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Post-Transcriptional Control of Expression of sFlt-1,
an Endogenous Inhibitor of Vascular Endothelial
Growth Factor

William R. Huckle* and Rebecca I. Roche

Department of Biomedical Sciences and Pathobiology, Virginia-Maryland Regional College of Veterinary
Medicine, Virginia Tech, Blacksburg, Virginia 24061

Abstract Vascular endothelial growth factor (VEGF) is a major modulator of angiogenesis. Biological effects of
VEGF are mediated by endothelial cell-surface receptors, KDR and Flt-1. Alternative Flt-1 RNA processing, involving
retention of intron 13 and the use of intronic cleavage-polyadenylation signals, produces a secreted form of Flt-1, ‘‘sFlt-1,’’
that binds VEGF with high affinity and can inhibit VEGF signaling. To probe mechanisms controlling sFlt-1 expression, we
have cloned and sequenced Flt-1 intron 13 from a mouse genomic library and located RNA processing signals potentially
involved in sFlt-1 mRNA formation. A minigene construct containing Flt-1 intron 13 directed the expression of both
secreted (i.e., cleaved/polyadenylated) and transmembrane (i.e., spliced) forms of Flt-1 mRNA and protein. Using rapid
amplification of 30 cDNA ends (30-RACE) and quantitative PCR (QPCR) analysis to test the activity of intronic cleavage-
polyadenylation signals, we observed that multiple sites were utilized for sFlt-1 mRNA processing in both native tissues
and Flt-1 minigene transfectants. In transfectants, the most distal signal was utilized preferentially. The potential
for interaction between pathways leading to sFlt-1 or full-length Flt-1 was evaluated using QPCR to measure relevant
mRNAs after transfection with signal mutants. Decreased expression of sFlt-1 mRNA in cleavage-polyadenylation
mutants was accompanied by reciprocal increases in full-length Flt-1 mRNA. Multiple sFlt-1 mRNA species are formed
that differ by up to 3.9 kb in their 30-untranslated regions (UTRs), which contain sites of potential regulatory importance.
The reciprocity between sFlt-1 and Flt-1 mRNA expression suggests a novel post-transcriptional mechanism by which
sFlt-1 protein production and, thereby, responsiveness to VEGF, may be modulated. J. Cell. Biochem. 93: 120–132,
2004. � 2004 Wiley-Liss, Inc.
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The formation of new blood vessels, or angio-
genesis, is a vital, dynamic process in vertebrate
organisms. Well-regulated angiogenesis is
essential for normal tissue growth, wound
healing, cyclical endometrial hyperplasia, and
pregnancy [Nguyen and D’Amore, 2001]. More-
over, angiogenesis can be a beneficial adapta-
tion to myocardial ischemia or peripheral

vascular insufficiency [Carmeliet, 2003]. Recent
research has identified a variety of endothelial-
selective mitogens, chemotactic agents, and
differentiation factors, such as vascular endo-
thelial growth factor (VEGF) and the angiopoie-
tins [Yancopoulos et al., 2000; Gerber and
Ferrara, 2003] that act in concert to promote
the formation or maintenance of functional
vasculature. Overexpression of VEGF has been
linked with a variety of vascular pathologies,
including tumor angiogenesis [Folkman, 2001;
Los and Voest, 2001], diabetic retinopathy
[Spranger and Pfeiffer, 2001], and atherosclero-
tic plaque progression [Celletti et al., 2001]. A
variety of clinical approaches to inhibiting
VEGF-driven neovascularization are being eva-
luated [Kim et al., 1993; Shawver et al., 1997;
Prewett et al., 1999; Pavco et al., 2000]. At
the same time, VEGF and related angiogenic
growth factors are likely contributors to adap-
tive angiogenesis occurring in ischemic muscle
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and have potential as pro-angiogenic therapeu-
tics [Epstein et al., 2001].

Angiogenic responses to VEGF are mediated
by two cell-surface receptors, Flt-1 and KDR,
whose expression is largely restricted to endo-
thelial cells [Shibuya et al., 1990; Finnerty et al.,
1993; Choi et al., 1994; Yamane et al., 1994].
Alternative processing of Flt-1 pre-mRNA,
involving retention of intron 13 [Kondo et al.,
1998], produces a secreted form of Flt-1 (‘‘sFlt-
1’’; Fig. 1A) that binds VEGF with high affinity
(Kd� 20 pM) [Kendall and Thomas, 1993]. In
vivo, overexpression of sFlt-1, either in stably
transfected cells [Goldman et al., 1998; Sieme-
ister et al., 1999] or after administration of
adenoviral vectors [Kong et al., 1998; Shiose

et al., 2000; Takayama et al., 2000], can dra-
matically inhibit growth of tumor xenografts in
mice. Although it is clear that exogenous sFlt-1
can dramatically inhibit biological actions of
VEGF, little is known about the normal func-
tion(s) of sFlt-1 or the mechanisms controlling
its biosynthesis. Available evidence suggests
that the relative abundance of mRNAs for sFlt-1
and full-length Flt-1 can vary physiologically
[Clark et al., 1998; He et al., 1999; Krussel et al.,
1999], suggesting that regulated expression of
sFlt-1 is an important determinant of respon-
siveness to VEGF in embryonic development,
adult vascular homeostasis, and angiogenic pa-
thologies [Graubert et al., 2001]. In the present
work, we define RNA sites involved in sFlt-1

Fig. 1. Flt-1 protein, mRNA, and genomic structures. A:
Alternative pre-mRNA processing gives rise to membrane-
anchored and secreted forms of Flt-1. sFlt-1 protein retains the
first six immunoglobulin-like domains of Flt-1, including the
domains that contain the major VEGF-binding determinants
[Barleon et al., 1997]. The transmembrane (TM) and intracellular
regions, encoded by exons 16–30, are excluded from sFlt-1,

which instead contains a unique 31-amino acid C-terminal
peptide encoded by the 50-end of intron 13. B: Scale map of Flt-1
intron 13 indicating sites of consensus cleavage-polyadenylation
signals #1–6, the 50-polyadenylation site (‘‘50-pA’’) previously
reported [He et al., 1999], and restriction endonuclease cleavage
by XbaI (X), HindIII (H), AgeI (A), MluI (M), and BtrI (B). Striped
bar, hybridization probe for genomic library screening.
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mRNA formation and test interactions between
pathways that generate sFlt-1 or full-length
Flt-1 mRNA from a common pre-mRNA tran-
script. A preliminary account of a portion of this
work has appeared previously in abstract form
[Huckle and Roche, 2001].

MATERIALS AND METHODS

Flt-1 Intron 13 Cloning and Sequencing

A genomic BAC library from C57BL/6J mice
(RPCI-23 [Osoegawa et al., 2000]; Research
Genetics) was screened by hybridization with a
174-bp probe corresponding to sequence near
the 30-untranslated region (UTR) of mouse sFlt-
1 cDNA [Kondo et al., 1998] (Fig. 1B). The probe
was prepared by PCR amplification using
0.25 mM primers 226 and 227 (Table I), 1� Taq
PCR Mastermix (Qiagen), and cDNA template
from mouse lung (20-ml reaction; 30 cycles; 948C
denaturation/1 min, 55.78C annealing/1 min,
728C elongation/2 min). A selected positive BAC
plasmid was purified (Clontech NucleoBond

BAC Maxi-columns) and digested with EcoRI
or HindIII (New England Biolabs). Gel-fractio-
nated DNA fragments were purified (Qiaex II,
Qiagen) and ligated into pLITMUS38. DH5a
transformants were screened by PCR for the
presence of either the exon 13-intron 13 junction
(primers 205/204) or exon 14 (220/206). Four
subclones encompassing all of intron 13 were
isolated for plasmid purification (Qiagen Mid-
iprep) and DNA sequencing by dye termination
(PE Biosystems). Contiguous sequence data
were assembled using the SeqMan module of
the DNAStar sequence analysis suite.

Quantitative PCR (QPCR) Analysis

Fluorogenic TaqMan1 probes [Livak et al.,
1995] and PCR primers were designed using
Primer Express software (PE Biosystems) to
detect cDNAs containing the exon 13-exon 14
junction (Flt-1), the exon 13-intron 13 junction
(‘‘total sFlt-1’’), the intronic region between
cleavage-polyadenylation signals #4 and #5
(‘‘long sFlt-1’’), and neoR derived from pcDNA3

TABLE I. Primer and Probe Sequences

Name Location/use Sequence (50 ! 30)

201 Exon 1 (ss) GGCTGCAGGCGCGGAGAAGG
202 Exon 10 (as) GGTGACAGGGGTGCCAGAGC
203 Exon 9 (ss) AACCGAGGATGCAGGGGACTAT
204 Intron 13 (as) AGGGCACTGGGCTTTCTTATTAC
205 Exon 13 (ss) AGAAGACTCGGGCACCTATG
206 Exon 14 (as) GGCGCGGGGACACCTCTA
209 Exon 3 (ss) CTGCAGCACCTTGACCTTGGACAC
216 Exon 13 (ss) AAGATGCCAGCCGAAGGAGAGGAC
217 Exon 30 (as) CTTTAGGCGGGCGGGGAGGAGTA
220 Exon 14 (ss) GGTCTCCATCAGTGGCTCTACGACCTT
226 Intron 13 (ss) GAATTATGAAGGTCCAGCAGGTCT
227 Intron 13 (as) CCCAGGGGCCATGAGTGTTTA
238 Intron 13 (ss) CTCTGGATTTCTGCCCTAGGATTTGC
242 Intron 13 (ss) AACCAGCACTTCCTTCAACGCGTG
244 Intron 13 (ss) AGTTGTCTGGGCACTGTTGAATGCT
278 Intron 13 (ss) CTTGTGGGTGGCTGTCTTTAGCTACTCA
211 QPCR total sFlt-1 (ss) GGGAAGACATCCTTCGGAAGA
212 QPCR total sFlt-1 (as) TCCGAGAGAAAATGGCCTTTT
TP1 QPCR probe, total sFlt-1 6FAM-CCGCAGTGCTCACCTCTAACGAGAACTTCT-TAMRA
228 QPCR Flt-1 (ss) TTCGGAAGACAGAAGTTCTCGTT
229 QPCR Flt-1 (as) GACCTCGTAGTCACTGAGGTTTTG
TP3 QPCR probe, Flt-1 6FAM-AGATTCGGAAGCGCCACACCTGCT-TAMRA
296 QPCR neoR (ss) GCGCCCGGTTCTTTTTGT
297 QPCR neoR (as) GCCTCGTCCTGCAGTTCATT
TP5 QPCR probe, neoR 6FAM-AAGACCGACCTGTCCGGTGCCCT-TAMRA
312 QPCR long sFlt-1 (ss) AAGGGTGCAGAATATGTAAGGGATA
313 QPCR long sFlt-1 (as) GCCTTTCCCCCATCTCATTT
TP7 QPCR probe, long sFlt-1 6FAM-CAAGACCCTCTGGATTTCTGCCCTAGGATTT-TAMRA
268 Mut pA 5 (ss) TGGCATTTTATTAACAGACATTGTATTGTA
269 Mut pA 5 (as) TACAATACAATGTCTGTTAATAAAATGCCA
270 Mut pA 6 (ss) GGAGGGGAGTGACCGACAGAGCATTGAAT
271 Mut pA 6 (as) ATTCAATGCTCTGTCGGTCACTCCCCTCC
306 Mut NC (ss) AGTCAGACACAGTGCCATACTTGTGCTATT
307 Mut NC (as) TGGCACTGTGTCTGACTTTCTCTTAAAACA

Sequences of primers and probes used for conventional PCR amplification, 30-RACE analysis, and real-time PCR. ss, sense strand; as,
antisense strand; QPCR, quantitative PCR; Mut pA, point mutation of polyadenylation signal; NC, non-canonical cleavage-
polyadenylation signal; RT, reverse transcription. Boundaries of point-mutation sites are boxed.
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(Table I). The specificity of these reagents was
verified using purified plasmid templates. Equi-
valence of amplification efficiency [Livak and
Schmittgen, 2001] for all targets was confirmed
using dilutions of cDNAs prepared from mouse
tissue (Ambion) or HEK293 transfectant RNAs.
Triplicate 25-ml reactions contained TaqMan1

Universal Master Mix (PE Biosystems), 0.3 mM
primers, 0.2 mM probe, and random-primed
cDNAs derived by reverse-transcription
(SuperScript II; Life Technologies). Reactions
were denatured at 958C for 10 min, then cycled
40 times between 958C (15 s) and 608C (1 min) in
a PE7700 Sequence Detection System. Negative
control reactions contained either no template
or equivalent quantities of RNA without prior
reverse-transcription. Target gene expression
levels were determined by the comparative
threshold cycle (DDCt) method [Livak et al.,
2001]. In samples derived from transfected
HEK293 cells, sFlt-1 or Flt-1 expression was
first normalized to neoR expression within each
sample (DCt), then compared to neoR-normal-
ized sFlt-1 or Flt-1 level in wild-type pFIN13
transfectants (DDCt). Data were subjected to
ANOVA (Mixed-effects procedure, SAS) using
unexponentiated DDCt values derived from
three to four independent experiments. For
mouse tissue cDNA templates, comparisons of
Flt-1:total sFlt-1 and long sFlt-1:total sFlt-1
mRNAs (DCt) were expressed relative to those
in lung (DDCt). mRNA ratios are given by
2�DDCt.

Flt-1 and sFlt-1 Expression Constructs

Flt-1 and sFlt-1 coding sequences wereobtain-
ed by PCR amplification of mouse lung cDNA
using primers (Table I) designed to generate
overlapping, 1,000–2,000-bp segments. Repli-
cate, Pfu-blunted PCR products were subcloned
into pPCR-Script (Stratagene) and sequenced to
identify clones with the expected structure
[Finnerty et al., 1993; Yamane et al., 1994].
sFlt-1 and full-length Flt-1 cDNAs were
assembled into a pcDNA3-based vector for
constitutive expression under the human cyto-
megalovirus (CMV) immediate-early promoter
containing CMV intron A, yielding psFlt-1 and
pFlt-1, respectively. To confirm expression of
sFlt-1 and Flt-1 proteins, 3 mg of each vector was
transfected into HEK293 cells (ATCC; 600,000
cells/60 mm dish) using 9-ml TransIT293
reagent (Mirus). We chose HEK293 cells as a
host for expression studies because of their

relative ease of transfection and the ability of
QPCR to selectively measure expression of
mouse Flt-1 and sFlt-1 mRNAs against the
human sequence background. Conditioned me-
dia from transient or G418-selected stable
transfectants were collected after 48 h, and
sFlt-1 was isolated by adsorption to heparin-
agarose beads (Sigma; 80 ml packed beads/5 ml
medium) as described [Kendall et al., 1996].
Heparin beads were centrifuged, washed three
times with 1-ml Dulbecco’s phosphate buffered
saline without Ca2þ and Mg2þ (DPBS), and
adsorbed proteins were eluted by addition of
80-ml 2� SDS–PAGE Laemmli sample buffer
(Sigma). Protein samples (25 ml) were separated
on 8–16% gradient SDS–polyacrylamide mini-
gels (BioWhittaker), transferred to Immobilon-
P membranes (Millipore), and immunoblotted
using antibodies reactive with either the Flt-1/
sFlt-1 N-terminus or Flt-1 C-terminus (1:1,000;
Santa Cruz), followed by chemiluminescent
detection (SuperSignal, Pierce) and exposure
to BioMax film (Kodak).

Flt-1 Minigene Constructs

A minigene construct (pFIN13), in which in-
tron 13 was inserted between the cDNA
sequences, derived from exons 1–13 and 14–
30, was assembled by a 3-way ligation involving
compatible fragments from psFlt-1, pFlt-1, and
appropriate genomic subclones. Restriction
endonuclease mapping and DNA sequencing
confirmed integrity of the construct. Deletion
mutants of pFIN13 were prepared by complete
or partial restriction endonuclease digestion,
blunt-ending when appropriate with Klenow
fragment of DNA polymerase, religation, and
transformation into DH5a. Point mutants of
cleavage-polyadenylation signals were pre-
pared using a two-stage, PCR-based approach
[Ishii et al., 1998] and a pFIN13-derived casse-
tte described elsewhere (Roche RI and Huckle
WR, unpublished data).

Rapid Amplification of 30 cDNA Ends (30-RACE)

Two days after transfection with pFIN13 or
null expression vector, HEK293 cells were
washed with 5-ml DPBS and lysed for isolation
of total RNA (Qiagen RNeasy with on-column
DNase treatment). RNAs (2 mg) from transfec-
tants or mouse lung (Ambion) were primed for
reverse transcription using 30-RACE adapter
primer [Frohman et al., 1988]; first-strand
cDNAs produced then were used as templates
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for PCR amplification with Flt-1-specific pri-
mers plus an abridged universal adapter primer
(AUAP). For mouse lung cDNA, a second,
nested round of PCR was performed using 5%
of the first-round product. PCR products were
separated on 1% agarose gels, and selected
bands (those appearing in material derived
from pFIN13 but not null vector transfectants)
were purified for A/U-dependent subcloning
into pDrive (Qiagen). Recombinant inserts were
sequenced to determine sites of sFlt-1 mRNA
cleavage and polyadenylation.

RESULTS

Preliminary to probing the RNA processing
mechanisms that control sFlt-1 and Flt-1
expression, we isolated and sequenced genomic
clones that encompass mouse Flt-1 intron 13
and its flanking exons. Our intron 13 sequence
(4701 bp; submitted as GenBank AF473823)
was 99.38% identical to sequence reported
for the Flt-1 gene on mouse chromosome 5
(NT_039324); strong agreement (99.4% se-
quence identity over 1171 bases) also was seen
between our sequence and the intron 13-derived
portions of sFlt-1 cDNA sequence reported
previously [Kondo et al., 1998].

We scanned the intron 13 sequence to locate
consensus recognition sites for nuclear clea-
vage-polyadenylation or splicing factors [Reed
and Palandjian, 1997; Zhao et al., 1999]. Six
occurrences of the canonical cleavage-polyade-
nylation signal AAUAAA were found in intron
13 (Fig. 1B), as well as six occurrences of the
signal variant AUUAAA. The most proximal
AUUAAA site likely signals cleavage-polyade-
nylation of an sFlt-1 mRNA 30-end identified
previously [He et al., 1999]. The first two cano-
nical cleavage-polyadenylation signals, occur-
ring as a tandem AAUAAA/AAUAAA sequence,
were located approximately 40 nucleotides
downstream of an internal A13 tract, identified
as a presumed polyadenylation site by previous
investigators [Kondo et al., 1998]. The other
four occurrences of AAUAAA were spread
across nearly the full length of the intron. Other
consensus sites identified include the 50- and 30-
splice sites, a candidate branchpoint sequence,
and polypyrimidine tract, all characteristic of
U2-dependent introns [Reed and Palandjian,
1997].

The finding of multiple putative cleavage-
polyadenylation signals in Flt-1 intron 13 raises

the possibility that sFlt-1 mRNAs distinct from
that previously identified [He et al., 1999] may
be formed. To ascertain whether the sFlt-1
mRNA pool normally contains species polyade-
nylated downstream of the most distal cleavage-
polyadenylation signal, QPCR analysis was
performed on cDNAs derived from a panel of
mouse tissues (Fig. 2). These experiments con-
firmed that ‘‘long’’ sFlt-1 mRNAs are detectable,
and further revealed that ratios of long sFlt-
1:total sFlt-1 mRNAs can vary by up to 3.3-fold
in different tissues. A similar range of tissue-to-
tissue variation (3.5-fold) was noted in ratios of
full-length Flt-1:total sFlt-1, consistent with the
idea that physiological mechanisms exist to
control relative expression of Flt-1 and sFlt-1
mRNAs.

To study Flt-1 RNA processing in a defined
system, we prepared a minigene expression
construct, ‘‘pFIN13,’’ composed of Flt-1 exons
1–13, intron 13, and exons 14–30. To determine
the location of the 30-end(s) of sFlt-1 mRNAs
transcribed from pFIN13, we transfected this
construct or a null vector into HEK293 cells
and analyzed total RNA pools by 30-RACE. To
amplify the previously reported transcript that
is cleaved and polyadenylated just downstream

Fig. 2. Relative sFlt-1 and Flt-1 expression in mouse tissues.
QPCR analysis was performed using primers and probes specific
for cDNA derived from full-length Flt-1 mRNA (targeting spliced
exon 13/14 junction), total sFlt-1 (exon 13/intron 13 junction),
and long sFlt-1 (between cleavage-polyadenylation signals 4 and
5). For each set of comparisons,DDCt values were determined by
indexing DCt results for each tissue to that derived from lung;
mRNA ratios then were calculated as 2�DDCt [Livak and
Schmittgen, 2001].

124 Huckle and Roche



of the predicted sFlt-1 translation stop [He et al.,
1999], we used primer 209 that anneals in exon
3. As expected, sequencing of the 1,843-bp pro-
duct isolated from 209/AUAP-amplified mate-
rial revealed a cleavage-polyadenylation site
identical to that reported by He et al. [1999]
(Fig. 1B).

To capture novel cDNAs derived from tran-
scripts terminating downstream of putative
cleavage-polyadenylation signals #1–6, we
used intron 13-specific primers (226, 278, 244,
and 238; Table I) that would amplify products of
�300–500 bp if cleavage and polyadenylation
had occurred at the downstream signal prox-
imal to the binding site of the upper-strand
primer (Fig. 3). pFIN13-specific 30-RACE PCR
products were subcloned and sequenced, reveal-
ing that three of the consensus putative clea-
vage-polyadenylation signals in Flt-1 intron 13
apparently were utilized in HEK293 transfec-
tants: the tandem #1/2 signal and signals #3 and
#5 (Fig. 3). Polyadenylation occurred 21 bases
downstream of signals #1/2, 13 bases down-
stream of signal #3, and 80 bases downstream of
signal #5 (or 80 bases upstream of signal #6).
This site of polyadenylation is unusually far
downstream of signal #5 [i.e., greater than 45
bases; Beaudoing et al., 2000]. However, a nest-
ed set of non-canonical signals [Beaudoing et al.,
2000] lies 32 bases 50 to the cleavage site and is
flanked by upstream and downstream cleavage-
promoting elements as described [Reed and
Palandjian, 1997]. The potential involvement of
these signals in ‘‘long’’ sFlt-1 mRNA processing
is addressed experimentally below. To confirm
that native mouse sFlt-1 mRNAs also contain a
species cleaved and polyadenylated down-
stream of signal #5, we performed nested 30-
RACE on cDNA derived from mouse lung. This
experiment revealed identical cleavage-polya-
denylation downstream of signal #5 in both
mouse lung and pFIN13 transfectants (Fig. 3).
No band corresponding to a product derived
from transcripts polyadenylated downstream
of signal #4 was observed in either mouse

lung or pFIN13 transfectants, even after nested
re-amplification.

The transient transfection assay provides a
means to determine which cleavage-polyadeny-
lation signals active in Flt-1 intron 13 are im-
portant for sFlt-1 protein expression. To confirm
the ability of our cDNA and minigene constructs
to drive sFlt-1 protein expression, HEK293 cells
were transiently transfected with either psFlt-1
or pFIN13, and heparin-adsorbed conditioned
media were examined by immunoblotting for
the presence of immunoreactive sFlt-1 protein.
Media conditioned by psFlt-1 or pFIN13, but not
pFlt-1, transfectants contained an anti-Flt-1
(N-terminus) immunoreactive species of Mr

100,000–110,000 (see Fig. 5), consistent with
the size of glycosylated sFlt-1 [Kendall et al.,
1996]. Lysates of cells transiently or stably
transfected with pFlt-1, but not the null vector
or psFlt-1, contained a Mr 180,000–200,000
protein strongly reactive with anti-Flt-1 C-
terminal antibody (not shown), consistent with
the expected size of full-length glycosylated Flt-
1 [Waltenberger et al., 1994]. Next, a series of
pFIN13 mutants was prepared in which one or
more cleavage-polyadenylation signals were
deleted [Fig. 4]. None of these deletions altered
the putative splice recognition sites or the
previously identified mRNA 30-end [He et al.,
1999]. Deletion of all six signals decreased the
abundance of sFlt-1 protein in transfectant-
conditioned media to scarcely detectable levels
(Fig. 5), while deletion of any or all of signals
#1–4 did not markedly alter expression, sug-
gesting that remaining signals could fully
support pre-RNA processing to a mature, trans-
latable mRNA. In contrast, deletion of signals
#5–6 reduced sFlt-1 protein expression by 77%,
suggesting that signals #5 and/or #6 may be
utilized preferentially, although not exclu-
sively, in the transfected HEK293 cell context.
Further deletion of tandem signals #1/2 brought
no additional decrease in protein accumulation,
whereas deletion of signals #5–6 plus #3 re-
duced expression to undetectable levels (i.e.,

Fig. 3. (Overleaf ) 30-RACE analysis. A: Binding sites of primers
used to amplify 30-RACE cDNAs are indicated by arrows (primers
and flanking exons not drawn to scale). Locations of sequenced,
amplified fragments derived from pFIN13 transfectants (striped
bars) or mouse lung cDNA (stippled bar) and their sites of
cleavage-polyadenylation relative to consensus signals #1–6 or
the site (‘‘50pA’’) previously identified [He et al., 1999] are
shown. B: Sequences determined by 30-RACE (lowercase)

surrounding observed cleavage-polyadenylation sites (arrows)
are shown aligned with intron 13 genomic sequence (uppercase).
AP primer reverse-complement, solid underline; consensus
cleavage-polyadenylation signals, solid boxes; non-canonical
signals, dashed box; putative Upstream Sequence Element,
double underline; putative Downstream Sequence Elements,
dashed underline. Nucleotide numbering corresponds to that in
GenBank accession number AF473823.
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similar to the D1–6 deletion). Thus, multiple
cleavage-polyadenylation signals appear cap-
able of supporting sFlt-1 protein expression.

To evaluate the potential for interaction
between RNA processing pathways leading to
sFlt-1 and full-length Flt-1, we employed QPCR
to measure the relevant mRNAs in HEK293
transfectants. Deletions of cleavage-polyadeny-
lation signals #1–4, #5–6, and #1–6 were asso-
ciated with progressively larger decreases in
normalized sFlt-1 mRNA levels, to 64, 35, and
12% of the wild-type values, respectively (Fig. 6),
suggesting that sites contained within the
deleted regions are important for sFlt-1 mRNA
formation or persistence. Mutants that com-
bined deletion of either signal #1/2 or #3 with

deletion of signals #5–6 produced sFlt-1 mRNA
levels intermediate between those from the #1–
4 and #1–6 deletions. We interpret the mea-
surements of steady-state mRNA levels to
reflect rates of formation, although we have
not tested the effects of internal deletions on
mRNA degradation rates. We suspect that the
residual sFlt-1 expression detected by QPCR in
the D1–6 mutant is attributable to mRNAs that
terminate at the site described by He et al.
[1999]; this supposition was supported by re-
sults of Northern hybridization (not shown).

Interestingly, the decreases in normalized
sFlt-1 mRNA levels associated with selected
deletions of cleavage-polyadenylation signals
were accompanied by reciprocal increases (up to
6.3-fold compared to wild type) in full-length
Flt-1 mRNA levels. Since nascent Flt-1 pre-
mRNA can be processed to either sFlt-1 or Flt-1
mRNA, this result suggests that the absence of
preferred sFlt-1-producing cleavage-polyade-
nylation signals may allow a given transcript
instead to be spliced to form Flt-1 mRNA. An
exception to this pattern was seen with the D1–
4 mutant, which showed reduction in both sFlt-
1 and Flt-1 mRNAs. We speculate that a splice

Fig. 5. sFlt-1 expression from minigene constructs. sFlt-1 in
heparin-adsorbed conditioned media from HEK293 cells tran-
siently transfected with null vector, wild-type pFIN13, or
deletion mutants was detected by immunoblotting with anti-
Flt-1 N-terminus antibodies. sFlt-1 band grayscale densities were
corrected for background (null-vector) and expressed as a
percentage of the corrected wild-type signal. Results shown are
mean� SE from three to seven independent experiments.

Fig. 6. sFlt-1 and Flt-1 mRNA expression from pFIN13 mutants.
Levels of sFlt-1 and Flt-1 mRNA, normalized internally to neoR

mRNA, were determined by QPCR as described in Materials and
Methods. All ratios were different from wild-type controls
(P<0.05, n¼3–4 independent experiments) except for sFlt-1
expression in the signal #5 or #6 point mutant transfectants. NC,
non-canonical cleavage-polyadenylation signal.
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enhancer may reside in the region deleted from
this construct.

Results of the deletion mutant studies indi-
cated that the region surrounding cleavage-
polyadenylation signals #5 and 6 may be
particularly important for sFlt-1 expression in
minigene transfectants. To more closely map
the RNA sites needed to accomplish cleavage-
polyadenylation downstream of signal #5, we
prepared a series of point mutations of signals
#5, #6 and the intervening non-canonical sig-
nals (Fig. 3). These mutations changed signals
#5 and #6 to CAGACA and GACAGA, respec-
tively, and the non-canonical signal to CAGA-
CACAGUGCC and were expected to severely
reduce cleavage-polyadenylation signaling acti-
vity [Sheets et al., 1990]. Mutation of signal #5
or #6 alone had only modest effects on normal-
ized sFlt-1 mRNA levels (no change or 17%
decrease relative to wild type, respectively),
while the dual signal #5/#6 mutation reduced
expression by �30% (Fig. 6). Surprisingly, with
these constructs, Flt-1 mRNA expression also
was reduced by 29–35%. Mutation of the non-
canonical signal alone produced a 31% decrease
in sFlt-1 mRNA levels and a reciprocating
increase (1.9-fold) in Flt-1 mRNA. Finally, the
combined signal #5/non-canonical/#6 mutant
yielded a pattern strongly resembling that seen
with the D5–6 deletion mutant, with a 60%
decrease in sFlt-1 mRNA and 3.4-fold increase
in Flt-1 mRNA.

DISCUSSION

The biological effects of VEGF are mediated
chiefly by the endothelial cell-surface receptors
KDR and Flt-1 [Gerber and Ferrara, 2003].
Alternative pre-mRNA processing leads to the
expression of a secreted Flt-1 form, sFlt-1, that
retains full VEGF binding potency [Kendall and
Thomas, 1993] and, when provided pharmaco-
logically, can inhibit activities of VEGF [Gold-
man et al., 1998; Kong et al., 1998; Siemeister
et al., 1999; Shiose et al., 2000; Takayama et al.,
2000]. In view of the dramatic effects of exoge-
nous sFlt-1 on VEGF signaling in vivo, we are
interested in defining the molecular mechan-
isms that govern the pre-mRNA processing
events leading to native sFlt-1 expression.
Transfection of a Flt-1 minigene construct into
HEK293 cells resulted in expression of both
secreted (i.e., cleaved-polyadenylated) and
transmembrane (spliced) forms of Flt-1 mRNA

and protein, indicating that the assay system
contained requisite pre-mRNA processing fac-
tors. Analysis of 30-mRNA ends showed that at
least four cleavage-polyadenylation signals
located in intron 13 were utilized in minigene
transfectants (onepreviouslyreported [Heetal.,
1999] plus three novel sites identified in the
present work), predicting that multiple distinct
native mRNAs for sFlt-1 may be produced.
Finally, QPCR analysis of cDNAs derived
from cells transfected with deletion- or point-
mutants of pFIN13 indicated that cleavage-
polyadenylation occurring downstream of
putative signal #5 is utilized in preference to
the other active signals. This finding was
corroborated by Northern RNA hybridization
analysis, using an intron 13-selective probe, of
total RNA recovered from pFIN13-transfected
cells, which revealed a predominant species at
the size (6.3 kb) predicted for transcripts proce-
ssed downstream of signal #5.

These findings have implications for the
interpretation of previous Flt-1 expression re-
sults. For example, an active cleavage-polyade-
nylation signal near the 30-end of intron 13
would produce a native sFlt-1 mRNA �6.5–
7.0 kb in length. Therefore, the 6.5–8.5 kb
family of bands identified as full-length Flt-1 on
Northern blots by numerous other investigators
[Shibuya et al., 1990; Yamane et al., 1994; Li
et al., 1996; Detmar et al., 1997; Graubert et al.,
2001] may in fact include an sFlt-1 mRNA
species. He et al. [1999], using a probe specific
for the extreme 50-end of intron 13, found that
mouse placenta contains a predominant sFlt-1
mRNA of �3 kb, consistent with cleavage-
polyadenylation at the site identified by their
30-RACE analysis. However, their published
blots also reveal a larger, minor sFlt-1-hybridiz-
ing species that co-migrates with the major
band identified using a full-length Flt-1-specific
probe. More detailed analysis is required to
determine the relative abundance and biochem-
ical properties of the various sFlt-1-encoding
mRNA species in native tissues.

A limitation of our studies is that our 8-kb Flt-
1 minigene construct cannot reflect the influ-
ence of other flanking introns or the native
separation of adjacent exons. In addition, we
acknowledge that use of a non-endothelial
transfection host may not faithfully reproduce
all aspects of sFlt-1 expression control. Never-
theless, it is significant that cDNAs derived
from numerous mouse tissues likewise showed
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evidence of an sFlt-1 mRNA polyadenylated
downstream of signal #5 (Figs. 2 and 3), indicat-
ing that usage of this site is not confined to our
experimental model. Moreover, a search of the
NCBI mouse EST databases revealed six inde-
pendent entries that reflect polyadenylation at
this site. Finally, the finding of a potential
mechanism for selective changes in Flt-1 and
sFlt-1 expression is consistent with reports of
altered ratios of the two species physiologically
[Clark et al., 1998; He et al., 1999; Krussel et al.,
1999].

Taken together, our results indicate that a
fraction of native sFlt-1 mRNAs is cleaved and
polyadenylated near the 30-end of intron 13,
resulting in a UTR of �4,060 bases in length.
The Flt-1-hybridizing mRNA species of 2.2–
3.0 kb reported by other investigators [Shibuya
et al., 1990; Yamane et al., 1994] likely repre-
sent sFlt-1 mRNA isoforms polyadenylated at
50-sites previously reported [He et al., 1999;
Mezquita et al., 2003] or the novel sites #1/2 and
#3 reported here. Overall, these mRNAs would
differ in length by as much as 3.9 kb in their 30-
UTRs, a site of potential regulatory importance
[Conne et al., 2000]. Thus, an opportunity may
exist for cells to regulate sFlt-1 protein expres-
sion,ataconstantrateofFlt-1genetranscription,
by the selective use of cleavage-polyadenylation
sites and consequent production of mRNAs
differing in stability, intracellular targeting,
and translation efficiency.

Two of the three active cleavage-polyadenyla-
tion sites newly identified for sFlt-1 mRNA
formation in the current studies adhere closely
to the consensus pattern described by other
investigators. Specifically, cleavage occurs
within an interval 11–23 bases downstream of
the AAUAAA motifs #1/2 and #3 [Chen et al.,
1995], and in both cases the cleavage sites are
followed within 6–25 bases by U-rich or GU-rich
tracts [Chou et al., 1994; Graber et al., 1999].
Signal #5, however, is an exception, since
cleavage occurs unusually far downstream (80
bases) from the AAUAAA tract (or 80 bases
upstream of signal #6). It is possible that this
site is signaled by AAUAAA #5 (or #6) but
processed in an unusual fashion owing to un-
recognized structural features. Alternatively,
we considered that the nested non-canonical
sequences [AAUAUA, UAUAAA, or AAUACA;
Chou et al., 1994] that lie 32 bases upstream of
the cleavage site participate in signaling of
cleavage-polyadenylation. Results of point mu-

tation experiments (Fig. 6) suggest that no
individual hexameric locus is exclusively
responsible for the bulk of the signaling; only
combined mutation of signals #5, #6 and the
intervening non-canonical tract could reduce
sFlt-1 mRNA to levels approaching that seen
with outright deletion of the region. We spec-
ulate that full signaling function may require
cooperativity among all three sites, or that any
of the three signals, if intact, can largely suffice.
We are currently characterizing the binding of
RNA processing factors to these regions in cell-
free preparations. The importance of the 30-end
of Flt-1 intron 13 also is suggested by the
extraordinary similarity (85.6% identity within
a 396-bp region encompassing cleavage-poly-
adenylation signals #5 and 6) between our
mouse sequence and that of human Flt-1 intron
13 (GenBank NT_024525). This homology far
exceeds that observed in the rest of the non-sFlt-
1-coding portions of intron 13 and may reflect
the presence of conserved functional domains in
transcripts from the two species.

In our studies, decreases in sFlt-1 mRNA
associated with cleavage-polyadenylation sig-
nal mutations were, in most cases, accompanied
by reciprocal increases in Flt-1 mRNA levels.
This result suggests that the absence of pre-
ferred sFlt-1-producing cleavage-polyadenyla-
tion signaling elements may allow a given
transcript instead to be spliced to form Flt-1
mRNA. We postulate that regulatory mechan-
isms may exist to control the balance between
intron splicing (to form full-length Flt-1) and
cleavage-polyadenylation (to produce sFlt-1). A
strong parallel is found in the formation of
mRNAs encoding secreted IgM during B lym-
phocyte maturation, which may be described as
a regulated competition between splicing and
cleavage-polyadenylation signals residing in
the same intron [Peterson, 1992]. As with IgM
expression, changes in the abundance or activ-
ities of RNA processing factors [Takagaki et al.,
1996] may be crucial to establishing the dis-
tribution between Flt-1 and sFlt-1 mRNAs. In
turn, this balance may be an important deter-
minant of endothelial responsiveness to VEGF.
Other studies in our laboratory have revealed
that loss of intron 13 splicing efficiency in 30-
polypyrimidine tract mutants is coupled to an
increase in sFlt-1 mRNA expression (Roche RI
and Huckle WR, unpublished data). These 30-
splicing elements lie only 550 bases down-
stream of cleavage-polyadenylation signal #6,
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suggesting that RNA-binding factors responsi-
ble for spliceosome assembly, (e.g., U2 snRNP)
[Reed and Palandjian, 1997] and cleavage-
polyadenylation (CstF and CPSF) [Zhao et al.,
1999] may be drawn into close proximity, pre-
senting an opportunity for consequential inter-
ference between the two processes.

We believe that elucidation of post-transcrip-
tional mechanisms controlling sFlt-1 expres-
sion will clarify the role that this endogenous
inhibitor of VEGF plays in adaptive cardiac
angiogenesis, peripheral vascular disease, tu-
mor vascularization, and diabetic retinopathy.
Although the human and rodent genome
sequencing projects have generated a wealth
of information on the primary structure of in-
trons, our ability to recognize sites of regulatory
significance a priori is limited. Understanding
the novel features of sFlt-1 expression thus may
provide more comprehensive insights into pre-
mRNA processing.
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