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Characterization of the Gene Encoding Human TAFI (Thrombin-Activable
Fibrinolysis Inhibitor; Plasma Procarboxypeptidasé B)
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ABSTRACT. Thrombin-activable fibrinolysis inhibitor (TAFI) is a recently described human plasma zymogen
that is related to pancreatic carboxypeptidase B. The active form of TAFI (TAFla), which is formed by
thrombin cleavage of the zymogen, likely inhibits fibrinolysis by removal from partially degraded fibrin
of the carboxyl-terminal lysine residues which act to stimulate plasminogen activation. We have isolated
and characterized genomic clones which encompass the entire human TAFI genagfrage and bacterial
artificial chromosome genomic libraries. The complete TAFI gene contains 11 exons and spans
approximately 48 kb of genomic DNA. The positions of intron/exon boundaries are conserved between
the TAFI gene and the rat pancreatic carboxypeptidase Al, A2, and B and the human mast cell
carboxypeptidase A genes, indicating that these carboxypeptidases arose from a common ancestral gene.
However, the intron lengths diverge significantly among all of these genes. The TAFI promoter lacks a
consensus TATA sequence, and transcription is initiated from multiple sites. Transient transfection of
reporter plasmids containing portions of the TAFHEnking region into mammalian cells allowed
localization of the promoter and identifiechk&’0 bp region crucial for liver-specific transcription. Sequence
analysis of cDNA clones obtained from human liver RNA indicated that the TAFI transcript is
polyadenylated at three different sites. Our findings will facilitate the assessment of the regulation of
TAFI expression by transcriptional and/or posttranscriptional mechanisms. Furthermore, knowledge of
the genomic structure of the TAFI gene will aid in the identification of mutations that may be associated
with the tendency to either bleed or thrombose.

The coagulation and fibrinolytic cascades are defined by Thrombin in complex with thrombomodulin generates ac-
series of zymogen to enzyme conversions which lead to thetivated protein C, an anticoagulant enzyme that specifically
generation of the enzymes thrombin and plasmin, respec-inactivates Factors Vllla and Va, two essential cofactors in
tively. Thrombin catalyzes the conversion of fibrinogen to the intrinsic pathway, thereby attenuating further thrombin
fibrin monomers, which then spontaneously polymerize to formation.
form the insoluble fibrin matrix that is the essential structural  In the fibrinolytic cascade, fibrin is not only the terminal
component of blood clots. Plasmin, on the other hand, is substrate of the cascade but also an essential cofactor for
responsible for the degradation of fibrin that ultimately leads tissue-type plasminogen activator (tPA)-mediatpthsmi-
to clot dissolution. nogen activation. Plasminogen, tPA, and fibrin form a ternary

Inherent to both cascades are internal feedback loops whichcomplex necessary for efficient plasminogen activatin (
serve to amplify or to dampen the activity of the cascades. carboxyl-terminal lysines exposed in fibrin via limited
The coagulation cascade is generally thought to be initiated proteolysis by plasmin convert fibrin into a more effective
through the extrinsic pathway by the activity of Factor Vlla cofactor for plasminogen activatioB)( protect plasmin from
bound to tissue factor; the relatively small amount of consumption by its major inhibitan,-antiplasmin 8), and
thrombin formed through activation of prothrombin by Factor promote the plasmin-mediated conversion of Glu-plasmino-
Xa generated by this pathway is then capable of activating gen to Lys-plasminoger2), the latter of which is a better
components of the intrinsic pathway resulting in an acceler- substrate for tPAX).
ated rate of thrombin formation. The endothelial cell trans- Recent studies from several laboratories have delineated
membrane protein thrombomodulin, however, changes thea novel pathway through which the thrombithrombo-
specificity of thrombin from fibrinogen to protein C. modulin complex acts and which represents an explicit
molecular link between the activities of the coagulation and

T This work was supported by grants to M.L.K. from the Medical
Research Council of Canada (MT11272) and the Heart and Stroke
Foundation of Ontario (T-3104), and to M.E.N. from an NIH Program 1 Abbreviations: tPA, tissue-type plasminogen activator; TAFI,
Project Grant (PHSHL 46703-6) and the Heart and Stroke Foundation thrombin activable fibrinolysis inhibitor; TAFla, activated TAFI; pfu,
of Ontario (T-2631). plague-forming units; bp, base pairs; kb, kilobase pairs; AMV, avian

*To whom correspondence should be addressed: Phone: (613)myeloblastosis virus; CPB, carboxypeptidase B; CPU, carboxypeptidase
533-6586. Fax: (613) 533-2987. E-mail: mkll@post.queensu.ca. U; CPA1/CPA2, carboxypeptidase A1/A2; MC-CPA, mast cell car-

* Deptartment of Biochemistry. boxypeptidase A; BAC, bacterial artificial chromosome; RT-PCR,

§ Deptartment of Medicine. reverse transcriptase-polymerase chain reaction.

10.1021/bi990229v CCC: $18.00 © 1999 American Chemical Society
Published on Web 04/30/1999




6548 Biochemistry, Vol. 38, No. 20, 1999 Boffa et al.

fibrinolytic cascades. Bajzar and co-worke#3 purified a sufficient thrombin to stabilize the clot via activation of
zymogen from human plasma which was termed TAFI TAFI.
(thrombin-activable fibrinolysis inhibitor) on the basis of its A recent study suggests that variation exists in the plasma
ability to inhibit fibrinolysis in vitro when sustained thrombin ~ TAFI antigen levels in the populatiori4). This variation
generation occurs within the clot. Cleavage of the zymogen was shown to affect fibrinolytic potential in the population
by high concentrations of thrombin leads to the formation examined, which is in accordance with the fact that the
of an enzyme (TAFla) which displays basic carboxypeptidase concentration of TAFI in plasma~70 nM) (15) is far below
activity and was therefore postulated to attenuate fibrinolysis the K., for TAFI activation by thrombin or thrombin/
by removal from partially degraded fibrin of the carboxyl- thrombomodulin%). The reasons for the variation in plasma
terminal lysine residues that are required for maximally levels of TAFI are unknown, however. Furthermore, no data
efficient plasminogen activation. Further studies by this group exist pertaining to the potential ability of TAFI levels to be
(5) revealed that the thrombirthrombomodulin complex  regulated by hormonal or other physiological or pathological
activates TAFI with a 1250-fold higher catalytic efficiency stimuli. The gene encoding human TAFI has been mapped
than thrombin alone, suggesting that the former is the to 13q14.11 16). No disorders of hemostasis have been
physiological activator of TAFI. mapped to this chromosomal region to date, however. At

The entity that has been termed TAFI has been indepen-least two polymorphisms in the TAFI coding region which
dently described by other groups. Partial sequence analysigesult in amino acid substitutions in the TAFI protein eXist,
of the purified TAFI protein showed that it was identical to although it is not known whether these polymorphisms are
a zymogen previously characterized by Eaton and co-workersassociated with a tendency to bleed or thrombose or whether
(6), which was termed plasma procarboxypeptidase B. they affect the plasma levels or potential activity of TAFI.
Sequence analysis of a cloned cDNA corresponding to thisIn the present study, we have cloned the gene encoding
protein revealed that plasma procarboxypeptidase B is relatechuman TAFI and characterized it with respect to its genomic
(sharing approximately 40% amino acid identity) to procar- organization, sequences of the &nd 3-flanking regions,
boxypeptidase B, the zymogen form of a digestive enzyme location of the start sites for gene transcription, analysis of
secreted by the pancreas. Significantly, all of the residuesthe B-flanking region for liver-specific promoter activity,
in pancreatic carboxypeptidase B which have been shownand identification of the sites for polyadenylation of the
to be required for substrate recognition and binding and transcript.
catalysis are conserved in plasma procarboxypeptidase B (i.e.
TAFI) (6). EXPERIMENTAL PROCEDURES

Hendriks and co-workers7) detected an unstable basic Screening of a Human Genomic DNA Librady human
carboxypeptidase activity in human serum that was not genomic library in thelFIXIl vector was purchased from
present in plasma; these workers subsequently purified theStratagene. Approximately 4@laque-forming units (pfu)
enzyme responsible for this activity and termed it carboxy- were plated on th&scerichia colistrain XL-1 Blue (Strat-
peptidase U (CPU)§) since it is an “unstable” carboxy- agene) (approximately 50 000 pfu/l5 cm Petri dish) and
peptidase. It is likely that proCPU and TAFI are the same duplicate plague lifts were obtained using Hybontt Nylon
protein, since both proCPU and TAFI bind to plasminogen filters (Amersham). The filters were incubated for 24 h at
(4, 8,9) and TAFla activity is also intrinsically unstable with 65 °C in prehybridization solution [§ SSC (Ix SSC is
a half-life of about 10 min at 37C (10). 0.015 M sodium citrate pH 7.0, 0.15 M NaCl)x2Den-

There is currently little data concerning the role of TAFI hardt's solution (kX Denhardt's is 0.5 mg/mL Ficoll, 0.5
in hemostasis in vivo. A recent study in a canine model of mg/mL poly(vinylpyrrolidone), 5 mg/mL bovine serum
thrombolysis revealed that an inducible carboxypeptidase albumin), 10ug/mL sheared, denatured salmon sperm DNA].
activity (presumably TAFIla) is formed as a consequence of The filters were then hybridized with &P-labeled probe
thrombosis {1). Inhibition of this activity by potato car-  consisting of nucleotides 31355 of the TAFI cDNA 6)
boxypeptidase inhibitor (PCI) during thrombolytic therapy (encompasses the entire open reading frame) for 24 h at 65
with tPA decreased the time required for reperfusion in this °C in prehybridization solution containing 0.5% SDS. The
model. Additionally, a positive correlation was demonstrated probe was prepared using 20 ng of DNA and was labeled
between the amount of inducible carboxypeptidase activity with [a-3?P]dATP (10 mCi/mL; Dupont/NEN) and the
formed and the time required for reperfusion. Studies in a Prime-It Il random primer labeling kit (Stratagene). Follow-
rabbit jugular vein model of thrombolysi&?) revealed that  ing hybridization, the filters were rinsedrfd h atroom
inhibition of either Factor Xl activation or TAFla activity = temperature in 1X SSC, and then washed:3SC, 0.5%
increased endogenous fibrinolysis; inhibition of Factor XI SDS for 2 h (with three changes of solution) at % The
activation and TAFla activity simultaneously did not further filters were then exposed to X-ray film (Kodak X-OMAT
increase endogenous fibrinolysis. These results were takerAR) for ~48 h at—70 °C with two intensifying screens.
as evidence for a novel role of the intrinsic pathway of Eleven positive clones were obtained in duplicate and were
coagulation in which fibrinolysis is attenuated in a manner plague-purified by two further rounds of screening performed
dependent on activation of TAFI. This concept is supported as described above.
by the findings of Broze and Higuchil®) who found that Characterization ofA Phage ClonesPhage DNA was
the premature lysis of clots formed from hemophilic plasma prepared from the plaque-pure clones using the Wizard kit
in vitro could be wholly ascribed to the failure of the intrinsic  (Promega). The starting material for these preparations was
pathway to generate sufficient thrombin to activate TAFI.
Hemophilia, therefore, may be attributable not to the inability 2 pgoffa, M. B., Koschinsky, M. L., and Nesheim, M. E., unpublished
to form a clot per se, but rather to the inability to generate observations.
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plate lysates from two 15 cm Petri dishes each initially GACATGCTGCTCACAGAAGAG-3. The oligonucleotides
seeded with 25 000 pfu/plate of phage stock. Purified phagewere end-labeled using/{#2P]JATP (10 mCi/mL; Dupont/
DNA was digested wittSad and subjected to agarose gel NEN) and T4 polynucleotide kinase (Promega). Reactions
electrophoresis in order to characterize the genomic DNA were performed essentially as described previo@y{sing
inserts. This analysis revealed that there were five unique 20 ug of poly(A)" liver RNA and~2.5 x 10° cpm of either
clones represented in the 11 clones obtained; one representaend-labeled oligonucleotide. Annealing of the respective
tive of each unique clone was chosen for subsequent analysisoligonucleotides to the RNA was carried out at®25(TAFI-
Sad fragments from each phage clone were inserted into PE1) or 30°C (TAFI-PE2) overnight. Reactions were
the Sad site of the plasmid pBluescript Il SK (Stratagene);  electrophoresed on a 6% polyacrylamide sequencing gel
these fragments were then subjected to Southern blot analysigontainirg 7 M urea. As markers for the sizes of the primer-
and a progressive subcloning strategy in order to localize extended products, a dideoxy-sequencing reaction using
the exons and to construct a restriction map of the clones. TAFI-PE1 as the primer and a cloned genomic fragment
DNA sequence analysis of subclones was accomplished usingencompassing the'flanking region of the TAFI gene as
primers hybridizing either within the pBluescript Il SK the template was performed; the sequencing reaction was
plasmid or within the TAFI cDNA sequence; sequencing electrophoresed alongside the products of the primer exten-
reactions were performed using-f>S]JdATP (12.5 mCi/mL, sion reaction.
Dupont/NEN) and the Sequenase kit (Amersham). The sizes Reverse Transcription-Polymerase Chain Reaction of
of individual fragments were determined by agarose gel Human Lver RNA Poly (A)t human liver RNA (2ug) was
electrophoresis using standard curves relating the distanceheated to 90C for 5 min and then placed on ice in order to
of migration of fragments obtained fromHindlIl digest of disrupt secondary structure in the RNA. To the RNA was
A DNA to the logarithm of their length. added AMYV reverse transcriptase buffer (to)Leach dNTP
Isolation and Characterization of Bacterial Artificial (to 1 mM), 40 U RNAguard, (dT} (20 pmol) as the primer
Chromosome Clone#\ human bacterial artificial chromo-  for cDNA synthesis, and 10 units of AMV reverse tran-
some (BAC) library in pBACe3.6 (the RPCI BAC library scriptase in a final volume of 2@L. Reactions were
of Dr. Pieter de Jonge, Roswell Park, Buffalo, NY) was incubated for 90 min at 42C, at which time the reactions
screened using’P-labeled probes consisting of either the were diluted to 150 mL with water. cDNA was stored at
cDNA fragment encompassing the TAFI open reading frame —20 °C prior to use. To isolate cDNA species encompassing
(see above) or an approximately 2.5 kilobase pair (kb) the 3-untranslated region of the TAFI mRNA transcript, the
genomic fragment representing thengost fragment obtained  human liver cDNA was used as the template for the
from the phage clones. Seven BAC clones were obtainedpolymerase chain reaction (PCR) which was performed using
(30F20, 55K4, 106H11, 139H14, 179M2, 213H14, and Pyrococcus furiosugPfu) polymerase. The'Sorimer is a
234M21). DNA representing each clone was obtained and sense strand primer, designed based on the TAFI cDNA
was digested either witkEcoR|l or Sad and subjected to  sequence, that spans nucleotides 126330. The sequence
agarose gel electrophoresis followed by Southern blot of this primer is 5GCTTGGCATGTCATTAGG-3 The
analysis using?P-labeled probes representing either the 5 sequence of the '3primer is 3-(T)17(N)s-3', where N
most 100 base pairs (bp) of the TAFI cDNA or thenBost represents any of the four deoxynucleotides. This primer
genomic fragment isolated from the phage clones. Hybrid- would be expected to hybridize within the poly(A) tail of
izing fragments were subsequently isolated and inserted intothe template, but because of the presence of the four random
the pBluescript Il SK- plasmid and were analyzed using nucleotides at the'3nd, the primer would be expected to
the methods and strategies described above. Two of the BACbe “anchored” at the junction between the poly(A) tail and
fragments encompassed theflanking region of the TAFI the 3-untranslated region, thus improving the specificity of
gene. The DNA sequence of this region was determined by the amplification. The amplification reactions contained 1
a progressive subcloning strategy; primers used eitherPfu polymerase buffer, 0.25 mM each dNTP, 50 pmol of
hybridized within the pBluescript Il S plasmid or were  the B primer, 100 pmol of the "3primer, and 1/5 vol of
designed based on the existing genomic sequence. cDNA. Reaction conditions were as follows: 5 min at 94
Preparation of Human Lier RNA A human liver sample  °C, at which time 2.5 units oPfu polymerase was added,
was obtained (with institutional approval) from a patient 40 cycles of 20 s at 94C, 20 s at 45C, 20 s at 75C, and
undergoing liver resection and was snap-frozen in liquid a final 15 min at 75°C. PCR products were inserted into
nitrogen; the tissue was stored-af0 °C prior to use. Two the EcaRV site of pBluescript Il SK- for DNA sequence
grams of frozen liver was homogenized in the presence of analysis.
guanidinium isothiocyanatd {) and total RNA was isolated Reporter PlasmidsReporter plasmids containing genomic
from the homogenate by lithium chloride extractiat8) fragments encompassing thefanking region were con-
Poly(A)" RNA was subsequently isolated by affinity chro- structed in the luciferase reporter vector pGL3 Basic
matography of the total RNA over oligo(T)-cellulose (Sigma) (Promega). The'doundary of all of the genomic fragments
(19). This procedure yielded approximately 106 of poly- was theHindlll site in exon 1 that resides immediatelyt8
(A)* RNA, which was stored at-70 °C. the initiator methionine codon; in all cases the initiator
Primer Extension AnalysisAntisense oligonucleotides methionine codon was changed from ATG to TTG by PCR-
corresponding to the'&nd of exon 1 of the gene were mediated mutagenesis such that initiation of translation would
designed based on the TAFI cDNA sequen&. (The only occur within the luciferase portion of the resultant fusion
oligonucleotide sequences are as follows: TAFI-PE1 (nucle- transcripts. Deletions of increasing portions &fflanking
otides 70-91), 3-CTCTGAAACGCGAAGACATGC-3; sequence was accomplished using either convenient restric-
TAFI-PE2 (nucleotides 5791), 3-CTCTGAAACGCGAA- tion sites or PCR.



6550 Biochemistry, Vol. 38, No. 20, 1999 Boffa et al.

—— >
E S HE H SH EBH ESE B E BSHBE E E HES B 8 HH HSE H HESEHBESE B B s 8 EHB H
| Iill 1 I I I Illllllilll i II]I (1 Illlllllll 11 III| ]
1 2 3A 3B 4 5 6 7 8 9 10
E E « B:\C106H11~> s s 1178
F AR, | A10B
AM3A
a10C

AM7C

Ficure 1: Restriction endonuclease map and genomic organization of the human TAFI gene. The map of the TAFI gene is presented to
scale, with the positions d&cdRl (E), Sad (9), Hindlll (H), andBanHI (B) restriction sites indicated and the lengths of the exons (numbered

1, 2, 3A, 3B, and 4-10) represented by the widths of the corresponding boxes. Shown below the map are the locations of the five overlapping
A phage genomic clones and the three genomic fragments isolated from the BAC clone 106H11. The rectangles on either ehd of each

phage clone represent the phage arms.

For use in transient transfections (see below), large-scaleRESULTS
preparations of all luciferase reporter plasmids were obtained
using the Plasmid MAXI Kit (QIAGEN); the mass concen- Isolation and Characterization of the Human TAFI Gene.
tration of each plasmid was determined by measurement ofOne million recombinants of a human genomic library in
absorbance at 260 nm (where an absorbance at 260 nm ofFIXIl were screened with a cDNA probe that encompassed
1.0 corresponds to a DNA concentration of&mL). The the entire open reading frame of the TAFI transcript. This
approximate molecular mass of each plasmid was determinedscreen yielded five unique overlapping phage clones which
assuming an average molecular mass of 635 g/mol per basavere then subjected to Southern blot analysis and a progres-
pair; the plasmid preparations were diluted such that Sive subcloning strategy in pBluescript Il SKin order to
equivalent molar concentrations of each plasmid were localize the exons and characterize the intron/exon boundaries
obtained. (Figure 1).

Transient Transfection of Mammalian CelldepG2 (hu- Since the phage clones did not encompass the first exon
man hepatoma), 293 (human embryonic kidney), BHK (baby or the 3-flanking region of the TAFI gene, the genomic
hamster kidney), and HeLa (human cervical carcinoma) cells library was rescreened using a cDNA probe spanning only
were obtained from the American Type Culture Collection. exon 1. This screen, however, failed to identify any additional
Transient transfections were performed in 6-well plates (9.62 phage clones. Therefore, bacterial artificial chromosome
cmé/well; Corning); cells were seeded in the wells ap- (BAC) clones were isolated from a human genomic BAC
proximately 18 h prior to transfection at a density of 1/7 library using as a probe either the cDNA fragment encom-
(BHK, HelLa) or 1/5 (HepG2, 293) confluence. Transfections passing the entire open reading frame of TAFI or a genomic
were performed by the method of calcium phosphate DNA fragment representing the-Bost boundary of the
coprecipitation 21); each well received approximately 1 phage clones. This screen yielded seven unique BAC clones
pmol of luciferase reporter plasmid. To control for trans- which were then subjected to Southern blot analysis in order
fection and harvesting efficiency, each well also received to identify restriction fragments that contained exon 1 and
0.5 ug of a plasmid containing thg-galactosidase gene Which overlapped with the phage clones. Hybridizing frag-
under the control of the Rous sarcoma virus (RSV) promoter ments were inserted into pBluescript Il $Kfor analysis.
(22). After a 6 hincubation with the precipitate (24 h for ~ Three unique BAC fragments were isolated from a single
HelLa cells), the wells were washed three times with BAC clone (106H11) using this strategy: ~&6.3 kilobase
phosphate-buffered saline (PBS), fresh medium was addedpair (kb) Sad fragment was found to overlap with thé-5
and the cells were incubated for a further 42 h prior to most phage clonetl{7C), and overlapping-3.5 kb EcoRlI
harvesting of the cells for preparation of cytoplasmic extracts. and~6.8 kb Sad fragments were found to contain exon 1
The methods used for preparation of the extracts and forand the 5flanking region (Figure 1).
assays of luciferase arfttgalactosidase activity have been The information contained in the BAC fragments and the
reported previously 23). For each sample, the relative phage clones allowed for the construction of a partial
luciferase activity was calculated to be the luciferase activity restriction map of the TAFI gene and for the localization of
per unit 3-galactosidase activity per unit volume of cell the exons within the genomic structure (Figure 1). The TAFI
extract. gene consists of 11 exons which are distributed within

Computer MethodsSequences of the TAFI gene and pro- approximately 48 kb of genomic sequence. The locations of
tein were aligned with the sequences of other carboxypep-Sad, Ecorl, BanHI, andHindlll restriction sites within the
tidase genes and proteins (obtained from GenBank) usingTAFI gene were also determined. Since the 3ad BAC
ClustalX (version 1.64b) software. Dendritic trees were as- fragments are not contiguous, the length and restriction map
sembled using Treeview (version 1.5.2) software based  of the intervening genomic sequence was inferred by
on the alignment data. Searches for consensus sequences f&@outhern blot analysis of the BAC clones using probes
transcription factor binding sites in the TAFBanking re- derived from each of these fragments (Figure 1).
gion were performed with Matinspector (version 2.25)( The DNA sequence of each exon was determined and was
software using the Transfac (version 3.4) database of ma-found to correspond exactly to the cDNA sequence for
trixes corresponding to known transcription factor binding plasma procarboxypeptidase B (i.e., TAFI) reported by Eaton
sites. et al. @), except for an A>G substitution that converts a
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Table 1: Intron/Exon Boundaries in the Human TAFI Gene

Exon 3" splice acceptor 3' splice donor Exon length Codon phase
(rat CPB) (rat CPB)
91
1 . .TCAGAGgtaacccaatagaatcttag 74 bp” 65 bp)” 2° (29
92 167
2 tcttttatttttttccccagTGGCCA. . . . .TATGAGgtaatttctcectaatttat 76bp (76 bp) 0° (0°)
168 292
3A ttttgeccecttaaactgtagATTGTT. . . . .ATGCAGgtaggcacccgttcaatacg 125 bp (125 bp) 2° (2%
293 401
3B ctctetgtttecatcacctagTGTCTT. . . . .AATGAAgtaagccatcacacagctct 109 bp (100 bp) 0° (0°)
402 503
4 tetggtttceccattttgectagATCTAT. .. . . TTAAAGgtatgttgtggggaaagttg 102 bp (102 bp) 0° (0°)
504 608
5 tttggggtttctttgagecagGTTICT. .. . .GGCCATgtaagtattcacattetett 105 bp (102 bp) 0° (0°)
609 719
6 atacttggtttaatttgcagATAACT. . . . .AAAAAGgtaggagaaaaggcaaagaa 105 bp (111 bp) 0° (0°)
720 813
7 tttgtattttgtttatgtagAATCGA. .. . .GGTGTGgtaggttgttggetttattt 94 bp (91 bp) 1°(1°)
814 1016
8 ccttaacaatttcgttacagAGGAAG. . . . .GAACTGgtaagtgctacttaattatt 203 bp (203 bp) 0° (0°)
1017 1104
9 ctatatctttttgettccagTCTCTA. .. . .CCTTATgtaagtatttcttcecttatga 88 bp (85 bp) 1°(1°)
1105
10 tttetttettecttcttttagACCTAG. . . 182 bp® (185 bp)”

a Intron/exon boundaries were characterized by DNA sequence analysis of human genomic clones. The exon sequences are presented in upper
case letters while the intron sequences are in lower case letters. Nucleotide numbering is baséd Tmerebnsensus splice acceptor and donor
sequences are in boldface type. The length of each exon and the codon phase is given with those of the rat pancreatic carboxype@ase gene (
presented in bracket8Refers to the number of nucleotides in the open reading frame.

threonine codon (ACA) to an alanine codon (GCA) at the to identify specific nucleotides corresponding to the tran-
position specifying residue 147 in the TAFI protein. Analysis scription start site(s). The results (Figure 3) revealed multiple
of cDNA clones derived from human liver RNA by RT- sites for the initiation of TAFI gene transcription. Nine of
PCR (data not shown) or of PCR products amplified from these sites can be considered to be major transcription start
human genomic DNAZ6) suggests that this is indeed a sites (indicated by the larger arrows and the boxed nucle-
common polymorphism in the human population, present in otides in Figure 3) and appear to be similar in the frequency
almost all individuals examined. The sequences of the intron/ of their usage since the abundance of the respective primer-
exon boundaries are presented in Table 1. Interestingly, weextended products is similar. Two other start sites (indicated
found that the location and phasing of these boundariesby the smaller arrows in Figure 3) appear to be used with a
correspond exactly to those which have been reported forlower frequency. Essentially identical results were found
the rat pancreatic carboxypeptidase Al, A2, and B geneswhen a different end-labeled oligonucleotide (TAFI-PE2; see
(27, 28) and the human mast cell carboxypeptidase A gene the Experimental Procedures) was used as the primer (data
(29) (Table 1 and Figure 2). The only exception to this rule not shown). The boxed nucleotide designateldon Figure

is that in the rat carboxypeptidase Al gene, exons 3A and 3 is the first nucleotide of the cDNA sequence reported by
3B are fused into a single exo87) (Figure 2). Despite the  Eaton and co-worker$); we have arbitrarily designated this
conservation of the locations of the exons in all of these nucleotide ast1 since there does not appear to be a single
carboxypeptidases, the lengths of the introns are widely major transcription start site. The location of the initiator
divergent (Figure 2). Additionally, there are small differences methionine codon is also indicated in Figure 3. Thus, the
in the lengths of certain exons between the TAFI gene and 5'-untranslated region of the TAFI mRNA transcript varies
the rat carboxypeptidase B gene (Table 1). from between 9 and 46 bp in length.

Identification of the Transcription Start Site of the TAFI Characterization of the 'sFlanking Region of the TAFI
Gene Primer extension analysis of human liver poly{A) Gene On the basis of the results of the primer extension
RNA was performed in order to identify the start site(s) of analysis, we concluded that the genomic sequence im-
TAFI gene transcription. The primer used was an end-labeled mediately upstream of exon 1 indeed constitutes the 5
21mer antisense oligonucleotide specific for theed of flanking region of the TAFI gene. Therefore, we determined
exon 1 (TAFI-PEL; see the Experimental Procedures). A the complete nucleotide sequence of this region, up to 2699
DNA sequencing ladder prepared using the same oligonucle-bp upstream of the-1 nucleotide. The sequence of the 5
otide as the primer and using a cloned fragment of the TAFI flanking region is presented in Figure 4. Of note is the lack
gene as the template was electrophoresed on the same gelf a consensus TATA sequence located at an appropriate
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FiGurE 2: Schematic representation of the genomic organization of the human TAFI gene compared to related carboxypeptidase genes.

The exons are represented by the boxes, numberd® and 3A, 3B. The black filled portions of the exons represent sequences encoding

the signal peptides, the grey filled portions represent the sequences encoding the activation peptides and the white filled boxes represent the
sequences encoding the catalytic domains. The broken lines connecting the exons indicate the positions of the introns; the length of each
intron (in kilobases) is presented above each broken line.

Human MC-CPA

distance {30 bp) upstream of any of the transcription start region resulted in small but reproducible variations in
sites. Thus, it can be concluded that the TAFI gene is luciferase activity while deletion of sequences upstream of
analogous to the genes for several of the blood clotting —73 resulted in luciferase activity in HepG2 cells that was
factors including Factor VIIZ0, 31), Factor IX 32), Factor only marginally above background. These data indicate that
X (393), Factor Xl 34), and protein C35) in that it is a sequences betweeril41 and—73 harbor promoter elements
liver-expressed gene whose transcription is initiated from crucial for expression of the TAFI gene in hepatic cells. The
multiple sites and whose promoter lacks a consensus TATA TAFI reporter plasmids had little or no activity, relative to
box. pGL3 Basic, in the nonhepatic cell lines HeLa and BHK.
Transcriptional Actiity of the B-Flanking Region of the =~ However, the reporter plasmids containing sequences beyond
TAFI Gene in Cultured Mammalian Cell§o assess whether —73 but less than-417 resulted in luciferase activity higher
the B-flanking region of the TAFI gene can support than baseline levels in 293 cells (Figure 5).
transcription in mammalian cells, luciferase reporter plasmids  Analysis of the 3Flanking Region of the TAFI Gen&he
containing increasing lengths of the TAFHnking region carboxyl-terminus of the TAFI protein and theuhtranslated
were constructed (Figure 5). To ensure that all elementsregion of the TAFI transcript are encoded by a single large
required for transcription were present, a unigiiedlll site exon (exon 10) in the TAFI gene (Figure 1 and Table 1).
that spans the second and third codons in exon 1 (see Figur&he sequence of the 8nd of the gene is presented in Figure
4) was utilized such that the reporter constructs each 6; the numbers in parentheses to the left of the sequence
contained the entire funtranslated region of the TAFI gene; correspond to the numbering of the TAFI cDNA. Compari-
to prevent translation initiation of the fused TAFl/luciferase son of the genomic DNA sequence of this region to that of
transcript at an inappropriate location, the initiator methionine the TAFI cDNA sequence published by Eaton et &) (
codon derived from the TAFI gene was mutated from ATG revealed that the 13 nucleotides immediatélyosthe poly-
to TTG. (A) tail in this cDNA (nucleotides 16951707) are not
TAFI reporter plasmids were transfected into HepG2 present in the gene. Therefore, we obtained clones corre-
(human hepatoma), HeLa (human cervical carcinoma), BHK sponding to the '3untranslated region of the TAFI cDNA
(baby hamster kidney), and 293 (human embryonic kidney) by RT-PCR using first-strand human liver cDNA as the
cells by the method of calcium phosphate coprecipitation. template. Clones were isolated that ended with a poly(A)
Each well received an equimolar amount of the respective sequence at three different positions: after nucleotides 1677,
reporter plasmids, as well as a fixed amount ¢gi-galac- 1710, and 1836 (indicated by the arrows in Figure 6). The
tosidase-expressing internal control plasmid in order to placement of these polyadenylation sites affords the genera-
correct for differences in transfection and harvesting ef- tion of TAFI transcripts containing’duntranslated regions
ficiencies. Luciferase activity was expressed relative to that of 390, 423, and 549 bp, respectively. Each of the three
of a negative control promoterless luciferase reporter plasmid polyadenylation sites are preceded by a consensus polyade-
(pGL3 Basic). Transfection of a reporter plasmid containing nylation signal (AUUAAA or AAUAAA 12—19 bp up-
2699 bp of the TAFI 5flanking region upstream of the stream; see Figure 6). These clones likely represent the full
transcription start site into HepG2 cells resulted in a 10- spectrum of possible polyadenylated products since no other
fold higher luciferase activity than pGL3 Basic (Figure 5), consensus polyadenylation signals are present in this region
indicating that the 5flanking region of the TAFI gene  of the gene (Figure 6). None of the clones contained the 13
contains sequences capable of directing transcription innucleotides present between nucleotides 1695 and 1707 in
hepatic cells. Progressive 8eletions of the 5flanking the published cDNA sequencé)(
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by duplication of a common ancestral gene followed by
divergent evolutionary processes leading to specialization of
function of the gene products.

The genes encoding the carboxypeptidases are an example
of such a multigene family. The pancreatic carboxypeptidases
are digestive exopeptidases secreted by pancreatic acinar cells
and specifically hydrolyze carboxyl-terminal residues con-
taining aromatic or branched aliphatic side chains (CPAL,
CPA2) or basic side chains (CPB) in protein substra2&s (

28 and references therein). Mast cell carboxypeptidase A is
specifically expressed in the secretory granules of certain
populations of mast cell2@) and possesses the same sub-
strate specificity as CPA1 and CPA2 while sharing a higher
degree of amino acid similarity with CPB®). The gene
encoding TAFI can now be added to this multigene family.
TAFI shares substantial sequence similarity with the other
carboxypeptidases (between 34 and 40% amino acid identity;
data not shown) and exact conservation of amino acid resi-
dues thought to be involved in substrate binding and catalysis
+1 (6), as well as a strikingly similar genomic organization (see
Figure 2 and Table 1). Other mammalian basic carboxypep-
A tidases (reviewed in re§7), including carboxypeptidase N,
= T a constitutive plasma carboxypeptidase, carboxypeptidase M,
— T a membrane-bound carboxypeptidase, and carboxypeptidases
T C H and D @8) which are components of secretory granules,
G are structurally distinct from the above carboxypeptidases
T T and constitute a subfamily known as the “regulatory” basic
G carboxypeptidases since they are thought to be involved in
G G regulating the activity of peptide hormone). One of the
A Met introns in the carboxypeptidase H gene, however, is in a
position comparable to that in the pancreatic carboxypepti-

PE G A T C it has been concluded that multigene families have evolved
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A dase genes3p), indicating that the regulatory carboxypep-
A . tidases may have evolved from the same ancestral gene as
G C Hindll the pancreatic carboxypeptidases, MC-CPA and TAFI.
T T Knowledge of the genomic structure of the TAFI gene
allows conclusions to be made regarding the evolutionary
Ficure 3: ldentification of the start sites for transcription of the  relationship between TAFI and the other carboxypeptidases
human TAFI gene by primer extension analysis. Primer extension to which it is related. As depicted in Figure 2, all of these

analysis was performed on human liver RNA using reverse enes share an identical genomic oraanization excent fo
transcriptase and an antisense oligonucleotide specific for'the 3 g SS : ' 9 Ic organizafl Xcept 1or

end of exon 1 and end-labeled wi#P. The products of the primer ~ €xon 3, which is a single large exon in CPA1 but is split
extension reactiorRE) were electrophoresed on a sequencing gel into two exons (3A and 3B) in the other carboxypeptidases
beside a dideoxy sequencing reacti@h f, T, C) using a cloned  (27—29). The intron dividing exons 3A and 3B was likely

DNA fragment encompassing thé-ianking region of the TAFI |45t i the CPA1 gene following the gene duplication event
gene as the template and using the same antisense oligonucleotide

as the primer. Indicated to the left of the resulting autoradiogram Which gave rise to separate CPAL and CPA2 gedd} (
are the positions of bands corresponding to major (large arrows) Furthermore, exon 3A of CPA2 contains an additional seven
and minor (small arrows) start sites. To the right of the autorad- codons at its 3end (these codons are included in exon 3 of
iogram is the sequence of théffanking region; the nucleotides CPAL) that are missing in CPB, MC-CPA and TARI7(C
representing the major start sites are boxed and the first nucleotidezg) Thus. it can be concluded that CPB. MC-CPA. and TAFI

of the cDNA reported by Eaton and co-workers (6) is labeteld . .
and is shown in the black filled box. Also indicated are the positions Nave arisen from a common ancestral gene that diverged from

of the initiator methionine codorMet) and aHindll restriction the lineage leading to the CPAL/CPA2 genes. Consistent with

site. this idea, MC-CPA shows greater amino acid sequence
similarity to CPB than to CPA1 or CPA2 despite the fact

DISCUSSION that MC-CPA has a similar substrate specificity to CPA1

Multigene families consist of genes encoding products and CPA2 29). Alignment of the amino acid sequences of
which share common functional motifs but which have the human orthologues of all five carboxypeptidases reveals
diverged in terms of primary sequence, physiological role that CPB is more closely related to MC-CPA than it is to
and site of synthesis. The members of these gene familiesTAFI (data not shown). Thus, the ancestral gene leading to
not only share substantial sequence homology in certain TAFI may have arisen from a gene duplication event that
portions of their coding regions but also often share a highly also gave rise to a common CPB/MC-CPA ancestor.
conserved genomic organization with respect to the location In contrast to the clear amino acid sequence similarity and
of the intron/exon boundaries within the coding region. Thus, conservation of genomic organization that characterizes the
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EcoRI (-2699)
-2699 GAATTCACCCAAACATAATTAACCTCATAAAGCAGTGCAACACTGACTTTAARATAAGTATCCTGAGGATTCTCAATGAGAGATCTAAAGGAATCATATC

-2599 GACTAAAARATTGAARAAAATCTTAAATGATATTTTAAAATACTGGTATAARAACAAAATCAGTAAACACGCAARAGAACCAGCTGTAAATGATTTATAT
-2499 AGTCATCGAGGTAATTATTTAAAACACCTCAACTGGACTATGTAGTCTAARATTAGACTCAAAGAATAAATTAGTGGATTTGAAGATAGTGCTGAGARACT
-2399 CACCCAGAATACAGCATACAGAGACAAAGATGATGAGTTTTTAAAACATGAAAGGACAGTTACAAGACATGARAGATAGATCAAGAAGCTCCAACAGGAC
-2299 GCTACAGGGCACTAGCAGAGATACGATAGCTGAAGARATAATARAATGATTTTCCAAGACTGAAGAAATGTCTARATCCTCAGATCARAAGTACATCCTG
-2199 TGTATTGAGTAAGATAATAAAAACTAAATCCACA%%%gégﬁ%AGAGTAATGGATCTGAGAAGCACCAAGGATAAAGATAATCCCTTAAAAGTTATCAAGG
-2099 AGAAAGGACAGCTAAACTGCAAGGGAACAACAATTACCTGGGCAGCAGATTCCTACCATGCAACAGGAARATGTCAAACAACAATGACGCATCCGTCACAC
~1999 TCGAATATTACATTCAGCTAAACTAGTACTTGAAAGTGAAGGCAAAAGAAAGTTATTGT TARAGATACAGAGCATAARAAGATTTTATCACCTGTAGACTT
-1899 TTGCTATAGGAACTTTTAAAAGATTGCTTCAGCAATAAGAAATGTAATTTAAAATTTATTGTTTTTTATGCACTCTGTTTCTTTTGTATCCTGTTTCTGT
-1799 TTCCCCAGAGAGGAAACAGGACATAAAATAAAGAAGAAACACAGATACAARATAAGTAGCACAAAAATTGATAGAATTTATTAGCATATTTTAACTATTT
=1699 TGACTGTTTGTTTTAAAGTTAACTTTTATGTTAAARAGATAAGGTAARAGTTACTTGGGTTAGTTTTTCTTTCTCTCCTTCAGTGTGATTATGTTATTCA
-1599 TTTGAAACACAGGTTCGTTTTTGTTTGTATTATTTTTTAARATTTATTTGTTTGCTTGTTTTAAGTACATATGTGAAAAGAACATGGTTCTARAATTCAG
-1499 AGTAGTTCTAAAGTTCAGAACTATTCAAAACACTTCACCCRARGAAGCGTCCCTCCCTGTCTCTTCTACCCTGTCTTTTCCAGTGTGTTTCCACTCACCT
-1399 CCCGTGGATAACCAGTCTCATTGATTTCTAATCTATCCTTCTTATGTTTCTTTCTCCACATATGAGCAGACACACACATATTTTCTTATTTCTTCTTCTT

-1299 TCTTATACAACAAGTGGTTACAGTGGAGGTCACTTTAATTCATTARATATCATTCAATAGTT T TAAATCTCAAAAGGAARAGTTTGARATCTCAATCATT

Sacl (-1128)
-1199 TTCTTCTGGCCAGGCACGACTGCACGCCTGTATTCCCAGCACTTTGGAAGGCAGAGGCAGGTGGATCTCCTGAGCTCAGGAGTTTGAGACCATCCAGTGC

-1099 AACATGGTGCAACCCTGTCTCTACTAAARAATACAAAAARAATTAACTGGGTGTGGTGGGGCACACTCTAGTCCCAGCTACTTGGGAGGCTGAGGCAGGAG
-999 AATTGCTTGAGCCCCAGAGTGAAGGTTGCAGTGAGCCAAGATCACGCCTCTGCACTCCAGCTTGGGCTACAGAGTGAGACTCTGTCTCAAAAAAAARAAA
-899 AAAAAAAGAAAAGAAAAAAGAAAAAAAATCATTTTCTTCTCAGAAGTTAATTGTGGGCAGGCTGATTTATTTTGCAAATTfEEgX;TTCTGACTTCAAGA
~799 ACATTCAAGTGCATTAACCAATGGGAATGTAGGGGAAGAGGGCTCCACTCACTTACAGAGGGTAGGATATGGCCTCATACTAGACAARATGTTATTTGAT
-699 GCTACTTTCAAGATGATAGGGGATGGGCCTGGATTTAATTGATGGCTATTATGGTGACCTTTAAATAAATGAGATTCAA;&?%ACCTGATGTCTTTACTG
=599 CTTGAACCAGCTTCCATGAAATAGTATTCCTATTGGGGGTGGGCCTATCATTCCATATGGTCAAGGARACATCTTTTTGAACAGAGATCCTGTAATCATC
-499 CTTACAAACTGCACTTCAACATTGGATTGGATTAGCCAGATTTGAGGAACTCACTTTTTACATCTTCATAAATTTAAAATGf;azXAAAGTCAGAGGCAA

-399 GGGRAGACATTTATAGTACTTCACGGTAGATCTCCCTCARCATGGGCTATATATCCATTAGTCAATATTCTATAGCTATTGTTCTGCAATAAACCAGACA

> -298 Xbal (-236)
-299 AGATCCTACTGTATTACTACCCTTTTATTCTTGGCCCTACCTTCCCCAAGGAGTTACACATTTTCTAGATAGTCTAAATTAAGAGCAACTCTCATCATAC

-141 c-Ets-1
-199 TCTTTTTGAGTGTTTAATTATCAAGCAACAGCCTAACTAAGCCAATAATATTTcTCTTTTTGGGAGTGGAAATGGAAGCTAAGTTGATTGACCCACAGGA
73 C/EBP
-99 ACAAGAGGGAACATGCCGTTATATTTTAACCAGTGTGTAAAGAAGGCTGTTATGCAATCAATGATCTGGGTTTTTCTCTTCAGAGAAATTTGTTGTACAG
Hindiih HLF
+3 AAAATTGCTGTTGGGATGAAGCTT

Ficure 4: Nucleotide sequence of thé-flanking region of the human TAFI gene. The numbering of the nucleotides to the left of the
sequence is given relative to the first nucleotide of the cDNA reported by Eaton and co-workers (6) which isHdbélbe positions of

EcaRl, Xbd, Sad, andHindlll restriction sites are underlined. The positions of major (filled triangles) and minor (open triangles) transcription
start sites are indicated. The initiator methionine codon is double underlined. The locations of selected potential transcription factor binding
sites identified using Matinspector softwa@b) are indicated.

carboxypeptidase gene family, there is little nucleotide Analysis of the 5flanking region of the TAFI gene reveals
sequence similarity between théflanking regions of all that the promoter lacks a TATA box (Figure 4) and that
of these genef{—29 and data not shown). Indeed, although transcription is initiated from multiple sites (Figure 3), similar
CPB is expressed in the same tissue as CPA1 and CPA2to what has been observed for the genes encoding several of
the B-flanking region of the CPB gene is only slightly more the vitamin K-dependent coagulation factors including Fac-
similar to that of the CPA1 and CPA2 genes than it is to the tors VII, IX, X, and Xl as well as protein C30—35). This
5'-flanking region of the TAFI gene (data not shown). contrasts with what has been observed for the genes encoding
However, it should be noted that selective pressure in thethe pancreatic carboxypeptidases and MC-CPA which all
5'-flanking regions of genes is reflected to a greater degree apparently contain a TATA box and have unique transcrip-
in the sequences of binding sites for transcription factors thantional start sites37—29). Thus, in the course of evolutionary

it is in the surrounding sequences. Indeed, the positions ofevents on the TAFI gene which led to the acquisition of its
TATA and CAAT sequences are conserved between all threeability to be expressed in the liver, the promoter region of
rat pancreatic carboxypeptidase ger#g 28); in addition, this gene acquired characteristics commonly associated with
the B-flanking region of all three rat genes contain (albeit the promoters of the vitamin K-dependent coagulation factor
in different positions) at least one copy of a sequence thoughtpromoters, which are also liver-specific in their expression.
to confer specific expression in pancreatic acinar c@¥ ( The TATA sequence in the promoters of RNA polymerase
28). lI-transcribed genes binds a TATA-box-binding protein



Characterization of the Human TAFI Gene Biochemistry, Vol. 38, No. 20, 199%555
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Ficure 5: Analysis of the promoter activity of the TAFI-BHanking region by transient transfection of reporter plasmids into cultured
mammalian cells. HepG2, HeLa, BHK or 293 cells were transiently transfected with equimolar concentrations of the reporter plasmids
shown schematically on the left by the method of calcium phosphate coprecipitation. Included in each transfection was an equal amount of
a f-galactosidase expression plasmid to control for differences in transfection and harvesting efficiency. Lucifefasmlantbsidase

activity assays were performed on cytoplasmic extracts prepared from transfected cells; luciferase activities were normalized by dividing
by the-galactosidase activities. The relative luciferase activity is defined as that divided by the luciferase activity observed in cells transfected
by a promoterless luciferase reporter plasmid (pGL3 Basic). The data shown are the mean of duplicate transfections; the error bars represent
the standard errors of the mean. The data presented are representative of at least two independent experiments.

(TBP), which is a component of the preinitiation complex,  The results of transient transfection experiments using
formation of which is required for transcription to occur. luciferase reporter plasmids containing portions of the TAFI
The binding of TBP to the TATA sequence accounts for the 5'-flanking region show that this region of the TAFI gene
existence of a unique transcriptional start site in most TATA- contains a functional promoter that is active in hepatic cells
box-containing promoters. In the absence of a TATA box, (Figure 5). Deletion of 5flanking nucleotides from-2699
however, the interaction of other transcription factors with to —142 had relatively minor effects on promoter activity,
sequences in the promoter is presumably required to localizewhereas deletion of'Slanking nucleotides beyond-141

the preinitiation complex to the appropriate location in the resulted in a precipitous drop in promoter activity. These
promoter. The weaker binding affinity and lower specificity ~data indicate that nucleotidesl41 to—73 of the TAFI gene

of these interactions results in the appearance of multiple are crucial for basal activity of the promoter. None of the
sites for transcription initiation, as we have observed for the TAFI reporter plasmids resulted in luciferase activity higher
TAFI gene. Promoters lacking TATA sequences often than background when transfected into the nonhepatic cell
contain GC-rich regions in the neighborhood of the tran- lines HelLa (human cervical carcinoma) and BHK (baby
scription start site(s) which bind the ubiquitous transcription hamster kidney), indicating that the TAFHbanking region
factor Spl and have been postulated to account for thealso contains sequences that restrict the transcription of the
localization of the preinitiation complex in these promoters promoter to liver cells. Certain TAFI reporter plasmids did
(40, 41). For example, an Spl binding site is important for result in activity in 293 (human embryonic kidney) cells
the transcription of the human Factor VII promoter in HepG2 (Figure 5). However, RT-PCR5) or Northern blot (data not
cells 31). The TAFI promoter, however, contains no shown) analysis of human kidney RNA failed to detect
consensus Spl binding sites in the region of the proximal expression of TAFI in this organ, suggesting that the
promoter (Figure 4). promoter activity observed in 293 cells is not physiologically
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to —42). Although these binding sites are included in the

—73 reporter plasmid that is not active in HepG2 cells (see
{1647) TGGTCAGAAGTACATTAAAGATTTC Figures 4 and 5), the activity of these sites may depend on
upstream sequences lacking in this plasmid. For example,
HLF has been shown to cooperate with the ubiquitous Ets

BamH|
(1622) GGATCCTACTCAACARAAGGAAGGG

(1672) TGCTCCEAATTTTCAATAAATTTCT

r . . .
(1697) GCTTGTGCCTTTAGARATACARCCA transcription factor GABB/ (52) in transcription of the
(1722) TGCATTCCGTTTGCTCCACGCTAAT Factor IX promoter in HepG2 cell$8); a good match (core
similarity = 0.926; matrix similarity= 0.873) to the c-Ets-1
(17¢7) TAGGCGATGGCCCAGARRGGGGAGG binding site b4) is located betweer 105 and—96. A good
(1772) GGTGTCAAAAACGACAAACATAGCC match (core similarity= 0.882; matrix similarity= 0.874)

to the ubiquitous transcription factor RFX%5) is present
between—112 and—96 (Figure 4); the ability of this factor
(1822) %CACTGTTGAACGIZATGAATGAG to participate in liver-specific transactivation is dependent
on certain liver-specific factors56) which may bind
downstream of-73 in the TAFI promoter. Further studies

(1872) CCGCA will be required to definitively establish which transcription
FiGurRe 6: Nucleotide sequence of thé-flanking region of the  factors mediate expression of TAFI in liver cells.

human TAFI gene. The numbering of the nucleotides presented in Although Northern blot analysis revealed that TAFI
brackets to the left of the sequence is based on the numbering of . C . .
the published cDNA (6). The location ofBarHI restriction site transcripts are detectable in liver but not in kidney, brain,

is underlined. The locations of polyadenylation sites of TAFImRNA Placenta, lung, or skeletal muscle (data not shown), we have
transcripts, as assessed by DNA sequence analysis of TAFI cDNAnot performed a definitive survey of TAFI expression in

clones isolated from human |iV€I‘. RNA by RT-PCR, are indicated various tissues. Expression of primar”y |i\/er-expressed
by the arrows. Each polyadenylation site is preceded by a consensugaqylation factors in extrahepatic tissues has been described.
polyadenylation signal (double underlined). For example, protein C mRNA is detectable in human
relevant. It is important to note that the 293 cell line is umbilical vein endothelial cells5{f) and in cells of human
transformed with a replication-defective form of adenovirus male reproductive tissue$§). Recent reports have also
(42); thus, adenoviral proteins, including the potent transcrip- indicated that the prothrombin gene is expressed in the kidney
tion factor E1A @3), are present in 293 cells that are not (59) and skeletal muscles().
present in human kidney. It should also be noted that By RT-PCR of human liver RNA, we isolated cDNA
although the activity of the reporters in 293 cells was clones which represent TAFI transcripts in which three
dependent on the presence of the sequences withiil different polyadenylation sites were utilized (Figure 6). All
that are required for promoter activity in liver cells, reporters three polyadenylation sites are preceded by a consensus
containing 5flanking sequence beyoned17 lacked activity polyadenylation signal and result in the formation of TAFI
in 293 cells (Figure 5). It is possible that the activity of the mRNA species containing'-8intranslated regions of 390,
TAFI reporter plasmids in 293 cells involves binding of 423, and 549 bp. The relative abundance of each form of
transcription factors to sequences in the pGL3 Basic back-the TAFI transcript could not be assessed by this methodol-
bone. The plasmid-binding sites may need to be within a ogy, however. None of the cDNA clones contained the
certain distance of the TAFI promoter in order to exert their sequence “CTTCTTCTCCTTT”, which spans nucleotides
effects and result in luciferase activity in 293 cells; the 1695-1707 of the published TAFI cDNA sequend®;(this
presence of large genomic inserts, for example in reportersequence is also absent from the corresponding genomic
plasmids containing sequences upstream4i7 (see Figure  sequence (Figure 6). The origin of this sequence in the
5), would prevent the interaction of factors bound at these published cDNA is not clear at present.
sites with those bound within the TAFI core promoter. The utilization of multiple polyadenylation sites during
The mechanisms underlying the expression of genesmRNA processing is frequently observed and may play a
specifically in the liver has been extensively studied and hasrole in determining transcript abundance by specifying the
been shown to be a function of the activity of certain liver- inclusion or exclusion of sequences which modify the
specific or liver-enriched transcription factors. The role of stability of the transcript. Such sequences can take the form
such factors in the liver-specific expression of coagulation of 50—150 bp long A/U-rich regions, often containing
factor genes has also been studied in detail. The humanmultiple copies of the AUUUA pentanucleotidé1j. Al-
Factor VII (30, 31) and Factor X 83, 44) promoters contain  though the TAFI 3untranslated region is relatively A/U-
functional binding sites for HNF-4, the human Factor IX rich and contains one AUUUA sequence (beginning at
promoter contains functional binding sites for HNF-4 as well nucleotide 1325), the region that would be differentially
as C/EBP 45), and the human protein C promoter contains represented in TAFI transcripts based on alternative usage
functional binding sites for HNF-1, -3, and -85, 46—49). of polyadenylation sites is less A/U-rich and lacks this
Examination of the TAFI 5flanking region sequence pentanucleotide sequence (Figure 6). While other sequences
downstream of nucleotide 141 indicated several potential capable of modifying mMRNA stability have been described
transcription factor binding sites that may mediate liver- (61), it remains to be determined whether TAFI mRNA
specific transcription of the TAFI gene (see Figure 4). These abundance is regulated at this level and whether variation
include very good matches [i.e., core similarityl; matrix in the efficiency with which alternative polyadenylation sites
similarity > 0.95 @5)] to the consensus sequences for are used during TAFI mRNA processing affects this process.
binding of the liver-enriched transcription factors C/EE®)( Differential selection of polyadenylation sites has also been
(—53 to —40) and hepatic leukemia factor [HLB1)] (—51 proposed as a mechanism by which tissue-specific expression

(1797) TCTCATTCCAGCTCAGCTGCTCAAT

(1847) TGGCTCTAGGTACTGTCAACAAATG
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of particular transcripts is achieved?). However, as
discussed above, it is not yet clear if TAFI is expressed in
tissues other than the liver.

There is currently no information concerning the ability
of TAFI gene expression to be regulated by such factors as
hormones or growth factors. It will be of particular interest
to assess if TAFI, like the fibrinogea, 3, andy chains, is
an acute-phase reactant and is thus inducible by interleukin-6
(63). A recent study suggests that levels of TAFI antigen in
plasma vary between 60 and 138% of the mean valdg (
Polymorphisms in the'Slanking regions of the plasminogen
activator inhibitor type 1 and Factor VII promoters have been
demonstrated to alter plasma levels of these proteins by
altering the rate at which transcription is initiated from the
respective promoter81, 64); whether polymorphism in the
5'-flanking region of the TAFI gene is responsible for the
variation in TAFI plasma levels remains to be determined.
The characterization of the human TAFI gene which we have
described here will be an invaluable tool for answering these
important questions.
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