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Summary

The G20210A polymorphism has been shown to alter the efficiency
of prothrombin mRNA processing. Here we show that the G20210A
mutation also alters prothrombin mRNA stability. Three-fold more
prothrombin protein and mRNA were produced in NIH-3T3 cells trans-
fected with the prothrombin cDNAs containing the 20210A variant
compared to cells expressing the 20210G variant. mRNA stability
assays using chimeric globin transcripts harboring the G or A variant of
the 97 nt prothrombin 3’-UTR indicated that the 20210G variant
conferred greater instability to the globin reporter transcript than the
A variant in transfected HepG2 cells. Both variants of the prothrombin
3’-UTR were shown to provide binding sites for a number of cellular
proteins including HuR, an RNA binding protein associated with
mRNA stability. Our results indicate that the G20210A is a bifunc-
tional polymorphism, as it not only alters the efficiency of mRNA
processing, but also the decay rate of prothrombin mRNA.

Introduction

The prothrombin G20210A polymorphism is located in the 3’-un-
translated region (3’UTR) of the prothrombin mRNA, proximal to the
poly (A) addition site (1). The 20210A allele has been associated with
increased risk for venous thrombosis in a number of studies, and is
the most common genetic risk factor for venous thrombosis in the
Spanish population (2). In addition, there is a significant association of
G20210A with plasma levels of prothrombin activity and antigen, with
the highest levels reported in individuals homozygous for the 20210A
allele and the lowest levels in those homozygous for the 20210G allele.
In the Leiden Thrombophilia Study, the association of the 20210A
allele with thrombosis was accounted for entirely by its association
with plasma prothrombin levels (1). Soria et al. (3) confirmed an asso-
ciation of the 20210A allele with a 3-fold increased risk of thrombosis
and an association with plasma prothrombin. Furthermore, using a
combined linkage/disequilibrium analysis, they demonstrated that the
G20210A polymorphism accounted for the majority of variation in
plasma prothrombin that can be attributed to the prothrombin gene
locus, supporting the suggestion that it is a functional polymorphism

and not in linkage disequilibrium with an, as yet unidentified, poly-
morphism elsewhere in the prothrombin gene locus. 

The location of this polymorphism at the last residue of the pro-
thrombin 3’UTR suggests that it may be influencing prothrombin levels
via a mechanism related to prothrombin mRNA stability, mRNA pro-
cessing or protein translation. A recent study by Gehring et al. (4) has
indicated that this mutation does in fact alter the efficiency of pro-
thrombin mRNA processing. In this current study, we sought to deter-
mine whether the G20210A polymorphism also influences prothrombin
protein secretion and mRNA stability independently of changes in
prothrombin mRNA processing.

Methods

Cell Culture

Mouse NIH-3T3 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM: Life Technologies), supplemented with 10% (v/v) heat
inactivated foetal calf serum (HI-FCS), 2 mM glutamine, and streptomycin and
penicillin, in a humidified atmosphere at 37° C with 5% CO2 as previously
described (5) HepG2 cells were also maintained in DMEM containing 10%
fetal calf serum, but were supplemented with 1X non-essential amino acids
(Sigma, MO, USA), and 1 mM sodium pyruvate.

Plasmids

To assess the influence of the prothrombin G20210A polymorphism on
prothrombin secretion in vitro, expression vectors containing full-length
wild-type (20210G) and mutant (20210A) prothrombin cDNA variants were
generated. The prothrombin cDNA (6) inserted into the Pst I site of pBR 322 is
missing part of exon 1 which includes 31 bp of 5’UTR and the ATG codon of
the prothrombin lead sequence. An extended oligonucleotide including this
missing sequence (5’ – TTA CTA GTC GAC AAG CTT AAT TCC TCA GTG
ACC CAG GAG CTG ACA CAC TAT GGC GCA CGT CCG AGG CTT GCA
GCT GCC TGG CTG CC – 3’) was used in conjunction with oligonucleotides
directed to the 3’UTR with the relevant base substitution (underlined residue):
20210G: 5’ – ATG TAT ACG CGG CCG CCG CTG AGA GTC ACT TTT
ATT G – 3’; 20210A: 5’ – ATG TAT ACG CGG CCG CTG CTG AGA GTC
ACT TTT ATT A – 3’, in order to amplify each variant of full-length pro-
thrombin cDNA using Vent polymerase (New England Biolabs, MA, USA).
The prothrombin PCR fragments (both variants) were inserted into the multiple
cloning site (5’ – Sal I; 3’ – Not I) of the pCI neo mammalian expression
vector (Promega, Madison, WI, USA) to produce vectors pCMV-PT-WT and
pCMV-PT-Mut (see Fig. 1 panel A). The prothrombin cDNA inserts were veri-
fied by sequencing. These vectors express prothrombin mRNA using the SV40
polyadenylation site in the pCI-neo vector, hence the prothrombin mRNA
produced contains additional sequence at the 3’end due to the use of this poly-
adenylation site and is also cleaved and processed downstream of this position.
Using this approach, the two prothrombin mRNA variants undergo identical
cleavage and polyadenylation reactions. This approach was taken to allow us
to study the effect of the polymorphism on prothrombin mRNA stability inde-
pendent of any additional effects this mutation may have on mRNA processing.
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Fig. 1 Cells overexpressing full length mutant prothrombin cDNA produce 3-fold more protein and mRNA than cells expressing the wild-type prothrombin
counterpart. Panel A: Schematic representation of the prothrombin expression vectors (pCI-PT WT/ Mut) generated for overexpression of either wild-type or mu-
tant prothrombin in NIH-3T3 cells. Panel B: Cells transfected with pCI-PT-Mut secrete higher levels of 72 kDa prothrombin (PT) protein than cells transfected
with CI-PT-WT. Western blot analysis of conditioned medium obtained from pooled populations of NIH-3T3 cells transfected with either pCI-neo (control; lane
2), pCI-PT WT (lanes 3 and 4) or pCI-PT Mut (lanes 5 and 6). The lower panel shows a coomassie stain of the same filter used for the Western blot analysis.
Lane 1: Molecular weight markers. Panel C: Cells transfected with pCI-PT-Mut express higher levels of prothrombin  mRNA than cells expressing pCI-PT-WT.
Northern blot analysis of two series of NIH-3T3 cells stably transfected with either pCI-PT-WT(series 1 and 3) or pCI-PT-Mut (series 2 and 4) was performed using
a full length-prothrombin cDNA probe. The filter was rehybridized for neomycin phosphotransferase (neo) mRNA to assess changes in transfection efficiency

Fig. 2 The G allele variant of the prothrombin 3’-UTR confers greater instability to globin mRNA than the A allele variant in transfected HepG2 cells.
Panel A: Schematic representation of the chimeric globin-prothrombin vectors (pCMVglo-PT WT and pCMVglo-PT-Mut) prepared for analysis of the decay rate
of globin mRNA in stably transfected HepG2 cells. Panel B: The wild-type prothrombin 3’-UTR variant confers greater mRNA instability to a globin reporter tran-
script than the wild-type counterpart. HepG2 cells expressing pCMVglo, pCMVglo-PT-WT or pCMVglo-PT-Mut were treated with actinomycin D (Act-D) for up
to 24 h as indicated. Globin and neomycin phosphotransferase (Neo) mRNA were assessed by Northern blot analysis. The lower panel shows the ethidium staining
of the agarose gel showing the relative intensities of the 28S and 18S ribosomal RNA markers. Panel C: Quantitation of the decay rate of �-globin and chimeric
�-globin-prothrombin mRNA by real time PCR and regression analysis.  Globin mRNA containing the wild-type prothrombin 3’-UTR (diamond symbol) decays
at a faster rate (half-life 10 h) than globin transcripts harbouring the mutant prothrombin 3’-UTR (solid circles; half-life approximately 20 h). The graph represents
an average of two independent actinomycin-D time course experiments. Error bars indicate standard error of the mean
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The pCMVglo mRNA stability system was used to assess the influence of
each variant of the prothrombin 3’UTR on reporter gene mRNA stability (7).
This method assesses the ability of the 97 nt prothrombin 3’-UTR variants to
destabilise the normally stable rabbit �-globin (glo) mRNA under the control of
the CMV promoter during actinomycin-D induced transcriptional blockade.
As with the pCI-neo expression vector described above, this vector also utilises
the SV40 polyadenylation site. Hence, the globin-PT mRNA variants were both
subjected to identical cleavage and polyadenylation processes. The two variants
of the prothrombin 3’-UTR were amplified using oligonucleotides encom-
passing this region with the relevant base substitution (bold type): forward:
5’ – ACT CTA GAC TCG AGG GGG CCA CTC ATA TTC TG – 3’; reverse
20210G: 5’ – ATG AAT TCC TCG AGC GCT GAG AGT CAC TTT TAT TG – 3’;
reverse 20210A: 5’ – ATG AAT TCC TCG AGT GCT GAG AGT CAC TTT
TAT TG – 3’. Products were inserted into the Xho I site of plasmid pCMVglo
(7) producing pCMVglo PT-WT (containing the prothrombin wild-type
3’-UTR) and pCMVglo PT-Mut (containing the prothrombin mutant 3’-UTR)
(see Fig. 2 panel A).

Cell Transfection

NIH-3T3 fibroblasts were stably transfected with pCI-neo, pCMV-PT-WT
and pCMV-PT-Mut by calcium phosphate precipitation followed by G418 
selection (600 �g/ml). HepG2 hepatoma cells were stably co-transfected with
pCI-neo (to confer neomycin resistance) and pCMVglo, pCMVglo PT-WT or
pCMVglo PT-Mut by the Effectine transfection system (QIAGEN, Clifton Hill,
Australia) using a DNA:Effectine ratio of 1:10, followed by G418 selection
(1000 �g/ml). Pooled clones (at least 200 from each transfection) were used for
all subsequent experiments.

Western Blot Analyses for Secreted Prothrombin Protein

NIH-3T3 cells transfected with pCI-neo, pCMV-PT-WT and pCMV-PT-
Mut were seeded into 60 � 15 mm dishes at a density of 1.0 � 106 cells/dish
and cells incubated at 37° C for 16 h in 10% HI-FCS DMEM. Following two
washes with PBS, cells were grown for a further 48 h in 1.5 ml of serum-free
DMEM, and the conditioned medium removed. Conditioned medium (25 �l)
was subjected to 10% SDS-PAGE and the samples electroblotted on to PVDF
membranes. Prothrombin antigen was assessed by Western Blot analysis using
a prothrombin monoclonal antibody (United States Biological, MA, USA) at a
1:2500 dilution. Secondary antibodies directed against mouse IgG coupled to
Horseradish peroxidase (Silenus, Australia) were used at a 1:10,000 dilution.
Signals were revealed by chemiluminescence (Amersham, Australia).

Northern Blot Analyses

Total RNA was extracted from selected cells as described by (8). Aliquots of
5 to 10 �g of RNA were electrophoresed through 1% agarose gels containing
20% formaldehyde and subsequently transferred to Hybond-N+ membranes
(Amersham, Australia). The filters were hybridized with 32P-labeled DNA
probes as previously described (9). Membranes were processed by standard
techniques and exposed to Kodak BioMax film (Eastman Kodak) at –80° C
with an intensifying screen. Signals were quantified by densitometry using a
Linotype-Hell scanner.

The labelled inserts used for hybridisation were obtained as follows: the
full-length Eco RI cDNA fragment of prothrombin and the 972 bp Bam
HI/Hind III cDNA fragment of neomycin from pCI-neo, and the 380 bp Bam
HI/Hind III fragment of pGEMglo containing exon 2 of rabbit �-globin (7).

mRNA Stability Systems

HepG2 cells stably transfected with pCMVglo, pCMVglo PT-WT and
pCMVglo PT-Mut were seeded into 60 � 15 mm dishes at 1.0 � 106 cells/dish.
Transcription was blocked by the addition of 5 �g/ml actinomycin D (Sigma,
MO, USA) and cells were maintained in culture for 4, 8, 16, and 24 h. Zero and
24 h non-treated control dishes were also included. At the appropriate time

point, medium was removed and cells were washed in PBS. Total RNA was
extracted from cells and processed as described above. Filters were probed with
32P-labelled globin cDNA probes using Rapid-Hyb hybridisation buffer
following manufacturers instructions (Amersham, Australia) or as previously
described (9). Washed membranes were exposed to Kodak BioMax film (East-
man Kodak, Australia) with intensifying screens. In order to assess transfection
efficiency and loading, filters were stripped and re-probed for neomycin
mRNA. Signals were quantified using densitometry or by real-time PCR, after
adjustment for rRNA. 

Fluorogenic 5’ Nuclease Assay

Globin mRNA levels in HepG2 cells were also quantified by fluorogenic 5’
nuclease assay (TaqMan assay, real-time PCR). Primers were designed to
amplify a 99 bp product of globin mRNA using Primer Express software
(Applied Biosystems): forward primer: 5’-AGT GAA CTG CAC TGT GAC
AAG CT-3’; reverse primer: 5’-TTC TTT GCC AAA ATG ATG AGA CA-3’;
probe: 5’-CCA GGA GCC TGA AGT TCT CAG GAT CCA-3’ (labelled at
the 5’ end with FAM as the reporter dye and at the 3’ end with TAMRA as the
quencher dye). These primers span exons 2 and 3 and were designed to discount
genomic DNA contamination. 18S rRNA was evaluated as the endogenous
control (Applied Biosystems pre-developed assay reagents). Total RNA was
reverse transcribed using reagents from Applied Biosystems as follows: 2 �g
RNA was incubated with 1 �l random hexamer primer, 4 �l dNTP in a total
volume of 10 �l at 65° C for 5 min and then placed on ice. Sample mix and
reverse transcriptase mix (containing 2 �l �10 buffer, 4.4 �l magnesium,
0.4 �l RNase inhibitor and 0.5 �l reverse transcriptase in a total volume of
10 �l/sample) were then heated to 25° C for 2 min. 10 �l transcriptase mix was
added to each sample and incubated at 25° C for 10 min, 48° C for 50 min and
95° C for 5 min, and samples diluted 1:2 with nuclease free water.

1 �l cDNA (50 ng total RNA concentration) was added to each well of a 96
well plate and 24 �l of master mix added (12.5 �l TaqMan Universal 2X
Master Mix, 300 nM forward primer, 900 nM reverse primer, 150 nM probe,
1.25 �l 18S 20X primer/probe mix, 8.9 �l nuclease free water). Samples were
amplified using an ABI Prism 7700 SDS (Applied Biosystems) with standard
conditions of 50° C for 2 min, 95° C for 10 min followed by 40 cycles of 95° C
for 15 s, 60° C for 1 min. Relative globin expression was determined by the
comparative cycle threshold (CT) method (10). The half-life of �-globin and
chimeric �-globin-prothrombin transcripts was assessed by regression analysis
using Microsoft Excel (version 97).

RNA Electrophoretic Mobility Shift Assays

RNA electrophoretic mobility shift assays (REMSAs) were performed as
previously described (11) to determine whether cytoplasmic or nuclear proteins
could recognise either variant of the prothrombin 3’-UTR. Two different RNA
probes containing the prothrombin variant were synthesised: one containing the
entire 97 nt 3’-UTR, and another containing the last 30 nt of the prothrombin
transcript plus 16 adenine residues (designed to constitute a short poly(A) tail).

For the generation of RNA probes containing the entire 3’-UTR, DNA
templates were produced by inserting each prothrombin 3’UTR variant (same
fragments used to create pCMVglo-PT-WT/Mut; see above) into the Xho I site
of pBluescript II KS+, generating pPT-WT and pPT-Mut. The orientation of
the inserts was determined by DNA sequencing. pPT-WT and pPT-Mut were
linearised with Sal I. In vitro transcription was carried out by incubating 0.5 �g
of each template with 50 �Ci [�-32P] UTP, 10 �M UTP, 0.5 mM ATP, 0.5 mM
CTP, 0.5 mM GTP, 20 U RNase inhibitor, 1X polymerase buffer and 50 U T3
RNA polymerase at 37° C for 2 h. Prothrombin RNA transcripts generated by
this approach contained 29 nt of vector sequence at the 5’ end and 6 nt of
vector sequence at the 3’-end. The total length of the transcribed RNA was
132 nt of which 97 nt comprised the entire prothrombin 3’-UTR (either G or
A allele variant). Samples were electrophoresed through denaturing 6%
polyacrylamide gels containing 4M urea. Probes were excised and eluted in
elution buffer (500 mM NH4CH3COO, 1 mM EDTA) overnight at room tem-
perature with shaking, ethanol precipitated at –80° C and finally resuspended in
water (100 cps/�l).
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To generate the RNA probes containing the last 30 nt of prothrombin
mRNA plus 16 adenine residues, complementary oligonucleotides spanning
this region of the prothrombin transcript (wild-type and mutant variants) were
synthesised and annealed. The oligonucleotides were designed to incorporate
Sac I and Hind III sites at the 5’ and 3’ ends, respectively, to enable direct
subcloning into pBluescriptKS+ that had been digested with Sac-I/Hind III.
The Hind III site was selected at the 3’-end as linearization of the plasmids with
this restriction enzyme produces an adenine residue as an overhang. The
sequences of oligonucleotides that were synthesised and annealed are below.
Residues in lower case represent Sac-I or Hind III overhangs, while the residues
in bold-type represent the polymorphic variants:

5’ – cTATGGTTCCCAATAAAAGTGACTCTCAGCG/
AAAAAAAAAAAAAAAa – 3’
5’ – agcttTTTTTTTTTTTTTTC/
TGCTGAGAGTCACTTTTATTGGGAACCATAgagct – 3’

In vitro transcription of RNA probes containing this shorter prothrombin probe
were produced using T7 polymerase and 32P-UTP as described above following
linearization with Hind III. Prothrombin RNA probes (containing either the full
length 3’-UTR or the end region and short poly (A) tail) were incubated with
4 �g HepG2 cytoplasmic or nuclear protein extracts [extraction procedure as
previously described (11)]. Samples were electrophoresed through native 6%
polyacrylamide gels, fixed, dried and exposed to X-ray film. Where indicated,
REMSA supershift experiments were performed using antibodies specific for
HuR and AUF-1 (kind gifts from Dr. Henry Furneaux and Dr. Gary Brewer,
respectively). As we have previously shown these antibodies specifically
recognize their target antigen (11). 2 and 4 �l of 1:2 diluted antibody solution
was used in the supershift experiments.

Generation of Unlabelled RNA Competitors

Unlabelled RNA sequences were produced as previously described (11).
Competition for binding to the RNA probes containing the full-length pro-
thrombin 3’-UTR was performed using a 74 nt sequence of exon 4 of the
plasminogen activator inhibitor type 2 (PAI-2) transcript (11). For competition
for binding of proteins to the 60 nt prothrombin transcript containing the short
poly (A) tail (46 nt prothrombin sequence plus 14 residues of 5’ lead sequence),
was performed using RNA sequences generated from the empty pBluescript
vector that had been linearized with Hind III. RNA (80 nt) was transcribed
using T7 polymerase and the RNA isolated as described (11). Competition
titration experiments were performed using 100-1000-fold excess of unlabelled
competitors.

Results

Cells Expressing the Prothrombin Mutant cDNA Variant Produced
3-fold more Prothrombin Protein and mRNA than Cells Expressing
the Wild-type Counterpart

Conditioned medium of NIH-3T3 cells stably expressing either the
full-length wild-type (G allele) or mutant (A allele) prothrombin
cDNAs (Fig. 1, panel A) were assessed for secreted prothrombin pro-
tein by Western blotting using a monoclonal anti-human prothrombin
antibody. As shown in Figure 1 (panel B), cells transfected with the
mutant variant produced more prothrombin antigen than cells trans-
fected with the wild-type variant. Cells transfected with the pCI-neo
expression vector alone did not produce any detectable prothrombin
antigen. To more accurately assess this data, the same experiment was
performed using conditioned medium obtained from two further sets of
stably transfected NIH3T3 cells. The degree of prothrombin protein
released into the conditioned medium was assessed by Western blotting
and quantitated by densitometry. These combined data revealed that the

mutant prothrombin variant produced 3.1 ± 0.21-fold more prothrom-
bin protein than the wild-type counterpart.

Northern blot experiments were performed to determine whether the
increase in prothrombin antigen in cells transfected with the mutant
variant was reflected at the level of prothrombin mRNA. As shown in
Figure 1 (panel C), cells transfected with the mutant variant produced
higher steady state levels of prothrombin mRNA than cells transfected
with the wild-type counterpart. As a control for transfection efficiency,
the filters were probed for the neomycin phosphotransferase mRNA
produced by the pCI-neo expression vector. Densitometric quantitation
of the levels in mRNA revealed that prothrombin mRNA levels were
increased 3.1 ± 0.06-fold in cells expressing the mutant variant. This
data is the average of two independent experiments and calculated after
corrected for changes in neomycin phosphotransferase mRNA. When
these data were assessed by real-time PCR, the fold-increase produced
in cells expressing the mutant prothrombin variant was 2.8-fold
(relative to ribosomal RNA) compared to the wild-type prothrombin
counterpart. It can therefore be concluded from these studies that the
higher levels of prothrombin protein produced from cells transfected
with the mutant prothrombin cDNA (20210A) are due to higher levels
of prothrombin mRNA produced by this variant compared to the wild-
type (20210G) variant.

mRNA Stability Studies

To address the possibility that the increase in prothrombin mRNA
produced by the A allele variant was due to enhanced prothrombin
mRNA stability, we assessed the ability of the prothrombin 3’-UTR
variants to destabilise the rabbit �-globin reporter mRNA during
actinomycin-D induced transcriptional blockade in HepG2 cells. Each
variant of the 97 nt 3’-UTR of PT mRNA was cloned into the 3’-UTR
of the rabbit �-globin gene under the control of the CMV promoter
(pCMVglo), creating plasmids pCMVglo-PT-WT and pCMVglo-PT-
Mut (Fig. 2 panel A) and stably transfected into HepG2 cells. The
decay rate of the �-globin reporter transcript was determined by
Northern blotting following treatment with 5 �g/ml actinomycin-D
(Fig. 2 panel B). Quantitation of the �-globin transcripts was assessed
by real-time PCR after correcting for 18S rRNA (Panel C). As shown in
Figure 2 (panels B and C), control �-globin mRNA levels remained
stable for the 24 h actinomycin D time course. However, introduction
of either variant of the prothrombin 3’-UTR decreased the half-life of
the reporter transcript but to differing degrees. Interestingly, the
presence of the wild-type (G allele) prothrombin 3’-UTR reduced
globin mRNA half-life to approximately 10 h, whereas the mutant
(A allele) variant of the PT 3’-UTR was less effective, reducing globin
mRNA half-life to approximately 20 h. Hence, the wild-type variant of
the prothrombin 3’-UTR confers greater mRNA instability than the
mutant variant. To verify that actinomycin D had indeed blocked
transcription, the membranes were hybridized for the neomycin phos-
photransferase (neo) mRNA. As shown in panel B, levels of the neo-
mycin transcript were rapidly reduced in each of the three HepG2 cell
lines following actinomycin-D treatment.

RNA Electrophoretic Mobility Shift Assay

RNA electrophoretic mobility shift assays (REMSAs) were per-
formed to determine whether the full length 97 nt 3’-UTR of prothrom-
bin mRNA could provide a binding site for cellular factors. Results
indicated that up to three retarded RNA-protein complexes were pro-
duced with both cytoplasmic and nuclear extracts (complexes C1-C3;
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Fig. 3 panel A), with nuclear extracts producing more abundant C3
complex. The fainter slower migrating complexes were not always
seen. Binding specificity was determined by competition titration
experiments using the wild-type prothrombin 3’-UTR as a probe.
As shown in Figure 3 (panel B), binding of cytoplasmic (lanes 2-5) or
nuclear (lanes 7-10) extracts was specific as inclusion of unlabelled
RNA of the same sequence (i. e. unlabelled prothrombin 3’-UTR)
effectively competed for binding whereas unlabelled RNA of an un-
related sequence failed to compete (lanes 5 and 11). These data indicate
that sequences within the prothrombin 3’-UTR provide binding sites
for cellular factors. Comparison of the binding profiles obtained using
the wild-type and mutant prothrombin 3’-UTR variants did not provide
any convincing evidence for a change in the binding pattern.

HuR is one of the Nuclear Factors that Recognises the 3’-UTR of
Prothrombin

To identify the proteins interacting with the 3’-UTR of prothrombin,
we performed supershift assays using antibodies directed against
known RNA binding proteins, specifically HuR and AUF-1. As shown
in Figure 4, addition of increasing amounts of anti-HuR antibodies
generated two clear supershifted complexes, predominantly in the
nuclear fraction (lanes  3-4 and 9-10). Antibodies specific against
AUF-1 did not produce any supershifted complex with either nuclear or
cytoplasmic proteins bound to the prothrombin 3’-UTR (data not
shown). Complexes C1-C3 are also indicated by the arrows in the
Figure. The additional complex that migrates just above complex C1

was occasionally observed. The presence of two supershifted com-
plexes suggests that HuR may also be interacting with an additional
factor while bound to the prothrombin mRNA. Although there appears
to be slight difference in the intensity of the anti-HuR supershifted
complexes when using the mutant and wild-type prothrombin 3’-UTR
probes, this was not a consistent observation. Based on our repeated 
experiments, we did not see any significant change in the binding of
HuR to either prothrombin 3’-UTR variant.

Sequences Surrounding the G20210A Polymorphism Provide
Protein-binding Sites

To determine whether the sequences in the immediate vicinity of the
G20210A polymorphism provided protein-binding sites for HepG2
cytoplasmic proteins, RNA probes harbouring the terminal 30 nt of the
prothrombin 3’-UTR as well as 16 adenine residues were used as
probes in a REMSA. As shown in Figure 5, HepG2 cell-derived
cytoplasmic proteins specifically interacted with this prothrombin RNA
probe containing the wild-type sequence (lane 2). The two faster
migrating protein/RNA complexes were specific (arrows) as deter-
mined by competition with self (lanes -6) or unrelated (lanes 7-10) com-
petitor RNA. The two slower migrating complexes seen on the gel are
non-specific. REMSAs performed using the mutant prothrombin
variant produced an identical pattern (data not shown). Hence, although
the sequences surrounding the polymorphic region produce a specific
protein-binding site, we have not observed any obvious change in the
binding characteristics as a consequence of the polymorphism.

Fig. 3 The 3’-UTR of prothrombin mRNA provides a binding site for cytoplasmic and nuclear factors. Panel A: REMSAs were performed using RNA probes
containing the wild-type (lanes 1-3) or mutant (lanes 4-6) prothrombin 3’-UTR incubated with either nuclear or cytoplasmic extracts from HepG2 cells. Lanes 1
and 4: no extract added. Three protein-RNA complexes were generated (C1, C2, C3) as indicated by the arrows to the left of the figure. Panel B: Binding of
proteins to the wild-type prothrombin 3’-UTR is specific. HepG2 cytoplasmic (lanes 2-6) or nuclear (lanes 7-11) extracts were incubated with 32P-labelled
prothrombin 3’-UTR (wild-type variant) in the absence or presence of unlabelled prothrombin competitor RNA. Increasing concentrations of unlabelled wild-type
prothrombin 3’-UTR (lanes 3-5 and lanes 8-10) competed for binding. Binding was not competed by addition of an unlabelled RNA of unrelated (UR) sequence
(containing the instability element in the 3’-UTR of PAI-2 mRNA [11]) (lanes 6 and 11). The positions of protein-RNA complexes C1, C2 and C3 are indicated.
NS: non-specific complex
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Fig. 4 HuR is part of the complex of proteins
that recognise the prothrombin 3’-UTR. REM-
SAs were performed using 32P-labelled RNA
probes harbouring either the wild-type or
mutant prothrombin 97 nt 3’-UTR incubated
with either nuclear or cytoplasmic extracts
prepared from HepG2 cells. Increasing
amounts of the anti-HuR antibody produced
two supershifted complexes when using nu-
clear extracts with both the wild-type sequence
(lanes 3 and 4) and the mutant prothrombin
3’-UTR (lanes 9 and 10) as indicated with
arrows to the left of the figure. Anti-HuR
supershifted complexes using cytoplasmic
extracts were only visible after prolonged
exposure of the gel to X-ray film

Fig. 5 The terminal sequences of the pro-
thrombin mRNA provides a protein binding
site. REMSAs were performed using a probe
containing the last 30 nt of the prothrombin 3’-
UTR transcript as well as 16 adenine residues
to constitute a short poly(A) tail. As shown,
this region of the prothrombin transcript 
provided a binding site for cytoplasmic 
extracts prepared from HepG2 cells (arrows to
left of figure). Addition of 100, 250, 500 and
750 ng of unlabelled RNA of the same sequence
as the probe (“Self”) competed for binding 
(lanes 3, 4, 5 and 6, respectively), whereas no
competition was seen when the same concen-
trations of unlabelled RNA derived from the
multiple loning site of pBluescript was used
(“Unrelated”; lanes 7, 8, 9 and 10, respectively).
Lane 1: probe alone
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Discussion

In this study, we have addressed the molecular basis for the increase
in plasma levels of prothrombin in individuals carrying the A allele
variant of the prothrombin G20210A polymorphism. Genetic studies
have provided strong evidence to indicate that this particular poly-
morphism is indeed functional (3). The position of this polymorphism
in the 3’-UTR led to the suggestion that this CG to CA substitution may
alter either prothrombin mRNA processing, mRNA stability or trans-
lation. It has now become clear that these processes are interlinked, for
example, mRNA cleavage and polyadenylation can directly and
indirectly influence mRNA stability (12-14) and translation initiation
(15). Given the position of this polymorphism, it is conceptually
possible that this single nucleotide substitution influences more than
one parameter of mRNA metabolism. Indeed, a recent study has
indicated that this polymorphism increases the efficiency of mRNA
processing (4). We directed our study to address the possible influence
of this polymorphism on prothrombin mRNA stability in a manner
independent of mRNA processing. To allow this, we inserted the full-
length prothrombin cDNAs [wild-type (G allele) and mutant (A allele)]
variants into the pCI-neo expression vector. This vector processes
prothrombin mRNA using the SV40 poly (A) signal contained in the
plasmid. Indeed, the transcribed prothrombin transcripts both contained
this additional sequence as assessed by RT-PCR (data not shown). This
strategy was followed to eliminate possible effects of the G20210A on
mRNA processing and therefore permitted an assessment of this muta-
tion on prothrombin mRNA stability in isolation.

Our results have demonstrated that overexpression of the mutant
variant of the prothrombin cDNA in NIH-3T3 cells results in an in-
crease in prothrombin protein secretion and mRNA accumulation,
compared to cells expressing the wild-type counterpart. Since the
relative increase in mRNA was similar to that seen at the level of
protein secretion, it is unlikely that the polymorphism influences the
translation rate. Furthermore, since the wild-type and mutant prothrom-
bin expression vectors are using the same SV40 polyadenylation signal,
the efficiency of mRNA processing of both transcripts is essentially
identical. We speculated therefore that the reason for the increase in
prothrombin expression in cells transfected with the mutant variant
under these conditions was associated with an increase in mRNA stabil-
ity. To address this possibility, we inserted the two 97 nt prothrombin
3’-UTR variants into the pCMVglo expression vector and stably intro-
duced these constructs into HepG2 cells. HepG2 cells were selected for
this purpose because they are a liver-derived cell line and synthesise
endogenous prothrombin (16) and are likely to contain factors that may
recognise regions within the prothrombin 3’-UTR and influence its
decay rate. Actinomycin D transcriptional blockade experiments re-
vealed that the decay rate of the �-globin transcript containing the mutant
3’-UTR variant decayed at a slower rate than the reporter transcript
containing the wild-type 3’-UTR variant. This was quantitated by the
TaqMan assay (Real–time PCR). Taken together, this suggests that the
increase in prothrombin mRNA and protein production in cells con-
taining the mutant variant arise as a consequence of slower prothrom-
bin mRNA decay compared with the wild-type variant.

Our experiments were designed to explore the effect of the G20210A
polymorphism on prothrombin mRNA stability under conditions that
did not permit normal prothrombin mRNA processing to occur. Since
we have shown that this polymorphism does indeed increase the stabil-
ity of prothrombin mRNA, we conclude that the G20210A polymor-
phism is a bifunctional polymorphism: it increases mRNA processing
and can also increase the half-life of the prothrombin transcript.

The observed influence of the G20210A polymorphism on mRNA
stability prompted us to investigate whether the prothrombin 3’-UTR
provided binding sites for cellular factors, and if so, whether there
was any alteration in the binding activity due to the G/A substitution.
We performed a series of REMSA experiments using RNA probes
containing either the full length wild-type or mutant prothrombin
3’-UTRs and cellular proteins extracted from HepG2 cells. Results of
REMSAs demonstrated that the full length prothrombin 3’-UTR did
indeed provide binding sites for a number of proteins. Up to 3 protein-
RNA complexes were identified by this approach and these were
specific as judged by REMSA competition experiments. However, we
saw no clear difference in the migration profile or binding intensity
between the two 3’UTR probes. Whether the lack of detectable change
is a reflection of assay sensitivity remains to be determined.

To allow us to visualise the binding of proteins to the prothrombin
transcript in the vicinity of the polymorphic region, we undertook
another series of REMSAs using RNA probes containing the last 30 nt
of the prothrombin 3’-UTR. This probe was generated to produce the
terminal end of the prothrombin transcript as it would appear in vivo.
The relatively short adenine [Poly (A)] tract was designed to limit the
binding of the poly (A) binding protein (17), as this would otherwise
interfere with the REMSA analysis. These experiments also revealed
that this region of the prothrombin transcript contains sequences that
provide protein-binding sites. However, we could find no obvious
difference in the binding pattern of proteins to wild-type or mutant
variants of this RNA sequence. We suspect however, that this is more
likely to be a limitation of the REMSA assay and more substantial
biochemical measures need to be undertaken to more carefully assess
the influence of the G20210A polymorphism on protein binding activity
to this region of the prothrombin transcript.

It has become increasingly clear that alteration in mRNA stability
provides a critical control point in the regulation of gene expression.
The 3’-UTR of many unstable transcripts contain AU-rich elements
that play a role in influencing the decay process (18). A number of
proteins have been identified that recognise these AU-rich sequences,
but only two of these (HuR and hnRNP D) have actually been shown to
influence mRNA stability in vivo (19). HuR is a ubiquitously expressed
member of the Hu family of RNA binding proteins (20) and recognises
a number of transcripts, including VEGF, PAI-2 and various cytokine
transcripts (19) and has been shown to stabilise VEGF and GMCSF
mRNAs (21, 22). Our REMSA supershift experiments also identified
HuR as one of the factors that recognise the prothrombin 3’-UTR. The
known relationship between HuR and mRNA stability suggests that
HuR plays a role in prolonging prothrombin mRNA half-life. Whether
HuR differentially binds to variant prothrombin mRNAs is unlikely
since we saw no convincing evidence for a change in HuR binding
to prothrombin RNA probes containing the two sequence variants.
It seems likely that the binding of HuR to the prothrombin 3’-UTR does
not involve the G20210A polymorphism but rather involves other
elements located elsewhere in the prothrombin 3’-UTR. The role of
HuR in the post-transcriptional regulation of the prothrombin gene
remains to be determined.

In summary, we have shown that the prothrombin mutant allele, that
gives rise to an increase in prothrombin protein in vivo, gives rise to
increased prothrombin mRNA and protein in vitro, confirming that this
is indeed a functional polymorphism. We have provided evidence that
this is related to an influence on mRNA stability, although the mecha-
nism underlying the increase in mRNA half-life remains to be deter-
mined. We have also shown that both variants of the prothrombin
3’-UTR provide a binding site for a number of cellular factors, in-
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cluding the mRNA stabilising protein, HuR. Since the G20210A poly-
morphism has been shown to enhance prothrombin 3’ end formation
(4), our observation that the G/A substitution also has the potential to
increase mRNA stability suggests that this polymorphism is bifunc-
tional, being able to influence two aspects of prothrombin mRNA
metabolism.
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