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Congenital afibrinogenemia: mutations leading to premature termination
codons in fibrinogen A-chain gene are not associated with
the decay of the mutant mMRNAs

Rosanna Asselta, Stefano Duga, Silvia Spena, Elena Santagostino, Flora Peyvandi, Gavino Piseddu, Roberto Targhetta,
Massimo Malcovati, Pier Mannuccio Mannucci, and Maria Luisa Tenchini

Congenital afibrinogenemia is a rare co-
agulation disorder with autosomal reces-
sive inheritance, characterized by the
complete absence or extremely reduced
levels of fibrinogen in patients’ plasma
and platelets. Eight afibrinogenemic pro-
bands, with very low plasma levels of
immunoreactive fibrinogen were studied.
Sequencing of the fibrinogen gene clus-
ter of each proband disclosed 4 novel

point mutations (1914C >G, 1193G>T,

1215delT, and 3075C >T) and 1 already
reported (3192C >T). All mutations, local-

ized within the first 4 exons of the A  «-

chain gene, were null mutations pre-

dicted to produce severely truncated A «-

chains because of the presence of
premature termination codons. Since

premature termination codons are fre-
quently known to affect the metabolism

of the corresponding messenger RNAs
(mRNAs), the degree of stability of each
mutant MRNA was investigated. Cotrans-
fection experiments with plasmids ex-

pressing the wild type and each of the
mutant A «-chains, followed by RNA ex-

traction and semiquantitative reverse-
transcriptase—polymerase chain reaction
analysis, demonstrated that all the identi-
fied null mutations escaped nonsense-
mediated mMRNA decay. Moreover, ex vivo
analysis at the protein level demon-
strated that the presence of each muta-
tion was sufficient to abolish fibrinogen
secretion. (Blood. 2001;98:3685-3692)

© 2001 by The American Society of Hematology

Introduction

All eukaryotes possess the ability to detect and selectively degrddeinogen secretio®t Among fibrinogen congenital abnormalities,
messenger RNAs (mRNAs) harboring premature terminatiamhich include dysfibrinogenemia, hypofibrinogenemia, and afibri-
codons. It has been suggested that this mechanism, knownnagenemia, congenital afibrinogenemia (CAF) (Mendelian Inheri-
nonsense-mediated mRNA decay, participates in the control tahce in Man No. 202 400) refers to the complete absence of
gene expression by regulating the stability of selected physiologiottable plasma fibrinogen, even though trace amounts of the
cal transcripts and that it modulates the phenotypic severity ofn@olecule can be usually measureddepsitive immunoassai/AT his
number of genetic diseas&3.In this respect, the relatively small rare disease is inherited as an autosomal recessive trait and is character-
size of theB-globin gene, together with the wide range of nonsenseed by a mild to moderate bleeding tendeticilthough the clinical
mutations associated to this locus, represented a widely used maaeture of afibrinogenemia is usually not as dramatic as could be
for investigating the effects of premature termination codons @xpected on the basis of complete absence of clottable fibrinbgen,
MRNA metabolism. These studies demonstrated that nonsensevere central nervous system bleetfitftand recurrent abortiokst®
mediated mRNA decay requires at least 1 intrénf3he nonsense have been described.
codon and a minimum interval of about 50 to 55 nucleotides Mutations in the 3 fibrinogen genes responsible for this disease
between the premature termination codon and thm@st exon- have been recently described. Apart from an 11-kilobases (kb) deletion
intron junction®> in the Aa-chain gené? all the other known mutations are point
Fibrinogen is a complex glycoprotein that consists of 2 sets ofrfButations leading to severe truncations of the corresponding poly-
different polypeptide chains @ B, andwy) and that participates peptide chaid®26 The only exceptions are represented by 2 missense
in the final stages of the blood coagulation pro&sBhe 3 chains mutations in the B-chain gene that impair fibrinogen secretién.
are encoded by 3 different genes clustered on chromosome 4928 inin this study, 5 point mutations (4 novel and 1 previously
the sequence, Aa, and B3.8° The coordinated synthesis of the 3reported) were found in 8 afibrinogenemic patients. All mutations
chains is regulated mainly at the transcriptional Ié9dlhe lack of were located within the first 4 exons of thexAhain gene and
one fibrinogen chain has been demonstrated to be sufficientpimduced premature termination codons. Since premature termina-
abolish the assembly of the hexameric molecule, thus preventitign codons are often associated with allele-specific reduction in
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levels of MRNA, the role of nonsense-mediated mRNA decay and elongation at 68°C for 6 minutes, followed by 20 cycles of denaturation
the pathogenesis of CAF was investigated. The 5 truncatad94°C for 10 seconds, and elongation at 68°C for 6 minutes plus a time
fibrinogen Ax-chains were also demonstrated to cause a Comp@Térement of 10 seconds for each cycle. Afinal extension step of 10 minutes
lack of fibrinogen secretion when coexpressed with- Band & 6d§;_c was a?dhed aﬁehr tzed'aSt ‘_:gC'debThl\iﬂs PChR ngg-t \r,:lar? A'ta"e? bya
h - modification of the method described by Marchuc ith the use o
Y-polypeptides in COS-1 cells. deoxyadenosine 'Briphosphate instead of deoxythymidiné-t&iphos-
phate) and was cloned with the use of the pTARGET Mammalian
Expression T-Vector System Kit (Promega). The pd-Avild-type (wt)

Materials and methods recombinant plasmid was checked by sequencing. The 5 identified muta-
tions were independently introduced in p&Avt by the QuickChange
Materials Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA), according to the

manufacturer’s instructions. Each mutant plasmid (pdAut, with “mut”
Dindicating either Glyl3stop, frameshift [FS]-51stop, Ser100stop,
cj&rgllostop, or Arg149stop mutation) was checked by sequencing.

Full-length B3 and y complementary DNAs (cDNAs), cloned in the
mammalian expression vector pRSV-Neo, were kindly provided by
C. M. Redman (Lindsley Kimball Research Institute, New York Bloo
Center, New York, NY}”28 Rabbit polyclonal antibodies to human

fibrinogen were from Dako (Copenhagen, Denmark); restriction endonuci&/uorescent hot-stop” PCR

ases from Roche (Basel, Switzerland); and oligonucleotides from Lit§yantitation of allele ratio was carried out by a modification of the

Technologies (Inchinnan, Paisley, United Kingdom). “hot-stop” PCR techniq (with the use of a fluorochrome-labeled primer
instead of a radiolabeled one). Accuracy of the quantitation by the

Blood collection and coagulation tests “fluorescent hot-stop” PCR was verified by performing PCR amplifications

. . — ) gn DNA mixtures, containing known molar ratios of pTAwt and
Approval for this study was obtained from the Institutional Review Boar .
. ) ; ; : f : gT—Aa—Argl495top plasmids (1:1, 1:4, 1:7, 1:9, 9:1, 7:1, and 4:1). The total
of the University of Milan. All examined subjects signed appropriat

informed consent before blood withdrawal. Venous blood was collected gfnount of template was 0.001 ng in eac_h. expe_nment. Both the W|Id-_type
and the mutant alleles were PCR-amplified with the use of the primer

1:10 volume of 0.125 M trisodium citrate, pH 7.3. Plasma was obtained b
e or 0. rate, p couple B-TGTTAGAGCTCAGTTGGTTGATATGTAA-3 (sense muta-
blood centrifugation at 20@Xor 10 minutes. - ) . . . - .
enic primer introducing an allele-specifidadll restriction site) and

Fibrinogen was measured in plasma by a functional assay baslEd%’-CAGAGGTGTGGTGATGTAATG-3 (antisense primer) under standard

fibrin polymerization time with the use of a commercial kit (Laboratoir(—i‘DCR conditions. The 309-bp—amplified product was subjected to one

Stago, Asniees, France) and by an enzyme-linked immunosorbent é%sa¥. {ther amplification cycle after the addition of 20 pmol antisense primer
Th | fi h 1 4 L; th itiviti ’
e normal range for both tests was 160 to 400 mg/dL; the sensitivities ‘slabeled with 6-Fam. The labeled fragments from each PCR assay were

the functional assay and of the immunoassay were 5 mg/dL and 0.02 ) . o ;
. . lﬁested withMaelll, according to the manufacturer’s instructions. The
mg/dL, respectively. The immunoassay was performed for each probandi ) )
at least triplicate on the same plasma samples mutant uncut (309 bp) and the wild-type digested (280 bp) products were
’ separated on an Abi-310 Genetic Analyzer, and peak areas were measured

) by means of GeneScan Analysis software 3.1 (Applied Biosystems).
DNA sequence analysis

Genomic DNA was extracted from whole blood by means of the NucleanRNA analysis

BACCL1 Kit (Amersham Pharmacia Biotech, Uppsala, Sweden). Plasmid . . . .
DNA was isolated by QIAprep Spin Miniprep Kit (Qiagen, HiIden,The African green monkey quney cell I!ng COS-1 was cultured in
Germany). DNA sequencing was performed on both strands, either diredgy/0écco modified Eagle medium containing 10% fetal calf serum,
on purified polymerase chain reaction (PCR) products or on plasmids, 8jtiPiotics (100 1U/mL penicilin and 10Q.g/mL streptomycin), and
means of the BigDye Terminator Cycle Sequencing Kit and an automat@t@mine (1%). Cells were grown at 37°C in a humidified atmosphere of
Abi-310 Genetic Analyzer (Applied Biosystems, Foster City, CA). Primera%0 _CQ and 95% air. Semiconfluent COS-1 cells were transfected with
used for sequencing were designed on the basis of the known sequenc&dgfmolar amounts (2 pmol each) of pTxAvt and each of the pT-d-mut

the 3 fibrinogen genes and intergenic regions (GenBank accession numb¥aSmids, by means of Cellfectin (Life Technologies). Equimolarity of
M64982, M64983, M10014, U36478, and AF229198). Details on primersotrar_]sfected plasmids was verified by fluoresce_nt hot-stop PCR as
and PCR conditions will be supplied on request. Factura and Seque,qlgécnbed above. At 5 hours after transfection, media were replaced with

Navigator softwares (Applied Biosystems) were used for mutation detectidf£Sh 0nes, and cells were incubated for 60 additional hours. Cells were then
washed twice with phosphate-buffered saline, and total RNA was extracted

by means of the RNAWIZ Kit (Ambion, Austin, TX). First-strand cDNA
synthesis, starting from 200 ng total RNA, was performed with the use of
Haplotype analysis was performed with the use of the followingohain ~ random nonamers and Enhanced Avian RT-PCR Kit (Sigma, St Louis, MO).
gene polymorphic markers: —128 C>G anda —58 G>A polymorphisms  We used 5pL of 20 pL as template to PCR-amplify DNA fragments
(both single-base substitutior®)FGA-i3 microsatellite (a TCTT repeaty, ~containing the corresponding mutation. Amutagenic PCR strategy enabling
andTag polymorphism (a 28-base pair [bp] duplicatic®Analyses were allele-specific restriction enzyme digestion was used to distinguish between

Haplotype analysis

carried out as previously describ&° the wild-type and mutant transcripts (Table 1). All mutagenic PCRs were
performed by means of the fluorescent hot-stop technique. The labeled
Construction of expression vectors and mutagenesis fragments, after digestion with the appropriate restriction endonuclease

(according to the manufacturer’s recommendations), were detected and
A region of human fibrinogen é-chain gene, spanning from exon 1 tomeasured as described above.
intron 5, was inserted as a 5.4-kb PCR-amplified fragment into the
mammalian expres_si_on vector pTARGET (Prqmega, Milan, Italy). ,Thiﬁrotein analysis
fragment was amplified from genomic DNA with the use of the primer
couple FGA-Ex1-F (5TAGGAGCCAGCCCCACCCTAGA-3 and FGA-  Semiconfluent COS-1 cells were transfected with equimolar amounts (1.5
IN5-R (5-GTCATGGCTCTGTACTGTTAGGCA-3. PCR was carried out pmol) of pRSV-Neo-B, pRSV-Neoy, and pT-Ax plasmids, the latter
in a 50qL reaction mixture containing 100 ng genomic DNA (from abeing either wild type or mutant, by means of Cellfectin. At 5 hours after
healthy control individual), by means of the Expand Long 20kb-plus Kiransfection, media were replaced with fresh ones. At 16 hours later, the
(Roche), in a PTC-100 thermal cycler (MJ-Research, Watertown, MA). Theells were fed fresh media without serum and cultured for an additional 48
sample was subjected to 10 cycles of denaturation at 94°C for 10 secorfdsyrs. Conditioned media were collected and a protease inhibitor mixture
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Table 1. Mutagenic polymerase chain reaction strategy and allele-specific restriction enzyme digestions used to perform messenger RNA analysis

Amino acid change PCR product Restriction Fragment size
(nucleotide change) Primer couple* 5'.3" Positiont Exon (bp)* enzyme wt/mut (nt)§
Gly13stop F:AGATGTTTTCCATGAGGATCGTCTGCCTAGT 29-59 1 126 Foki 106+20/126
(1193G>T) RITTTCCACAACCCTTGGGCCACGCACGCATC 1223-1194
FS51stop F:AGATGTTTTCCATGAGGATCGTCTGCCTAGT 29-59 1 388/387 BsiXI 388/269+118
(1215delT) R:CGGTTGTAGGTATTATCACGGTTATTGGCT 3076-1915 3,4
Ser100stop F:GCAGGATGAAAGGGTTGATTGATGAAGTCA 1761-1790 3 184 Foki 135+44/179
(1914C>G) R:ICGGTTGTAGGTTTATCACGGTTATIGGAT 3076-1915 3,4
Arg110stop F:AGATGTTTTCCATGAGGATCGTCTGCCTAGT 29-59 1 417 Hpall 386+31/417
(3075C=>T) R:CAATTCTGCTTCTCAGATCCTCTGACACCC 3105-3076 4
Arg149stop F.TGTTAGAGCTCAGTTGGTTGATATGTAA 3164-3191 4 147 Maelll 118+29/147
(3192C>T) R:ACCTGTTCAAGTTGCTTCTGCTG 3895-3873 5

PCR indicates polymerase chain reaction; bp, base pairs; wt, wild type; nt, nucleotide; mut, mutation; and FS, frameshift.
*Mutated nucleotides are double-underlined.

TNumbering according to the fibrinogen Aa-chain gene sequence (GenBank accession number M64982).

FProduct lengths refer to PCR amplifications performed on complementary DNA.

§Lengths of the restriction fragments detectable by the automated DNA sequencer are underlined.

was added (Complete; Roche). Then, 10 mL medium from each plate Weatures are summarized in Table 2, did not suffer from concomi-
centrifuged to remove cell debris and was concentrated with the use ofgt coagulation disorders. All probands’ parents were asymptom-
Centricon Plus-20 column (Millipore, Bedford, MA). Untransfected humagyic and had approximately half the normal fibrinogen levels, with

hepatoma HepG2 cells, cultured as previously descrbedbre used as .4 concordance between functional and immunologic values
control. The concentrated samples were analyzed by sodium dodegyl

sulfate—polyacrylamide gel electrophoresis (SDS-PAGE), essentially ata not shown).

described by Laemmf Polyacrylamide gels were electroblotted ontOSequence analysis

polyvinylidene difluoride (PVDF) membranes (Hybond-P; Amersham

Pharmacia Biotech) for 1 hour at 200 mA by means of a Biometra Fast B@bquencing of the entire coding region as well as of the splicing
(Biometra, Gttingen, Germany). PVDF membranes were soaked in finctions and of about 500 bp of the promoter region of each
blocking buffer containing 5% skim milk in TBST (10 mM Tris-HCl pH fiin6gen gene, performed in all probands, disclosed 5 mutations,

7.4, 150 mMNaCl, 0.05% Tween20) at 4°C for 16 hours and incubated Wi“h located within the first 4 exons of the fibrinogenAhain gene
rabbit antihuman fibrinogen antibodies (1:1000 dilution) in TBST buffer a?nree mutations were in the homozygous state: 181G0(in .

4°C for 2 hours. The membranes were washed 3 times for 5 minutes wit . X
TBST buffer and incubated for 1 hour at room temperature with horseradigfoband 13); 3075C T (in probands P4 and B1); and 3192C (in
peroxidase—conjugated antirabbit immunoglobulin (1:1500 dilution) (EnvProbands C9, S2, and S3). The remaining 2 mutations were in the
sion; Dako). After 3 washings with TBST buffer, immunoreactive bandheterozygous state: 11933 (in proband F5) and 1215delT (in
were visualized with an enhanced chemioluminescence kit (ECLplystoband R3). In patients F5 and R3, we could not detect, in the
Amersham Pharmacia Biotech). sequenced regions, the second mutation that is expected to
contribute to the observed afibrinogenemic phenotype. Southern
blot analysis and long PCR amplification of each fibrinogen gene
excluded the presence of gross deletions in the fibrinogen cluster
(data not shown).

Figure 1 shows the position of the identified mutations in the
Eight afibrinogenemic patients, 6 ltalian, 1 Iranian, and 1 frorAa-chain gene, together with the predicted effects on thechAain
Barbados, were studied. The Iranian patient was the only patiéeingth. All mutations give rise to severely truncated-ghain
belonging to a family with overt consanguinity. All the patients hagolypeptides because of the presence of premature termination
unmeasurable functional plasma fibrinogen levels, but very logodons. In particular, 11936T, 1914C>G, 3075C>T, and
fibrinogen levels were detected by immunoassay (ranging frodd92C>T nucleotide substitutions (corresponding to Gly13stop,
0.015 to 4.25 mg/dL) (Table 2). The patients, whose main clinic8ler100stop, Arg110stop, and Argl49stop mutations, respectively)

Results

Patient data

Table 2. Characteristics of patients with congenital afibrinogenemia

Patient characteristics and

treatment B1 C9 F5 13 P4 R3 S2 S3
Patient characteristics
Origin Barbados Cagliari Florence Iran Palermo Rome Sassari Sassari
Sex M M M M F M M M
Present age, y Adult 36 43 6 4 28 37 41
Main symptoms Hemarthroses Posttraumatic ~ Mouth and neck Hemoperitonem  Asymptomatic  Posttraumatic Intracranial Posttraumatic
hematomas bleeding hematomas hemorrhage hematomas
Treatment a a,b,c a b, c None a a None
Plasma fibrinogen levels
Functional (mg/dL) <5 <5 <5 <5 <5 <5 <5 <5
Immunologic (mg/dL) 0.041 1.73 0.037 4.25 0.015 1.43 1.2 0.72

a indicates fibrinogen concentrates; b, whole blood; and c, plasma.
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A 1215delT 3075C>T Figure 1. Mutations in the fibrinogen A a-chain gene

identified in the analyzed patients with congenital afibri-
HEBG>L 21 3021 nogenemia. (A) Schematic representation of the fibrinogen
| 28|
3

5 |—|-| ; , Aa-chain gene showing the positions of the identified muta-
- 1] L m 3' tions. Heterozygous mutations are shown in italics; homozy-
1 2 4 5 gous mutations are shown in bold. Exons (numbered) and

introns are indicated by boxes and narrow lines, respectively,

B 151 610 and are drawn to scale. The shaded portions of exons
Proband mutation ] ] represent the regions where a premature termination codon
should not induce nonsense-mediated mMRNA decay. Exon 6

of Aa-chain gene, which is present only in 2% of transcripts,

has been omitted. (B) Predicted effects of the identified

mutations at the protein level. Schematic representations of

the fibrinogen Aa-chain (omitting the signal peptide encoded

I3 1914C>G Ser100stop T 99 py exon 1) and of thg predicted mut_ant truncated pqupep—
' tides are shown. Portions of Aa-chain encoded by different

F5 1193G>T Glyl3stop W12 )

R3 1215delT FSSistop M 50,

P4 exons are drawn to scale and shaded in different grays.

Bl ] 3075C>T Argll0stop BN “?9 Numbers above the schematic drawing of the mature Aa-
N chain refer to amino acid positions corresponding to exon/

9 i exon boundaries; numbers beside the truncated polypep-

52 31920>T Argl49stop tides refer to their amino acid lengths.

53

would determine the synthesis of truncated-£hain mature PCR assays were performed with primers chosen in adjacent exons,
molecules of 12, 99, 109, and 148 amino acids, respectively. Timeorder to avoid the amplification of contaminating genomic DNA.
1215delT deletion would introduce a frameshift followed by #&loreover, to distinguish between mRNAs transcribed from mutant
premature stop at codon 51 (FS51stop), preceded by an abnoraral wild-type alleles, a single mismatch in one primer of each
sequence of 31 amino acids. couple was introduced, thereby creating an allele-specific restric-
tion endonuclease site (Table 1). The only exception was repre-
sented by the 1215delT mutation, whose presence creates a
In order to check for the existence of a common ancestor, haplotyjgstriction site foBsXI enzyme. The heteroduplex formation that
analysis for markers located in theAchain gene was performed inunder these conditions usually skews the results of restriction
probands showing the occurrence of the same mutation (Arg110sgigestion of PCR products was circumvented by performing the
in patients P4 and B1; Arg149stop in patients C9, S2, and S3). RI-PCR assays by means of the hot-stop PCR techiifquikis
analyzed probands were homozygous for each marker (Table 18cently described assay involves the addition, at the final PCR
Probands C9, S2, and S3 from Sardinia, a relatively isolated Italiaycle, of a radiolabeled PCR primer that excludes heteroduplexes
island, shared the same haplotype. In contrast, patients P4 and fiBdm quantitation, since heteroduplexes do not contain the labeled
originating from Palermo and Barbados, respectively, showgdimer. We used a slight modification of this technique, consisting
different haplotypes. of the use of a fluorochrome-labeled primer instead of a radiola-
beled one and enabling allele quantitation by means of an
automated DNA sequencer (fluorescent hot-stop PCR). This modi-
In order to evaluate mutant mRNA stability, a 5.4-kb fragment dfcation was first tested by 7 independent PCR assays on varying
fibrinogen Ax-chain gene, spanning from exon 1 to intron 5, wagatios of pT-Ax-wt and pT-Ax-Arg149stop plasmids (the latter
inserted into the pTARGET expression vector giving rise to theontaining the 5.4-kb fragment ofcAchain gene carrying the
pT-Aa-wt plasmid containing the normaleAchain. This construct Argl49stop mutation). Quantitation of 6-Fam-labelkthelll-

was used to produce, by site-directed mutagenesis, 5 recombir@igested PCR products (see “Materials and methods”) showed that
vectors each containing one of the identified mutations. Equéle actual allele ratios were equal to the expected ones (Figure 2),
amounts of plasmids expressing wild type and each mutagemonstrating the accuracy and linearity of the fluorescent hot-stop
fibrinogen Ax mMRNA were transiently cotransfected in COS-IPCR. This method was therefore used to quantitate the relative
cells (not expressing fibrinogen). Expression levels of mutant aadchount of wild-type and mutant transcripts in RNA from cells
wild-type transcripts were compared in each experiment, usingransfected with equal amounts of wild-type and mutant plasmids.
semiquantitative reverse-transcriptase (RT)-PCR analysis. RU-mutant—wild-type ratio of approximately 1 was estimated for

Haplotype analysis

mRNA analysis by fluorescent hot-stop PCR

Table 3. Haplotypes of probands C9, S2, S3, P4, and B1 for markers located in the A «a-chain gene

Haplotype
Marker Location C9* S2* S3* P4t B1t
a — 128 C>G promoter C C Cc C C
o — 58 G>A promoter A A A G G
FGA-i3% intron 3 204 204 204 192 208
Taql8 3'UTR — 28 bp — 28bp — 28 bp — 28bp — 28bp

FGA indicates fibrinogen alpha-chain gene; bp, base pairs; UTR, untranslated region.
*Probands carrying the Arg149stop mutation.

‘tProbands carrying Arg110stop mutation.

fContaining a TCTT repeat.

§Owing to a 28-bp duplication; —28 bp indicates the absence of the duplication.
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Figure 2. Fluorescent hot-stop PCR.  Accuracy of the
quantitation of the relative abundance of 2 DNA species
by the newly developed fluorescent hot-stop PCR was
verified by performing a number of PCR amplifications
using different molar ratios of pT-Aa-wt and pT-Aa-
Arg149stop plasmids as template. Labeled PCR prod-
ucts were subjected to allele-specific digestion with
Maelll and quantitated on an Abi-310 Genetic Analyzer.
Areas of fluorescence peaks corresponding to the mutant
and wild-type restriction fragments were measured by
GeneScan Analysis software 3.1. (A) GeneScan Analysis
windows showing fluorescence peaks corresponding to
wild-type (280 nt) and Arg149stop mutant (309 nt) single- i, a5 0 220 — 320
stranded fragments. The x-axis represents GeneScan . =
data points and the y-axis represents fluorescence units
(FUs). (B) Results of the semiquantitative analysis. The
reported values correspond to the peak areas, setting the
more abundant mRNA species of each experiment equal
to 100%.
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each mutation (Figure 3). As control, a similar experiment wasot analysis with the use of polyclonal antihuman fibrinogen
performed on an aliquot of the plasmid DNA mixtures used to cargntibodies. Secreted fibrinogen was detected only in HepG2-
out the cotransfection experiments and resulted in a mutant—wiltbnditioned medium and in the supernatant of COS-1 cells
type ratio of approximately 1, as expected (data not shown). expressing the 3 wild-type chains (Figure 3, lanes 1 and 8). In
contrast, in culture media of cells expressing each mutant fibrino-
gen and in conditioned medium of mock transfected (pUC18)

To demonstrate the causal role of the identified mutations §#OS-1 cells used as negative control, the secreted molecule was
affecting fibrinogen secretion, each expression vector pTwAit  Undetectable (Figure 4, lanes 2-7).

was independently cotransfected with equimolar amounts of pRSV-

Neo-B3 and pRSV-Neoy plasmids (expressing the wild-type

fibrinogen B3- andwy-chains) in COS-1 cells. As positive controls,Discussion

COS-1 cells transfected with plasmids expressing the 3 wild-type

chains and untransfected fibrinogen-expressing HepG2 cells warethis study, we analyzed 8 afibrinogenemic patients, whose
used. The presence of fibrinogen in conditioned media was checlkdeleding manifestations ranged from the complete absence of
by SDS-PAGE under nonreducing conditions, followed by Westesymptoms to severe intracranial hemorrhages. Sequence analysis

Protein studies
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Figure 3. Analysis of the relative abundance of wild-type and mutant mRNAs.

(A) Example of GeneScan analysis window showing fluorescence peaks correspond-
ing to wild-type and mutant fragments for Arg110stop mutation. These fragments,
whose lengths are indicated below each peak, were obtained by a suitable
allele-specific digestion subsequent to an RT-PCR performed on RNA extracted from
transfected COS-1 cells, coexpressing wild type and each mutant Aa-chain (see
“Materials and methods”). The x-axis represents GeneScan data points, and the
y-axis represents FUs. (B) Comparison of wild-type and mutant mRNAs levels. The
reported values correspond to the peak area measured by means of GeneScan
analysis software, with the wild-type mRNA level set equal to 100%.
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normal functional and immunoreactive plasma fibrinogen levels,
was heterozygous for the same mutation present in the correspond-
ing affected offspring. These data demonstrate that Gly13stop and
FS51stop mutations are not sufficient, in the heterozygous state, to
cause congenital afibrinogenemia. Both the remaining parents (the
father of F5 and the mother of R3) were found to be homozygous
normal at the corresponding nucleotide position. As they were
phenotypically heterozygous, the existence of a second, yet undis-
covered, mutation is postulated. The identity of these mutations
could not be determined after mutational screening of the 3
fibrinogen genes. Possibly they are located in the intronic regions
of the fibrinogen cluster not covered by sequencing.

Since premature termination codons are frequently known to
affect the metabolism of the corresponding mRNAs, stability of
mutant mMRNAs was evaluated by coexpressing each mutant
mRNA in COS-1 cells, together with the wild-type transcript, and
by performing a hot-stop PCR for linear quantitation of allele ratio.
This assay was modified by using a fluorochrome-labeled primer
(fluorescent hot-stop PCR) and an automated DNA sequencer to
separate and quantitate alleles, a simpler method than that origi-
nally proposed by Uejima et & Allele quantitations demonstrated
that none of the identified mutations induced a selective degrada-
tion of the corresponding mRNA. These results increase the
number of cases in which the nonsense-mediated mRNA decay
surveillance system is bypass€d? The mechanisms by which
transcripts carrying premature termination codons escape nonsense-
mediated mRNA decay have not been completely elucidated. It has
been demonstrated that premature termination codons located
within a distance of 50 to 55 nucleotides from thé-n3ost
exon-intron junction do not trigger mMRNA degradation by nonsense-
mediated mMRNA decay? This condition is fulfilled only by the
Arg149stop mutation, which is due to & transition at position
3192, which is 9 nucleotides upstream of the donor splice site of
intron 4 (Figure 1). This exon-intron junction represents the
3’-most one for the large majority ofd&chain transcripts, exon 6

performed on the 3 fibrinogen genes disclosed 4 nonsense muta-

tions and 1 single-base deletion, all located in thedhain gene il
and leading to premature translation termination. Patients carrying ' N e 2= = 1
the same mutation (ie, Arg110stop or Arg149stop) actually showed g £ g g =
completely different symptoms from one another. In particular, the af u.-.“: S Eﬂ %n 3
Arg110stop mutation was found both in a patient from Barbados, 5 2 8 5 2 8 %
who suffered from severe hemarthroses, and in a Palermitan young 8 g & 8 8 B g g %

. . . . . 2 < < < < < £ < O
girl who is still asymptomatic. The Argl49stop mutation was B B B B B B B = D

T a & & & & 3 =P

identified in the 3 Sardinian patients, and it was associated with
symptoms ranging from intracranial hemorrhage in patient S2 to
posttraumatic hematomas in patients C9 and S3. The Arg149stop
mutation has been very recently described in a Norwegian patient - - “
with life-threatening gastrointestinal bleediffgGenotyping of the

3 patients carrying the Arg149stop mutation enabled demonstration
of a possible common origin for this mutation, suggesting a
founder effect in the isolated Sardinian community. Nevertheless,
the occurrence of the same Arg149stop mutation in the Norwegian
patient? also suggests the possibility of the presence in the
Aa-chain gene of a mutational “hot spot” at position 3192. The
same hypothesis can be put forward for the Arg110stop mutation,
since it seems to have appeared twice in 2 different alleles. It is 1 2 3 4 5 6 7 8 9
nOteworth_y that both the Arg 1105t0p and_the Arg ;‘4951:09 ml_'ltatloaaure 4. Expression of wild-type and mutant fibrinogens. Fibrinogens secreted
occurred in correspondence of a CpG dinucleotide, which is oftghm cos-1 cells, transfected with wild-type Bg- and v-chains, together with each
located at hot spots for pathogenic mutations in coding DNA.  mutant (Glyl3stop, FS51stop, SerL00stop, Arg110stop, and Arg149stop) Aa-chain

The GIylSstop and FS513t0p mutations were found. in tH\@re analyzed as shown. Transfections, untransfected HepG2 controls, SDS-PAGE,
’ Western blot were carried out as described in “Materials and methods.” Proteins

. . . and
heterozygous state, in patients F5 and R3, rESpeCtlvely' l_n bg}she separated on 4% SDS-PAGE under nonreducing conditions. The arrowhead
cases, one parent (the mother of F5 and the father of R3), with hiadficates the 340-kd normal fibrinogen.
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being included only in 2% of A-chain MRNA molecule4 Since missense mutation in thg-chain gene (Gly284Arg) has been
only the Argl49stop mutation is expected to escape nonsendemonstrated to cause retention of the mutant protein in hepatocyte
mediated mRNA decay on the basis of the premature terminatimelusion bodies and to predispose to the development of chronic
codon position, the remaining identified mutations (Glyl3stofiver cirrhosis** Since 3 different morphological types of fibrino
FS51stop, Ser100stop, and Argl10stop) must use other meahen inclusion bodies have been described in liver biopsies, it has
nisms to avoid degradation. In some cases, nonsense mutatibesn postulated that different fibrinogen genetic abnormalities
have been demonstrated to induce skipping of constitutive exopsuld produce these morphological variants in fibrinogen inclu-
which in turn interferes with the mRNA dec&$?® Another sions* The demonstration that fibrinogenwAchain null alleles do
proposed mechanism involves the presence of a translation initiet trigger mRNA decay and that truncatedw-8hains prevent
tion codon downstream of the premature termination codon, whifibrinogen secretion raises the question of whether some nonsense
would determine the reinitiation of translatighln the fibrinogen mutations can result in an intracellular accumulation of mutant
Aa-chain gene, an AUG initiation codon is located at amino aciibrinogen.
positions 139 to 140 (exon 4). This AUG is located downstream of In summary, besides confirming that the majority of cases of
the Arg110stop mutation, and is preceded by a nucleotide sequeneagenital afibrinogenemia are due ta-&hain truncationg? our
(AGAAAA) similar to the 5-flanking region of the canonical results strengthen the emerging allele heterogeneity of this disease.
Ac-chain initiation codon (AGAAAAG). Possibly, this AUG may It was demonstrated that all identified mutations (Gly13stop,
induce a reinitiation of translation, determining the nonsensgS51stop, Ser100stop, Arg110stop, and Arg149stop) escaped non-
mediated mRNA decay escape of transcripts carrying Gly13stanse-mediated mRNA decay and were responsible for an impaired
FS51stop, Serl00stop, and Arg110stop mutations, together wdtcretion of the hexameric molecule, rather than for a selective
the possible production of small nonfunctional and easily degradegradation of the corresponding mutant mRNA.
able peptides. Note added in proof. Neerman-Arbez et & report the
Owing to the lack of mutant mRNA degradation, the effect ofdentification of a frameshift mutation (g1185delT) which is
severely truncated é-chain on fibrinogen secretion was investiidentical to 1215delT.
gated. The complete absence of one fibrinogen chain was shown to
abolish assembly of the hexameric molecule, preventing its secre-
tion.! Moreover, in vitro expression of a fibrinogen molecule
truncated at residue 252 of theAchain has been reported to resuHAcknowledgments
in a 5- to 10-fold decrease in the secretion levels of the mutant
fibrinogen?2 All mutations described here are expected to detewe thank Dr C. M. Redman for kindly providing @ and
mine the synthesis of severely truncated-ghains, with all +y-chain—-expressing plasmids. We wish to thank Dr P. L. F.
truncations affecting the coiled coil domain of the molecul&iangrande (Oxford Haemophilia Centre, The Churchill, Oxford,
(residues 45 to 165). This domain plays a key role in the initiddnited Kingdom), Prof. G. Mancuso (Department of Paediatry,
stage of the fibrinogen assemBhand its deletion is likely to result Haemofilia Centre, Ospedale dei Bambini, Palermo, Italy), Dr
in unstable fibrinogen molecules that are retained in the hepatd- G. Mazzucconi (Department of Cellular Biotechnology and
cytes. To assess whether Glyl3stop, FS51stop, SerlOOstdpmatology, Hemophilia and Thrombosis Center, Rome, Italy),
Arg110stop, or Arg149stop mutations could be responsible for t@d Dr M. Morfini (Department of Hematology and the Hemo-
observed phenotype, each mutant fibrinogen was expressedliilia Center, Azienda Ospedaliera Careggi, Florence, Italy) for the
COS-1 cells. Transfection experiments demonstrated that ttlenical identification of the probands, family history, and blood
presence of each severely truncated fibrinogenchain is suffi- collection. We also thank all family members for their participation
cient to abolish fibrinogen secretion. Interestingly, a heterozygoimsthis study.
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