0.5 mM EDTA, 20 mM Tris, pH 8.0, 0.5% Igepal, and 100 μM 
deferoxamine) and incubated overnight with in vitro–translated 
pVHL-HA in NETN at 4°C. Samples were then washed with NETN, 
denatured with 2× Laemmli buffer, resolved in SDS–polyacrylamide 
gels (12%), and revealed by Western blotting with anti-HA and anti-
GST antibodies.

Statistical analysis
Statistical analyses of different experiments were performed using 
InStat 3 (GraphPad, La Jolla, CA). Unless otherwise noted, one-way 
analysis of variance tests were performed. Results were deemed sig-
nificant if they attained a 95% confidence level (p < 0.05).

secondary antibodies, and TMB-ONE solution (Promega). Results 
are expressed as an average ± SEM of at least three independent 
experiments performed in triplicate.

HIF-1α half-life analysis
HeLa cells were exposed to hypoxia for 1 h, after which cyclohexim-
ide (30 μg/ml) was added for 5 min. Cells were then exposed to 
normal oxygen conditions for different periods of time (up to 20 
min) and lysed in a 2× Laemmli buffer. HIF-1α, and α-tubulin protein 
levels were evaluated by Western blotting, followed by quantifica-
tion, and the ratio of HIF-1α to α-tubulin was determined. HIF-1α 
half-life under experimental conditions was estimated by plotting 
data as the HIF-1α/α-tubulin ratio versus time under cycloheximide 
treatment.

Gene Sequence

BNIP3 forward 5′-GATGATATTGAAAGAAGGAAAGAAGT-
TG-3′

BNIP3 reverse 5′-GTTCCTCATGCTGAGGG-3′

HIF1A forward 5′-GAGATGTTAGCTCCCTATATCCCA-3′

HIF1A reverse 5′-TAGGTTCTTGTATTTGAGTCTGCTG-3′

HIF2A forward 5′-AAGCATCCCTGCCACCGTGC-3′

HIF2A reverse 5′-CAACGGCGCTGCTCCCAAGA-3′

HIG2 forward 5′-GTTGTGTGGGTGGGCTGT-3′

HIG2 reverse 5′-GGTGGCCACAATGTCCATA-3′

HPRT forward 5′-CAGTCCCAGCGTCGTGATTAGT-3′

HPRT reverse 5′-ATCCAGCAGGTCAGCAAAGAAC-3′

PFKFB4 forward

PFKFB4 reverse

5′-ATGGGCTGAGGTGTAGCTGA-3′

5′-TATTTATTGCAAAGAATGCTGGA-3′

PRMT1 forward 5′-CCAGTGGAGAAGGTGGACAT-3′

PRMT1 reverse 5′-GTCATTCCGCTTCACTTGCA-3′

PRMT2 forward 5′-TGAATCGCAGGGAGAAGAGC-3′

PRMT2 reverse 5′-CGATGGCCACAAACTCCTCT-3′

PRMT3 forward 5′-CAGGGTCGTGTTCTCTACGG-3′

PRMT3 reverse 5′-CACGGTGAGAGAACGTGGAT-3′

PRMT4 forward 5′-TAAGTGCTCAGTGTCCCGAG-3′

PRMT4 reverse 5′-CGGCAGGTTTTCAGGATGTT-3′

PRMT5 forward 5′-ATGAATTGTCGCCTGAGTGC-3′

PRMT5 reverse 5′-AAAGGAAGTGTACTCCCCGG-3′

PRMT6 forward 5′-GTCGCAGCCCAAGAAAAGAA-3′

PRMT6 reverse 5′-GTAGTACAGCTGGTCCCGTT-3′

PRMT7 forward 5′-GCTGTGGTTGTGGAGTTCAG-3′

PRMT7 reverse 5′-GGCACGCTTAATCATGTCGT-3′

PRMT8 forward 5′-GGCAGCTTTGTACGTGGTAG-3′

PRMT8 reverse 5′-GCTTTGGATCCACGATGTCC-3′

PRMT9 forward 5′-CTCTAGCTGGAGTCTGGGTG-3′

PRMT9 reverse 5′-TAAACACCAACCTGCTTGCC-3′

VEGFA forward 5′-TACTGCCATCCAATCGAGAC-3′

VEGFA reverse 5′-GCATGGTGATGTTGGACT-3′

TABLE 1:  Primers used for real time quantitative RT PCR.
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