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The highly conserved SR family contains a growing number of phosphoproteins acting as both essential and
alternative splicing factors. In this study, we have cloned human genomic and cDNA sequences encoding a
novel SR protein designated SRp46. Nucleotide sequence analyses have revealed that the SRp46 gene corre-
sponds to an expressed PR264/SC35 retropseudogene. As a result of mutations and amplifications, the SRp46
protein significantly differs from the PR264/SC35 factor, mainly at the level of its RS domain. Northern and
Western blot analyses have established that SRp46 sequences are expressed at different levels in several human
cell lines and normal tissues, as well as in simian cells. In contrast, sequences homologous to SRp46 are not
present in mice. In vitro splicing studies indicate that the human SRp46 recombinant protein functions as an
essential splicing factor in complementing a HeLa cell S100 extract deficient in SR proteins. In addition,
complementation analyses performed with (3-globin or adenovirus E1A transcripts and different splicing-
deficient extracts have revealed that SRp46 does not display the same activity as PR264/SC35. These results
demonstrate, for the first time, that an SR splicing factor, which represents a novel member of the SR family,

is encoded by a functional retropseudogene.

Pre-mRNA splicing is a fundamental process in the expres-
sion of most eukaryotic genes. The spliceosome, which cata-
lyzes the precise removal of intronic sequences from primary
mRNA transcripts, consists of several small nuclear ribonucle-
oprotein particles (snRNPs) and numerous non-snRNP pro-
teins playing an essential role in pre-mRNA splicing. Several of
these non-snRNP factors belong to a remarkably conserved
family of structurally and functionally highly related phospho-
proteins called SR proteins (20, 40, 75). The SR protein family
contains at least nine members mostly designated according to
their apparent molecular weights: SRp75 (76), SRp55 (B52 in
Drosophila melanogaster) (13, 52, 55), p54 (79), SRp40 (HRS in
rats) (6, 16), SRp30a (ASF/SF2) (25, 33), SRp30b (PR264/
SC35) (22, 67), SRp30c (55), 9G8 (11), and SRp20 (X16 in
mice and RBP1 in Drosophila) (3, 30, 75). These SR proteins
contain RNA binding domains constituted by one or two cop-
ies of the RNA recognition motif, also called the RNP-type
RNA binding domain (RBD) (6, 29), and a C-terminal region
of variable length, rich in Arg and Ser residues (RS domain).

SR proteins act as essential splicing factors in that they are
individually able to complement S100 extracts (11, 23, 32, 43,
55, 75, 79). These factors are involved in the early steps of
spliceosome assembly and pre-mRNA commitment. Several
studies have reported that SR proteins promote the binding of
the Ul snRNP to the 5’ splice site (18, 31) and stimulate the
binding of the U2AF and U2 snRNPs to the 3’ splice site
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region (22, 57). Based on results showing that the RS domains
of SR factors interact with themselves and with each other, as
well as with the U1-70K and U2AF>* proteins (31, 74), it has
been proposed that a role of SR proteins in splicing consists in
bringing the 5" and 3’ splice sites together via a bridge of
protein contacts.

SR proteins are also involved in the control of alternative
splicing. These factors have been shown to influence the selec-
tion of alternative splice sites in a concentration-dependent
manner both in vitro (23, 25, 33, 77) and in transfected cells
(10, 55, 69). For some, if not all SR proteins, this activity can
be antagonized by members of the hnRNP A/B family (23, 41,
42) as well as by other SR factors (24, 28). This indicates that
accurate alternative splice site selection depends on the respec-
tive concentrations of activating SR proteins and antagonist
hnRNP or SR factors.

Specific binding of SR proteins to pre-mRNA has been
shown to rely on exonic or intronic sequences, designated
splicing enhancer elements (24, 35, 39, 50, 59), which may be
involved in the control of stage-, sex-, or tissue-specific splicing
events. Despite the considerable overlap in SR protein activity,
it appears that individual members of the family are not func-
tionally redundant. Indeed, different specific activities for con-
stitutive and alternative splicing with various pre-mRNA sub-
strates have been described (21, 24, 55, 59, 62, 69, 77-79).
Moreover, SRp55/B52 and ASF/SF2 have been reported to
be essential genes for Drosophila development (34, 51) and
chicken B-cell viability (70), respectively. This suggests unique
cellular functions for individual members of the SR protein
family.

In the present study, we have isolated and characterized
human PR264/SC35-related sequences corresponding to a pro-
cessed pseudogene. We show that this pseudogene, termed
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H430, is differentially expressed at the RNA level in several
human cell lines and normal tissues. The H430 translation
product, which we designate SRp46 because of its apparent
molecular mass of 46 kDa, shows significant modifications
compared to the PR264/SC35 splicing factor. Consistent with
Northern blot analyses, we have observed that the SRp46 pro-
tein is expressed at different levels in various human cell lines
as well as in simian cells. The results of in vitro splicing exper-
iments demonstrate that recombinant human SRp46 is able to
fully complement S100 extracts and exhibits the general char-
acteristics of SR factors. Furthermore, we provide evidence
that SRp46 activity differs from that of PR264/SC35.

MATERIALS AND METHODS

Cell cultures and tissues. With the exception of HeLa cells, all human (293,
CCRF-CEM, HL60, KATO III, MCF7, SVK14), simian (CV-1, COS-1), and
murine [NIH/3T3, AT20, L-M (TK—)] cell lines were obtained from the Amer-
ican Type Culture Collection (Manassas, Va.) and cultured as recommended.
The human thymus used in these studies was a surgery sample from a 1-month-
old girl.

Probes, library screening, nucleotidic sequencing, and Southern and Northern
blot analyses. The RR200 probe was obtained following Rsal digestion of the
H230 clone (66). The SS800 and HB1600 probes, subcloned into the pBluescript
KS vector (Stratagene), correspond to a 0.8-kb SstI-SstI fragment containing the
RR200 homologous sequences and to a 1.6-kb HindIII-BamHI fragment located
upstream from the H430 pseudogene sequences, respectively. The ES165 probe,
specific for the H430 locus, was amplified by PCR with a pair of mutated
oligodeoxynucleotides (5'-GTGAGACCGCGGGCTGTGAT-3" and 5'-ATAG
GAATTCTCGCTATAGCC-3') in order to generate the SstIT and EcoRI re-
striction sites used for subsequent cloning into the pBluescript KS plasmid. The
human placenta genomic library (Clontech) was screened with the RR200 probe.
The human thymus oligo(dT)-primed ¢cDNA library, constructed from 5 pg of
polyadenylated RNA as recommended by the manufacturer (Amersham), was
screened with the ES165 probe. The nucleotide sequence of the 2.4-kb
EcoRI-HindlIII fragment containing most of the H430 sequences (see Fig. 1) was
determined by automated procedures. Additional sequences presented in this
study were obtained from dideoxynucleotide sequencing reactions performed
with a®-S-dATP and the Pharmacia T7 sequencing kit. Southern blot analyses,
RNA purification, selection of polyadenylated species, and Northern blot hy-
bridizations were performed as previously described (64). Human multiple-tissue
Northern blots were purchased from Clontech. The human glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)-specific and B-actin probes (Clontech)
were used as internal controls to normalize for RNA amounts.

Fluorescence in situ hybridization analysis. Chromosomes were prepared
from human normal peripheral blood lymphocyte cultures, after bromodeoxyuri-
dine incorporation during the last 7 h before harvesting. The 1.6-kb HB1600
probe was nick translated with biotin-14-dATP according to the Gibco-BRL
protocol. Classical hybridization was performed as described previously (19). The
probe was used at a concentration of 20 ng/ul in 15 pl of hybridization buffer.
Immunochemical detection of the hybridized probe was performed with goat
anti-biotin antibodies (Vector Laboratories, Burlingame, Calif.) diluted to 1:100
and fluorescein-conjugated anti-goat antibodies (Biosys, Compiegne, France)
diluted to 1:200. Chromosomes were stained with propidium iodide, mounted in
PPDI11 (36), and observed with a fluorescence microscope without amplification.
Metaphases were photographed on Ektachrome ASA 400 film (Kodak, Roch-
ester, N.Y.).

RNase protection analyses. In vitro transcription of the ES165 template was
performed with T7 RNA polymerase (Promega) following linearization at the
EcoRI restriction site. Samples of polyadenylated RNA (5 pg) were hybridized
overnight at 55°C with 3 ng of [«*>-P]JUTP-labeled probe. RNA-RNA hybrids
were then digested with RNase A (40 pg/ml) and RNase T1 (1,000 U/ml)
(Boehringer Mannheim) and analyzed in a 6% sequencing gel.

RACE-PCR. Rapid amplification of cDNA ends (RACE)-PCR experiments
were performed with human normal thymus polyadenylated mRNA species and
the Marathon cDNA amplification kit (Clontech) according to the manufactur-
er’s instructions. Double-stranded cDNA was amplified in the presence of a 0.8
uwM concentration of each amplimer (H430-1507 [5'-TAGCGAGAGTTACTG
TAACCA-3'] and AP1 adapter primer)-500 pM dNTP-50 mM Tris-HCI (pH
9.2)-14 mM (NH,4)SO,-3 mM MgCl,—2% dimethyl sulfoxide-0.1% Tween 20—
2.5 U of Expand enzyme mixture (Boehringer Mannheim).

Construction of the H430 expression vectors. The transcription plasmid used
for in vitro translation of the wild-type H430 protein was constructed by insertion
of an Apal-HindIII fragment containing the entire H430 coding sequences into
the Notl-HindIII site of the pTL2(glo) vector (49). In vitro translation of the
HA430 protein was performed with reticulocyte lysate extract in the presence of
[**S]methionine, according to the manufacturer’s instructions (Promega). The
HA430 baculoviral vector was constructed by inserting a NotI-BamHI fragment
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containing the coding sequence of H430 deprived of the first three codons into
the pAc SG His NT-B vector (PharMingen).

Antibody production. H430 polyclonal antibodies were obtained by immu-
nizing rabbits against three peptides, P213 (SRYRESRYGGSHYSS), P214
(RYRGSRYSRSPYSRS), and P215 (SGYSNSRYSRYHSSRSH), from the
HA430 repeated region coupled to ovalbumin. Antisera were tested 4, 6, and 8
weeks after multiple intradermal injections (64). Only sera directed against
peptides P213 and P214 were positive in Western blotting analyses. Their specific
antibodies were further affinity purified on Sulfolink agarose beads to which the
corresponding peptide was bound, according to the instructions of the manufac-
turer (Pierce). The monoclonal antibody (MAD) directed against the 15 C-
terminal amino acids of SC35 (24) and MAb 104, which recognizes a phosphor-
ylated epitope of the SR domain (75), were used as hybridoma culture
supernatants. MAb 9GS, which recognizes primarily splicing factor 9G8 and
which cross-reacts with SC35 (11), was used as ascites fluid. It was coupled to
cyanogen bromide-activated Sepharose (30 mg of antibodies per ml of swollen
matrix) to perform immunodepletion.

Immunoblot analysis. Protein samples were separated by sodium dodecyl
sulfate-10% polyacrylamide gel electrophoresis (SDS-10% PAGE) and electro-
blotted onto nitrocellulose membranes in 25 mM Tris-HCI-192 mM glycine
buffer (pH 8.3) containing 20% methanol. The blots were saturated in phos-
phate-buffered saline-0.5% Tween 20 containing 10% nonfat milk powder
(blocking buffer) and then probed overnight at 4°C with primary antibodies
diluted in the same buffer. The detection was performed with a peroxidase-
conjugated secondary antibody, donkey anti-rabbit immunoglobulin G (IgG) or
goat anti-mouse IgG plus IgM (Jackson Immunoresearch), and the ECL system
(Amersham).

Recombinant proteins. Recombinant baculovirus expressing the H430 protein
was prepared with the PharMingen Baculogold system and used at a multiplicity
of infection of 2 PFU per cell. Sf9 cells were harvested 48 h postinfection and
lysed by mild sonication in buffer E (20 mM Tris-HCI [pH 8.0], 100 mM NaCl,
1 mM dithiothreitol, 5 mM B-glycerophosphate, 5 mM KF, and a protease
inhibitor mixture). Protein extraction was continued for 30 min at 0°C in the
presence of 0.33 M NaCl, and cellular debris were removed by ultracentrifuga-
tion. The histidine-tagged H430 protein was purified by metal affinity chroma-
tography using a Co?*-IDA chelated resin (Talon; Clontech). The recombinant
protein was stepwise eluted with binding buffer containing 100 to 500 mM
imidazole. The fractions containing the recombinant H430 protein were dialyzed
against dialysis buffer D, which was described by Dignam et al. (17). The same
mock fractions, originating from Sf9 cells infected with baculovirus expressing
transcriptional mediator/intermediary factor 2 (TIF2), characterized by Voegel
et al. (68) were used as a control. Recombinant SRp30 factors, all histidine
tagged at their N termini, were purified on a Hitrap chelating column (Pharma-
cia) as previously described for SC35 and ASF/SF2 (24) or on a Talon column as
described above for 9G8. Proteins were quantified by Coomassie blue staining
after SDS-PAGE, with bovine serum albumin as a standard.

Preparation of splicing-competent and splicing-deficient extracts. Nuclear
extracts competent for splicing and cytoplasmic S100 fractions were prepared
from HeLa or 293 cells, grown in suspension culture, by the protocol of Dignam
et al. (17). Nuclear extracts deficient in SR splicing factors were obtained by
immunodepletion with the 9G8 antibody linked to activated Sepharose, as pre-
viously described (11). This treatment results in a complete depletion of 9G8
factor and in a significant depletion (>50%) of the other SR factors. A nuclear
extract fraction deficient in splicing was also prepared by precipitation to 55%
saturation with (NH4),SO, solution. After being stirred for 30 min on ice, the
precipitated material was pelleted and redissolved in buffer D containing only
5% glycerol and having 70% of the initial extract volume. This fraction (NE-55),
which contained detectable levels of SRp40 and 9G8 factor but no other SR
factors, was deficient in splicing but could be rescued by the addition of certain
SR factors (24).

In vitro splicing assays. Splicing assays were carried out in 25-ul reaction
mixtures in the presence of 3.2 mM MgCl, and 60 mM KCI as described
previously (54). Twenty femtomoles of capped, 3?P-labeled RNA substrates,
corresponding to the adenoviral E1IA pre-mRNA (Sp4 transcript) or to the 5’
half of B-globin pre-mRNA (B-glo transcript), was used for each assay (11). The
standard reaction mixtures contained 10 wl of HeLa nuclear extract. The
amounts of other nuclear fractions, S100 extract, and recombinant proteins are
indicated in the legends of the figures. Following incubation at 30°C for 2 h, the
RNA was extracted and analyzed by urea-PAGE and autoradiography.

Nucleotide sequence accession numbers. GenBank accession numbers for the
human H430 genomic and cDNA sequences are AF031165 and AF031166,
respectively.

RESULTS

Characterization of a PR264-related pseudogene. Southern
blot analysis of HindIlI-digested human genomic DNA with
the H230 probe derived from the PR264 gene revealed a 2.3-kb
fragment specific for the PR264/SC35 locus as well as the
existence of PR264/SC35-related sequences in three fragments
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FIG. 1. Characterization of human PR264-related sequences (A) Southern blot analysis of HindIII-digested human thymus DNA (15 pg per lane) hybridized with
the various probes as indicated above the lanes. Sizes are in kilobases. (B) Organization and structure of human PR264/SC35 and H430 sequences. The partial
restriction maps of both loci are represented. Restriction sites: B, BamHI; E, EcoRI; H, HindIIl; N, Ncol; R, Rsal; S, SstI. The probes used for Southern blot analyses
and their correspondence with both loci are indicated. Shaded boxes correspond to PR264/SC35 coding exons 1 and 2 and to their related sequences in H430.

of 4.3, 6.6, and 23.0 kb (Fig. 1A) (66). As a first step in the
characterization of these related sequences, we screened a
human placenta genomic library with an internal 200-bp probe
(RR200), which allows better detection of the PR264-related
sequences (Fig. 1A). Two overlapping recombinant phages
(A22 and \23) were shown, by restriction mapping and South-
ern blot analyses, to contain sequences corresponding to the
same PR264-related locus. Following hybridization of human
genomic DNA with an 800-bp SacI-Sacl probe (SS800) derived
from the A23 phage, a 4.3-kb HindIII fragment was predomi-
nantly detected (Fig. 1A). The corresponding PR264-related
locus was designated H430. Under the same conditions, hy-
bridization signals obtained for the 23.0- and 6.6-kb fragments
as well as for an additional 15.0-kb fragment were stronger
than that of the PR264/SC35-specific 2.3-kb fragment, indicat-
ing that the corresponding sequences are more closely related
to the H430 than to the H230 (PR264/SC35) locus.

An analysis of human-rodent hybrid cell lines had previously
allowed us to establish a positive correlation between chromo-
some 11 and the PR264-related H430 locus (66). In order to
determine more precisely the chromosomal localization of this
locus, in situ hybridization was performed with the HB1600
probe (depicted in Fig. 1B), which essentially detected H430
sequences in Southern blot hybridization experiments (Fig.
1A). As shown in Fig. 2, fluorescence in situ hybridization on
human metaphase chromosomes revealed recurrent spots on
the long arm of chromosome 11, with a very low background
level. Among the 25 metaphases which were analyzed, 80%
exhibited at least one fluorescent spot on chromosome 11 and
25% had signal on both chromosome 11 homologs. Of all
fluorescent spots, 73% were located on chromosome 11 and
25% of the specific spots were double spots. Direct R-banding
induced by an alkaline solution of phenylenediamine (PPD11)
when chromosomes were stained with propidium iodide and
observed under a fluorescence microscope (data not shown)
allowed us to precisely localize the H430 sequences on band
11q22-2. These observations indicate that the chromosomal
localization of H430 differs from that of the genuine PR264/
SC35 gene, which resides, like the ASF/SF2 locus, on human
chromosome 17 (5, 66).

The nucleotide sequence corresponding to the first half of a
5.5-kb EcoRI fragment derived from the N22 recombinant
phage was then determined and compared to that previously
established for the PR264/SC35 gene (60, 66, 67). As shown in
Fig. 3A, exon 1 sequences encoding the RBD of the PR264/
SC35 splicing factor are well conserved in the H430 locus. The
highest level of homology (85%) is observed between the ATG

translation initiation codon and the first splice donor site iden-
tified in the PR264 gene (67). This homology decreases to 70%
between the ATG codon and the PR264 transcriptional start
site (+1) (54) and abruptly falls to 35% upstream from this
start site. Exon 2 sequences encoding the PR264/SC35 RS-rich
domain are also well conserved in H430 (80%), but these
sequences are split in two parts as a result of a 165-bp inser-
tion. An analysis of this sequence indicated that it likely arose
from amplification and subsequent mutation of a 15-bp nucle-
otide motif (5'-CAGCCGA/GTCTCG/ACTA-3") which is rep-
resented immediately upstream from the insertion site in both
the PR264 and H430 sequences. A striking feature of the H430
genomic structure is the lack of identified intronic sequences
(334 bp) between the two coding exons in the PR264 gene (67).
In H430, the sequences homologous to PR264 exons 1 and 2
are separated by a 21-bp motif which likely results from dupli-
cation of the first exon 3’-proximal sequences. The 3’ noncod-
ing region represented in the major PR264 mRNA species (60)
is also conserved (81% identity) in the H430 sequences. Again,
the 986-bp intron separating PR264 exon 2 from these non-
coding sequences is not present in the H430 gene.

FIG. 2. Human metaphase chromosomes showing the specific hybridization
of the HB1600 probe to chromosome 11q22-2.
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FIG. 3. Nucleotide and deduced amino acid sequences of the human H430 and PR264/SC35 genes. (A) Comparison of H430 and PR264/SC35 nucleotide
sequences. Conserved nucleotides are indicated by stars, and gaps have been introduced in order to maximize alignment. The 21-bp duplication found at the junction
of the homologous sequences of exons 1 and 2 and the 15-bp degenerate repeats constituting the H430 165-bp insertion are indicated by dashed and solid arrows,
respectively. Splice donors (SD), splice acceptors (SA), and introns represented in PR264/SC35 sequences are indicated. The PR264/SC35 CAAT box, the TATA box,
the transcription start site (+1), and the polyadenylation signal are underlined. Conserved translation initiation and stop codons are boxed. H430 and PR264/SC35
OREFs are in capital letters. The H430 poly(A) tail remnant and the imperfect repeats flanking the H430 retropseudogene are indicated by shaded and open boxes,
respectively. H430 transcript 5" ends mapped by RACE-PCR experiments are represented by solid arrowheads above the sequence. The H430 cDNA 5’ end (#) and
polyadenylation site (O) are indicated. (B) Comparison of H430 and PR264/SC35 amino-acid sequences. Identical amino acids (=) and semiconservative substitutions
(-) are indicated. Gaps have been introduced in order to maximize alignment. The RBD is boxed, and the RNP1 and RNP2 motifs are indicated in boldface. YGRRSRS
and degenerate SRSRY repeats resulting from the 21-bp duplication and the 165-bp insertion, respectively, are represented by arrows.

Taken together, these observations indicate that H430 likely
represents a pseudogene which arose by the reverse transcrip-
tion and integration of a processed PR264 mRNA. On the
basis of the genomic organization of the H430 sequences, it is
likely that this pseudogene originates from reverse transcrip-
tion of the major 2.0-kb PR264/SC35 mRNA species (HPR4)

that we previously characterized (60). This hypothesis is sup-
ported by the fact that the homology between the H430 and
PR264 3’-proximal sequences ends abruptly at the level of an
A-rich region (AATAAAATTAGAAA in Fig. 3A) which
could constitute the remnant of a poly(A) tail. Furthermore,
H430 sequences are flanked by short imperfect repeats (Fig.
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FIG. 4. Expression pattern of the human H430 retropseudogene. (A) Correspondence of the DNA and RNA probes with the human H430 sequences. (B) An
RNase protection analysis of H430 transcripts was performed with the ES165 riboprobe and 7 pg of the indicated polyadenylated RNA. The sizes of the specifically
protected fragments are in nucleotides. (C and D) Northern blot analyses of H430 mRNA species. Polyadenylated RNA samples from the indicated human cells lines
(5 pg per lane) and normal tissues (2 pg per lane) were hybridized with the 3*P-labeled ES165 DNA probe. Transcripts detected in the different samples are indicated
by arrows. Sizes are in kilobases. Human GAPDH and B-actin were used as the internal controls to normalize for variations in RNA amounts.

3A) reminiscent of the target site duplications which are a
hallmark of integrated transposons (see reference 72 for a
review).

DNA sequence analysis of the H430 gene also revealed the
existence of an uninterrupted open reading frame (ORF)
largely colinear with those of PR264 ¢cDNAs. This ORF en-
codes a potential 282-amino-acid protein homologous to the
PR264/SC35 splicing factor. Both the RBD and RS domains of
the H430 potential product exhibit 80% homology with the
corresponding regions of the PR264/SC35 protein (Fig. 3B). In
the putative H430 translation product, the 21-bp duplication
results in a tandemly repeated YGRRSRS sequence, while
most of the 165-bp insertion within homologous sequences of
PR264 exon 2 encodes eleven degenerate repeats of the initial
SRSRY motif. The existence of an ORF in the H430 gene was
confirmed by translation experiments performed in a cell-free
system with in vitro-transcribed H430 RNA species (data not
shown). The apparent molecular mass of the resulting product
was 46 kDa, whereas its theoretical molecular mass was esti-
mated to be 34.5 kDa. Such a difference indicates that the in
vitro-translated H430 protein exhibits, like the other members
of the SR splicing factor family (76), an abnormal gel mobility.

H430 is an expressed retropseudogene. Whether the PR264-
related H430 retropseudogene is expressed was first assessed
by RNase protection experiments. These studies were per-
formed with a riboprobe corresponding to the 165-bp insertion
which was identified in the H430 sequences (Fig. 4A) and
which is specific for this locus, as revealed by Southern blot
analysis (see Fig. 1A). As shown in Fig. 4B, this riboprobe was
fully and specifically protected by polyadenylated RNA species
purified from the human epithelial HeLa, T-lymphoma CCRF-
CEM, and myelomonocytic HL60 cell lines.

The expression pattern of H430 sequences was then ana-
lyzed by Northern blot hybridizations performed with the

165-bp DNA probe (Fig. 4C). Three major polyadenylated
transcripts (4.0, 2.3, and 2.0 kb) and three minor polyadenyl-
ated species (3.2, 1.6, and 1.2 kb) were detected, although at
different levels, in HL60, CCRF-CEM, and HeLa cells. In
human epithelial 293 cells, three major species (4.2, 2.5, and
2.2 kb) were three to five times more abundantly expressed
than in HL60 cells, as determined following GAPDH normal-
ization. The differential expression of H430 sequences was also
observed following hybridization of human multiple-tissue
Northern blots with the ES165 probe (Fig. 4D). Large amounts
of H430 polyadenylated transcripts were detected in pancreas,
spleen, and prostate, while H430 sequences were weakly ex-
pressed in lung, liver, and thymus. In addition, we observed
variations between the expression patterns of the different
H430 mRNA species in several tissues.

Screening a human thymic cDNA library with the ES165
probe allowed us to isolate a 1.95-kb cDNA clone whose nu-
cleotide sequence was determined and compared to that of the
H430 retropseudogene. The cDNA clone corresponds to an
H430 mRNA species which is polyadenylated at the level of
the 3’ direct repeat identified in the H430 sequences, 18 nu-
cleotides downstream from an AATAAA motif (Fig. 3). How-
ever, this cDNA is likely incomplete in the 5’ part since
genomic and cDNA sequences were found to diverge 28 nu-
cleotides downstream from the potential translation initiation
codon.

The characterization of the 5’ ends of H430 transcripts was
performed by RACE-PCR experiments performed with hu-
man thymic polyadenylated RNAs. Sequencing the resulting
products revealed that the potential transcription start sites
(Fig. 3) of the H430 gene are spread over a region of 260
nucleotides located within and upstream from the 5’ noncod-
ing sequences homologous to PR264. Taken together, these
observations indicate that the H430 retropseudogene is ex-
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pressed through different polyadenylated mRNA species re-
sulting, in part, from heterogeneous transcription start sites.
Our results also suggest that H430 expression is regulated in a
tissue-specific way.

In vivo expression of the H430 protein. In order to deter-
mine whether H430 mRNA species are translated in vivo,
polyclonal antibodies were raised against three peptides rep-
resented in the H430-specific region containing the degenerate
SRSRY repeats. To avoid a cross-reaction of the polyclonal
antibodies with the other SR factors, these three peptides
(P213, P214, and P215; see Materials and Methods) were de-
fined so that no consecutive SR dipeptides were present in
their sequences. Following rabbit immunization, we obtained
two positive sera (S213 and S214) which recognized the H430
recombinant protein expressed in a baculoviral system and
which exclusively bound to their own peptides. For immuno-
blot analyses, we also used MAb 104 (75) and an SC35 MAb
raised against the 15 carboxy-terminal residues of the PR264/
SC35 protein (24). Indeed, a cross-reaction of MAb SC35 with
the H430 translation product was anticipated since the corre-
sponding H430 sequence only contains three amino acid
changes, preserving a nine-amino-acid homologous peptide
(Fig. 3B).

The expression and cellular localization of the H430 protein
were analyzed with the different antibodies and various sub-
cellular fractions of HeLa cells. As shown in Fig. 5A, the H430
antibody directed against the P214 peptide and revealing the
baculoviral H430 protein as a diffuse band (lane 1) led to the
detection of a major band and a minor band migrating as a
doublet in the HeLa nuclear extract (lane 2). The differences
between the apparent molecular masses of the baculoviral
H430 (51 kDa) and H430 antigen in the nuclear extract (46
kDa) resulted from the presence of 40 additional amino acids
(leading to a 4,780-Da excess) in the N-terminal part of the
recombinant protein. As previously mentioned, the apparent
molecular mass of the H430 antigen (46 kDa) was significantly
higher than that deduced from the gene (34.5 kDa). However,
this phenomenon is systematically observed with SR proteins,
mainly as a result of extensive phosphorylation of serine resi-
dues. The minor band detected under the major one (lane 2)
likely resulted from a degradative process because its intensity
was found to increase following repeated freezing and thawing
of the nuclear extract. Significantly, exactly the same major and
minor bands were detected with the P213-specific H430 anti-
body (data not shown), indicating that the antigenic protein of
the nuclear extract is indeed the genuine H430 product, which
we designated SRp46.

Immunoblotting experiments performed with MAb SC35
indicated that this antibody also recognizes the baculoviral
SRp46 protein (Fig. 5B, lane 1). In the HeLa nuclear extract
(lane 2), MAb SC35 detected an intense band of 35 kDa
corresponding to the PR264/SC35 factor, as well as a less-
intense 46-kDa band which corresponds to the major SRp46
species. An analysis of the cytoplasmic S100 fraction with the
P214 antibody (Fig. 5A, lane 6) only revealed a faint band of 46
kDa. This indicates that the SRp46 protein, like other SR
factors, is localized in the nucleus and is not significantly re-
leased during isolation of the nuclei.

In contrast to MAb SC35, MAb 104 did not efficiently rec-
ognize the baculoviral SRp46 protein (Fig. 5C, lane 1). When
a nuclear extract was tested (lane 2), a classical pattern of SR
species was obtained but no bands were detected in the 42- to
50-kDa region, even following overexposure of the blot. An
examination of the PR264/SC35 and SRp46 RS domains re-
vealed that the two longest perfect repeats of seven and eight
SR dipeptides represented in PR264/SC35 are reduced, in
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FIG. 5. Identification of the H430 gene product expressed in vivo. Immuno-
blot analyses of various extracts or fractions performed with the H430 antibody
directed against the P214 peptide (A), the SC35 antibody (B), and MAb 104 (C).
Nuclear extracts of HeLa cells (lanes 2) and derived fractions including an
ammonium sulfate pellet (60-90P), an Mg>* pellet (Mg?>*P), and supernatant
(Mg?*S) were analyzed in parallel with S100 cytoplasmic extract of HeLa cells
(S100), nuclear extract of NIH/3T3 cells (NE), and baculovirus-expressed SRp46
(bac. SRp46). The apparent molecular masses of markers are indicated. Note
that no signal was obtained in panel A when the H430 antibody was preincubated
with an excess of P214 peptide coupled to ovalbumin.

SRp46, to repetitions of only four SR dipeptides which might
be too short to constitute an efficient epitope for MAb 104. In
agreement with this, we noted that the SRp20 factor, which
contains only two perfect repeats of four SR dipeptides, is also
poorly revealed when the immunoblot analysis is performed
under similar conditions (Fig. 5C, lanes 2 to 4).

Whether the SRp46 protein fully behaves as do the other SR
factors was assessed by analyzing the different fractions ob-
tained through a purification of SR factors performed by the
procedure of Zahler et al. (75). Following immunodetection
with MAD 104 antiserum (Fig. 5C), we observed that the SR
proteins are concentrated in the 60- to 90% ammonium sulfate
pellet (lane 3) and in the 20 mM MgCl, precipitate (compare
lanes 4 and 5). Interestingly, the SRp46 protein, detected with
the P214 antibodies or MADb SC35, behaves as the other SR
factors do because it is also concentrated in the ammonium
sulfate and MgCl, pellets (lanes 3 to 5 in Fig. 5A and B,
respectively). Due to the specificity of the Mg®" precipitation,
these results indicate that the SRp46 protein is either phos-
phorylated itself, or may interact strongly with other SR factors
and be trapped with these proteins during the precipitation.
Following alkaline phosphatase treatment of the baculoviral
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FIG. 6. Expression of SRp46 in various cell lines. Aliquots of nuclear ex-
tracts, prepared from various human (HeLa, 293, KATO III), simian (CV, COS),
and mouse (3T3) cell lines and containing comparable amounts of SR factors as
detected with MAb 104 were analyzed by SDS-10% PAGE. SRp46 protein was
detected by immunoblot analysis with the P214 antibody. Comparable SRp46
expression levels were observed with the P213 and SC35 antibodies.

SRp46 recombinant protein, we have observed a 5- to 7-kDa
reduction of its apparent molecular mass, thus implying that
the SRp46 product is indeed phosphorylated in vivo (data not
shown).

To determine whether SRp46 is expressed in various cell
types, aliquots of nuclear extracts purified from different cell
lines and containing equivalent amounts of SR factors were
analyzed. Consistent with the results of Northern blot hybrid-
izations (Fig. 4C), we observed that 293 cells contain larger
amounts of SRp46 protein than HelLa cells (Fig. 6, lanes 2 and
3). Other human cells, such as KATO III cells (lane 4) and
MCF7 and SVKI14 cells (data not shown) were also found to
contain significant amounts of SRp46, indicating that expres-
sion of this protein is not restricted to a few cell types. Finally,
we searched for H430 expression in other species. The SRp46
protein was not detected in either NIH/3T3 (Fig. 5 and 6, lanes
7), AT20, or L-M (TK—) murine cells (data not shown). Since
no hybridization signal was observed following Northern and
Southern blot analyses of murine RNA and genomic DNA
performed with the ES165 probe (data not shown), these re-
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sults indicate that the H430 retropseudogene has no homolog
in mice. In contrast, two bands corresponding to proteins of 48
and 43 kDa were detected in CV-1 and COS-1 simian cells
(Fig. 6, lanes 5 and 6). The same bands were also revealed with
the P213 antibody and MAb SC35, indicating that they corre-
spond to genuine SRp46 products and that the lower band
does not result from a C-terminal cleavage of this protein (data
not shown). In addition, the results obtained with MAb SC35
indicate that the intensity of the signal corresponding to the
SRp46 products is five times higher than that of the PR264/
SC35 factor in both CV-1 and COS-1 cells.

The SRp46 protein acts as an SR splicing factor. The po-
tential activity of the SRp46 factor in the splicing reaction was
analyzed by using purified baculoviral SRp46 recombinant pro-
tein (see Materials and Methods). The absence of contaminat-
ing SR factors from the infected Sf9 cells was tested by West-
ern blot analyses with the MAb 104 antiserum. Specifically, we
have determined that, for the largest amount of recombinant
SRp46 protein tested, only trace amounts of insect SR factors
were present (data not shown). These trace amounts were
much less than the very small amounts of SR proteins which
persist in all the splicing-deficient extracts used below. To
assess in detail the SRp46 activity, we performed complemen-
tation analyses with the E1A and B-globin splicing substrates
and with three different extracts deficient in splicing: (i) cyto-
plasmic S100 extracts which contain only limited amounts of
SR species (Fig. 5C, lane 6), (ii) a nuclear extract immunode-
pleted with the 9G8 MADb (11), and (iii) a nuclear extract
fraction obtained by precipitation with 55% ammonium sulfate
(55P), which contains detectable levels of only SRp40 and 9G8
factors.

As shown in Fig. 7A, the E1A transcript was spliced effi-
ciently in 13S mRNA in the presence of the nuclear extract
(lane 2) while no splicing occurred in the presence of S100
(lane 3). The S100 fraction was efficiently complemented by
SC35 and ASF/SF2 (lanes 4 and 8, respectively) as well as by
increasing amounts of SRp46 (lanes 5 to 7). Comparable re-
sults were obtained with the B-globin transcript (Fig. 7B, lanes
2 to 6), showing that H430 is practically as efficient as SC35,
ASF/SF2, and 9G8 factors for the complementation of S100
extracts.

To determine whether SRp46 and SC35 exhibit distinguish-
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FIG. 7. Invitro analyses of SRp46 protein splicing activity. Complementing properties of SRp46 and other SR factors were analyzed in in vitro splicing assays using
an E1A (A) or a B-globin (B) pre-mRNA substrate. (A) In vitro splicing assays were performed with 10 pl of standard nuclear extracts (lane 2), 9G8-depleted nuclear
extract (lanes 9 to 12), or S100 extract (lanes 3 to 8). (B) Splicing was performed with 10 pl of S100 extract (lanes 2 to 6) or the P55 nuclear fraction (lanes 7 to 11).
The various deficient extracts were complemented with 120 ng of recombinant SC35 or 9G8 protein, 150 ng of recombinant ASF, and increasing amounts of
recombinant SRp46 protein (panel A: 70 to 210 ng in lanes 5 to 7 and 70 to 140 ng in lanes 11 to 12; panel B: 100 to 200 ng in lanes 4, 5, 9, and 10). We have verified
that an aliquot of a mock fraction, originating from Sf9 cells infected with baculovirus expressing a nonrelated protein (TIF2) and corresponding to the largest amount

of SRp46, was unable to complement the S100 fraction (data not shown).



VoL. 18, 1998

able splicing activities, we then tested other deficient extracts.
A 9G8-depleted nuclear extract was deficient in splicing (Fig.
7A, lane 9) but was complemented by SC35 (lane 10). In
contrast, we observed that this extract was only poorly rescued
by SRp46 (lanes 11 and 12). A nuclear extract 55P fraction,
inefficient in splicing with the B-globin substrate (Fig. 7B, lane
7), was strongly stimulated by SC35 (lane 8) but not by 9GS,
which is already present in this fraction (lane 11). Complemen-
tation with SRp46 was found to stimulate splicing (lanes 9 and
10), but less efficiently than SC35.

Taken together, these results demonstrated that SRp46,
which is able to fully complement S100 extracts, exhibits the
general characteristics of SR factors. However, it does not
display exactly the same splicing activity as SC35. This is con-
sistent with the fact that mutations are present all along the
protein sequence and that important insertions interrupt the
SR domain.

DISCUSSION

H430 is a PR264/SC35 retropseudogene. The presence of
PR264/SC35-related sequences in humans has raised questions
as to their origin and possible functions. The results presented
in this study indicate that the PR264/SC35-related H430 se-
quences exhibit the three hallmarks of nonretroviral retro-
posons (reviewed in references 65 and 72). Indeed, striking
features of the H430 gene are the absence of intronic se-
quences, the acquisition of a 3’ poly(A) tail, and the presence
of flanking direct repeats at the points of divergence with the
PR264 genomic sequences. As already mentioned for other
mammalian retropseudogenes such as the human phospho-
glycerate kinase-2 gene (7, 44), the apparent degeneration of
the poly(A) tail remnant in the processed H430 gene from a
presumed original status of 100% adenines to its current status
of 71% adenines is a predictable consequence of evolutionary
divergence. Consistent with this, the two imperfect repeats
flanking the H430 pseudogene were found to be 72% homol-
ogous.

Another striking feature of the H430 gene is the presence of
an OREF, largely colinear with those of PR264/SC35 cDNAs
(60), whose coding capacity is significantly greater than that of
the progenitor PR264/SC35 gene, mainly due to a multimer-
ization of preexisting sequences in exon 2. In contrast, most of
the processed pseudogenes characterized thus far exhibit, with
respect to their founder gene, either an unrelated (46) or a
shorter ORF arising from frameshift and stop mutations (4,
71).

H430 is an expressed retroposon. The identification, in
H430 sequences, of a unique 165-bp region has allowed us to
establish that this pseudogene is transcribed at different levels
in several human cell lines and normal tissues. It is currently
admitted that, aside from those with deleterious mutations,
most retropseudogenes are nonfunctional because they corre-
spond to cDNA copies lacking promoter sequences (8, 47).
Most retroposons that are expressed have been shown to orig-
inate from aberrantly transcribed mRNA molecules that in-
cluded promoter sequences (12, 56, 65). But occasionally, a
retropseudogene is expressed by association with foreign reg-
ulatory sequences, either preexisting at the site of insertion or
generated by mutation (8, 58). This is likely the case for the
H430 pseudogene since we observed an abrupt reduction in
homology between H430 and PR264/SC35 genomic sequences
upstream from the PR264/SC35 transcriptional start site.

Northern blot analyses have revealed that the H430 gene is
expressed through several polyadenylated mRNA species
ranging from 4.2 to 1.2 kb in size. The sizes of two of the major
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transcripts (2.3 and 2.0 kb) nearly correspond to that of the
H430 pseudogene, suggesting that the transcription start and
polyadenylation sites of these mRNAs are close to the H430
boundaries. Consistent with this, a polyadenylation signal (AA
TAAA) is present in the H430 poly(A) tail remnant and most
of the transcriptional start sites mapped by RACE-PCR ex-
periments are located immediately upstream from the H430
translation initiation codon. The large H430 transcripts (4.2,
4.0, and 3.2 kb) could correspond to readthrough species
and/or contain additional 5'-proximal sequences. In agreement
with the latter hypothesis, RACE-PCR and preliminary RNase
protection experiments (data not shown) have revealed the
existence of potential transcription start sites located upstream
from the H430 5’ flanking repeat.

The existence of heterogenous H430 transcription start sites
accounting for the fuzzy appearance of the mRNAs detected
by Northern blot analyses is reminiscent of GC box-containing
promoters (45). An examination of the sequences surrounding
the H430 potential start sites indeed revealed the presence of
GC-rich motifs located in the region homologous to the
PR264/SC35 5'-untranslated sequences. Since most of these
motifs are interrupted by A/T insertions in the corresponding
region of PR264/SC35, one can hypothesize that mutations
occurring after the retroposition event have revealed a pro-
moting activity. Further studies will be needed to precisely
characterize the promoter regions involved in the expression of
the different H430 mRNA species.

Evolutionary divergence of H430 sequences. The time of
origin of the H430 pseudogene was estimated from the extent
of divergence of the pseudogene noncoding sequences from
those of the functional human (60) and mouse PR264/SC35
genes (23a) (GenBank accession no., X98511). In this analysis,
only the 5'-untranslated sequences represented in human
PR264/SC35 mRNA species were compared to those of the
corresponding regions of H430 and murine PR264/SC35 be-
cause the high level of conservation of the 3’ noncoding se-
quences (81% identity between H430 and PR264/SC35 se-
quences) likely reflects functional constraints that reduced the
rate of divergence. We observed the substitution of 46 of 166
nucleotides (27.7% divergence) between the H430 and human
PR264/SC35 sequences, 61 of 156 nucleotides (39.1% diver-
gence) between the H430 and murine PR264/SC35 sequences,
and 65 of 162 nucleotides (40.1% divergence) between the
human and murine PR264/SC35 sequences. The method of
Fitch and Margoliash as detailed by Wu et al. (73) was used to
calculate the distribution of divergence among the three se-
quences. Of the 27.7% divergence between the human PR264/
SC35 and H430 genes, 13.35% was due to base substitutions
within the pseudogene since its origin and 14.35% was due to
base substitutions in the PR264/SC35 gene, indicating that
both the PR264/SC35 and the H430 genes have evolved at the
same rate. If the average rate for divergence of ancient primate
pseudogenes is 1.5 X 10~ substitutions per site per year (37),
then the calculated 0.1335 substitutions per site in the pseu-
dogene would require 89 million years (Myr) to accumulate. A
comparison of this value with the date of divergence of pri-
mates and rodents, which has been recently reestimated to
about 118 Myr (1), allows an explanation of why H430 se-
quences are not represented in the murine genome.

SRp46 as a novel member of the SR family. The results
reported in this study demonstrate that the H430 gene has
remained functional despite the long period of evolution of
primates. Remarkably, the multiple mutations, amplifications,
and deletions have not affected the global ORF of the H430
gene, suggesting that a strong selection pressure has preserved
its functionality and that its expression resulted in a general
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benefit for the primate ancestors. In agreement with this, we
present several pieces of evidence indicating that the H430
gene product may be considered a novel member of the SR
family. First, it exhibits all the general characteristics of the SR
factors. The only exception, likely explaining why SRp46 was
not identified previously, is that it is not detected by MAb 104.
The most important characteristic of SRp46 is that it comple-
ments a splicing-deficient S100 extract. In addition, we have
shown that SRp46 is localized in nuclear fractions. An immu-
nofluorescence microscopy analysis has allowed us to detect a
speckled distribution of SRp46 in the nucleus (data not
shown), reminiscent of that of other SR factors and indicating
that the targeting signals to the speckles have been preserved
in SRp46 (9). Second, SRp46 differs significantly from the
PR264/SC35 factor in several respects. (i) Despite the limited
number of nonconservative amino acid replacements in the
RBD, four of seven affect loop 3, which is positioned between
the B2 and B3 sheets. Thus, the RYTKESR peptide is changed
to a PHTKAPR peptide, resulting in the loss of two charged
residues. Since it has been shown previously for snRNP pro-
teins UIA and U2B’ that the loop 3 sequence is primarily
involved in the RNA recognition specificity of the RBD (53), it
is reasonable to assume that SRp46 exhibits an RNA substrate
specificity different from that of PR264/SC35. (ii) In the RS
domain of SRp46, the 11-fold repetition of the highly degen-
erate SRSRY motif results in an RS divergent region, which
contains only two SRSR peptides and which exhibits a very
regular tyrosine repetition. Such important alterations might
modify significantly the interaction properties of the RS do-
main. Indeed, the well-conserved RS domains of ASF/SF2 and
SC35 are interchangeable (14), in agreement with the fact that
they develop similar protein-protein interactions with other
factors containing RS domains or RS motifs (74). However, a
comparable analysis including SR factor p54, which exhibits
the less-conserved RS domain of the SR family, indicates that
a divergence of the RS domain induces some modifications in
the protein-protein interactions (79). Therefore, it is possible
that, like p54, SRp46 plays different roles in the processes
involving protein-protein interactions. Consistent with this, we
have shown that SRp46 exhibits complementing splicing activ-
ities different from those of PR264/SC35. (iii) A last feature
which differentiates SRp46 and PR264/SC35 concerns their
respective levels of expression in different tissues. For instance,
we observed that SRp46 transcripts are as well expressed in
spleen as those of PR264/SC35 but are weakly expressed in
thymus, in contrast to those of PR264/SC35 (data not shown)
(79). Therefore, because the respective activities of SR factors
in alternative splicing may depend on their relative expression
levels in cells (20, 40), the tissue-specific expression of SRp46
may be of biological significance. Taken together, our results
strongly suggest that the H430 retropseudogene has acquired
the status of a novel functional gene.

Among the numerous retropseudogenes characterized thus
far in mammals (65, 72), only a few are functionally expressed
(47). This is the case for the mouse phosphoglycerate kinase-2
(Pgk-2) (7), pyruvate dehydrogenase-2 (Pdha-2) (15), Zfa (2),
and glucose-6-phosphate dehydrogenase-2 (G6pd-2) (26) genes,
which are expressed in spermatogenic cells where they likely
compensate for the loss of expression of the X chromosome
genes Pgk-1, Pdha-1, Zfx, and G6pd-1 encoding the corre-
sponding isotypic proteins (2, 7, 44, 63). In contrast, the SRp46
protein encoded by the H430 retropseudogene is detected in
cells which also express the PR264/SC35 splicing factor, and
SRp46 appears to exhibit a splicing activity different from that
of its founder gene product. Thus, the H430 gene represents,
to our knowledge, the first clear example of a retropseudogene
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which encodes a novel trans-acting factor. Inasmuch as the
existence of retropseudogenes related to the SRp20 gene has
recently been suggested (27), it will be interesting to determine
whether other retroposition events generating functional SR-
processed pseudogenes contribute to increase the diversity of
the SR splicing factor family.
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