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Vascular endothelial growth factor (VEGF) is a hypoxia-inducible angiogenic growth factor that promotes
compensatory angiogenesis in circumstances of oxygen shortage. The requirement for translational regulation
of VEGF is imposed by the cumbersome structure of the 5’ untranslated region (5'UTR), which is incompatible
with efficient translation by ribosomal scanning, and by the physiologic requirement for maximal VEGF
production under conditions of hypoxia, where overall protein synthesis is compromised. Using bicistronic
reporter gene constructs, we show that the 1,014-bp 5'UTR of VEGF contains a functional internal ribosome
entry site (IRES). Efficient cap-independent translation is maintained under hypoxia, thereby securing efficient
production of VEGF even under unfavorable stress conditions. To identify sequences within the 5'UTR
required for maximal IRES activity, deletion mutants were analyzed. Elimination of the majority (851 nucle-
otides) of internal 5'UTR sequences not only maintained full IRES activity but also generated a significantly
more potent IRES. Activity of the 163-bp long “improved” IRES element was abrogated, however, following
substitution of a few bases near the 5’ terminus as well as substitutions close to the translation start codon.
Both the full-length 5’UTR and its truncated version function as translational enhancers in the context of a

monocistronic mRNA.

Vascular endothelial growth factor (VEGF) plays a key role
in the initiation of blood vessel formation. VEGF is produced
by and secreted from the tissue toward which new blood vessels
eventually extend. A large body of evidence supports the no-
tion that the amount of VEGF produced determines the mag-
nitude of the angiogenic response through interaction with
cognate receptors expressed on nearby endothelial cells.
VEGF expression is tightly regulated in vivo, and a deviation
from the normal levels of VEGF might be detrimental to the
vasculature. For example, a reduction of VEGF gene dosage
by one-half (in mice heterozygous for an inactivating mutation
in VEGF) leads to severe vascular defects and early embryonic
death (6, 9). Conversely, overexpression of VEGF may lead to
pathologies like retinopathy, underlined by excessive prolifer-
ation of blood vessels (1, 28).

VEGEF expression can be modulated in vitro by a variety of
agents, including a number of cytokines, growth factors, and
steroid hormones. However, from a physiological point of
view, regulation of VEGF by hypoxia is the most significant.
Insufficient vascular supply and the resultant reduction in tis-
sue oxygen tension often lead to compensatory neovascular-
ization acting to satisfy the metabolic needs of the tissue.
Hypoxia-induced VEGF was found to be the key mediator of
this feedback response (30, 33). VEGF is regulated by hypoxia
at both the transcriptional and posttranscriptional levels. Tran-
scriptional regulation of VEGF is mediated by the transcrip-
tion factor hypoxia-inducible factor 1, which accumulates un-
der conditions of hypoxia and activates VEGF transcription
through binding to specific promoter sequences (10). Hypoxia

* Corresponding author. Mailing address: Department of Molecular
Biology, The Hebrew University—Hadassah Medical School, Jerusa-
lem 91120, Israel. Phone: (972) 2-6758496. Fax: (972) 2-6757195. E-
mail: keshet@cc.huji.ac.il.

3112

also leads to stabilization of VEGF mRNA (13, 32, 36). The
intrinsically short half-life of VEGF mRNA (approximately 30
min) is significantly extended under stress, presumably through
hypoxia-augmented binding of an unidentified protein(s) to its
3’ untranslated region (3'UTR) (22). Both mechanisms act to
increase the steady-state levels of VEGF mRNA. However, it
is not known whether the production of VEGF is also regu-
lated at the level of mRNA translation or, in particular,
whether the mode or extent of VEGF translation is affected by
hypoxia.

Initiation of eukaryotic protein synthesis involves about 10
initiation factors (eIFs). The members of the eIF4 group of
initiation factors collectively catalyze the recognition of the
mRNA cap, the unwinding of mRNA secondary structure, and
the binding of mRNA to the 43S preinitiation complex (27).
The selection of a particular mRNA from the pool of trans-
latable RNAs is determined by the relative efficiency by which
elF4E binds to the cap structure, and the efficiency of trans-
lation initiation by ribosome scanning is governed largely by
the composition and structure of the 5'"UTR of the mRNA (19,
35).

The 5'UTR of VEGEF has several features which are incom-
patible with efficient ribosomal scanning. First, it is consider-
ably longer (1,014 nucleotides in the mouse) than most eukary-
otic 5'UTRs. Second, it has a high G+C content (comprising
64% of 5'UTR sequences and 80% of the 100 nucleotides
preceding the translation initiation codon) and can potentially
form complex, stable secondary structures. Third, the 5’UTR
contains a short open reading frame bounded by in-frame
initiation and termination codons. The inherent difficulty for
efficient ribosome scanning, in conjunction with findings that
certain cellular genes may also use internal ribosome entry
sites (IRESs), has prompted us to examine the possibility that
VEGF mRNA is translated in a cap-independent mode.
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FIG. 1. Vectors and constructs used in this study. (A) A bicistronic expression vector in which expression of a bicistronic mRNA is driven by a CMV promoter. A
firefly luciferase (LUC) is translated from the first cistron, and a SeAP is translated from the second cistron. Putative IRES elements are inserted into the intercistronic
space (ICS). (B) A monocistronic expression vector in which SeAP expression is driven by a CMV promoter. Sequence elements tested for a translation-modulating
activity are inserted upstream of the SeAP coding region. (C) Designations of bicistronic and monocistronic constructs used in this study (see Materials and Methods
for details). The nucleotide numbers inside the rectangles represent the insert length. ND, not done.

IRES elements were first discovered in picornavirus mRNAs,
which are naturally uncapped but nonetheless efficiently trans-
lated (15, 29). Subsequently, it was found that some cellular
RNAs which are normally capped can also be translated by an
internal ribosome binding mechanism. The list of cellular
genes shown to contain sequences mediating internal initiation
within their 5'UTR includes the immunoglobulin heavy-chain
binding protein (BiP) (24), antennapedia (26), fibroblast
growth factor (39), platelet-derived growth factor B (PDGF-B)
(4), insulin-like growth factor II (38), and the translation ini-
tiation factor eIF4G (12). We present evidence here that the
5'UTR of VEGF mRNA directs internal translation initiation
in vivo.

The option of internal initiation is an advantage for compe-
tition with other mRNAs when a certain component of the
elF4 complex becomes rate limiting and provides a given
mRNA with the ability to be translated at times when cap-
dependent translation is compromised. Such circumstances
may develop under conditions of hypoxia, when overall protein
synthesis is significantly inhibited (20). Paradoxically, however,
VEGF ought to be maximally produced during hypoxia to
fulfill its function as a mediator of hypoxia-driven angiogenesis
and to rescue the tissue from ischemic injury. These consider-
ations have led us to examine the performance of the 5'UTR
under conditions of hypoxic stress.

MATERIALS AND METHODS

Construction of bicistronic and monocistronic expression plasmids. The basic
bicistronic vector (designated B/0) and basic monocistronic vector (designated
M/0) used in this study for insertion of 5’"UTR elements were provided by QBI
Enterprises (Nes-Ziona, Israel). Their structures are shown in Fig. 1A and B.

5'UTR elements were obtained by reverse transcription-PCR (RT-PCR) am-
plification with the specific primers indicated below. The primers were designed
in a way that each amplified fragment was bounded by X#ol (5") and Ncol (3")
sites and was inserted between the Xhol (5') and BsmBI (3) sites of the inter-
cistronic spacer of the bicistronic vector B/0 or into the same sites of the mono-
cistronic vector M/0. In either case, the hybrid Ncol-BsmBI site recreated the
initiator ATG codon of the secreted alkaline phosphatase (SeAP) cistron.

For cloning VEGF and BiP 5'UTRs, RNAs from hypoxic NTH 3T3 cells or 293
cells, respectively, were reverse transcribed by using 10 pg of total RNA. PCR
amplification was carried out with a Tag DNA polymerase possessing a proof-
reading activity (Pwo DNA polymerase; Boehringer) and the oligonucleotide
primers VEGF 5" primer (5’AGCGCAGAGGCTTGGGGC) and VEGF 3’
primer (5'GGTTTCGGAGGCCGTCCG) (corresponding to nucleotides 1218
to 1235 and 2231 to 2214, respectively, of the mouse VEGF gene; GenBank
accession no. U41383).

The oligonucleotide primers used to amplify the full-length VEGF 5'UTR
were also used to amplify the new splice variant of VEGF 5'UTR designated
SP163 (see below), which was also inserted into the B/0 and M/0 vectors in the
same way as described above. To generate SP163 mutants with nucleotide sub-
stitutions close to the termini, PCR primers similar to those described above, but
containing the substitutions depicted in Fig. 5, were used. These primers are the
BiP 5’ primer (5’AGGTCGACGCCGGCCAAGACA) and the BiP 3’ primer
(5'CTTGCCAGCCAGTTGGGCAGC) (corresponding to nucleotides 372 to
392 and 592 to 572, respectively, of the human BiP gene; GenBank accession no.
M19645).

All the plasmid constructs were sequenced to verify their structure and the
preservation of open reading frames within PCR-amplified fragments. A sum-
mary of bicistronic and monocistronic constructs used in this study is shown in
Fig. 1C.

Cell culture and DNA transfections. C6 cells, a clonal glial cell line derived
from a rat glial tumor (3), were grown in Dulbecco modified Eagle medium
(DMEM) containing 5% fetal calf serum and antibiotics. The human cell line 293
(adenovirus-transformed fetal kidney cells), mouse NIH 3T3 cells, and rat pri-
mary astrocytes were maintained in DMEM containing 10% fetal calf serum and
antibiotics. Primary rat astrocytes were prepared as described previously (11).

The cells were exposed to hypoxia by being placed in 1% oxygen in a CO,/O,
incubator (Forma Scientific), in which oxygen levels are monitored and adjusted
automatically, except for the experiment in Fig. 3C, for which the cells were
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FIG. 2. Distribution of VEGF mRNA between subpolysomal and polysomal fractions. (A) Size fractionation of ribosomes by centrifugation through a sucrose
density gradient. Cytoplasmic extracts were prepared from cultures of primary astrocytes grown under normoxia (left) or hypoxia (right). Sedimentation was from left
to right, and the vertical line indicates the point of division into the subpolysomal (S) and polysomal (P) pooled fractions. OD 260, optical density at 260 nm. (B) Relative
abundance of VEGF mRNA in the subpolysomal and polysomal fractions. RNA was extracted from the entire pool, and aliquots representing an equal portion of each
pool were analyzed by a quantitative RT-PCR/blot hybridization as described in Materials and Methods. The different splicing variants of VEGF mRNA are indicated
by the respective number of amino acids in the encoded protein. The proportion of mRNA in polysomes for the most abundant mRNA species, VEGF 45 (as
determined by densitometric scanning) was 87 and 88% for normoxia and hypoxia, respectively.

incubated for 20 h in a GasPak Plus anaerobic culture chamber (BBL Microbi-
ology Systems) utilizing hydrogen and a palladium catalyst to remove all traces
of oxygen.

Transfections were performed with Lipofectin (Gibco BRL) as follows. Cells
were plated at a density of 1 X 10° to 2 X 10° cells per 60-mm plate and grown
for 24 h. Medium was replaced with serum-free DMEM, and 200 pl of DNA-
Lipofectin suspension (containing 2 pg of supercoiled plasmid and 15 pg of
Lipofectin, preincubated at room temperature for 40 min) was added in a
dropwise manner. The medium was replaced 14 h later with a medium supple-
mented with serum and antibiotics, and the cells were incubated for an additional
48 h before being split into a selection medium containing G418 (2 mg/ml).
Selection continued for 10 to 14 days, and more than 50 individual G418-
resistant clones were pooled for each plasmid.

For transient transfections, cells were seeded at a density of 2 X 10° cells per
1-cm well and transfected 24 h later with 1 pg of DNA per well by the calcium
phosphate procedure (17). Cells and media were harvested 36 h posttransfection.
Cell extracts were analyzed for luciferase (LUC) activity or used for mRNA
preparation (in the latter case, 10 pg of DNA was used to transfect 2 X 10° to
2.5 X 10° cells per 100-mm plate), while the medium was used for analysis of
SeAP activity.

RNA analysis. Total RNA was prepared by the guanidinium thiocyanate/
phenol-chloroform extraction procedure (7).

(i) Analysis of mRNA in polysomal fractions. Protein synthesis was instanta-
neously arrested by treating the culture with cycloheximide (90 wg/ml) for 10
min. Cells were collected, washed with phosphate-buffered saline, and kept at
—70°C until analyzed. Cell lysis, size fractionation of polysomes by sedimentation
through sucrose gradients, and preparation of ribosome-associated RNAs were
performed as described previously (25).

(ii) Northern blotting. RNA was denatured in glyoxal and electrophoresed
through a 1.0% agarose gel. RNAs were transferred onto a nylon-based mem-
brane (GeneScreen Plus; NEN) by the capillary blot procedure and were hy-
bridized with the indicated cDNAs labeled with 3P by randomly primed DNA
synthesis. For standardization, rRNAs were visualized by staining with methylene
blue before hybridization. For relative quantification, autoradiograms were
scanned with a phosphorimager (FUJIX BAS 1000 bioimaging analyzer). The
hybridization probes used were Luciferase (a 1.7-kb cDNA fragment including
all of the coding region of firefly luciferase) and SeAP (a 1.5-kb cDNA fragment
including the coding region of the human SeAP).

(iii) RT-PCR. Semiquantitative RT-PCR was performed with a single-tube,
one-step RT-PCR system (Access RT-PCR system; Promega) and 20 cycles of
amplification. The oligonucleotide primers used for reverse transcription and
amplification of the various splicing variants of VEGF mRNA were 5'GAGAG
AATGAGCTTCCTACAG3' and 5'TCACCGCCTTGGCTTGTCACA3' (de-
rived from the common fourth and eighth exons, respectively). PCR products
were resolved by agarose gel electrophoresis and detected by blot hybridization
with a VEGF-specific, ?P-labeled cDNA probe (a 0.6-kb mouse cDNA fragment
encoding VEGF165 [33]).

LUC and SeAP analysis. LUC enzymatic activity in cell extracts was deter-
mined by using a commercial LUC assay system (Promega) and the procedure
recommended by the supplier. The light generated was measured with a Lu-
mac/3M BIOCOUNTER M2010— luminometer.

SeAP activity released into the growth medium was determined as follows. The
medium was heated for 5 min at 65°C and clarified by centrifugation. Aliquots
were diluted in a SeAP buffer (1 M diethanolamine [pH 9.8], 0.5 mM MgCl,, 10
mM L-homoarginine) in a 96-well plate, and the enzymatic reaction (at 37°C) was
initiated by the addition of 20 pl of 120 mM p-nitrophenyl phosphate. The
reaction product was determined by measuring the absorbance at 405 to 630 nm
with an enzyme-linked immunosorbent assay reader. The amounts of condi-
tioned medium added and the incubation times used were adjusted so that the
readings were within the linear range of the calibration curve obtained with a

purified SeAP standard. The total protein was determined by the Bradford
method (5).

RESULTS

To evaluate the efficiency at which VEGF mRNA is trans-
lated, cytoplasmic extracts were prepared from primary astro-
cytes and fractionated by centrifugation through a sucrose gra-
dient into subpolysomal and polysomal fractions. The relative
abundance of VEGF mRNA in these fractions was determined
by quantitative RT-PCR. As shown in Fig. 2B, the bulk of
VEGF mRNA was associated with polyribosomes, indicating
that the majority of VEGF mRNA is engaged in active protein
synthesis. This result suggested that VEGF mRNA is efficiently
translated under normal growth conditions despite its cumber-
some 5'UTR.

To determine whether translation of VEGF mRNA is in-
hibited under conditions of severe hypoxia, a similar analysis
was carried out with astrocytes grown in culture under 1%
oxygen for 16 h. Astrocytes were chosen for this study since
they are the first cells to respond to hypoxia of neuronal tissues
in vivo by upregulating VEGF mRNA expression and are
therefore the cells responsible for the feedback angiogenic
response (37). As shown in Fig. 2A, the fraction of RNA
associated with polyribosomes was reduced by 50% in compar-
ison with that in cells grown under normoxia. Metabolic label-
ing experiments, measuring the incorporation of [**S]methi-
onine into newly made proteins, showed that under the same
hypoxic conditions, protein synthesis was reduced by 55%
(data not shown). This result is consistent with previous ob-
servations that hypoxia causes about 30 to 50% inhibition in
overall protein synthesis (20). Despite the general impairment
of protein synthesis, the majority of VEGF RNA remained
associated with polysomes (Fig. 2B). Notably, all isoforms of
VEGF mRNA remained associated with the polyribosomal
fraction, including the shortest, VEGF121, which can accom-
modate no more than three or four ribosomes when translated
at a theoretically maximal rate. In contrast, the fraction of
polysome-associated mRNA encoding a reference ribosomal
protein L19 was reduced twofold following exposure to hypox-
ia (as determined by densitometry of the respective hybridiza-
tions in the subpolysomal and polysomal fractions). These re-
sults suggest that the translation machinery can handle most, if
not all, VEGF mRNA, even when the amount of available
mRNA increases by 1 order of magnitude due to hypoxia (33).

The fact that translation of VEGF mRNA is very efficient
despite its length and high G+C content prompted us to ex-
amine whether VEGF mRNA can be translated by internal
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FIG. 3. Production of LUC and SeAP from a bicistronic mRNA. (A) Production of SeAP from the downstream cistron. Pools of stably transfected C6 clones were
grown to 70% confluence, medium was replaced with a fresh medium (¢ = 0) and aliquots were withdrawn at the indicated time points and analyzed for SeAP activity
as described in Materials and Methods. Activity is expressed as cumulative SeAP activity (in arbitrary units of the colorogenic reaction product) per ml of medium and
is normalized to total cellular protein and corrected for differences in VEGF mRNA levels (Fig. 4; also see the text). For testing SeAP production during hypoxia, cells
were shifted to 1% oxygen at t = 0 and further analyzed as above. N, normoxia; H, hypoxia. (B) Ratio of SeAP to LUC production in the different transfectants in
panel A. The SeAP/LUC ratio was calculated from the respective activities determined at the end point of the experiment (+ = 24 h). (C) Effect of hypoxia on LUC
and SeAP production in transiently transfected 293 cells. At 14 h posttransfection, the medium was changed, half of the culture plates were kept under normoxic
conditions, and the other half were placed in a hypoxic chamber (see Materials and Methods). SeAP activity in the culture media and LUC activity in cell extracts were
determined 20 h later. Results shown are the average of four independent transfections with each plasmid. The plasmid designations are as shown in Fig. 1. L, LUC
activity in arbitrary units; S, SeAP activity in arbitrary units per milliliter of medium; N, normoxia; H, hypoxia.

ribosome entry. Bicistronic mRNAs have been effectively used
in vivo to demonstrate the existence of IRESs in both picor-
navirus (29) and cellular (4, 24, 39) mRNAs. A eukaryotic
expression vector was constructed in which a cytomegalovirus
(CMV) promoter drives the expression of a bicistronic RNA.
The first cistron in the bicistronic mRNA used in this study,
encoding LUC, should be translated by a conventional cap-
dependent scanning mechanism. As ribosomes fail to continue
scanning through the intercistronic region, the second cistron,
encoding SeAP, should be translated only if preceded by an
IRES. The SeAP cistron was chosen as the downstream cistron
since secretion of the enzyme into the culture medium allows
accurate quantification and continuous monitoring of protein
synthesis. To prevent leaky translation into the second cistron,
the intercistronic region included termination codons in all
possible reading frames. Furthermore, the fact that the protein
translated from the first cistron is an intracellular protein
whereas the protein translated from the second cistron is se-
creted ruled out the possibility of a fused protein retaining
both enzymatic activities. The 5'UTR of VEGF was subcloned
by precise PCR amplification, inserted into the intercistronic
spacer region, and transfected into a C6 rat glioma cell line.
Pools of stably transfected clones were prepared, each com-
posed of at least 50 individual clones. Analysis of pools ensured
that possible differences in gene expression due to different
integration sites were averaged. The reporter gene activity in
transfectants obtained with the bicistronic vector alone (des-
ignated B/0) and with the bicistronic vector containing the
VEGF 5'UTR (designated B/lUTR) was determined.

The two constructs expressed a bicistronic mRNA from
which LUC was translated with a comparable efficiency. Anal-
ysis of the downstream cistron, however, revealed that B/0
produced a negligible amount of SeAP activity, confirming
minimal, if any, readthrough of ribosomes from the LUC to the
SeAP cistron (Fig. 3). In contrast, B/UTR directed the pro-
duction of high levels of SeAP in a continuous manner, indi-
cating that the 5’UTR of VEGF contains a functional IRES
element. To appreciate the relative strength of the VEGF
IRES, a comparison was made with the well-characterized
cellular IRES contained in the 5'UTR of BiP mRNA (24). To

this end, the 5’UTR of BiP was inserted into the same site of
the bicistronic vector and pools of stable transfectants were
prepared and similarly analyzed for LUC and SeAP produc-
tion. As shown in Fig. 3B, the VEGF IRES was fivefold more
efficient than the BiP IRES in directing SeAP production.
While there is a clear rationale for the use of internal initi-
ation in viruses, the advantage of internal initiation in cellular
mRNAs is not always clear. In the case of VEGF, however, the
capacity for cap-independent translation might be particularly
advantageous during hypoxia, when overall protein synthesis is
compromised. Therefore, we have also examined the transla-
tion of the bicistronic mRNA in cultures grown under hypoxia.
Under conditions of hypoxic stress, when translation of LUC
from the upstream cistron was reduced, the rate of SeAP
production, presumably by internal initiation, was unaffected
(Fig. 3C) and SeAP was secreted into the culture medium at
the same constant rate as under normoxic conditions (Fig. 3A).
To rule out the possibility that in B/lUTR-transfected cells
the protein encoded by the second cistron is translated from a
monocistronic SeAP mRNA, an RNA blot hybridization anal-
ysis was carried out with both a LUC-specific probe and a
SeAP-specific probe (Fig. 4). A single band of RNA was de-
tected in each case, corresponding to the expected size of the
respective bicistronic transcript (the larger size of hybridized
mRNA in B/UTR-transfected cells is due to the addition of
1,014 bp of 5'UTR sequence, and the slightly larger size in
B/BiP is due to the addition of 221 bp of 5'UTR sequence).
Hybridization with both a LUC-specific probe and a SeAP-
specific probe detected a single mRNA species of a compara-
ble size in each case, indicating that both cistrons are contained
in a single transcript. While a limited electrophoretic resolu-
tion prevents the conclusion of an identical transcript, we note
the failure to detect more than one transcript. Importantly, the
failure to detect a band corresponding in size to that of a
presumptive monocistronic SeAP mRNA ruled out the possi-
bility that a significant amount of SeAP is translated from a
monocistronic SeAP mRNA. Also, the inclusion of the 5'UTR
had no significant effect on the steady-state level of the bicis-
tronic mRNA expressed, indicating that differences in mea-
sured LUC and SeAP activities are due mostly to differences in
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FIG. 4. Northern blot analysis of mRNAs transcribed from bicistronic plas-
mids. RNA was extracted from untransfected C6 cells and from the same stably
transfected C6 pools used in the experiment in Fig. 3. A 20-pg portion of each
RNA was electrophoresed in two parallel lanes, blotted, and hybridized with
either a LUC-specific probe (A) or a SeAP-specific probe (B). To ensure equal
loading, rRNAs were stained with methylene blue prior to hybridization. Lanes:
1, untransfected C6 cells; 2, B/0; 3, B/UTR; 4, B/BiP.

translation efficiencies. Nevertheless, the steady-state level of
the bicistronic mRNA was determined in each transfectant by
densitometry of Northern blots and was used for normalizing
enzymatic activity.

A deletion analysis of the VEGF 5'UTR was carried out to
identify sequences within the 5'UTR that are both necessary
and sufficient for internal ribosome entry. This analysis was
greatly facilitated by the isolation of an RT-PCR-amplified
DNA fragment representing a truncated version of the 5"UTR.
The 163-nucleotide sequence, designated SP163, is shown in
Fig. 5. SP163 is composed of the 5" cap-containing segment of
31 (or 32) nucleotides juxtaposed to the 132 (or 131) nucleo-
tides preceding the initiator AUG codon. Although it is not
known whether this particular truncated version of the 5’UTR
represents a naturally occurring variant of the 5S’UTR or an
RT-PCR artifact, it was nevertheless instrumental in elucidat-
ing a structure-function relationship for the VEGF IRES.

To determine whether the SP163 element can direct internal
ribosome entry, it was inserted into the ICS region of the same
bicistronic vector used to analyze the full-length 5"UTR. This
plasmid, designated B/SP163, was transfected into the human
293 cell line alongside plasmid B/0 (serving as a negative con-
trol) and plasmid B/UTR (for comparison of relative IRES
strength). The proteins encoded by the first and second cis-
trons were quantified following a transient transfection (Fig.
6). Consistent with the results of the stable transfections (Fig.
3), the full-length 5'UTR also directed a significant production
of SeAP in cells of human origin. Remarkably, SP163 was
4.4-fold more efficient as an IRES element than was the full-
length 5'UTR.

RNA blot hybridization analysis was performed to ensure
that SP163-directed translation of SeAP occurred from a bi-
cistronic mRNA. As shown in Fig. 6 (inset), a single mRNA
species, corresponding in size to a bicistronic B/SP163 mRNA,
cohybridized with the LUC-specific probe and the SeAP-spe-
cific probe and no mRNA corresponding in size to a monocis-
tronic SeAP mRNA could be detected. This result indicated
that SeAP was translated from a bicistronic RNA by using
SP163 for internal ribosome entry.

The finding that SP163 functions as an IRES much better
than does the full-length 5"UTR is of interest considering that,
in terms of sequence, the former is a subset of the latter.
Moreover, the relatively small size of SP163 rendered it a
better substrate for mutational analysis of IRES function than
the full-length 5'UTR. To identify SP163 sequences required
for IRES activity, we first deleted the 5'-terminal 31 nucleo-
tides spliced to the downstream 5'UTR segment and analyzed
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the resultant element (designated B/ASP163) for LUC and
SeAP activities. As shown in Fig. 6, this construct, while per-
mitting translation of the first cistron, was inactive in directing
the translation of the second cistron, indicating that nucleo-
tides within the first 31 nucleotides from the cap site are es-
sential for formation of the SP163 IRES. A finer structure-
function analysis of SP163 was performed with substitutions
instead of a deletion. Nucleotides chosen for substitution were
selected on the basis of a computer-aided folding model of
SP163, which predicted that a particular pattern of base pairing
brings the 5’ terminus and the initiator ATG codon into prox-
imity, and were intended to disrupt this secondary structure.
Indeed, substituting a cluster of 9 nucleotides in a region close
to the 5’ terminus (solid arrows in Fig. 5) completely abolished
IRES activity (Fig. 6). Likewise, translation of the downstream
cistron was abolished as a result of substituting a cluster of 5
nucleotides in a region close to the initiator ATG codon (open
arrows in Fig. 5). These results suggested that sequences re-
siding close to both termini are essential for the formation of
the SP163 IRES.

Previous studies with picornaviruses, as well as a functional
analysis of the cellular fibroblast growth factor IRES, have
suggested that these regulatory elements may also act as trans-
lational enhancers in the context of a monocistronic mRNA
(16, 39). We examined the possibility that the 5’UTR of VEGF
(both the full-length form and the truncated version) acts as a
translational enhancer by testing its ability to augment the
translation of a monocistronic mRNA. To this end, the full-
length 5'UTR or SP163 was inserted between a CMV pro-
moter and the coding region of SeAP in the context of a
monocistronic vector (Fig. 1). These constructs, designated
M/UTR and M/SP163, respectively, were transfected into C6
cells and analyzed for SeAP production in pools of stably
transfected clones. Analysis of RNA extracted from trans-
fected cells showed similar levels of SeAP-containing mRNA,
which was represented in each case by a single band of the
expected size (Fig. 7, inset). In contrast, the amount of SeAP
activity released into the culture medium varied greatly accord-
ing to the nature of the insert. Thus, the full-length 5'UTR
augmented the translation of SeAP fivefold and SP163 en-
hanced SeAP translation much more. In the experiment in Fig.
7, enhancement by SP163 was 25-fold, and in other experi-
ments (data not shown), enhancement was up to 40-fold.
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FIG. 5. Sequence of the SP163 element. The oligonucleotide primers that
were used for amplification of SP163 are underlined. These oligonucleotides
correspond to the respective boundaries of the 1,014-nucleotide mouse VEGF
5'UTR. The initiation ATG codon is boxed. Arrowheads point to two possible
locations of a presumptive splice junction. Nucleotide 1 of SP163 corresponds to
nucleotide 1218 of the mouse VEGF gene (GenBank accession no. U41383),
while nucleotide 163 of the SP163 fragment corresponds to nucleotide 2231 of
the mouse gene. Substitutions depicted by solid arrows represent mutations
introduced into the B/SP163/M5' mutant, and substitutions depicted by open
arrows represent mutations introduced into the B/SP163/M3’ mutant (see Fig.
6).
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FIG. 6. IRES activity of SP163. 293 cells were transiently transfected with each of the indicated bicistronic plasmids, and SeAP activity in culture media and LUC
activity in cell extracts were determined 36 h posttransfection as described in Materials and Methods. The results are the average of four independent transfections
with each plasmid and are expressed as arbitrary LUC activity units and arbitrary Se AP activity units per milliliter. Solid bars, LUC; hatched bars, SeAP. The SeAP/LUC
ratios, corrected for differences in levels of the bicistronic mRNAs, are also shown. Plasmid designations are as in Fig. 1. B/ASP163 is a deletion mutant of SP163 missing
the first 31 nucleotides. B/SP163/M5’ and B/SP163/M3" are SP163 mutants containing the respective substitutions indicated in Fig. 5. (Inset) Northern blot analysis with
a SeAP-specific probe and a LUC-specific probe performed on 20 pg of the total RNA extracted from transfected 293 cells 36 h posttransfection. Lanes: 1,
mock-transfected cells; 2, B/O-transfected cells; 3, B/UTR-transfected cells; 4, B/SP163-transfected cells.

Considerations discussed above led us to examine whether
these elements also function as translational enhancers under
conditions of hypoxic stress. As shown in Fig. 7, enhancement
of SeAP translation was unaffected by growth under conditions
of severe hypoxia.

To demonstrate that SP163 is a strong translational en-
hancer in additional cell types, the same constructs were also
transfected into human 293 cells and CHO cells. SP163 acted
as a translation enhancer in these cells as well, augmenting
SeAP production to a level comparable to that shown for C6
cells (data not shown).

DISCUSSION

Despite the key role that VEGF plays in the formation and
maintenance of vascular networks and although it is tightly
regulated in vivo, surprisingly little is known about its transla-
tional regulation. Here we show that, in contrast to the pre-
diction based on the complex structure of its 5'"UTR, VEGF is
very efficiently translated. This is shown by the fact that the
majority of VEGF mRNA expressed by cultured cells is asso-
ciated with polyribosomes (Fig. 2). Importantly, translation of
VEGTF is not impaired under conditions of severe hypoxia, i.e.,
when overall translation was reduced. These findings are con-
sistent with the physiological requirement that translation of
VEGF mRNA not be adversely affected by insults that impede
protein synthesis in general and be refractory to hypoxia in
particular. These observations and rationales led us to explore
a possible mechanism(s) acting to secure efficient translation of
VEGF, particularly under conditions of hypoxic stress.

To determine whether the 5'UTR of VEGF can direct in-
ternal ribosome entry, we used a bicistronic mRNA assay. Of
the various operational criteria that have been applied to ex-
amine internal initiation, including the use of cap analogs and
analysis of poliovirus-infected cells, the bicistronic mRNA as-
say is considered the most valid test (14). It is only valid,
however, if complemented by a clear demonstration that the

second (downstream) cistron is indeed translated from a bicis-
tronic mRNA. The experiments in Fig. 3 and 4 provided com-
pelling evidence that the 5’UTR of VEGF contains a func-
tional IRES. The possibility that the inserted 5'UTR acted to
facilitate reinitiation has not been ruled out. However, the
finding that translation of the downstream cistron is abolished
as a result of mutations in noncontiguous regions of the 5’UTR
makes this possibility less likely. Another feature of at least
some known IRES elements is the activity as a translational

: N H
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FIG. 7. Translation enhancing activity of VEGF 5'UTR sequences. C6 cells
were stably transfected with the monocistronic constructs indicated. SeAP activ-
ity was analyzed in pools of transfected clones as described in Materials and
Methods, and values were standardized to total protein. For analysis of SeAP
activity under hypoxic conditions, cells were shifted to 1% oxygen 24 h before
sampling. N, normoxia; H, hypoxia. (Inset) Northern blot analysis of SeAP-
containing mRNAs in stably transfected pools. Lanes: 1, M/O-transfected cells; 2,
M/UTR-transfected cells; 3, M/SP163-transfected cells; 4, nontransfected cells.



3118 STEIN ET AL.

enhancer in the context of a monocistronic RNA. The exper-
iments in Fig. 7 demonstrate that the 5'UTR of VEGF pos-
sesses this activity.

In the case of VEGF, internal ribosome entry might improve
the competition with other mRNAs which, otherwise, would
have rendered the translation of this mRNA (distinguished by
an exceptionally long, highly structured 5'UTR) an inefficient
process (19, 35). The notion that VEGF mRNA may not com-
pete well with other cellular mRNAs for recruitment of cap-
binding proteins is supported by the finding that overexpres-
sion of eIF4E (which, as the least abundant of the initiation
factors, is a rate-limiting factor in translational regulation of
“weak” mRNAs) upregulates the translation of VEGF mRNA
(18). Among its many functions, VEGF plays an important role
in maintaining vascular homeostasis and controlling vascular
permeability (31). Notably, its unscheduled downregulation at
critical developmental timings may cause pathologic regression
of existing vessels (2). Thus, the option of internal ribosome
entry may prevent the deleterious consequences of VEGF
deficiency in circumstances where cap-dependent translation is
even transiently compromised.

The list of cellular mRNAs with a demonstrable IRES is
expanding and is likely to continue to do so in the future.
However, the rationale for maintaining both modes of trans-
lation is not fully understood in all cases. Recent studies have
shown that in certain systems a transition from a cap-depen-
dent to a cap-independent mode of translation is a regulated
process. For example, utilization of the anntenapedia and ul-
trabithorax IRESs is spatially and temporally regulated during
Drosophila development (40) and the PDGF-B IRES is spe-
cifically used upon megakaryocytic differentiation (4). A phys-
iological situation in which the predominant mode of transla-
tion can switch from cap dependent to cap independent is heat
shock, where the synthesis of non-heat shock proteins (non-
HSPs) decreases but the synthesis of HSPs remains the same
or increases (23). While there is no definite proof that HSP70
has a functional IRES, BiP, which can be translated by internal
initiation (24), has partial sequence homology to HSP70 and its
level becomes elevated during certain stress conditions (e.g.,
hypoxia and hypoglycemia).

Hypoxia is a major cellular stress, leading to upregulation of
a cohort of genes. The VEGF gene is a prominent example of
a hypoxia-induced gene whose function is to allow the organ-
ism to respond better to this harmful situation. We have pre-
viously used a multicell spheroid system to simulate a contin-
uum of microenvironments with increasing hypoxia and/or
hypoglycemia and have used the system to define conditions of
stress conducive for upregulation of VEGF expression (34).
Interestingly, under conditions of extreme stress, VEGF
mRNA expression was inhibited rather than enhanced, sug-
gesting that excessively stressed cells are unable to elicit this
compensatory response. Therefore, in a realistic setting of pro-
gressive ischemia, maximal levels of the mRNA template are
available for translation during a restricted time window in
which cap-dependent translation might be suboptimal. This
situation underscores the need for efficient translation of
VEGF, so that a sufficient amount of the protein is produced
(and new blood vessels are recruited) before an ischemic injury
is inflicted. Data presented here show that one solution to the
problem is the use of an IRES. Importantly, we showed that
internal ribosome entry is not affected by hypoxia. By way of
extrapolation, it is possible that a similar mode of translation is
used by other hypoxia-regulated genes.

The analysis of deleted versions of the 5’UTR may shed
more light on the poorly understood structure-function rela-
tionship of IRES elements in general. The picornavirus IRESs
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are about 450 nucleotides long, and phylogenetic comparisons
within each group suggest that most of the 450 nucleotides are
required (8, 14). Among cellular IRESs, it has been shown that
the complete 5'UTR of the exceedingly long (>1,500-nucleo-
tide) antennapedia element is required for maximum IRES
activity and that fragments of the 5’"UTR are considerably less
efficient (26). In contrast, the SP163 sequence, which is a sub-
set of the full-length VEGF 5'UTR, gave a much better IRES
activity than the full-length 5'UTR did (Fig. 6). The relatively
short size of SP163 makes it a most suitable substrate for
further mutational analysis aimed at elucidating the structure-
function relationship.

In terms of the sequence, there is no obvious resemblance
among the known cellular IRESs, nor do any of the cellular
IRESs show a significant homology to picornavirus IRESs. For
example, none of the cellular IRESs has a pyrimidine-rich tract
located 25 nucleotides upstream of the initiation site, as in the
picornavirus IRESs (8). VEGF has considerable sequence ho-
mology to another cellular gene with an IRES element,
namely, the PDGF gene. However, a search for sequence ho-
mology between the respective 5'UTRs has shown that despite
a similarity in length and overall high G+C content, there is no
significant homology in the primary sequences. The lack of
significant sequence homology among cellular IRESs, on the
one hand, and the realization that RNA interactions with trans-
acting proteins are likely to involve the specific recognition of
sequence and/or structural elements, on the other hand, have
encouraged the search for common structural motifs folded
within cellular IRESs. These studies resulted in the identifica-
tion of a putative common RNA structural motif that is con-
served in several IRES elements and is characterized by the
presence of a Y-type unusual folding region close to the initi-
ator AUG (21). Interestingly, almost the entire SP163 element
can be folded into a stable (—256.3 kJ at 37°C) Y-shaped
structure in which half of the nucleotides form G - C pairs and
the initiator AUG codon is preceded by a short nonpaired
sequence (not shown). The functional significance of this fold-
ing pattern, however, is not clear and awaits the scrutiny of a
detailed mutational analysis. The preliminary analysis shown in
Fig. 6 supports the notion that sequences residing close to both
termini are required for IRES activity of this element.

Finally, the strong translation enhancer activity of SP163 can
be used, in principle, for biotechnological applications de-
signed to maximize the production of genes of interest.
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