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Vascular endothelial growth factor (VEGF) A is a master regulator of neovascularization and angiogenesis. VEGFA is
potently induced by hypoxia and by pathological conditions including diabetic retinopathy and tumorigenesis. Fine-
tuning of VEGFA expression by different stimuli is important for maintaining tissue vascularization and organ
homeostasis. Here, we tested the effect of the hypoxia mimetic cobalt chloride (CoCl2) on VEGFA expression in human
cervical carcinoma HeLa cells. We found that CoCl2 increased the levels of VEGFA mRNA and VEGFA protein without
affecting VEGFA mRNA stability. Biotin pulldown analysis to capture the RNA-binding proteins (RBPs) bound to VEGFA
mRNA followed by mass spectrometry analysis revealed that the RBP HuR [human antigen R, a member of the
embryonic lethal abnormal vision (ELAV) family of proteins], interacts with VEGFA mRNA. VEGFA mRNA-tagging
experiments showed that exposure to CoCl2 increases the interaction of HuR with VEGFA mRNA and promoted the
colocalization of HuR and the distal part of the VEGFA 30-untranslated region (UTR) in the cytoplasm. We propose that
under hypoxia-like conditions, HuR enhances VEGFAmRNA translation.

Introduction

Vascular endothelial growth factor A (VEGFA), a major
endothelial growth factor promoting neovascularization and
angiogenesis, plays a role in blood vessel formation during devel-
opment and helps to maintain vascular tissue homeostasis.1 The
expression of VEGFA is subjected to extensive regulation, at
both transcriptional and post-transcriptional levels.2 Although
the pro-angiogenic isoforms VEGFA121, VEGFA165 and
VEGFA189 are highly abundant, an anti-angiogenic isoform
called VEGF-Ax was recently described, underscoring the func-
tional complexity of this protein family.3

Hypoxia is one of the most potent triggers of VEGFA expres-
sion, acting on VEGFA DNA transcription, VEGFA mRNA sta-
bilization, and VEGFA translation and release.4 Oxygen deficit
activates cellular responses that are centrally controlled by the
hypoxia inducible factor-1 a (HIF-1a), a transcription factor
that regulates hypoxia-inducible genes, including VEGFA, and
induces an angiogenic response.5 In particular, VEGFA is also
upregulated during early phases of neurodegenerative diseases
affecting ocular function such as diabetic retinopathy and age-
related macular degeneration, as well as other pathological states

such as tumorigenesis.6 The early stages of diabetic retinopathy
are characterized by vascular hyperpermeability and by the for-
mation of local microaneurysms. These alterations are followed
by microvascular occlusions that lead to progressive retinal ische-
mia, which in turn causes hypoxia and induces VEGFA synthesis
and release.7 Given the pivotal role of VEGF in such pathologies,
different approaches have been developed to inhibit VEGF sig-
naling, such as the recombinant protein VEGF-trap,8 and mono-
clonal antibodies.9

VEGFA expression in pathophysiological states can be
induced by post-transcriptional mechanisms directed at the
VEGFA mRNA. Changes in transport, stability, and translation
rates are robustly regulated by RNA-binding proteins (RBPs).10

Among the vast class of RBPs (which includes many regulatory
proteins such as nucleolin, AUF1, TIAR, TIA-1, hnRNP K, and
hnRNP L),11 the members of the ELAV/Hu family (HuR/HuA,
HuB, HuC, and HuD) are some of the best-characterized RBPs
that post-transcriptionally control gene expression in response to
specific stimuli. In vertebrates, HuB, HuC and HuD are mainly
expressed in neurons, while HuR is ubiquitously expressed.12,13

These proteins preferentially interact with U- and AU-rich
sequences present in the 30-untranslated region (UTR) of mRNA
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subsets.14 HuR, in particular, can regulate hundreds of target
transcripts and is considered to be a key regulator of many cellu-
lar functions, including proliferation, cellular stress response, and
cell survival.15 Indeed, HuR promotes the expression of general
stress-response proteins (HSP70, HO-1, SOD1, p62) and hyp-
oxia-response proteins, including HIF-1a and VEGFA.16-20

Through its influence on subsets of cellular proteins, HuR has
been linked to various pathologies, including inflammatory dis-
eases and cancer.12,13 With respect to diabetic retinopathy, the
levels of both HuR and VEGFA have been shown to be altered
in both in vitro and in vivo models.16,21,22

Given that controlling VEGFA production during hypoxia is
important for maintaining tissue function, we set out to examine
in detail the effect of a hypoxic mimetic, cobalt chloride (CoCl2),
on VEGFA expression. CoCl2 is widely used as a chemical
inducer of the hypoxic response,23,24 through the CoCl2-medi-
ated induced expression of the transcription factor HIF-1a,17

which governs the transcriptional induction of many oxygen-
dependent genes. In the human cervical carcinoma cell line
HeLa, we found that CoCl2 treatment increased VEGFA expres-
sion levels but did not affect VEGFA mRNA stability. Mass spec-
trometry analysis indicated that VEGFA mRNA interacted with
HuR, and VEGFA mRNA-tagging experiments revealed that
interaction occurred in the cytoplasm. Our data further support
a role for HuR in the promotion of VEGFA translation following
exposure to CoCl2. We propose that HuR contributes to the reg-
ulation of VEGFA translation in hypoxic states, thereby helping
to mount an adequate response to low-oxygen challenge.

Materials and Methods

Cell culture, chemicals, transfection and plasmids
HeLa cells were cultured in Dulbecco’s modified essential

medium (DMEM, Invitrogen) supplemented with 10% fetal
bovine serum and antibiotics. Control small interfering RNA
(Ctrl siRNA or Csi, Qiagen), HuR siRNA (HuRsi, Qiagen), and
reporter plasmids were transfected using Lipofectamine 2000
(Invitrogen). Plasmids were transfected at 0.1 mg/ml [pMS2-
YFP (expressing a fusion protein bearing MS2-binding protein
and yellow fluorescent protein)] or at 0.5 mg/ml [pMS2-RL
(Renilla luciferase), pMS2-RL-30UTR-I, pMS2-RL-30UTR-II,
expressing chimeric RNAs bearing different regions of the
VEGFA mRNA and 24 copies of MS2 hairpins]. The RL coding
region was included to provide a reporter open reading frame to
the MS2 RNA-containing constructs. VEGFA 30UTR reporter
constructs were made by inserting a cDNA corresponding to the
proximal (I) or distal (II) part of VEGFA 30UTR into pMS2.
Plasmid pMS2-YFP was described previously.25 For cloning a
proximal segment of VEGFA 30UTR into pMS2-RL (to prepare
pMS2-RL-30UTR-I), primers AAAACTCGAGGGGCAGGAG-
GAAGGAGCCTCCCTCAGGGTTTCGGG (forward) and
AAAACTCGAGTCAGAAGCAGGTGAGAGTAAGCGAAG
GCCGCCC (reverse), containing an XhoI site, were used. For
cloning the distal part of VEGFA 30UTR into pMS2-RL (to pre-
pare pMS2-RL-30UTR-II), the primers used, also containing an

XhoI site, were AAAACTCGAGGTTGCCCAGGAGACCAC
TGGCAGATGTCCCGG (forward) and AAAACTCGAGGA-
GATCAGAATTAAATTCTTTAATACAAAATG (reverse).
HeLa cells were treated with 100 mM or 200 mM CoCl2 for
2 h, 4 h or 8 h. For mRNA stability assays, HeLa cells were
treated with actinomycin D (2.5 mg/ml, Sigma Aldrich) to
inhibit de novo transcription.

Western blot analysis
Whole-cell lysates were prepared using radioimmunoprecipi-

tation buffer (RIPA), separated by SDS-PAGE (electrophoresis
through SDS-containing polyacrylamide gels), and transferred
onto nitrocellulose membranes (Invitrogen). Incubations with
primary antibodies to detect VEGFA, HuR, a-tubulin, or
b-actin (mouse monoclonal, rabbit polyclonal, mouse monoclo-
nal, and mouse monoclonal, respectively all from Santa Cruz
Biotechology) were followed by incubations with the appropriate
secondary antibodies conjugated with horseradish peroxidase
(HRP, GE Healthcare) and by detection using enhanced chemi-
luminescence (GE Healthcare).

RNA analysis
Total RNA was prepared from whole cells, gradient fractions,

or ribonucleoprotein (RNP) immunoprecipitation (IP) samples
using TRIzol (Invitrogen). After reverse transcription (RT) of
RNA using random hexamers and Maxima reverse transcriptase
(ThermoScientific, Fermentas), the abundance of transcripts was
assessed by real-time (RT), quantitative Polymerase Chain Reac-
tion (qPCR) analysis using the SYBR green PCR master mix
(Kapa Biosystems) and gene-specific primer sets (below). RT-
qPCR analysis was performed on Applied Biosystems model 7300
and 7900 instruments. The forward and reverse primers used
in this study were, respectively: TATGCGGATCAAACCT-
CAC and CTCGGCTTGTCACATTTTTCTTGTCTT for
VEGFA, TGCACCACCAACTGCTTAGC and GGCATG-
GACTGTGGTCATGAG for GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase), GCGCGAACGACAAGAAAAAGATA
and GTGGCAACTGATGAGCAAGC for HIF1A, and CATG-
TACGTTGCTATCCAGGC and CTCCTTAATGTCACG-
CACGAT for ACTB (b-actin). For VEGFA pre-mRNA analysis,
forward and reverse primers TATGCGGATCAAACCTCAC
and ATGCCAAAGGTCACATAGCGwere used. RNP IP analy-
sis was performed using as primary antibodies anti-HuR, or con-
trol IgG (Santa Cruz Biotech). RNA in the IP samples was
extracted using TRIzol and further measured by RT-qPCR analy-
sis using the primers listed above.

Biotin pulldown and mass spectrometry analysis
For biotin pulldown, we used antisense biotinylated oligomers

(ASO) CGTCTGACCTGGGGTAGAGA and GCAACGC-
GAGTCTGTGTTTT, and sense (control) biotinylated oligom-
ers (SO) TGAGGAGTCCAACATCACCA and TCTCTAC
CCCAGGTCAGACG (IDT Technologies). Whole-cell lysates
(1.3 mg per sample) were incubated with 2 mg of biotinylated
probes for 1 hour at 4� C, whereupon complexes were isolated
with streptavidin-coupled Dynabeads (Invitrogen). The proteins
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present in the pulldown material were size-separated by
SDS-PAGE and stained with Coomassie blue (Invitrogen); gel
bands were analyzed by Mass Spectrometry by using high-perfor-
mance liquid chromatography with tandem mass spectrometric
detection (LC/MS/MS, at the Mass Spectrometry and Proteo-
mics Facility, Johns Hopkins University School of Medicine)
and the data confirmed by Western blot analysis.

Fractionation of polyribosomes
Polyribosome fractionation assays were carried out as previ-

ously explained.26 In short, 48 hours after transfection, cells were
incubated with cycloheximide (100 mg/ml for 15 min; Sigma

Aldrich); cytoplasmic lysates (900 ml) were fractionated by cen-
trifugation through 10 to 50% linear sucrose gradients and
divided into 12 fractions. From each fraction, RNA was extracted
using TriPure Isolation Reagent (Roche Applied Science) and
used for RT-qPCR analysis to determine the distribution of
VEGFA, HIF1A and ACTB mRNAs on the polysome gradients.

Immunocytochemistry
HeLa cells were fixed with 2% formaldehyde, permeabilized

with 0.1% Triton X-100, and blocked with 1% bovine serum
albumin (BSA). After incubation with a mouse monoclonal pri-
mary antibody recognizing HuR (Santa Cruz Biotechnology), an
Alexa Fluor 568-conjugated secondary antibody (Invitrogen) was
used to detect primary antibody-antigen complexes (red). YFP
fluorescence was green and DAPI-stained nuclei were blue (Invi-
trogen). Images were acquired using Axio Observer microscope
(Zeiss) with AxioVision 4.7 Zeiss image processing software or
with LSM 510 Meta (Zeiss). Confocal microscopy images were
acquired with the Z-sectioning mode with 10-mm spacing and
merged using maximum intensity. Brightness and contrast were
adjusted using the Best Fit option of the Zen 2012 software (Zeiss).

Data analysis
All statistical analyses were performed by using GraphPad

InStat application (GraphPad software, Prism 6, La Jolla, CA,
USA). All data were analyzed by using the one-way or 2-way
analysis of variance (ANOVA) and, when appropriate, a specific
post-hoc test, as indicated in the figure legends. Differences were
considered statistically significant when p < 0.05.

Results

Treatment with CoCl2 increases VEGFAmRNA and protein
levels but not VEGFAmRNA stability

We tested the effect of treating human cervical carcinoma
HeLa cells with the hypoxia mimetic cobalt chloride (CoCl2) on
VEGFA expression levels. As shown in Figure 1A, following
exposure to 100 mM CoCl2, VEGFA mRNA levels did not
change significantly at any of the times investigated, while after
4 h in continuous presence of 200 mM CoCl2 VEGFA mRNA
levels increased by fold2-, returning to basal levels by 8 h after
exposure. Western blot analysis revealed that intracellular
VEGFA abundance increased significantly after 4 h in continu-
ous presence of 200 mM CoCl2 (Fig. 1B); therefore, these
treatment conditions were used for all of the subsequent experi-
ments. As VEGFA is a secreted protein, ELISA was employed to
measure the concentration of VEGFA released into the medium.
A modest but significant increase in VEGFA release was detected
by 4 h of treatment (Fig. 1C); higher levels of released VEGFA
protein were seen after 8 h of treatment (Fig. S1).

Since VEGFA mRNA levels can be achieved by transcript sta-
bilization in response to hypoxia,27 we tested if CoCl2 affected
the stability of VEGFA mRNA. We measured the half-life of the
VEGFA mRNA by quantifying its rate of decay after blocking de
novo transcription using actinomycin D. As shown in Figure 2A,

Figure 1. (A) Levels of VEGFA mRNA following exposure to CoCl2. Values
are expressed as %. CoCl2 was tested at 100 or 200 mM, for 2, 4 or 8 h.
**p < 0.01, Dunnett Multiple Comparisons test, n D 4¡5. (B) Levels of
intracellular VEGFA protein following treatment with 200 mM CoCl2 for
4 h. Representative Western blot analysis of VEGFA and a-tubulin
expression levels; densitometry analysis (means § SEM) of VEGFA/
a-tubulin expressed as arbitrary units. *p < 0.05, Student’s t-test,
n D 6¡8. (C) Levels of released VEGFA protein following treatment with
200 mM CoCl2 for 4 h. The release of VEGFA (pg/ml) was measured by
ELISA and expressed as the means § SEM *p < 0.05, Student’s t-test,
n D 8.
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treatment with CoCl2 did not signifi-
cantly change the stability of VEGFA
mRNA (»2.7 h in these cells;
Fig. 2A). The levels of a control short-
lived mRNA (MYC mRNA, encoding
the proto-oncogene MYC) showed no
differences in half-life in the presence
of CoCl2 (Fig. 2B). The stability of a
control stable transcript, GAPDH
mRNA, encoding a housekeeping pro-
tein, was not influenced by CoCl2
treatment, indicating that not all
mRNAs decreased rapidly in the pres-
ence of actinomycin D, and only select
labile mRNAs displayed reduced stabil-
ity (Fig. 2C). To test if CoCl2 instead
elevated VEGFA transcription, we
quantified VEGFA pre-mRNA by using
primers spanning intron-exon junc-
tions. As shown in Fig. 2D, VEGFA
pre-mRNA levels significantly raised
following CoCl2 treatment, supporting
the conclusion that CoCl2 increased
VEGFA gene transcription but not
VEGFA mRNA stability.

Pulldown of biotinylated VEGFA
reveals interacting RNA-binding
proteins including HuR

To further study the post-transcrip-
tional regulation of VEGFA expres-
sion, we prepared biotinylated DNA
oligomers complementary to the
VEGFA mRNA for use in pulldown
experiments employing streptavidin
beads. We then performed mass spec-
trometry analysis to detect the RNA-
binding proteins (RBPs) bound to the
endogenous VEGFA mRNA (Fig. 3A).
To ensure that the biotin pulldown
step was successful, we measured the
enrichment in VEGFA mRNA in the
pulldown materials; as shown in

Figure 2. After CoCl2 treatment (200 mM, 4 h), the half-lives of VEGFA mRNA (A), as well as the half-
lives of a control labile transcript (MYC mRNA) (B) and a control stable transcript (GAPDH mRNA) (C)
were assessed by measuring the time required to achieve a 50% reduction in transcript levels after
adding actinomycin D (Act.D). (D) The levels of VEGFA pre-mRNA following CoCl2 treatment were mea-
sured using intron-exon-spanning primers. **p< 0.01, Student’s t-test, n D 4.

Figure 3. (A) Schematic representation of
RNA biotin pulldown using whole-cell
lysates that had been prepared from
untreated or CoCl2-treated cells. The anti-
sense oligos (ASO) captured VEGFA mRNA
along with bound RPBs, while the sense
oligos (SO) did not. (B) VEGFA mRNA fold
enrichment after biotin pulldown with
ASO and SO. **p < 0.01, Student’s t-test,
n D 10. (C) Representative Western blot
analysis of HuR bound to VEGFA mRNA
after biotin pulldown.
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Figure 3B, far greater levels of VEGFA mRNA were measured in
the ASO than in the SO pulldowns (Fig. 3B). Comparison
between the 2 SO samples and between the 2 ASO samples did
not show any significant differences.

Mass spectrometry analysis of the bound proteins revealed a
number of interacting RBPs (Fig. S2, excel file); among them,
we focused our attention on ELAVL1/HuR protein (Fig. S2), an
RBP that has been implicated in different forms of post-tran-
scriptional gene regulation. The presence of HuR in the VEGFA
mRNA pulldown (ASO) was confirmed by Western blot analysis
(Fig. 3C); HuR levels in ASO cultures left untreated was slightly
lower (1374 arbitrary units) than in ASO C CoCl2 cultures
(1501 arbitrary units). We then performed ribonucleoprotein
(RNP) immunoprecipitation (RIP) analysis, using anti-HuR
antibody under conditions that preserved RNPs intact, to assess
the association of VEGFA mRNA with HuR (Fig. 4A). VEGFA
mRNA was enriched more than fold12- in HuR IP samples com-
pared to control IgG IP samples, supporting the existence of
[VEGFA mRNA-HuR] complexes (Fig. 4B). After treatment
with CoCl2, the levels of [VEGFA mRNA-HuR] complexes
increased further (Fig. 4B).

HuR co-localizes with the distal VEGFA 30UTR after CoCl2
treatment

Photoactivatable ribonucleoside-enhanced crosslinking and
immunoprecipitation (PAR-CLIP) analysis of HuR-bound
RNAs revealed that HuR recognizes 4 distinct sites within the
VEGFA 30UTR (Fig. 5A).28 To study this interaction in live
cells, the VEGFA mRNA was tagged by adding MS2 hairpins, as
described in Srikantan et al.29 We constructed plasmids pMS2-
RL-30UTR-I and pMS2-RL-30UTR-II, derived from pSL-MS2
(24X), which expressed the Renilla luciferase (RL) coding region
fused to the proximal (I) and distal (II) regions of the VEGFA
30UTR, respectively, along with 24 tandem MS2 RNA hairpins;
a control plasmid (pMS2-RL) expressed only the RL coding
region fused to MS2 hairpins (Fig. 5B, left panels). HeLa cells
were co-transfected with one of these plasmids together with
pMS2-YFP, a plasmid that expresses a fusion protein that recog-
nizes MS2 hairpins (named MS2-BP), that is fluorescent (as it
contains a YFP domain) and carries a strong nuclear localization
signal (NLS) (Fig. 5B, right panels).

Merged confocal fluorescence microscopy showed that YFP
fluorescence (green) was almost exclusively nuclear in all of the
cells, due to the presence of the NLS in the fusion protein MS2-
YFP protein (Fig. 5C, left panels). However, when CoCl2 was
added, a substantial amount of cytoplasmic fluorescence was
detected in cells transfected with pMS2-RL-30UTR-I and pMS2-
RL-30UTR-II, but not in those transfected with pMS2-RL (mid-
dle and right panels). The fluorescent signal coming from the dis-
tal VEGFA 30UTR (pMS2-RL-30UTR-II transfection group)
overlapped with the signals of cytoplasmic HuR; the overlaps are
displayed in orange color in the merged images and in the graph
(right panels). These findings indicate that HuR co-localizes with
the distal part of VEGFA 30UTR following exposure to CoCl2.
Single-channel images are displayed in the Supplemental
Figure 3.

HuR affects VEGFA translation
Since the stability of VEGFA mRNA was not affected by

CoCl2 treatment, we sought to study if HuR influenced the
translation of VEGFA mRNA. To test this possibility, we
silenced HuR by using specific HuR-directed small interfering
RNA (HuRsi) and scrambled small interfering RNA (Csi) in
control transfection groups. As expected, 48 h later HuR silenc-
ing strongly decreased HuR mRNA (Fig. 6A) and protein
(Fig. 6B) both in the presence and absence of CoCl2 (w/o
CoCl2). HuR silencing did not alter basal or CoCl2-upregulated
VEGFA mRNA levels (Fig. 6C). HuR silencing also failed to
decrease VEGFA protein levels in basal conditions (Fig. 6D).
However, CoCl2 treatment significantly increased VEGFA pro-
tein levels in control cells but not in HuR-silenced cells
(Fig. 6D), suggesting that HuR influenced the translation of
VEGFA mRNA only under hypoxic conditions.

To test this possibility directly, we monitored the distribu-
tion of VEGFA mRNA on polysome gradients in Csi and
HuRsi cells. No major differences in global polysome profiles
were seen among the 4 groups [Csi relative to CsiCCoCl2
(Fig. S4); HuRsi relative to HuRsiCCoCl2 (Fig. 6E)] 48 h
after transfection. In these gradients, fractions 1–4 comprised
mRNAs not associated with components of the translation
machinery and hence not translated, fractions 5–7 included

Figure 4. (A) Schematic representation of the RIP assay; RNP, ribonucleo-
protein complex. (B) Interaction of VEGFA mRNA with HuR complexes
assessed by RIP analysis using anti-HuR antibody followed by RT-qPCR
analysis. *p< 0.05, ***p < 0.001, Student’s t-test, n D 10.
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mRNAs bound to single ribosomes (monosomes) or forming
polysomes of low molecular weight (translated at low-to-
moderate levels), and fractions 8–10 included mRNAs that
were associated with polysomes of high molecular weight,
and thus considered to be actively translated. After isolating

RNA from each gradient fraction,
the levels of VEGFA mRNA were
measured to assess the size of poly-
somes present under each condition.
This analysis revealed that the rela-
tive size of VEGFA mRNA poly-
somes increased slightly after CoCl2
treatment in Csi cells, with an
increased percentage of the messenger
in the actively translating fractions of
polysomes (Fig. 6F). Importantly,
however, HuR silencing provoked a
leftward shift of the curve, consistent
with the appearance of smaller poly-
somes and hence predicting weaker
translation; this shift was only par-
tially restored by addition of CoCl2
(Fig. 6F). As a positive control, we
analyzed HIF1A mRNA, which is
also a target of HuR,17 and encodes
the transcription factor HIF-1a, the
oxygen-regulated subunit of HIF-1,
that controls transcription of hyp-
oxia-inducible genes and is induced
by CoCl2.

24 HIF1A mRNA showed
more extensive association with the
actively translating polysome fraction
in cells treated with CoCl2
(Fig. 6H); but in HuRsi cells,
HIF1A mRNA was found in smaller
polysomes regardless of the presence
or absence of CoCl2 (Fig. 6H). As
expected, the distribution of the
mRNA encoding the housekeeping
protein b-Actin (ACTB mRNA) was
comparable among all of the groups
(Fig. 6G). Taken together, these
results support the view that HuR
promotes the translation of VEGFA
mRNA in response to CoCl2
treatment.

Discussion

VEGFA is involved in several
functions, such as angiogenesis, vas-
culogenesis, and endothelial cell
growth. VEGFA expression is tightly
regulated under different physiologic
and pathologic conditions.30 In the

present study, we employed CoCl2, a widely used chemical
compound that mimics hypoxia in mouse models and in cul-
tured cells,31,32 to study the regulation of VEGFA expression
in HeLa cells. Analysis of the dose and time dependence of
this treatment revealed that 4 hours of exposure to 200 mM

Figure 5. (A) Sites of HuR interaction with VEGFAmRNA as determined by PAR-CLIP analysis (Lebedeva
et al., 2011). (B) Schematic representation of the plasmids used for the intracellular tracking of VEGFA
mRNA (left panel). pMS2-RL, pMS2-RL-30UTR-I and pMS2-RL-30UTR-II were derived from pSL-MS2(24X),
and each expressed the Renilla luciferase (RL) coding region and 24 tandem MS2 RNA hairpins; pMS2-
RL-30UTR-I and pMS2-RL-30UTR-II additionally contained VEGFA 30UTR. The plasmid pMS2-YFP
expressed a fusion fluorescent protein (MS2-YFP) capable of binding MS2-containing RNA (right panel).
NLS, nuclear localization signal. (C) Representative confocal fluorescence micrographs of HeLa cells to
visualize HuR (using anti-HuR antibody, red) and nuclei (using DAPI, blue). YFP fluorescence is green.
Merged panels show co-localization of MS2-tagged RNAs and HuR, or MS2-tagged RNAs in the cyto-
plasm. Magnification, 40£. Untreated (w/o CoCl2) and CoCl2-treated cells are shown. Graphs depict the
quantification of single-cell signal intensities in the segment indicated (yellow lines).
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Figure 6. For figure legend, see page 1128.
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CoCl2 increased the levels of VEGFA mRNA as well as the
levels of intracellular VEGFA protein. After 4 h of CoCl2
treatment, the extracellular release of VEGFA was modest
(Fig. 1), but it increased at later time points. After 8 h of
continuous exposure to CoCl2 the amount of released
VEGFA increased, supporting the notion that the intracellu-
lar VEGFA pool decreased and favored an increase of the
extracellular VEGFA pool (Fig. S1). Given that small
increases in VEGFA protein abundance can trigger robust
cellular responses in tissues in vivo,33,34 these modest eleva-
tions in VEGF production and secretion were deemed to be
physiologically important. Moreover, the levels of circulating
VEGFA can also vary moderately with disease states such as
neuropathy or diabetic retinopathy.35,36 In general, hor-
mones, interleukins and chemokines may trigger a response
even if their circulating amount is low.37,38 Hypoxia induced
by treatment with 1% O2 has been shown to elevate VEGFA
mRNA stability;27 however, in our current model, the half-
life of the VEGFA mRNA was not affected by the chemical
inducer CoCl2, while transcription was moderately increased
(Fig. 2), perhaps through a CoCl2-elicited increase in HIF-
1a expression levels.17 The differences between our results
and the results obtained by Zhou and colleagues27 likely
stem from differences in triggering hypoxic stress using 1%
O2 instead of CoCl2.

VEGF expression levels can be influenced post-transcription-
ally by numerous RNA-binding proteins (e.g., nucleolin, AUF1,
TIAR, TIA-1, HuD, HuC, and hnRNP K), which bind to
VEGF mRNA and form ribonucleoprotein complexes that regu-
late all steps of VEGF production, from VEGF pre-mRNA splic-
ing to translation.11 In addition, VEGFA 30UTR may also
undergo a conformational change mediated by the RBP hnRNP
L and the GAIT complex, the latter involved in the silencing of
inflammatory genes in response to environmental signals. During
hypoxia, this conformational switch in the VEGFA 30UTR over-
rides the repressive effect of the GAIT complex allowing high
levels of VEGFA translation.39

To gain further insight into the post-transcriptional regu-
lation of VEGFA mRNA in our system, biotinylated DNA
oligomers complementary to the VEGFA mRNA were used
to pull down bound RBPs (Fig. 3). Mass spectrometry analy-
sis revealed numerous RBPs that associated with the endoge-
nous VEGFA mRNA (Fig. S2, excel file), HuR among
them.40,41 In the cell model studied here, VEGFA mRNA
was highly enriched in HuR ribonucleoprotein complexes,
and this interaction increased further after CoCl2 treatment

(Fig. 4). Among the other RPBs that were found to bind
VEGFA mRNA (Fig. S2), some of them have already been
shown to regulate VEGFA mRNA fate, including polypyrimi-
dine tract-binding protein 1 isoform b (PTB) and TIA-1-
related protein (TIAR)],42 and others have been also tested
under hypoxia conditions [e.g., heterogeneous nuclear ribonu-
cleoprotein A1 (hnRNP A1), hnRNP A2/B1, and hnRNP
L].43-45 To our knowledge, the impact on VEGFA regulation
by some of the RBPs identified in our screen [for example,
GTP-binding nuclear protein Ran (Fig. S2)] has never been
studied. Their function will be analyzed as our studies
progress.

Exposure to the hypoxia mimetic CoCl2 did not elevate signif-
icantly HuR levels in the cell (Fig. 6), in line with previous
reports using the same cell line.17 It is likely that HuR undergoes
post-translational modifications, including phosphorylation, by
different CoCl2-regulated kinases which can modulate HuR
binding to the mRNA.46 In this regard, a recent study described
an in vitro model of blood retinal barrier constituted by pericytes
and endothelial cells in coculture, wherein phosphorylation by
protein kinase C modulated HuR function and consequently
VEGFA protein expression.22 The same cascade was investigated
in the retina of diabetic rats.21 However, CoCl2 did not trigger
detectable changes in HuR phosphorylation in our system (not
shown).

Further insight into HuR regulation of VEGFA expression
in response to CoCl2 treatment was gained from HuR silenc-
ing, an intervention that did not affect the magnitude of
VEGFA mRNA upregulation following CoCl2 treatment
(Fig. 6). Similarly, HuR silencing did not decrease VEGFA
protein levels in basal conditions. However, we observed an
important difference in VEGFA expression following CoCl2
treatment, as HuR was essential for triggering a significant
increase in VEGFA levels following CoCl2, supporting the
view that HuR is needed for inducing VEGFA protein levels
after a hypoxic stimulus. In line with these findings, poly-
some analysis revealed that VEGFA mRNA was associated
with larger polysomes (actively translating polysomes) after
CoCl2 treatment in control cells (Fig. 6), but this increase in
polysome size was reduced after silencing HuR. In other
words, the weaker translation of VEGFA mRNA in HuR-
silenced cells was only partially restored by the addition of
CoCl2, further supporting the notion that HuR promotes
VEGFA mRNA translation under hypoxia-like conditions.

The function of HuR is strongly regulated by its shuttling
between the nucleus and the cytoplasm.47,48 Interestingly, we

Figure 6 (See previous page). Forty-eight h after silencing HuR and either no further treatment or CoCl2 for 4 h (200 mM), the levels of HuR mRNA and
VEGFAmRNA were measured by RT-qPCR and normalized to ACTBmRNA levels (A, C), and the levels of HuR and VEGFA proteins were measured by West-
ern blot analysis (B, D). *p< 0.05, **p< 0.01, ***p < 0.001, two-way ANOVA, Sidak Multiple Comparisons test, n D 5¡6. (E) Polysome distribution profiles
after sedimentation through sucrose gradients (Materials and Methods) of cytoplasmic materials prepared from control (Fig. S4) and HuR-silenced cells
that had either been left untreated or treated with CoCl2. RNA was extracted from each fraction, and the levels of VEGFAmRNA (F), ACTBmRNA, encoding
a housekeeping protein, (G), and HIF1A mRNA (H) in each gradient fraction from cells that were either untreated or treated with CoCl2 was measured by
RT-qPCR. The data are representative of 4 independent experiments. LMWP, low-molecular-weight polysomes; HMWP, heavy-molecular-weight
polysomes.
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found that the predominantly nuclear HuR co-localizes in the
cytoplasm with VEGFA mRNA after treatment with CoCl2,
suggesting that hypoxia, after promoting the export of HuR
protein in the cytoplasm, enhances its interaction with
VEGFA mRNA in this cellular compartment (Fig. 5). In this
regard, the cytoplasmic translocation of HuR has been
reported in response to other stress conditions, including
DNA damage and glucose deprivation.49,50 Given our find-
ings, modulating HuR levels or activity may constitute a
rational pharmacological approach to manipulate VEGFA in
disorders where it is desirable to inhibit neovascularization,
such as diabetic retinopathy and cancer.
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