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ABSTRACT: Effector cell protease receptor-1 (EPR-1) is a transmembrane glycoprotein receptor for factor 
Xa that contributes to cell surface assembly of proteolytic activities and leukocyte mitogenesis. It is now 
shown that membrane expression of EPR-1 is dynamically modulated by mRNA splicing. Northern 
hybridization analysis of EPR- 1-expressing cells and genetically engineered transfectants demonstrates 
that this mechanism involves removal of a 451 bp intervening sequence retained in 70-90% of mature 
mRNA, as quantitated by polymerase chain reaction amplification and ribonuclease protection studies. 
Splicing of the intervening sequence occurs in a cell type-specific fashion, as judged by the constitutive 
membrane overexpression of EPR- 1 in certain leukemic B lymphocytes and monocytic cells. Furthermore, 
phenotypic analysis of cell lines stably transfected with functionally spliced or unspliced EPR- 1 constructs 
suggests a potential role of intron cis-acting sequence(s) in splicing regulation. Instead of a transmembrane 
receptor for factor Xa (EPR-la), the most prevalent unspliced EPR-1 transcript generates a novel truncated 
protein of 110 amino acids (EPR-lb), in which a unique intron-encoded -COOH terminus carries a potential 
nuclear targeting signal PPQHRAKS. An antibody generated against the intron-encoded sequence of 
EPR- 1 b demonstrates prominent nuclear localization of this variant isoform in indirect immunofluorescence 
staining of permeabilized cells. These findings provide evidence for a novel mechanism based on high 
efficiency intron retention modulating factor Xa-dependent cellular effector functions. 

The assembly of proteolytic activities on vascular cells 
preserves the homeostasis of internal body fluids (Furie & 
Furie, 1988) and participates in a variety of cellular effector 
functions. Binding of coagulation and fibrinolytic proteases 
to cell surface protease receptors transduces intracellular 
signals (Vu et al., 1991), initiates transcription of early 
activation-dependent genes (Daniel et al., 1986), influences 
normal and malignant cell motility (Bar-Shavit et al., 1983; 
Ossowski, 1987), and stimulates DNA synthesis and cell 
proliferation (Glenn & Cunningham, 1979; Kirchheimer et 
al., 1989). A recently identified molecule, designated 
effector cell protease receptor- 1 (EPR- l ) , l  mediates the 
interaction of the blood protease factor Xa with monocytes 
and various leukocyte subpopulations, thus promoting mem- 
brane assembly of proteolytic activities (Altieri & Edgington, 
1990; Worfolk et al., 1992). Furthermore, consistent with 
the mitogenic effect of factor Xa on mesenchymal cells 
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(Gasic et al., 1992), occupancy of EPR-1 with factor Xa or 
with selected monoclonal antibodies (mAbs) costimulates 
lymphocyte proliferation in vitro (Altieri & Stamnes, 1994). 
Using a functional cloning strategy of the cDNA, the primary 
structure of EPR-1 has been recently elucidated and defines 
a novel transmembrane glycoprotein receptor for factor Xa 
of 337 amino acids, potentially implicated in protease- 
dependent intracellular signaling mechanisms (Altieri, 1994). 
It is now shown that EPR-1 expression is modulated by an 
unusual pathway of mRNA splicing (Sharp, 1987; Green, 
1991; Maniatis, 1991), which involves an intervening 
sequence almost invariably retained in mature "A. This 
mechanism introduces a profound protein isoform diversity. 
The most prevalent and ubiquitous unspliced EPR- 1 tran- 
script generates a novel, nuclear-localized, truncated protein 
with a unique intron-encoded -COOH terminus. 

EXPERIMENTAL PROCEDURES 
Cells and Cell Cultures. Peripheral blood mononuclear 

cells (PBMC) were isolated from heparinized blood drawn 
from informed normal healthy volunteers or from a patient 
(M.W.) with chronic lymphocytic leukemia (CLL) by dif- 
ferential centrifugation on Ficoll-Hypaque gradient (Sigma 
Chemical Co., St. Louis, MO), as described (Altieri & 
Edgington, 1990). PBMC at 5 x 1061mL were activated by 
a 2-7 day culture in 24-well tissue culture plates (Costar 
Corp., Cambridge, MA) in the presence of 20 pglmL 
phytohemagglutinin (PHA, Calbiochem Corp., La Jolla, CA). 
Monocytic THP-1 cells, erythroleukemia HEL, B lymphoma 
Daudi, T leukemia MLT (American Type Culture Collection, 
ATCC, Rockville, MD) were grown in RPMI 1640 tissue 
culture medium (Whittaker Bioproducts, Walkersville, MD) 
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plus 1 mM L-glutamine (Whittaker), 10% fetal calf serum 
(FCS, Whittaker), and lop5 M P-mercaptoethanol (Eastman 
Kodak Co., Rochester, NY). Monocytic WEHI.3 cells 
(ATCC) were grown in DMEM medium (Whittaker) plus 
10% FCS, 1 mM L-glutamine, nonessential amino acids, and 
penicillin-streptomycin (Irvine Scientific, Santa Ana, CA). 
Cell surface expression of EPR-1 was quantitated by flow 
cytometry using anti-EPR-1 mAb 2E1 (Altieri, 1994). 

Molecular Cloning of the cDNA for EPR-1. The experi- 
mental strategy to isolate cDNA clones encoding EPR- 1 has 
been described previously (Altieri, 1994). Thirty-two inde- 
pendent clones were isolated from four different oligo-dT- 
primed human cDNA libraries, and all sequenced on both 
strands of exonuclease 111-generated (Promega Corp., Madi- 
son, WI) nested deletions using Sequenase (United States 
Biochemical, Cleveland, OH). 

Transfection Experiments. EPR- 1 cDNA constructs in the 
eukaryotic expression vector pRC/CMV (Invitrogen), were 
transfected (15 pg of plasmid DNA) in subconfluent cultures 
of Chinese Hamster Ovary (CHO) cells by electroporation. 
Forty-eight hours after transfection, cells were harvested, 
selected in DMEM plus 1 mg/mL Geneticin (G418, GIBCO, 
Gaithersburg, MD) at 6 x 103cells/80 mm diameter tissue 
culture Petri dishes, and cloned by limiting dilution in 96- 
well microtiter plates (Costar) at 0.5-3 celldwell in selection 
medium. 

Polymerase Chain Reaction (PCR). The following EPR- 
1 -derived oligonucleotides were used: forward A10/25, 
5'(- 1 l)GAACAGCCGAGATGACCTCC(9)3'; forward C3/ 
27, (8 1)5' TCATCTTACGCCAGACTTCAGCC (103)3'; 
reverse G3/27, (784)5' CGATCTCGACTGTCGAAACAAAGC 

CAGATGTG (184)3'; reverse G5/27, (739)5' AATGT- 
GTCTGGACCTCATGTTG (7 18)3'; junctional GA3 reverse 
(696)5' AACCGTCCACGIACCGACCCGA (217)3' SmaI 
reverse (839)s GATTCCCGGGCTTACCAGGTGAGAAG 
(814)3' (positions in the EPR-1 mRNA are in parentheses). 
First strand cDNA was synthesized from total or poly(A)+ 
mRNA isolated from EPR- 1 -expressing cells. Typically, 1 
pg of poly(A)+ mRNA or 16 pg of total RNA were incubated 
with 10 mM MeHgOH for 10 min at 22 "C, neutralized in 
700 mM P-mercaptoethanol, and annealed with various EPR- 
1-derived oligonucleotides for 2 min at 65 OC. The reverse 
transcription reaction was carried out in a volume of 20 pL 
in the presence of 10 mM Tris-HC1, 50 mM KC1, pH 8.8, 
0.1% Triton X-100, 5 mM MgC12, 1.25 mM dNTPs, 1 unit 
of RNAse inhibitor (RNAsin, Promega Corp., Madison, WI), 
and 15 unitdreaction AMV reverse transcriptase (Stratagene, 
San Diego, CA) for 1 h at 42 "C. At the end of the 
incubation, the DNA-RNA hybrids were denatured by 
heating at 95 "C for 3 min and subjected to a second round 
of cDNA synthesis. Twenty or fifty percent of the synthe- 
sized cDNA was amplified by PCR using 0.5 pg of EPR- 
1-specific oligonucleotides in the presence of 10 mM KC1, 
20 mM Tris-HC1, pH 8.8, 10 mM (NH4)S04, 2 mM MgS04, 
0.1% Triton X-100, 100 pglmL nonacetylated bovine serum 
albumin, 400 pM dNTPs, and 2 unitdreaction of VentR DNA 
polymerase (New England Biolabs, Beverly, MA). Thirty- 
five cycles of amplification were carried out in a Perkin- 
Elmer Cetus 480 thermocycler with denaturation at 94 "C 
for 1 min, annealing at 54-66 "C for 1 min, and extension 
at 72 "C for 1 min. In separate experiments, aliquots of 
human cDNA libraries (Agtl 1 MLT, HEL or human umbili- 

(762)3'; forward T5/27, (161)s CGTGTGGAGAACGTGA- 
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cal vein endothelial cells, HUVEC) or from a AFIX 11 
genomic library (human placenta, Stratagene) were used as 
templates for amplification at 5 pLlreaction. All PCR 
products generated in this study were analyzed on 1-2% 
analytical agarose gels (GIBCO, Gaithersburg, MD) by 
ethidium bromide staining, cloned in pCRII (Invitrogen) or 
pCRScript (Stratagene) and sequenced on both strands using 
M13- or EPR-1-specific primers. In some experiments, PCR 
products were transferred to Genescreen (New England 
Nuclear, Boston, MA) for Southern hybridization. Nucleic 
acids were UV cross-linked (Stratalinker, Stratagene), pre- 
hybridized in 5 x SSC, 5 x Denhardt's solution, 0.1 % sodium 
pyrophosphate, 0.5% SDS, and 100 pg/mL denatured salmon 
sperm DNA (Promega) for 2 h at 65 "C and hybridized with 
various 32P-random primed (Klenow, Boehringer-Mannheim, 
Indianapolis, IN)-labeled EPR-1 probes or internal EPR- 1 
oligonucleotides end-labeled with T4 polynucleotide kinase 
(Promega) for 6-12 h at 65 "C in a rolling hybridization 
oven (Hoefer Scientific, San Francisco, CA). The transfer 
membrane was washed twice in 5% SDS, 2x  SSC at 65 or 
68 "C for 30 min and once in 0 . 2 ~  SSC at 22 "C, before 
exposure for autoradiography using a Kodak X-Omat AR 
X-ray film (Eastman Kodak) and intensifying screens. 

RNA Isolation, Northern Blots, and Ribonuclease Protec- 
tion Assay. Total RNA was extracted from EPR-l-express- 
ing cells by the guanidinium-isothiocyanate method. Poly(A)+ 
mRNA was prepared by magnetic separation on oligo-dT- 
coupled beads (Promega). RNA samples (0.5-1 pg of 
mRNA or 8- 16 pg of total RNA) were electrophoresed on 
agarose formaldehyde gels in 20 mM Nap04 and 1 mM 
EDTA at 80 V for 4-5 h, transferred to Genescreen, 
prehybridized, and hybridized with 32P-labeled EPR- 1 probes 
as described above. For ribonuclease protection experiments, 
the pCRII plasmid containing the intronless EPR-1 probe 
PCR124 (see below) was linearized with XbaI upstream the 
5' end of the insert, and the antisense strand was transcribed 
in a total volume of 20 pL containing 40 mM Tris-HC1, 6 
mM MgC12,2 mM spermidine, 10 mM NaC1, 10 mM DTT, 
1 unitheaction RNAse inhibitor (RNAsin, Promega), 10 mM 
ATP/GTP/CTP, 50-90 pCi of [32P]UTP ('3000 Ci/mmol, 
Amersham), and 10 units/reaction SP6 RNA polymerase for 
1 h at 37 "C. After incubation with 10 units of DNase for 
15 min at 37 "C, the PCR124 RNA transcript was separated 
on a 5% acrylamide/8 M urea denaturing gel, excised, and 
eluted in 1 mM EDTA, 0.5 M N&OAc, and 0.1% SDS 
overnight at 37 "C. Forty-thousand or eighty-thousand cpm 
of the PCR124 RNA transcript were hybridized with 8-24 
pg of total RNA from HEL or THP-1 cells in 80% 
formamide, 100 mM sodium citrate, 300 mM sodium acetate, 
pH 6.4, and 1 mM EDTA for 8-14 h at 45 "C. At the end 
of the incubation, samples were treated with a 1 : 100 dilution 
of RNAse A/RNase T1 mixture (typically, 2 pg/mL RNAse 
T1,40 pg/mL RNAse A) in 10 mM Tris-HC1,5 mM EDTA, 
300 mM NaCl (Ambion, Inc., Austin, TX) for 30 min at 37 
"C. After precipitation, protected fragments were separated 
by electrophoresis on a 5% acrylamide/8 M urea denaturing 
gels, and visualized by autoradiography. 

Construction of a Functionally Spliced EPR-1 Minigene. 
Ten micrograms of HEL total RNA were reverse transcribed 
with EPR- 1 -specific oligonucleotides and amplified in 
separate reactions with complementary splice-site specific 
oligonucleotides GA2 (forward) plus reverse SmaI oligo- 
nucleotide, or GA3 (reverse) plus forward A10/25 oligo- 
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nucleotide. The two resulting intronless PCR products of 
248 bp and 172 bp, respectively, were fused together for 2 
min at 65 "C and reamplified with forward oligonucleotide 
A I0/25 plus reverse SmaI oligonucleotide. This construct 
of 420 bp comprised the 5' translational initiation codon 
contained in the A 10/25 oligonucleotide, and extended 
through the SmaI site at position 379 in the functionally 
spliced EPR-1 transcript (Figure 1A). The construct was 
cloned in the EcoRI and SmaI sites of pBSKS- and 
completely sequenced on both strands. A full length EPR- 1 
cDNA clone isolated by high stringency hybridization 
screening from a ilgtl 1 MLT library (ill 12) was digested 
with Sac1 and SmaI and directionally cloned in-frame with 
the SmaI site of the intronless PCR construct. This function- 
ally spliced EPR- 1 minigene (F1 , 1.1 kb) was sequenced on 
both strands and inserted in pRC/CMV. 

Synthetic Peptide and Sequence-Specific Antiserum. A 
synthetic peptide designated P-25-A and duplicating the 
intron-encoded sequence Pro-Pro-Gln-His-Arg-Ala-Lys-Ser- 
Phe-Lys-Lys-Asp-Leu-Gly-His-Cys-Leu-Phe-Leu-Arg-Glu- 
Glu-Arg-Pro-Ala was synthesized and purified by high 
pressure liquid chromatography on C 18 columns. Twenty- 
five milligrams of the P-25-A peptide were coupled in a 1 : 1 
molar ratio to keyhole limpet hemocyanin (Calbiochem), and 
500 pg of the conjugate in 1 mL was injected subcutaneously 
in multiple sites into a rabbit in complete Freund's adjuvant. 
After a 4-week interval, the animal was boosted with 500 
pg of the conjugate subcutaneously in incomplete Freund's 
adjuvant and bled 1 week after the boost. Subsequent boosts 
were also followed by a 1-week interval before bleeding. 

Indirect Immunofluorescence. HUVEC were grown to 
confluency onto 0.2% gelatin-coated glass coverslips for 4-5 
days at 37 OC, washed in PBS, pH 7.2, and fixed with 1% 
paraformaldehyde for 30 min at 22 "C. After washes, cells 
were permeabilized with 0.5% Triton X-100 for 10 min at 
22 OC, washed in PBS, pH 7.2, and incubated with 1:lOO 
dilutions of control preimmune rabbit serum, anti-P-25-A 
sequence-specific antibody, or anti-Sm nuclear protein anti- 
serum (generously provided by R. Ochs, The Scripps 
Research Institute) for 1 h at 22 "C. After washes, binding 
of the primary antibody was revealed by addition of a 1:20 
dilution of rhodamine-conjugated goat anti-rabbit F(ab')2 
fragments (Tago Inc., Burlingame, CA) for 1 h at 22 "C. 
Glass coverslips were mounted in SlowFade (Molecular 
Probes, Eugene, OR) and analyzed on a Leitz Diaplan 
fluorescence microscope. 

RESULTS 

The EPR-I mRNA Contains a 451 bp Intervening Se- 
quence. A consensus DNA sequence deduced from 32 
independent EPR- 1 cDNA clones (Altieri, 1994) contained 
a single 5' open reading frame (ORF) beginning with a 
translational initiation codon (Kozak, 1984) and extending 
for 330 bp before interruption by a ochre (UAA) termination 
codon (Figure 1 A). Four additional in-frame termination 
codons were contained in a 451 bp intervening sequence 
present in all 32 EPR-1 cDNA clones (Figure IA). Thirty- 
two bp downstream the last termination codon, a single O W  
continued uninterrupted for 785 bp (Figure lA), encoding 
the -COOH terminal two-thirds of the EPR- 1 extracellular 
domain, a single membrane-spanning domain of 26 hydro- 
phobic amino acids, and a serine-rich (26%), 8 1 amino acid- 
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FIGURE 1: (A) Organization of the EPR-1 "A. The EPR-1 
consensus DNA sequence was deduced from 32 independent clones 
isolated from four oligo dT-primed human cDNA libraries. A 5' 
ORF beginning with a translational initiation codon (Kozak, 1984) 
is interrupted by five in-frame termination codons (0) contained 
in a 45 1 bp intervening sequence. Thirty-two bp downstream the 
last termination codon, the EPR- 1 ORF continues uninterrupted for 
785 bp. P, PstI; S, SmaI. (B) cDNA sequence of the EPR-1 
intervening sequence. In-frame termination codons are boxed. 
Translated sequences at the 5' and 3' junctions with the EPR-1 
intervening sequence are in bold. A PstI site is double underlined. 

long cytoplasmic tail (Figure 1A; Altieri, 1994). No other 
forward or reverse ORF were identifiable in the EPR-1 
cDNA, or in the intervening sequence. DNA sequencing of 
this intervening region revealed several clusters of adenosine 
residues (Figure 1B) but no significant homologies in 
available databases. To independently validate the authentic- 
ity of the termination codons and to rule out potential 
sequencing errors, a 454 bp PstI subclone containing the 
EPR-1 intervening sequence (il105), or a 850 bp PstI 
fragment beginning downstream the last termination codon 
(2 1 14) were expressed as fusion proteins in Escherichia coli. 
While no recombinant molecule was generated in A.105, a 
Mr -3 1 kDa fusion protein was specifically induced in ill 14 
cultures, under the same experimental conditions (not 
shown). 

To determine the cellular distribution of this intervening 
sequence, oligo-dT-primed cDNA libraries or reverse- 
transcribed RNA of EPR-I+ cells were subjected to PCR 
amplification. As shown in Figure 2, the oligonucleotide 
pair T+G5/27, flanking the EPR- 1 intervening sequence, 
generated a single DNA product of 579 bp from all the 
templates analyzed, consistent with the size of the EPR- 1 
mRNA containing the intervening sequence (Figure 2). No 
additional lower molecular weight bands were detected by 
ethidium bromide staining (Figure 2, and see below). 

Characterization of the EPR-1 Intervening Sequence as a 
Retained Intron. Despite the presence of the termination 
codons (Figure l), transfection of CHO cells with the EPR-1 
cDNA containing the intervening sequence (2407) was 
specifically associated with surface expression of a recom- 
binant molecule recognized by anti-EPR- 1 mAbs (Altieri, 
1994). Functionally, EPR-1 transfectants, but not wild type 
(WT) CHO cells, bound the natural EPR-1 ligand 1251-factor 
Xa (Altieri & Edgington, 1990; Worfolk et al., 1992) in a 
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FIGURE 2: Cellular distribution of the EPR- 1 intervening sequence. 
PCR amplification of EPR-1 sequences was carried out with the 
flanking oligonucleotide pair T+G5/27 from oligo-dT-primed 
cDNA libraries (FG-2, Raji, monocytes, U937) or reverse- 
transcribed RNA of EPR-1 + cells (THP- 1, Daudi, HEL, HUVEC). 
A single DNA product of 579 bp containing the EPR- 1 intervening 
sequence is amplified from all templates analyzed, while no 
additional lower molecular weight DNA products were detected 
by ethidium bromid staining. None, no template control. M, 
molecular weight markers in bp. 
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FIGURE 3: Functional processing of EPR-1 mRNA. (Left panel) 
Northern hybridization. Samples from EPR-I+ HEL (1 pg of 
mRNA, lane l), 2-day PHA-activated lymphocytes (16 pg of total 
RNA, lane 2), 3-day PHA-activated lymphocytes (16 pg of total 
RNA, lane 3), or EPR- 1 CHO transfectants (16 pg of total RNA, 
lane 4) were electrophoresed on agarose-formaldehyde gels, 
transferred to Genescreen, UV cross-linked, hybridized with a 1.6 
kb EPR-1 probe, and exposed for autoradiography. The EPR-1 
message in CHO transfectants appeared as a smaller transcript of 
1.5 kb (lane 4), as opposed to the 1.9 kb band detected in other 
EPR-1-expressing cells (lanes 1-3). Position of ribosomal RNA 
is indicated on the right. (Right panel) Cell type-specific removal 
of the EPR- 1 intervening sequence. Total RNA isolated from EPR- 1 
CHO transfectants, CLL lymphocytes, or WEHI.3 monocytes, was 
reverse-transcribed, primed with EPR- 1 -specific oligonucleotides, 
and amplified with the flanking oligonucleotide pairs G+T5/27 
(lanes 1 and 2), or C+G3/27 (lane 3). Single DNA products of 
128 and 253 bp were amplified from CHO transfectants (lane l), 
CLL lymphocytes (lane 2). or from WEHI.3 monocytes (lane 3), 
respectively. Control reactions in which no template was added 
are shown in lane 4 (T+G5/27) or lane 5 (C+G3/27). M, molecular 
weight markers in bp. 

specific and saturable reaction, inhibited by a anti-EPR-1 
mAb (Altieri, 1994). Therefore, a functional EPR- 1 mRNA 
was apparently generated in CHO transfectants through the 
processing of a transcript containing the intervening se- 
quence. Consistent with this possibility, Northern hybridiza- 
tion studies revealed that the EPR-1 message in CHO 
transfectants appeared as a prominent -1.5 kb band, as 
opposed to the larger 1.9 kb transcript detected in mRNA 
or total RNA of EPR-l+ HEL or PHA-activated T cells, 
under the same hybridizing conditions (Figure 3, left). In 
this context, the flanking oligonucleotide pair T+G5/27 that 
generated a 579 bp band in EPR-I+ cells (Figure 2), 

amplified a considerably smaller DNA product of 128 bp 
from reverse-transcribed RNA of CHO transfectants (Figure 
3, right). Similar results were obtained from reverse- 
transcribed RNA of chronic lymphocytic leukemia (CLL) 
lymphocytes, or from WEHI.3 monocytes, the latter using 
the more distantly spaced flanking oligonucleotide pair 
C+G3/27 (Figure 3, right). 

DNA sequencing of the cloned PCR product amplified 
from WEHI.3 monocytes (PCR124) demonstrated a complete 
removal of the intervening sequence under these experimental 
conditions, thus generating a functionally uninterrupted 
transcript which joined the 5’ ORF in the EPR-1 mRNA with 
the 785 bp ORF downstream the intervening sequence 
(Figure 1A). A 5’ junction between the ORF and the 
intervening sequence was found at position 226 with the 
sequence CCCAGCCA:gtccccca, while a 3’ junction was 
found at position 677 with the sequence ctcagattcaacag: 
GCACCT (translated sequences are in capital letters). The 
identity of the EPR-1 intervening sequence as a retained 
intron and the authenticity of the 3’3’ splice sites were 
independently substantiated in two separate series of experi- 
ments. First, two different oligonucleotides in the EPR-1 
intervening sequence generated PCR products of expected 
sizes of 380 bp and 220 bp from a human genomic library 
(Figure 1, Supplementary Material). Second, a reverse 
“junctional” oligonucleotide GA3 spanning across the 3’ 
EPR- 1 intron:exon boundary specifically amplified in com- 
bination with forward oligonucleotide C3/27 a single DNA 
product of 165 bp from reverse-transcribed RNA of HEL 
cells or CHO transfectants, consistent with the size of the 
functionally spliced EPR- 1 transcript (Figure 2, Supplemen- 
tary Material). The authenticity of the DNA product 
amplified by the “junctional” oligonucleotide GA3 and its 
identity with the functionally spliced EPR- 1 transcript was 
independently validated both by Southern hybridization with 
an internal ‘*P-labeled EPR- 1 oligonucleotide and by direct 
DNA sequencing of the cloned PCR product (Figure 2, 
Supplementary Material). 

Cell type-specific removal of the intervening sequence 
directly correlated with surface expression of EPR-1. As 
shown in Figure 4, the reactivity of anti-EPR-1 mAb 2E1 
with CLL lymphocytes or WEHI.3 monocytes was quanti- 
tatively 5-20-fold higher than that observed with other EPR- 
1 -expressing cells, including Daudi and HEL (Figure 4), 
predominantly characterized by the unspliced EPR- 1 tran- 
script (Figure 2). 

The alternative processing of EPR-1 mRNA was further 
quantitatively characterized. First, consistent with the data 
presented in Figure 2, amplification of reverse-transcribed 
mRNA of PHA-activated lymphocytes with the flanking 
oligonucleotide pair C+G3/27 generated a single DNA 
product of 702 bp (Figure 5, A) that was identical to the 
EPR-1 consensus sequence and contained the 451 bp 
intervening sequence (Figure 1 A). Although no additional 
lower molecular weight bands with the expected size of 253 
bp were visible by ethidium bromide staining (Figure 5A), 
Southern blot of the PCR product with a intronless EPR-1 
probe (Figure 3) revealed two strong hybridization bands of 
700 and 250 bp, respectively, the latter consistent with the 
size of the functionally spliced EPR-1 transcript (Figure 5, 
B). When interpreted in the context of competitive PCR 
studies (Gilliland et al., 1990), these data suggest a quantita- 
tive ratio 5 1 : 17 for the spliced vs unspliced EPR- 1 mRNA. 
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FIGURE 4: Removal of the intervening sequence correlates with 
EPR- 1 surface expression. EPR- 1-expressing cells were harvested, 
blocked with 20% normal human serum, and analyzed for their 
reactivity with anti-EPR-1 mAb 2E1 by flow cytometry. Back- 
ground fluorescence was assessed in the presence of the irrelevant 
&b HB3. 
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FIGURE 5: Amplification of two forms of EPR-1 mRNA from 
activated lymphocytes. (A) Ethidium bromide. A single DNA 
product of 702 bp containing the EPR- 1 intervening sequence was 
amplified from reverse transcribed poly(A)+ mRNA of PHA- 
activated lymphocytes by the flanking oligonucleotide pair C+G3/ 
27 (lane 1). No additional lower molecular weight bands with the 
expected size of 253 bp were detected by ethidium bromide staining. 
(Lane 2) No template control incubation reaction. M, molecular 
weight marker in bp. (B) Southern hybridization. The PCR products 
shown in panel A were transferred to Genescreen and hybridized 
with a 32P-labeled intronless EPR-1 probe (PCR106, 128 bp). Two 
radioactive bands of 700 and 250 bp (lane 3), consistent with the 
sizes of the unspliced (EPR-lb), and spliced (EPR-la) mRNAs, 
respectively, were detected in the PCR products shown in lane 1. 
(Lane 4) Hybridization of control PCR products in lane 2. 

Second, in ribonuclease protection studies of HEL or THP- 1 
cell RNA, the intronless EPR-1 probe PCR124 (see above) 
strongly hybridized with the predicted protected fragments 
of 146 and 107 bp of the unspliced EPR-1 transcript (Figure 
6 and data not shown). In contrast, the functionally spliced 
EPR-1 mRNA was detected as a considerably fainter 
hybridization band of 253 bp, under the same experimental 
conditions (Figure 6 and data not shown). Densitometric 
quantitation of the autoradiograms from two independent 
experiments indicated that -70% or -93% of the EPR-1 

A UNTRANSLATED INTERVENING 
S'ATG SEQUENCE 451 bb 37GA 

ORF 785 bp 
S'ATG 37GA 

b 
I 

ORF 1011 bp 

1 2  

FIGURE 6: Ribonuclease protection assay. (A) Organization of 
unspliced/spliced EPR- 1 mRNAs and relative position of the 
intronless probe PCR 124. (B) HEL RNA (lane 1, 8 pg; lane 2,24 
pg) was hybridized with 4-8 x 104 cpm of EPR-1 probe PCR124 
(antisense strand) for 12 h at 45 "C. Protected fragments were 
separated by electrophoresis on a 5% acrylamide/8 M urea 
denaturing gel followed by autoradiography. Position of protected 
fragments of 253 bp, corresponding to the functionally spliced EPR- 
la mRNA (A), or of 146 bp and 107 bp, corresponding to the 
unspliced EPR-lb transcript, are shown on the right. 

mRNA retained the intervening sequence in HEL or THP-1 
cells, respectively. 

Intron-Dependent Expression of EPR-I in Stable Trans- 
fectants. To investigate a potential requirement for intron- 
regulatory motif@) in the processing of EPR-1 "A, CHO 
cells were transfected with the EPR-1 cDNA containing the 
intervening sequence (A407), or with a synthetic minigene 
of the functionally spliced EPR-1 mRNA (FI). As shown 
in Figure 7, A407 transfectants consistently displayed a 2-5- 
fold increased levels of EPR-I surface expression, as 
compared with CHO cells transfected with the intronless F1 
minigene (Figure 7). In control experiments, transfection 
of CHO cells with the intronless cDNA for ICAM-1 
(Simmons et al., 1988) resulted in high levels of ICAM-1 
surface expression (500 units of fluorescence in the 4-log 
horizontal axis shown in Figure 7), under the same experi- 
mental conditions (not shown). 

The Unspliced mRNA Generates a Novel Truncated 
Protein. The translated product of the most prevalent, 
unspliced EPR-1 transcript is a truncated protein of 1 10 
amino acids with a calculated Mr of 14,150, structurally 
characterized by a unique, 34 residue-long -COOH terminus 
encoded by the first 104 bp of the intervening sequence 
(Table I ). Inspection of this polypeptide sequence, shown 
in Table 1, revealed a 8 amino acid motif, PPQHRAKS, 
which is highly homologous to the sequence PPQKKIKS 
found in N-myc (Stanton et al., 1986) and that functions as 
a specific nuclear targeting signal (Dang & Lee, 1989). To 
determine the genuine synthesis and potential subcellular 
localization of this variant form of EPR- 1, designated EPR- 
1 b, a sequence-specific antiserum was raised against the 
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Fluorescence 
FIGURE 7: Intron-dependent expression of EPR-1 in stable trans- 
fectants. CHO cells were transfected with a EPR- 1 cDNA construct 
containing the intervening sequence (2407) or with a synthetic 
minigene of the functionally spliced EPR-I mRNA (Fl), selected, 
and cloned by limiting dilution. Flow cytofluorometric reactivity 
of anti-EPR-1 mAb 2E1 (Altieri, 1994) with WT CHO cells (solid 
lines), F1 transfectants (broken lines), or 2407 transfectants (bold 
lines), is shown for 12 representative independent clones. 

Table 1: Translated Products Generated by Altemative Splicing of 
EPR-1 "A" 

MTSRGFQRScNNPPCSSMTGRRANQlHHLTPDFSLRELLPPKKAm EPR- 1 4 spliced 

MTsRGFQRSCNNPPCSSMNQlHHLTPDFSLRELLPpKKAm EPR-I b. unspliced 

ADCVSPPCGERDRCEGWADRHTACSSPASTCQVHTQDCDSLNNMRS EPR-14 spliced 

A D C V S P P C G E R D R C E G W A D R H T A C S S P A S ~ K K D L G H C L  EPR- I b. unspliced 

1 IO 

RHIHCGRLcHANKAVSSS+226 amino acids EPR-la. spliced 

FLREERPA~APRLTCPV stop EPR-lb, unspliced 

The consensus DNA sequence and corresponding protein translation 
was deduced from 32 independent clones isolated from four oligo-dT- 
primed human cDNA libraries. Cysteine residues are shadowed. The 
intron-encoded -COOH terminus of EPR-lb is in bold. A potential 
nuclear targeting signal in EPR-lb is boxed. 

~~ ~ 

synthetic peptide P-25-A, duplicating the first 25 residues 
of the intron-encoded -COOH terminus of EPR-lb (Table 
1). This antibody specifically immunoblotted a single band 
of - 14 kDa from detergent-solubilized THP- 1 cell extracts 
(not shown). In indirect immunofluorescence staining of 
permeabilized HUVEC, the anti-P-25-A antiserum revealed 
a prominent nuclear reactivity, as compared with the 
background staining of control preimmune rabbit serum 
(Figure 8). Specificity for the observed nuclear reactivity 
of the anti-P-25-A antiserum was substantiated in control 
experiments using a anti-Sm nuclear protein antiserum, under 
the same experimental conditions (Figure 8). 

DISCUSSION 
This study has shown that cell surface expression of a 

novel membrane receptor for factor Xa designated effector 

Preimmune 

Anti-Sm 

FIGURE 8: Nuclear localization of EPR-lb. A rabbit sequence- 
specific antiserum was raised against the synthetic peptide P-25- 
A, duplicating the first 25 residues of the intron-encoded -COOH 
terminus of the unspliced product of EPR- 1 mRNA (EPR- 1 b). The 
anti-P-25-A antiserum showed a prominent nuclear reactivity in 
indirect immunofluorescence staining of permeabilized HUVEC 
(upper panel), as compared with background fluorescence observed 
with preimmune rabbit serum (middle panel). A anti-Sm nuclear 
protein antiserum was used as a control for nuclear localization 
staining, under the same experimental conditions (lower panel). 

cell protease receptor- 1 (EPR- I ) (Altieri & Edgington, 1990; 
Worfolk et al., 1992; Altieri, 1994) is dynamically modulated 
by mRNA splicing. Differential processing of the EPR-1 
transcript includes (i) cell type- and template-specific removal 
of an intervening sequence almost invariably retained in 
mature mRNA, and (ii) generation of a novel, nuclear- 
localized, truncated protein (EPR- 1 b) encoded by the most 
prevalent, unspliced mRNA. 

Since the same organization of EPR-I mRNA was found 
in 32 independent cDNA clones and was confirmed by 
amplification of reverse-transcribed mRNA of EPR- 1 + cells, 
it seems unlikely that this intervening sequence might 
represent a cloning artifact or reflect remnants of EPR- I pre- 
mRNAs. Rather, several lines of evidence identify this 
region as an intron retained in the mRNA. First, its 5',3' 
junctional nucleotides GTKAG meet the "invariant" con- 
sensus for intron boundaries (Shapiro & Senapathy, 1987; 
Jackson, 1991). Second, transfection of mammalian cells 
with the EPR-1 cDNA containing the intervening sequence 
was associated with mRNA processing, removal of the 
intervening sequence, and generation of a transcript directing 
cell surface expression of a functional factor Xa receptor 
(Altieri, 1994). Lastly, the EPR- 1 intervening sequence was 
specifically amplified from human genomic DNA. 
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The intrinsically weak consensus at intron-exon bound- 
aries may determine the ubiquitous retention of this interven- 
ing sequence in the “A. Statistical analysis of the EPR-1 
junctional sequences (Shapiro & Senapathy, 1987) revealed 
a dramatic divergence from the consensus at the 5‘ splice 
site, with a very low score of only 57%. Inspection of the 
3’ splice site showed a higher score of 80%, although the 
rare presence (<2% of RNAs) of an AG dinucleotide within 
10 bp from the splice site prevents additional comparisons 
(Shapiro & Senapathy, 1987). Such a divergence from the 
consensus is expected to drastically affect the process of 
splice site selection during spliceosome assembly (Green, 
1991; Maniatis, 1991; Sharp, 1987), thus resulting in a very 
low splicing efficiency. Consistent with this scheme, 
conventional alignment algorithms do not identify the EPR- 1 
junctional sequences as potential intron:exon boundaries, 
leading to the speculation that a similar mechanism of gene 
regulation might unsuspectedly occur in other mammalian 
mRNAs. 

While a cell type-specific pattern of mRNA processing 
(Mattox et al., 1993) is suggested by the identification of 
certain cells that constitutively overexpress EPR- 1, Le., CLL 
lymphocytes, the intervening sequence itself may contain 
regulatory signal(s) that contribute to the splicing process. 
This is underscored by the ability of a cDNA construct 
containing the intervening sequence to consistently direct 
higher levels of EPR-1 surface expression in stably trans- 
fected cells, as compared with transfectants carrying a 
intronless EPR-1 minigene. A role for discrete intron cis- 
acting sequences in regulating gene expression has been 
previously reported for cell-cycle dependent mechanisms of 
posttranscriptional control (Ash et al., 1993), alternative 
splicing of viral gene products (Brady et al., 1992), and in 
vitro polyadenylation (Niwa et al., 1990). 

Regulation of gene expression by intron retention modu- 
lates adenovirus and cytomegalovirus gene products (Dix & 
Leppard, 1993; Stenberg et al., 1985), or sex-determining 
gene( s) and P-transposable elements of Drosophila (Laski 
et al., 1986; Bell et al., 1988). However, there are two 
important features that distinguish the model of intron 
splicing described here from previous examples of intron- 
dependent gene regulation in mammalian cells. First, at 
variance with bovine growth hormone (Hampson et al., 1989) 
or decay accelerating factor (Caras et al., 1987), in which 
only 2-10% of the mRNA retains an intron, the unspliced 
EPR- 1 transcript constitutes approximately 70-90% of the 
mature “A. Second, differential processing of EPR- 1 
mRNA introduces a profound protein isoform diversity. 
Instead of EPR- la, a transmembrane glycoprotein receptor 
for factor Xa (Altieri, 1994), the product of the very abundant 
and widespread unspliced EPR- 1 transcript is a novel 
truncated protein of 110 amino acids, designated EPR-lb, 
characterized by a unique intron-encoded -COOH terminus 
containing the sequence PPQHRAKS. The highly homolo- 
gous motif PPQKKIKS found in the -COOH terminus of 
N-myc (Stanton et al., 1986) is per se sufficient to direct 
nuclear localization of a reporter gene, thus functioning as a 
genuine nuclear targeting signal (Dang & Lee, 1989). In 
this context, a intron sequence-specific antiserum confirmed 
the existence of EPR-lb and revealed its prominent nuclear 
localization in permeabilized HUVEC. Although the po- 
tential function(s) of this variant isoform are currently 
unknown, its structural and topographical features suggest a 

Altieri 

role unrelated to cellular responses initiated by occupancy 
of EPR-la with factor Xa on the cell surface (Altieri & 
Edgington, 1990; Worfolk et al., 1992; Altieri & Stamnes, 
1994). 

Although cellular protease receptors for thrombin (Vu et 
ai., 1991), urokinase (Roldan et al., 1990), or factor Xa 
(Altieri, 1994) participate in pleiotropic signaling pathways, 
little is known about how protease-dependent cellular 
responses are regulated. In this context, modulation of EPR- 
l a  surface expression by mRNA splicing might provide a 
mechanism to regulate receptor-mediated cellular responses 
initiated by factor Xa. These include membrane assembly 
of multiple proteolytic activities (Worfolk et al., 1992), 
proliferation of vascular smooth muscle cells (Gasic et al., 
1992), and lymphocyte subsets (Altieri and Stamnes, 1994), 
and the ability to release endothelial cell mitogens (Gajdusek 
et al., 1986). That EPR-la expression can be dynamically 
modulated has been anticipated previously, with the dem- 
onstration of an 8-10-fold increased membrane density of 
EPR- l a  during lymphocyte activation and proliferation in 
vitro (Altieri & Edgington, 1990). In summary, these studies 
underscore a broader participation of intron retention mecha- 
nisms in modulating mammalian gene expression and suggest 
a novel paradigm for the regulation of factor Xa-dependent 
cellular effector functions. 
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SUPPLEMENTARY MATERIAL AVAILABLE 

Two figures showing genomic amplification of the EPR- 1 
intervening sequence and amplification of EPR- 1 sequences 
with a splice-site-specific oligonucleotide (3 pages). Order- 
ing information is given on any current masthead page. 
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