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ABSTRACT

The PR264/SC35 splicing factor belongs to the family of
SR proteins which function as essential and alternative
splicing factors. Here, we report that the human
PR264/SC35 locus is bidirectionally transcribed. Double
in situ hybridization experiments have allowed
simultaneous detection of sense and antisense RNA in
human CCRF-CEM cells, suggesting that expression
of the corresponding genes is not mutually exclusive.
We have characterized three main classes of ET RNAs
encoded by the opposite strand of the PR264/SC35
gene and containing PR264/SC35-overlapping
sequences, PR264/SC35-non overlapping sequences
or a combination of both. We show that their expression
results from the use of alternative promoters, exons and
polyadenylation signals. PR264/SC35-non overlapping
ET mRNA species potentially encode two protein
isoforms (449 and 397 amino acids) and are expr essed
from the PR264/SC35 promoting region. Northern blots
and RNase protection analyses indicate that ET
polyadenylated RNAs are differentially expressed in
several human cell lines. Similar studies performed in
the mouse have revealed that the bidirectional
transcription of the PR264/SC35 locus is a conserved
mechanism and that the open reading frame identified
in a subset of human ET mRNAs is highly conserved
(93% homology). Northern blot analyses performed
with several murine tissues confirmed the differential
expression of the ET gene and revealed that it is
predominantly expressed in the testis.

INTRODUCTION

The PR264/SC35 splicing factor belongs to the evolutionarily
well-conserved family of SR proteins (for reviews, see refs 1,2)
which comprises at least nine members (3 and refs therein),
designated SRp75, SRp55 (B52), p54, SRp40 (HRS), SRp30a
(ASF/SF2), SRp30b (PR264/SC35), SRP30c, 9G8 and SRp20
(X16/RBP1). These RNA binding proteins have one or two

copies of the RNA recognition motif (RRM) and contain regions
rich in arginine and serine residues (RS domains). Like most of
the SR proteins, PR264/SC35 is involved in constitutive splicing
processes (4,5) and influences the selection of alternative splice
sites in a concentration-dependent manner (5,6). Evidence that
SR proteins such as ASF/SF2 and PR264/SC35 exhibit different
substrate specificities suggests an essential and non-redundant in
vivo function (7 and refs therein). This is supported by several
studies showing that SRp55/B52 (8,9) and ASF/SF2 (10) splicing
factors are essential for Drosophila development and required for
cell viability, respectively.

We previously observed that short sequences (designated as ET
sequences) complementary to PR264/SC35 transcripts are present
at the 5′ end of a c-myb cDNA species isolated from both avian and
human cells (11,12). Unlike numerous bidirectionally transcribed
prokaryotic genes (13), little is known about the biological
significance of antisense RNAs identified in eukaryotes. However,
several functions have been proposed that stress the biological
importance of natural antisense RNAs (14). Among the different
examples of antisense RNA, some, like EB4 (15) and bFGF (16)
antisense RNA, control the post-transcriptional level of the
complementary RNA by regulating its stability. A similar role has
been proposed for WT1 antisense transcripts (17). RNA–RNA
duplexes would be either digested by double strand-specific
RNAse (15) or modified by unwindase-deaminase and the
resulting A→I conversion would trigger faster degradation of the
reacting RNAs (16,18,19). A second class of antisense RNA has
been shown to interfere with the processing of the sense RNA.
Indeed, the splicing of c-erbA (20), N-myc (21) and probably p53
(22) transcripts is altered by the corresponding antisense RNAs. The
third class consists of antisense RNAs that encode polypeptides.
Among them, the c-erbAα antisense RNA species encodes a
polypeptide belonging to the c-erbA family (23,24) and bFGF
complementary transcripts encode a MutT-related protein
(25,26). Such examples indicate that antisense RNA can exhibit
both regulatory and coding capacities. Strikingly, complementary
transcripts expressed from the c-erbAα gene as well as mRNA
species transcribed from the α-1(IV)/α-2(IV) collagen (27),
histidyl tRNA synthetase (28) and Surf1/Surf2 (29) bidirectional
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promoters code for structurally and/or functionally related
products. This suggests that bidirectional transcription represents
useful means to regulate and coordinate expression of related
genes. For the other bidirectionally transcribed genes including
c-myc (30), BCMA (31) and thymidylate synthase (32), the
function of the antisense RNA is not yet understood.

As a first step to understanding the role of bidirectional
transcription of the PR264/SC35 gene, we have characterized
several classes of ET RNAs expressed in the PR264/SC35 opposite
orientation and shown that expression of both sense and antisense
complementary transcripts is not mutually exclusive. Our results
also indicate that PR264/SC35-non overlapping sequences present
in a subset of ET mRNA species contain a 1347 nucleotide (nt)
open reading frame (ORF) which is highly conserved in the mouse.
Finally, we have observed that ET expression is regulated in a
tissue-specific way in both human and murine species.

MATERIALS AND METHODS

DDBJ/EMBL/GenBank accession numbers for human ET
cDNAs are AF015183 (ET12), AF015184 (ET16), AF015185
(ET10), AF015186 (ET22), AF015187 (ET32), AF015188
(ET42), AF015189 (ET51) and AF015190 (ET61). Accession
number for the murine ET8 cDNA is AF015191.

Cell cultures and tissues

HeLa and 293 (ATCC CRL1573) cells were grown in Dulbecco’s
modified Eagle’s medium and in Eagle’s minimum essential
medium (Gibco BRL), respectively, supplemented with 10% fetal
bovine serum. HL60 (ATCC CCL240) and CCRF-CEM (ATCC
CCL119) cells were grown in RPMI 1640 medium (GIBCO/BRL)
supplemented as recommended by the ATCC. The human thymus
used in these studies was a surgical sample from a 1 month old girl.
Murine tissues except thymus were from 11–14 week old adult
mice. Thymus was from 5 day old mice.

Probes, RNA purification and analysis

The human double-stranded A, F and H probes were obtained by
PCR amplification performed with the E830 genomic DNA
subclone (25) and the H19 (5′-GCAGTGAGTCAGGCTGGG-
AG-3′) and H62 (5′-TGAGGAAGTCTGGGTGGGAA-3′), H99
(5′-GTGAGTTGGAATCTGTCCTCC-3′) and H62 (5′-TGAGG-
AAGTCTGGGTGGGAA-3′), H78 (5′-CGGGACGAGCAAG-
CACAGC-3′) and H77 (5′-GTAAACGGGGCTGAGGGGAC-3′)
oligonucleotide pairs, respectively. The B, E and G probes resulted
from PCR amplification of ET12 sequences with H67
(5′-GATTGTCAGTGGCTTCGCCC-3′) and H60 (5′-CCACAA-
GTTTGAAAGG CAGTG-3′), H73 (5′-GAACTTCGCCCTAA-
ACCTGG-3′) and H64 (5′-AGATGGTGAGTGGAGAAGGC-3′),
H21 (5′-CGAAGCGCCTGCGCACAGC-3′) and H22 (5′-GCGA-
AGAGCAGTCAGGAACG-3′) primers, respectively. C and D
probes were generated by PCR amplification of ET16 sequences
with H79 (5′-GTCATCAGGAGCTTAAATAGG-3′) and H80
(5′-CTACAATGGCAACCACTGACG-3′), H100 (5′-GGACA-
GCACAAGGAAACTGC-3′) and H101 (5′-CTGATATCTGA-
GTTTTCCCTTGC-3′) oligonucleotide pairs, respectively. The
0.3 kilobase (kb) MuBH probe resulted from BamHI–HindIII
digestion of a 2.2 kb HindIII fragment of murine genomic DNA
containing PR264/SC35 coding exons, first intron and promoter
sequences (Ch.Gaillard and B.Perbal, unpublished data). RNA

purification, selection of polyadenylated species and northern
blot analyses were performed as previously described (33). The
human and murine glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)-specific probes were used as an internal control to
normalize for RNA amounts.

RNase protection analyses

The 1.34 kb HindIII–NheI fragment containing genomic sequences
corresponding to coding exon 1 and 2 of the human PR264/SC35
gene was inserted into the pB KS(+) vector (Stratagene) and
linearized at the NcoI site to generate the 0.38 kb HuRBP1
riboprobe. HuRBP2 was obtained by cloning of a 0.65 kb
HindIII–SmaI fragment corresponding to PR264/SC35 exon 2 and
flanking sequences into pB KS(+) and linearization at the HindIII
site. The 0.47 kb HincII–HincII fragment containing sequences
located 0.9 kb upstream from the PR264/SC35 gene transcription
start site was inserted in the pB SK(+) vector and linearized at the
polylinker EcoRI site to generate HuRBP3. The MuRBP1
riboprobe was generated by cloning of a 0.25 kb SmaI–HindIII
fragment containing genomic sequences located 0.8 kb upstream
from the murine PR264/SC35 first exon into the pB KS(+) vector
and linearization at the polylinker BamHI site. The 0.23 kb
MuRBP2 riboprobe was obtained following insertion of a 0.52 kb
NarI–NarI fragment containing murine PR264/SC35 exon 1 into
pB KS(+) and linearization at an internal NcoI site. In vitro
transcription was performed with T7 RNA polymerase (Promega).
Samples of polyadenylated RNA were hybridized overnight at 50�C
with 2 ng of [α-32P]UTP-labelled probe. RNA–RNA hybrids were
digested with RNase A (60 µg/ml) and RNase T1 (1500 U/ml)
(Boehringer Mannheim) and analyzed in a 6% sequencing gel.

cDNA cloning, library screening and nucleotide sequencing

A human thymus oligo dT-primed cDNA library was constructed
from 5 µg of polyadenylated RNA according to the manufacturer
(Amersham). 500 000 plaques were screened with the 32P-labelled
A DNA probe. Dideoxynucleotide sequencing reactions were
performed with [α-35S] dATP and the T7 Pharmacia Sequencing
kit. Sequence data treatments were performed as described
elsewhere (34).

RT-PCR amplifications

First strand oligo dT-primed cDNA was synthesized from 5 µg of
human thymus polyadenylated RNA with the Amersham cDNA
synthesis kit. Four percent of the cDNA was used for
amplification in the presence of 0.8 µM of each amplimer (H46:
5′-GAGACCGCAGCTTTAAAGGG-3′, H35: 5′-CTTGGACT-
TGGACCTTCGTG-3′, H17: 5′-CGGCGGCTGTGGTGTGA-
GT-3′, H60: 5′-CCACAAGTTTGAAAGGCAGTG-3′, H61:
5′-GATGGGCACTTCAAAGGAGG-3′ and H81: 5′-GGCAG-
GATCTTCCAACAAGAGCAGG-3′), 500 µM dNTP, 50 mM
Tris–HCl pH 9.2, 14 mM (NH4)2SO4, 3 mM MgCl2, 2% DMSO,
0.1% Tween 20 and 2.5 U Expand enzyme mixture (Boehringer
Mannheim). Amplification procedure was as follows: 1 cycle of
2 min at 95�C; 10 cycles of 30 s at 95�C, 30 s at Tm – 8�C (Tm
= 4[G+C] + 2[A+T]), 3 min at 68�C; 25 cycles of 30 s at 95�C,
30 s at Tm – 8�C, 3 min plus 20 s per cycle at 68�C; and 1 cycle
of 7 min at 68�C. 

Murine cDNA, synthesized from 2 µg of testis polyadenylated
RNA, was amplified in the presence of 0.24 µM of the murine
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M15 (5′-CTGCTGGCCTCTGAGCAAGCG-3′) and human
H95 (5′-CCCATTCCACAGTGAAG-3′) amplimers.

RNA ligation mediated PCR (RLM-PCR)

Human thymus polyadenylated RNA (1 µg), treated with 1 U
tobacco acid pyrophophatase (TAP, Epicentre) for 30 min at 37�C,
was ligated to 600 ng of in vitro synthesized SK-T7 RNA
oligoribonucleotide as previously described (35,36). Twenty
percent of the ligation product was annealed to 40 ng of specific
primer (H70: 5′-CGCCGGGATCCTATTTAAGCTCCTGATG-
AC-3′ or H60: 5′-CCACAAGTTTGAAAGGCAGTG-3′) or
300 ng of a hexanucleotide random primer mixture by incubation for
5 min at 95�C and 45 min at 42�C in 1× reverse transcriptase buffer
and 10 mM DTT. First strand cDNA synthesis was performed by
addition of 200 U of Superscript reverse transcriptase (Gibco-BRL)
and dNTP (0.5 mM) and incubation for 45 min at 42�C according
to the manufacturer. The resulting first strand cDNA was used for
PCR amplification in the presence of 250 ng SK primer, 200 ng
specific primer (H70 or H60), 200 µM dNTP and 1.25 U Taq DNA
Polymerase (Appligene). This procedure was followed by a nested
PCR performed in the same conditions with SK primer and an
internal 3′ oligonucleotide (H63: 5′-GGTGGGATCCGGGGACA-
TTTTGGCTCAG-3′). PCR reactions were as follows: 1 cycle of 2
min at 94�C; 30 cycles of 1 min at 94�C, 2 min at 58�C, 3 min at
70�C; and 1 cycle of 7 min at 70�C.

Rapid amplification of cDNA ends (RACE-PCR)

RACE-PCR experiments were performed with the Marathon
cDNA amplification kit (Clontech) according to the manufac-
turer’s instructions. Double-stranded cDNA was amplified in the
presence of 0.8 µM of each amplimer (H60: 5′-CCACAAGTTT-
GAAAGGCAGTG-3′ or H80: 5′-CTACAATGGCAACCACT-
GACG-3′ specific primers and AP1 (adaptor primer) as described
for RT-PCR amplifications.

In situ hybridization

CCRF-CEM cells (3 × 105) were cytospun on siliconized slides,
fixed in 4% paraformaldehyde (20 min) and dehydrated in a graded
ethanol series. Oligonucleotide probes specific for ET (ETHS:
5′-CACGACAAGCGCGACGCTGAGGACGCTATG-3′) and
GAPDH transcripts were tailed with digoxigenin-11-dUTP
(Boehringer Mannheim). The PR264/SC35-specific oligonucleo-
tide probe (PR2HS: 5′-CGACGAGGACTTGGACTTGGACC-
TTCGTGC-3′) was tailed with biotin-16-dUTP (Boehringer
Mannheim). GAPDH oligonucleotides were detected with alkaline
phophatase-conjugated anti-digoxigenin antibodies (Boehringer
Mannheim).

Double in situ labelling. Each slide was hybridized in 20 µl of
hybridization mixture (Boehringer Mannheim) containing 100 ng
of ETHS and PR2HS probes. Following overnight incubation at
37�C in a humid atmosphere, slides were processed as
recommended (Boehringer Mannheim). Slides were incubated for
2 h with colloidal gold-conjugated anti-biotin antibodies (Aurion,
diluted 1/150 in PBS, 0.5% BSA), washed in PBS (10 min) and in
distilled water (5 × 1 min). Fixation was for 20 min in 2%
glutaraldehyde, prior incubation for 2 h with phosphatase-conju-
gated anti-digoxigenin antibodies (diluted 1/2500). Slides were
dipped in color substrate solution at room temperature and staining

was stopped in 1 mM EDTA, 10 mM Tris–HCl pH 8.0 solution.
Slides were rinsed in distilled water, treated with silver enhancer
(BioCell) for 20 min and with distilled water for 1 min.
Examination of the slides was performed with a Zeiss Axiophot
microscope under direct light and/or epipolarization.

RESULTS

The human PR264/SC35 locus is bidirectionally
transcribed

As a first step in the characterization of the transcripts expressed
in the PR264/SC35 opposite orientation, RNase protection
experiments were performed with polyadenylated RNA purified
from human normal thymic tissue and cells of myelomonocytic
(HL60) and epithelial (HeLa and 293) origin. Following
hybridization with the HuRBP1 riboprobe (Fig. 1A), several
fragments ranging from 170 to 115 nt in size were protected,
although at different levels, with all RNA samples (Fig. 1B). This
indicates that ET RNA species complementary to the first
PR264/SC35 coding exon are expressed in HL60, HeLa, 293 and
normal thymic cells. A similar experiment performed with the
HuRBP2 riboprobe revealed that a major (185 nt) and two minor
(170 and 155 nt) fragments were protected with thymic RNA
(Fig. 1C). These fragments were undetectable in HeLa, HL60 and
293 samples. Five protected fragments (470, 370, 310, 230 and
180 nt) were detected following RNase protection analysis
performed with the HuRBP3 riboprobe located upstream from
the PR264/SC35 promoter sequences (Fig. 1D). No specific
protection was observed upon use of an HuRBP3 complementary
riboprobe (data not shown). Whether these protected RNA
fragments may also correspond to the ET transcriptional unit was
assessed by RT-PCR experiments performed with thymic RNA
and the H17-H61 oligonucleotide primers (Fig. 4). Two amplified
cDNAs (441 and 446 bp) corresponding to alternative ET RNAs
differing by their splice donor sites were obtained (depicted as
ET31 and ET32 in Fig. 4). Taken together, these observations
indicate that ET transcription results in the expression of several
RNA species overlapping both PR264/SC35 coding exons and
extending upstream from the PR264/SC35 promoting region.
Furthermore, our results suggest that ET expression may be
regulated in a tissue-specific way.

We took advantage of the ET transcription extending outside
the PR264/SC35 sequences to derive an ET-specific probe (probe
A in Figs 1 and 4). Northern blot analyses performed with the A
DNA probe allowed the detection of four major ET RNA species
(3.2, 2.7, 2.4 and 2.1 kb) in the polyadenylated RNA fraction of
thymic cells (Fig. 2). In HL60, CCRF-CEM and HeLa cells, the
major ET transcripts were 3.0 and 2.4 kb in size (Fig. 2). Four
transcripts of higher molecular weight (12.0, 11.0, 10.0 and 6.8 kb)
were also revealed in CCRF-CEM human T lymphoma cells.

Simultaneous detection of ET and PR264/SC35
transcripts in human hematopoietic cells

Double labelling in situ hybridization experiments were performed
in CCRF-CEM human T-lymphoma cells with the ETHS and
PR2HS oligonucleotide probes complementary to ET and
PR264/SC35 sequences, respectively (Fig. 1A). Digoxigenin
end-labelled ETHS oligonucleotides were revealed as brownish-
purple areas (Fig. 3A), while biotin end-labelled PR2HS
oligonucleotides were revealed as light blue spots under direct
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Figure 1. RNase protection analyses of human ET RNA species. (A) The structure of the RNA probes and their correspondence with the PR264/SC35 sequences.
Pertinent restriction sites, PR264/SC35 transcription start site (+1), coding exons, splice donor (SD1, SD2) and acceptor (SA1) sites are indicated and landmark
nucleotide numbers are mentioned. The A probe used for northern blot analysis and the oligonucleotide probes (PR2HS and ETHS) used in double in situ hybridization
experiments are indicated. RNase protection experiments were performed with HuRBP1 (B), HuRBP2 (C) or HuRBP3 (D) probe and 5 µg of the indicated
polyadenylated RNA. The specifically protected fragments are indicated by arrows. Sizes are in nucleotides. Protected fragments (180 nt with HuRBP1, 230 nt with
HuRBP2) observed in control lanes (‘no RNA’ and ‘tRNA’) and resulting from autoprotection of the probe were not considered.

Figure 2. Northern blot analysis of human ET RNA species. Non-polyadeny-
lated (thymus A–, 20 µg/lane) and polyadenylated (thymus A+, CCRF-CEM,
HeLa, HL60, 20 µg/lane) RNA samples of human origin were hybridized with
the 32P-labelled DNA probe A. Transcripts detected in the different samples are
indicated by arrows. Sizes are in kilobases.

light plus epipolarization or as brilliant blue gold particles under
epipolarized illumination only (Fig. 3B). 

Approximately 95% of the CCRF-CEM cells exhibited the
specific coloration of both probes in their cytoplasm indicating
that expression of ET and PR264/SC35 overlapping sequences is
not mutually exclusive. In a few cells, the signal obtained with
either the ETHS or the PR2HS probe was faintly detected,
suggesting that expression of the corresponding gene was
arrested or very low (Fig. 3C). Similar experiments performed
with the human myelomonocytic HL60 cells also led to the
codetection of ET and PR264/SC35 transcripts in the majority of
the cells (data not shown).

Characterization of ET RNA species

Screening of a cDNA library constructed from human normal
thymic polyadenylated RNA allowed us to isolate three cDNA
clones, ET12 (1.15 kb), ET10 (1.94 kb) and ET16 (1.9 kb). Since
50 PR264/SC35 cDNAs were isolated following parallel
screening of the non-amplified thymic library, the small number
of ET clones likely reflected the low abundance of ET RNA in
thymic cells. Comparisons of genomic and cDNA nucleotide
sequences suggest that ET12 corresponds to an unspliced
polyadenylated ET RNA species (Fig. 4). ET10 and ET16
cDNAs share a common overall structure but differ at the level of
their 5′-proximal sequences and by the inclusion of alternative
sequences in ET16 (delineated by the SD8 and SA5 splice sites
in Fig. 4). These clones correspond to ET RNA species ending at
a polyadenylation site distal to that identified with the ET12
cDNA and are constituted by at least five and six exons,
respectively.

Potential ORFs of 449 and 397 amino acids (aa) were identified
in the sequence of ET16 and ET10 cDNA clones, respectively.
The ET10 ORF differs from that identified in the ET16 by the lack
of 52 aa encoded by the most 3′-proximal alternative sequences
represented in ET16. As shown in Figure 5, the ET16 and ET10
predicted protein isoforms, whose calculated molecular weight is
49 and 43 kDa, respectively, exhibit a high content of leucine,
serine and phenylalanine residues. ET16 and ET10 predicted
proteins share significant homologies (up to 34%) with five
different ORFs from Caenorhabditis elegans genes whose
respective functions are unknown.

Since the screening of the thymic cDNA library did not lead to
the characterization of clones corresponding to ET transcripts
overlapping the PR264/SC35 coding sequences, RT-PCR
experiments were performed with thymic polyadenylated RNA
species and different primer pairs, each containing an arbitrary
amplimer located within the PR264/SC35 gene. Sequencing of
the resulting products allowed us to identify additional cDNA
species (ET21, ET41 and ET51 in Fig. 4) corresponding to ET
RNAs complementary to the PR264/SC35 sequences. As already
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Figure 3. Simultaneous in situ hybridization detection of ET and PR264/SC35
transcripts in CCRF-CEM cells. (A) Double labelling observed under direct light
plus epipolarized illumination (magnification, ×400) showing the brownish-purple
coloration of the alkaline phosphatase precipitate (ET RNA detection) and the light
blue gold particles (PR264/SC35 mRNA detection) in the cytoplasm of the cells.
(B) Double labelling observed under epipolarized illumination only. PR264/SC35
transcripts are visualized by brilliant blue gold particles. (C) Laser reproduction of
(A) showing examples of different cells which exhibit high levels of PR264/SC35-
and ET-specific labelling (PE) or low levels of either PR264/SC35- or ET-specific
labelling (pE and Pe, respectively). In cells exhibiting large cytosol areas (L), the
blue colour of the gold grains appears to be attenuated by the alkaline phosphatase
staining (A), as confirmed by the detection of the gold particles with epipolarized
light only (B). In other cells containing smaller cytoplasmic area(s), the blue colour
revealed with the combination of the two light sources (A) results from the
concentration of gold grains. Since hybridization signals were not normalized, the
amount of gold grains and the intensity of the brownish-purple coloration of the
alkaline phosphatase precipitate cannot be compared. Control slides do not show
the presence of endogenous phosphatase (data not shown). Positive and negative
hybridization controls were checked with sense- and antisense-specific GAPDH
probes (data not shown).

A

B

C

observed for ET31, ET21 and ET41 species contain at least two
products resulting from the use of the SD2a (ET21, ET31, ET41)
and SD2b (ET22, ET32, ET42) alternative splice donor sites
(Fig. 4). These products, differing in size by 5 nt, likely account for
the 150 and 155 nt fragments specifically protected with the
HuRBP1 probe (Fig. 1B). The 5′-proximal sequences of ET21 and
ET31 are complementary to the first PR264/SC35 coding exon,
while those of ET41 overlap coding, non-coding and intronic
sequences of the PR264/SC35 gene. The ET51 RT-PCR product
corresponds to an unspliced ET transcript since we have verified
that it does not result from amplification of residual genomic DNA
(data not shown). An additional ORF (282 aa), identified in the two
first exons of ET41 and ET42 cDNA clones, did not share any
significant homology with proteins listed in the current databases.

These observations establish that the transcription proceeding
in the orientation opposite to that of the PR264/SC35 gene gives
rise to the expression of numerous ET RNA species resulting
from the use of alternative splicing and polyadenylation signals.

Characterization of ET transcriptional start sites

To undertake the characterization of the transcription start sites
corresponding to the different ET transcripts identified thus far,
RLM- and RACE-PCR experiments were performed with human
thymic polyadenylated RNA. Sequencing of the resulting products
revealed that the potential start sites of ET mRNAs corresponding
to the ET16 cDNA species (ET81 and ET101, Fig. 4) are spread
over 110 nt located within the PR264/SC35 promoter region. In as
much as the ET16 5′-end is located in the same region, these results
suggest that this clone represents a complete cDNA. The ET61
cDNA corresponds to a 3′-truncated version of ET21. However, it
is difficult to ascertain whether its 5′-end defines a genuine
transcription start site since only one clone was obtained.

These experiments also led us to identify additional cDNA
species: ET71 differing from ET10 by the use of an SD3 instead
of SD4 splice donor site and ET91 differing from the ET16 cDNA
by the retention of the SD5-SA2 intron. This intron was also
identified in ET111 cDNAs which could belong to either the
ET12/ET51 or ET91 cDNA species. The latter hypothesis seems,
however, more likely since the potential start sites of the RNAs
corresponding to ET91 and ET111 cDNA species are clustered
within a 170 nt region of the PR264/SC35 promoter.

Taken together, these results strongly suggest that ET transcripts
are expressed from alternative promoters and that the PR264/SC35
promoting region exhibits a bidirectional transcriptional activity
responsible for the expression of non-overlapping ET RNAs
corresponding to the ET16, ET91 and, possibly, ET10 and ET71
cDNA species.

Analysis of the different ET cDNAs also indicates that their
structure accounts for most of the major fragments protected with
the HuRBP3 probe (Fig. 1D). Indeed, the 180 nt fragment likely
corresponds to the SA2-SD6 sequences identified in cDNAs such
as ET16 and ET10 (Fig. 4). The 230 nt and 300–310 nt fragments
are in good agreement with the size of sequences delineated by the
3′-end of the probe and the SD6 splice site (such as in ET91), and
by the 3′-end of the probe and the poly A1 site (such as in ET12),
respectively. The 470 nt fragment resulting from protection of the
full length probe likely reflects the existence of an unspliced ET
transcript ending at a distal polyadenylation site. These observations
suggest that the ET cDNAs characterized thus far are representative
of most of the ET transcription products.
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Figure 4. Schematic structure of the human ET cDNAs. (A) Oligonucleotides used in RT-PCR experiments are indicated at both ends of the corresponding products
by horizontal arrowheads. The splice donors (SD), splice acceptors (SA) and polyadenylation signals (poly A) used to generate the various ET RNAs are in agreement
with consensus sequences. The PR264/SC35 transcription start site (+1), coding exons, splice donor (SD1, SD2) and acceptor (SA1) sites are indicated. ET16 and ET10
translation initiation and stop codons are mentioned. Probes used for RNase protection experiments, northern blot hybridizations and cDNA library screening are
positioned on the ET-PR264/SC35 locus. ET and PR264/SC35 transcriptional orientation are indicated by arrows. (B) Characterization of human ET RNA 5′-ends by
RLM- and RACE-PCR experiments. The structure of the PCR products is drawn. Corresponding 5′-ends are indicated under the PR264/SC35 promoter sequence by
symbols defining each class of cDNA. Specific oligonucleotides used in these experiments are represented at the 3′-end of the cDNA by arrowheads. The PR264/SC35
transcription start site defining the sequence numbering is indicated by +1. The 5′-end of the ET10, ET12 and ET16 cDNAs are represented by the corresponding symbol.
ET splice donors SD3, SD4, SD5 are underlined and splice acceptor SA2 is underlined twice. The ET16 and ET10 translation initiation codon is in bold.

Differential expression of the human ET gene

In an attempt to identify more precisely the ET RNA species,
northern blot analyses of polyadenylated RNA, purified from
human thymic and HeLa cells, were performed with DNA probes

specific for common or alternative regions of the different ET
cDNAs (Fig. 4). Hybridization with the B probe, specific for all
the ET cDNAs characterized thus far, led, in both cases, to the
detection of five major RNA species, 2.1, 2.4, 2.7, 3.0 and 6.8 kb
in size (Fig. 6). It is noteworthy that the fuzzy hybridization
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Figure 5. Nucleotide sequence of the human ET16 cDNA and deduced amino acid sequence of the predicted ET16 protein. The murine (Mu) ET8 cDNA nucleotide
sequence and deduced amino acid sequence are aligned with the corresponding human sequences (Hu). Murine M15 and human H95 oligonucleotides used in ET8
RT-PCR amplification are indicated in italic. Only the divergent nucleotides and amino acids are indicated. Coding sequences are in capital letters. The translation
initiation codon is in bold. In frame translation stop codons are in bold lowercase letters. Arrowheads indicate splice donor and acceptor sites. The polyadenylation
signal is underlined. The 3′ alternative sequences missing in ET10 cDNA are delineated by SD8 and SA5 splice sites.

signals likely reflect the detection of ET transcripts slightly
differing in size as a result of heterogeneous transcription start
sites and/or the use of short alternative exons.

Following hybridization with the C and D probes specific for
the common and alternative potential coding sequences,
respectively, differences were observed between the relative
expression levels of the ET RNA species detected in thymic and
HeLa cells. Indeed, the 2.1 kb transcripts were predominantly
detected in thymic cells, while the major species in HeLa cells
was 2.7 kb in size. These results confirm that the ET gene is
differentially expressed in HeLa and normal thymic cells.
Furthermore, the similar hybridization patterns obtained with the

C and D probes indicate that ET transcripts lacking the SD8-SA5
alternative sequences detected by the D probe (Fig. 4) are likely
expressed at a low level in HeLa and normal thymic cells.

The differential expression of the ET gene in HeLa and normal
thymic cells was clearly observed when northern blot analyses
were carried out with the E, F and G probes specific for alternative
sequences represented in a subset of ET cDNA species. Both the
E and G probes preferentially revealed a 2.7 and a 3.2 kb RNA
species in HeLa and normal thymic cells, respectively (Fig. 6).
Interestingly, the F probe corresponding to alternative sequences
located immediately downstream from the SD6 splice site
revealed a major 3.2 kb ET transcript in thymic cells. No ET RNA
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Figure 6. Characterization of the alternative ET RNA species. Northern blot analyses of polyadenylated human thymic (T) and HeLa (H) RNA samples (10 µg/lane)
were performed with the indicated 32P-labelled probes. The size of the detected transcripts is indicated in kilobases. GAPDH was used as an internal control to normalize
for variations in RNA amounts.

was clearly detected in HeLa cells with the same probe. These
observations suggest that the use of the proximal alternative
polyadenylation site (poly A1) is regulated in a tissue-specific
way.

As a means to identify the ET RNA species overlapping the
PR264/SC35 transcribed sequences, HeLa and thymic
polyadenylated RNA samples were also analysed with the H
probe (Fig. 4) corresponding to the PR264/SC35 first intron. As
shown in Figure 6, three ET mRNAs (2.7, 3.2 and 6.8 kb) were
faintly detected in thymic cells. These transcripts were hardly
detectable in HeLa cells despite the apparently higher RNA
amount transferred on the blot. These observations, which are in
good agreement with the results of RNase protection experiments
performed with the HuRBP2 riboprobe, indicate that
PR264/SC35-overlapping ET RNA species are preferentially
expressed in thymic cells but very weakly represented as
compared to PR264/SC35-non overlapping ET transcripts.

Conservation and tissue-specific expression of ET
sequences in the mouse

To determine whether the bidirectional transcription of the
PR264/SC35 locus is an evolutionarily conserved mechanism,
polyadenylated RNAs purified from different adult murine
tissues were analyzed by northern blot hybridization with the
MuBH probe (Fig. 7A). As shown in Figure 7B, a 2.3 kb and a
minor 3.9 kb mRNA species were detected, although at different
levels, in all tested tissues. The higher signals were obtained with
testis and kidney RNA while both species were faintly detected
in spleen, adrenal gland and thymic samples. Interestingly, an
abundant (2.5 kb) and two minor (7.4 and 0.8 kb) mRNA species
were exclusively observed in testis. 

Whether these transcripts correspond to ET RNAs was assessed
by RNase protection experiments performed with the MuRBP1
riboprobe derived from the MuBH fragment. As shown in
Figure 7C, two major (100 and 105 nt) and one minor (250 nt)
protected fragments were obtained with testis mRNA, while no

specific protection was observed with the MuRBP1 complementary
riboprobe (data not shown). Interestingly, the size of the protected
fragments is in agreement with that expected from murine ET RNA
species corresponding to the human ET10, ET16 (major fragment)
and ET12 (minor fragment) cDNAs. Similar observations were
made with a second probe (MuRBP2) derived from the first
PR264/SC35 coding exon (Fig. 7D). Again, the size of the major
protected fragment (145–150 nt) is in accordance with that expected
from murine ET RNA species corresponding to the human ET21/22
and ET41/42 cDNAs.

Taken together, these observations indicate that the bidirectional
transcription leading to the expression of ET transcripts containing
PR264/SC35-overlapping and non-overlapping sequences is a
conserved mechanism and that ET expression is regulated in a
tissue-specific way. Moreover, our results suggest that the overall
structure of ET transcription products is conserved in both human
and murine species.

In order to further investigate the conservation level of murine
ET sequences, RT-PCR experiments were performed with testis
polyadenylated RNA and amplimers delineating most of the
potential ORF identified in the human ET16 cDNA. Sequence
analysis of the resulting products (Fig. 5) indicates that the human
and murine sequences are 87% homologous. Furthermore,
comparison of the predicted proteins encoded by the two cDNAs
reveals a much higher homology (93%).

DISCUSSION

The studies presented here demonstrate that the human and murine
PR264/SC35 loci are subjected to bidirectional transcription
leading to the expression of the PR264/SC35 alternative splicing
factor and ET transcripts whose biological role remains to be
established.

Our results indicate that the ET gene is expressed in the form of
several polyadenylated RNA species resulting from the use of
alternative splice and polyadenylation sites. Furthermore, RLM-
and RACE-PCR experiments have suggested that the PR264/SC35
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Figure 7. Conservation and expression of ET sequences in murine tissues. (A) The correspondence of the DNA and RNA probes with the murine genomic PR264
sequences. The pertinent restriction sites are mentioned. The PR264 coding exons, splice donor (SD1, SD2) and acceptor (SA1) sites are indicated. (B) Northern blot
analysis of polyadenylated RNA samples from murine tissues (5 µg/lane) was performed with the 32P-labelled MuBH DNA probe. Sizes are in kilobases. GAPDH was
used as an internal control to normalize for variations in RNA amounts. RNase protection experiments were performed with MuRBP1 (C) or MuRBP2 (D) RNA probe
and 3 µg murine testis polyadenylated RNA. The specifically protected fragments are indicated by arrows. Sizes are in nucleotides. Protected fragments (160 nt with
HuRBP1 and HuRBP2) observed in control lanes (‘no RNA’ and ‘tRNA’) were not considered.

promoting region is responsible for the expression of a subset of ET
transcripts. Consistent with this, preliminary results obtained with
the luciferase reporter system have suggested that the PR264/SC35
promoter region might exhibit a bidirectional transcriptional
activity (V.Pierron, J.Soret and B.Perbal, unpublished results).

A striking feature of the bidirectional promoters described thus
far is the absence of a consensual TATA box in either orientation
(37–39). In most cases, GC clusters, being the hallmark of
house-keeping gene promoter regions (40), have been shown to
drive transcription in both orientations (27,29). We have
previously reported that the PR264/SC35 promoter region
contains a canonical TATA box and that PR264/SC35
transcription is initiated at a major start site (41). Analysis of the
nucleotide sequences located upstream from this start site has
revealed that the PR264/SC35 promoting region also contains GC
clusters which could represent regulatory elements involved in
the expression of ET RNA species corresponding to the ET16,
ET81 and ET91 cDNAs. This hypothesis is supported by our
findings that the potential start sites mapped by RLM- and
RACE-PCR experiments are heterogeneous and spread over a
300 nt region, two features generally observed with transcripts
expressed from GC box-containing promoters (42). The presence
of a consensual TATA box in the PR264/SC35 promoter raises
interesting questions concerning the regulation and coordination
of bidirectional transcription. Indeed, analysis of the α1 (IV) and
α2 (IV) collagen gene promoter has revealed that a TATA box
directs transcription to start mainly downstream from it, while it
can simultaneously decrease the initiation of transcription in the
opposite direction in a bidirectional promoter (27). Along this
line, the TATA box governing PR264/SC35 expression could
hinder transcription in the ET orientation and account for the low
expression level of ET RNA species expressed from the
bidirectional promoter.

We have characterized three main classes of ET transcripts. In
the first class, ET RNA species contain PR264/SC35-overlapping
sequences and are polyadenylated at the proximal site identified in

this study (poly A1 in Fig. 4). The promoting region governing
expression of these transcripts remains to be localized. The second
class consists of ET mRNA species expressed from the
PR264/SC35 bidirectional promoter and ending at the distal
polyadenylation site (poly A2 in Fig. 5). The third class
corresponds to ET transcripts sharing common features with RNAs
of the first (PR264/SC35-overlapping sequences) and second class
(PR264/SC35-non-overlapping sequences and polyadenylation
site).

Since in situ hybridization experiments have allowed the
simultaneous detection of ET and PR264/SC35 transcripts in
CCRF-CEM and HL60 human hematopoietic cells, the existence
of two classes of ET RNA species containing PR264/SC35-over-
lapping sequences raises the question of whether such transcripts
could act as riboregulators of PR264/SC35 expression. Numerous
studies undertaken in prokaryotes (13) and in higher eukaryotes
(14) have revealed that the transcription of complementary RNA
species constitutes a powerful means of regulating gene
expression. Since formation of RNA–RNA duplexes in several
eukaryotic systems was shown to result in alterations of splicing
(20,21) or stability (15,16) of the reacting transcripts, expression
of several alternative ET transcripts complementary to different
regions of PR264/SC35 mRNAs might be of significance.

Transfection experiments performed in our laboratory, how-
ever, indicate that overexpression of ET RNA species correspon-
ding to the ET41 cDNA does not result in a significant alteration
of the PR264/SC35 protein level in HeLa cells (data not shown).
Given that the ET gene is expressed through numerous alternative
mRNAs, these preliminary observations could indicate that not
all forms of ET transcripts exhibit a regulatory role. Another
hypothesis could be inferred from the work of Wang et al. (10)
showing that artificial modifications of the ASF/SF2 alternative
splicing factor level in avian DT40 cells are counteracted by
compensatory mechanisms affecting expression of the endogenous
gene. In the light of these results, one can envisage that a marked
alteration of the PR264/SC35 expression level cannot be
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achieved in HeLa cells in response to overexpression of
PR264/SC35-overlapping exogenous ET sequences. On the other
hand, it is also possible that ET RNA species complementary to
PR264/SC35 transcripts are not involved in the regulation of
PR264/SC35 expression. Indeed, northern blot analyses of the ET
(this study) and PR264/SC35 (data not shown) expression in
different murine tissues did not reveal the existence of an obvious
inverse correlation between the respective levels of both RNA
species. Such a lack of correlation between in vivo levels of sense
and antisense RNAs has also been reported for the c-erbA gene
(43) despite previous in vitro splicing experiments showing that an
excess of Rev-erbAα sequence complementary to that of the
THRα5 transcript blocked splicing of this RNA (20). This
suggests that the biological significance of bidirectional
transcription is more complex than expected from in vitro
observations.

Analyses of different human cell lines and murine tissues have
revealed that expression of ET RNA species is regulated in a
tissue-specific way at both the qualitative and the quantitative levels.
This is especially obvious in murine testis cells which specifically
express an abundant 2.5 kb ET RNA as well as two minor transcripts
of 7.4 and 0.8 kb. The generation of multiple and unique transcripts
in the testis is not limited to ET but has been reported for a number
of other genes (reviewed in ref. 44). Whether this preferential
expression reflects a role of ET products in the regulation of
testis-specific biological processes remains to be established.

Sequence analyses of the human ET cDNAs characterized in
this study have allowed us to identify two ORFs encoding
potential proteins of 28 kDa (ET41 ORF) and 49–43 kDa (ET16
and ET10 ORF, respectively). The predicted product encoded by
the ET41 cDNA showed no homology with proteins listed in the
current databases and we have not determined whether the
corresponding ORF is conserved in the mouse. On the other hand,
the potential protein isoforms encoded by the ET10 and ET16
cDNAs share significant homologies with the translation
products of five C.elegans genes likely belonging to the same
family. RT-PCR experiments have allowed us to characterize a
murine ET16 homolog and to show that the corresponding
protein is highly conserved between the two species. Such a
conservation suggests that the proteins encoded by ET16 and
ET10 mRNA species play a specific role. In the light of several
studies showing that bidirectionally transcribed genes such as
c-erbA (23,24), α-1IV/α-2IV collagen (27), histidyl tRNA
synthetase (28) and Surf1/Surf2 (29) encode structurally and
functionally related products, it will be interesting to examine
whether ET proteins are involved in splicing processes.

Further studies should allow the characterization of ET-encoded
proteins and determine the role, if any, of the ET transcripts in the
regulation of PR264/SC35 expression.
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