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The hnRNP Al pre-mRNA is alternatively spliced to yield the A1 and A1lb mRNAs, which encode proteins
differing in their ability to modulate 5’ splice site selection. Sequencing a genomic portion of the murine Al
gene revealed that the intron separating exon 7 and the alternative exon 7B is highly conserved between mouse
and human. In vitro splicing assays indicate that a conserved element (CE1) from the central portion of the
intron shifts selection toward the distal donor site when positioned in between the 5’ splice sites of exon 7 and
7B. In vivo, the CE1 element promotes exon 7B skipping. A 17-nucleotide sequence within CE1 (CEla) is
sufficient to activate the distal 5’ splice site. RNase T, protection/immunoprecipitation assays indicate that
hnRNP Al binds to CEla, which contains the sequence UAGAGU, a close match to the reported optimal Al
binding site, UAGGGU. Replacing CEla by different oligonucleotides carrying the sequence UAGAGU or
UAGGGU maintains the preference for the distal 5’ splice site. In contrast, mutations in the AUGAGU
sequence activate the proximal 5’ splice site. In support of a direct role of the A1-CEl interaction in
5'-splice-site selection, we observed that the amplitude of the shift correlates with the efficiency of Al binding.
Whereas addition of SR proteins abrogates the effect of CE1, the presence of CE1 does not modify Ul snRNP
binding to competing 5’ splice sites, as judged by oligonucleotide-targeted RNase H protection assays. Our
results suggest that hnRNP Al modulates splice site selection on its own pre-mRNA without changing the

binding of Ul snRNP to competing 5’ splice sites.

Most mammalian pre-mRNAs contain introns that must be
removed through RNA splicing. Pre-mRNA splicing takes
place in the spliceosome, which is a large, multicomponent
complex that includes a set of the four snRNPs, U1, U2, U4/
U6, and U5, and a number of non-snRNP proteins (reviewed
in references 28, 29, and 46). Multiple snRNP-snRNP and
snRNP-pre-mRNA interactions are crucial in specifying the
efficiency and the precision of splicing (reviewed in references
49 and 54). One challenging aspect of RNA splicing is to
understand how appropriate pairs of 5’ and 3’ splice sites are
selected in pre-mRNAs containing multiple introns. Alterna-
tive splicing brings another dimension to the issue of splice site
selection as it involves modulating the pairing of splices sites
during development and differentiation.

The selection of splice sites is determined by several param-
eters including the proximity and strength of splicing signals
(reviewed in reference 5). Although mutations in splicing sig-
nals often affect splice site selection, the fit of a splice site to
consensus sequences is not sufficient to predict splice site uti-
lization. Sequences lying outside splice sites appear to provide
a context that influences splice site recognition. This notion of
context has remained ill defined, but recent progress has re-
vealed that the recognition of a weak 3’ splice site is improved
by a downstream 5’ splice site through exon-bridging interac-
tions (32, 52). A growing number of exon and intron sequences
have been identified based on their ability to influence splice
site selection. Splicing enhancers have been uncovered in a
variety of mammalian exons (23, 37, 61, 65, 67, 70, 71, 73).
Several exon enhancers are bound by SR proteins (37, 51, 58,
59), a family of related phosphoproteins essential for constitu-
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tive splicing (reviewed in reference 26). SR protein binding to
exon enhancers stimulates U2AF and U2 snRNP binding to
the upstream branch site/3’-splice-site region (17, 37, 69). In
Drosophila, activation of the female-specific 3’ splice site in dsx
pre-mRNA requires a downstream 13-nucleotide (nt) repeat
bound by Tra and Tra-2 (30, 33, 53, 62). An interaction be-
tween SR proteins and a purine-rich sequence embedded
within the dsx repeat elements stabilizes the formation of an
enhancer complex which promotes the recognition of the sub-
optimal dsx 3’ splice site (31, 39, 63, 64). Intron enhancers have
also been found (13, 20, 34, 45, 56). In the case of the neuron-
specific exon of c-src, an intron element bound by hnRNP F is
important for exon inclusion (45). Cell-specific inclusion of the
fibronectin EIIIB exon requires a repeated UGCAUG motif
located in the downstream intron (34), but the identity of the
factors that recognize this and other intron elements is cur-
rently unknown.

Exon and intron sequences which repress the use of nearby
splice sites have also been identified. Some of these sequences
are involved in the formation of secondary structures that
restrict the availability of splice sites (25, 57), while others are
used as platforms for the assembly of aberrant splicing com-
plexes (27, 48). A well-characterized example of negative reg-
ulation mediated by exon sequences is found in the Drosophila
somatic P-element pre-mRNA. In this case, formation of an
RNA-protein complex containing Ul snRNP, the soma-spe-
cific PSI protein, and the ubiquitous hrp48 protein prevents
downstream 5'-splice-site recognition in somatic cells (55). In
a manner that is reminiscent of the action of Sx/ on the Dro-
sophila tra pre-mRNA (66), the mammalian hnRNP I/PTB
protein appears to interfere with U2AF binding to some 3'-
splice-site sequences (38).

Several observations suggest that the mammalian hnRNP
A/B proteins modulate splice site selection. In vitro and in vivo
increases in the concentration of hnRNP A/B proteins antag-
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onize the activity of SR proteins by promoting exon skipping
and distal shifts in 5'-splice-site utilization on some but not all
pre-mRNAs (11, 41-43, 72). The variable efficiency with which
Al affects splice site selection suggests the existence of pre-
mRNAs that may be more sensitive to Al and hence more
useful in understanding how A1l modulates alternative splicing.
The Al pre-mRNA is itself alternatively spliced to yield Al
and Alb, two proteins which display important differences in
their ability to modulate splice site selection (43, 72). We
undertook to characterize the elements involved in controlling
the alternative splicing of the hnRNP Al pre-mRNA. Our
study reveals the existence of conserved sequences in the in-
tron separating exon 7 and the Alb-specific exon 7B. Within
these conserved sequences, we identified a binding site for the
hnRNP Al protein. Activation of the upstream 5’ splice site
correlates with Al binding but is not associated with a change
in the ability of Ul snRNP to bind to either 5’ splice sites.

MATERIALS AND METHODS

Plasmids. pUC3-Fli-2 contains the hnRNP A1 genomic Sa/I-EcoRI fragment
from a BALB/c mouse (3). The alternative splicing unit was sequenced with
oligonucleotides A1701 (CAATTTTGGTCGAGGAGGGA) and A1B3 (CCTC
CGCCTCCGTTGTTATA). The sequence of intron 6, intron 7, and part of exon
7B was confirmed by sequencing with oligonucleotides A1E7 (TGCCAAATCC
ATTATAGCCA), A1B2 (TTCCATAACCCTGTCCACCA), and AlB1 (TGG
TGGACAGGGTTATGGAA), respectively.

(i) 553 series. The Dsal-EcoRI fragment of pUC3-Fli-2 was subcloned into the
Sall and EcoRI sites in pBluescript KS+ (Stratagene) to yield pKgAl. pKgAl
was digested with Bsu36l and EcoRI and self-ligated to generate pK7Al. A
fragment containing the 3’ portion of exon 7B extending to exon 8 was generated
by PCR amplification with oligonucleotides A1B1 and A1893 (72) and cloned
into the Smal site of pBluescript KS+ to generate pK78A1. A Stul-BamHI
fragment containing part of intron 7B and exon 8 sequences was replaced by a
Stul-BamHI fragment containing the 3’ splice site of the adenovirus major late
L2 exon to produce pK7BAd. The Sall-PstI fragment of pK7A1 was inserted in
the Sall and PstI site of pK7BAd to produce pK77BAd. A 14-bp PstI-Smal-PstI
adapter was inserted in the PstI site of pK77BAd to yield pS1. The Bsu36I-Sphl
fragment corresponding to CE1 was cloned into the Sa/l and Sphl sites of pUC19
to produce pUC109. The KpnI-HindIII fragment was subcloned into pBluescript
KS+ to produce pK109. The pK109 Smal-EcoRV fragment containing CE1 was
inserted in the Smal site of pS1 to generate pS2 and pS3. pS4 was produced by
inserting the Sal/l-Pvull fragment of pK7Al into pK77BAd. pS5 and pS6 were
produced by inserting the Smal-EcoRV fragment of pK109 in the Stul site of
pS1. pS10 to pS15C were produced by inserting reannealed oligonucleotides at
the Smal site of pS1. The sequences of the sense oligonucleotides are indicated
in the figures. The sequence and orientation of the insert were confirmed by
sequencing with oligonucleotide A1B2.

(ii) E1A constructs. The Smal-EcoRV fragment of pK109 was inserted at the
Smal site of plasmid pSP4-E1A (72) to produce pSP4-E2 and pSP4-E3.

Transcription and splicing assays. Plasmids pS1 to pS15C were digested with
Scal. Transcription with T3 RNA polymerase (Pharmacia Biotech), cap analog
(Pharmacia Biotech), and [a->*P]JUTP (Amersham Life Sciences) and further
RNA purification were as described previously (16). Adenovirus E1A pre-mR-
NAs E2 and E3 were produced following digestion with HindIII and transcrip-
tion with SP6 RNA polymerase in the absence of labeled UTP. CE1 competitor
RNA was produced by transcription of pK109 linearized with HindIIl. The
unrelated K RNA used as a control competitor was obtained by T3 transcription
of pBluescript KS+ linearized at the SaclI site. RNA substrates used in immu-
noprecipitation assays were synthesized following digestion of pK109 with either
HindlIll, Ddel, Rsal, or Hinfl. Shorter RNAs derived from S1, S2, S10, S13, and
S14 RNAs were produced by transcription of the corresponding plasmids di-
gested with BstXI, which cuts in exon 7B.

Nuclear extracts were prepared (22) and splicing mixtures were set up and
processed (35) as described previously. The identity of lariat products was con-
firmed by performing debranching reactions and estimating the size of the
debranched molecules on acrylamide gels. Splicing mixtures incubated with E1A
substrates were treated with DNase I, reverse transcribed, and amplified with
Tag DNA polymerase as described by Yang et al. (72). Restriction enzyme
analysis confirmed the identity of the amplified products. SR proteins were
purified from calf thymus as described by Zahler et al. (75).

Transfection assays. The pCMV-Al vector was generated by inserting an Al
genomic fragment containing exon 5 to exon 10 into a pCMVSV derivative (72).
pCMV-A1ACEI1 was produced by deleting the Bsu36I-SphlI fragment in intron 7.
Transfection in HeLa cells was accomplished by the standard calcium phosphate
precipitation technique. After 48 h, RNA was extracted by the guanidium-HCI
method (16) and reverse transcription (RT)-PCR analysis was performed as
previously described (72). The oligonucleotides used in the RT-PCR assay were
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A1893 (72) and CMV-1 (AGACGCCATCCACGCTGTTT). Amplification con-
trol experiments were performed on recombinant DNA molecules carrying the
corresponding region of the Al and Alb cDNAs inserted into pCMVSV.

Immunoprecipitation assays. Inmunoprecipitation and RNase T, protection
assays on CE1 RNA were performed essentially as described previously (18).
Briefly, anti-A1 antibodies (9H10, kindly provided by G. Dreyfuss, HHMI, Uni-
versity of Pennsylvania) with or without RNase T, were added to splicing mix-
tures and kept on ice for 30 min. A 4-mg amount of protein A-Sepharose
(Pharmacia Biotech) was added, and incubation was continued for 15 min. Each
immunoprecipitate was washed four times with NET-2 buffer (50 mM Tris-HCI
[pH 7.5], 150 mM NaCl, 0.5% [vol/vol] Nonidet P-40, 0.5 mM dithiothreitol). The
percentage of recovery of input RNA with the anti-Al antibody was calculated
by measuring the number of counts per minute in each sample immediately after
the addition of protein A-Sepharose and after all washes.

RNase H protection. HeLa extracts depleted in U1 snRNPs were produced by
addition of RNase H (Pharmacia Biotech) and the oligonucleotide TCAGGTA
AGTAT complementary to the 5’ end of Ul RNA (6). As a control, a mock-
treated HeLa extract was obtained by incubation with RNase H and an unrelated
oligonucleotide. RNase H and 75 pmol of oligonucleotides complementary to the
5’ splice sites of exons 7 and 7B (GAAACTTACCATC and GATACCTACCA
CTA, respectively) were added to 10-pl splicing-reaction mixtures after incuba-
tion for the specified times (24). Incubation was continued for 15 min at 30°C.

Nucleotide sequence accession number. The GenBank accession number of
the mouse hnRNP A1 alternative splicing unit is U65316.

RESULTS

Conserved hnRNP Al intron sequences. As a first step to-
ward identifying sequences involved in modulating the inclu-
sion of the alternative exon 7B, we sequenced the genomic
portion of the murine Al gene from exon 6 to exon 7B by using
a genomic copy of the murine Al gene isolated previously (3).
Comparing this sequence with the corresponding sequence of
the human Al gene (4) revealed that the murine 16 intron,
which separates constitutive exons 6 and 7, was 38 nt larger
than the corresponding human intron and shared little se-
quence conservation with the human I6 intron, except at the
immediate splice junctions (Fig. 1). The poor degree of con-
servation between the mouse and human I6 introns is there-
fore comparable to that of most human and mouse constitutive
introns. In contrast, the I7 intron, which separates exon 7 and
the alternative exon 7B, was remarkably conserved between
mouse and human: both introns were 204 nt long, and they
displayed an overall similarity of 75% (Fig. 1). The striking
conservation of the I7 intron suggests that it may contain
elements that modulate the alternative splicing of exon 7B.

A conserved element in intron 7 affects 5'-splice-site selec-
tion. We carried out in vitro splicing reactions in HeLa nuclear
extracts to test the effect of some of the conserved sequences of
I7 on splice site selection. As a model pre-mRNA substrate, we
used a hybrid RNA that contained the 5’ splice sites of exons
7 and 7B in competition for the 3’ splice site of the adenovirus
L2 exon (S1 RNA) (Fig. 2). A similar construct carrying the 3’
splice site of exon 8 was spliced with extremely low efficiency
(data not shown). Splicing of S1 RNA occurred predominantly
to the proximal 5’ splice site of exon 7B (Fig. 2, lanes 2 and 4).
When a 150-nt insert containing the central portion of intron
I7 (underlined region in Fig. 1 and herein referred to as CE1)
was included between the two 5’ splice sites to produce S2
RNA, splicing to the distal 5’ splice site of exon 7 occurred
preferentially (lanes 1 and 6). A control pre-mRNA, which
contained CEl in the reverse orientation (S3 RNA), was
spliced to each 5’ splice site with approximately equal effi-
ciency (lane 5). Within S3 RNA, a pseudo-5’ splice site in the
downstream portion of the insert was also used. A pre-mRNA
containing a filler sequence of 175 nt (S4 RNA) was spliced
exclusively to the internal 5’ splice site (lane 3). Thus, the
presence of CE1 in its natural position, in between alternative
donor sites, shifted selection toward the distal site. When CE1
was inserted downstream of the internal 5’ splice site (S5
RNA), the selection of the distal 5’ splice site was not stimu-
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EXON 6

. o - .

TCGCAGTGGTTCTGGAAACTTTGGTGGTGGTCGTGGAGGCGGTTTTGGTGCGCARATGACAATTTTGGTCGAGGAGGGAACTTCAGTGGTCGTAGTGTGTAT 100

TCGAAGTCGTTCTGGAAACTTTGGTGGTGGTCGTGGACCTGGTTTCGCTGGGAATGACAACTTCGGTCGTCGAGGRAAACTTCAGTGGTCCTHGTATGTAT

CEVRECCE T PPEEE TR FEPREET P TEEr s v

100

GGTTTATTTTTTGATTCCTTGTTGGTTTCAGAGCTTTTAAATATTAACTGCTACCCTGTGTTTCCAGCATTTATGGATTTTACCCGAATATAGTTCTAGT 200

GGTTTATCTACATGTAGTTCTGACTTCTCACCATCTTTGCTATGAAGATTTTACAGTACGGGAACTGCAT T e v e o vsoaea eeseeaas csecccncann

171

ACAGAATTAGATTTTGATAAGCATTCATGTATAAAGCCTGGTTTAAAGCTTTGGTTTCTTCCAGETGGCTTTGGTGGCAGCCGTGGTGGTGGTGGATATG 300

-CAGAATGTCACTTTAAGTCCAAGTCATACTTARAACTT . v v e v v ™ GAAACTTTTTCTTACAGGTGGCTTTGGTGGCAGCCGTGGTGGTGGTGGATATG 262
EXON 7 CEla
L ]

GTG GCAGTGGGGATGGCTATAATGGATTTGGCAATGATGGTAAGTTTCCTAAGGAGTCTGTAAGTAATGGTTTCTGGAAAACCTGTACCTTTAGAGTAGG 400

GTGGCAGTGGGGATGGCTATAATGGATTTGGCAATGATGGTAAGTTTTTTAGGAATAAGTAGAGARAA . . AATTCCTGGCAACCTGGATCTTTAGAATAGG 360

CEle

CTAGTAGAAACTARAACTTA . .GTGCATGACAAAGTTCGATCAGTCCCATAAATGTGCATGCTATGAGCAGCCTTT . AGCTATTAT . CTTGCATACATTTT 496

TTAGTAGAGACTAAAATTCTGGTGCATGTCAAACT . CAACTTTGCCCATAACAC . GCATGCTGTGAGCAGGCCTTCAGCCGTTACACTTGCACAAGTTTT 458

TCCTGTTAAATACTTTTGTCTTATTGAGAAGACTTGTATTCTTATAGETGGTTATGGAGGAGGCGGCCCTGGTTACTCTGGAGGAAGCAGAGGCTATGGA 596

CATTGTCAAATACTTTTGTCTTATTGAGAAGAATTGTATTCTIGTAGETGGTTATGGAGCAGGCGGCCCTGGTTACTCTGGAGGAAGCAGAGGCTATGGA 558

GGTTATGGAAACCAGGGCAGTGGCTATGGCGGGAGTGGCAGCTATGACAGCTATAACAACGGAGGCGGAGGAGGCGGCTTTGGCGGTG

IIIIIIIIIIIII|||||I|||I|||IHHIIIIIIIIIIIIIIIIIIIIIIIIHHIIIIIIIIIIIIIIIIIIIIII

CAGGGTTATGGAAACCAGGGCAGTGGCTATGGCGGGAGTGGCAGCTATGACAGCTATAACAACGGAGGCGGA . . . GGCGGCTTTGGCGETG

696

655

EXON 7B
GTAGTEGTAGGTATCCAG 714  mouse
FEEVENETETETTETEny
GIAGTGQETAGGTATCCAG 673 human

FIG. 1. Sequence of the mouse and human hnRNP A1l alternative splicing unit. A portion of the mouse hnRNP A1l gene (top) extending from exon 6 to 12 nt
downstream of alternative exon 7B was sequenced and compared to the corresponding region of the human Al gene (bottom [4]). Exon sequences are boxed. The
alignment reveals that intron 7 (I17), which separates exon 7 from the alternative exon 7B, is very similar between mouse and human. Within 17, the mouse Bsu361-Sphl
fragment corresponds to CE1 (underlined). The sequences corresponding to CEla and CEle are indicated. Note that the murine exon 7B contains an additional GGA

codon.

lated in comparison to a control substrate containing the com-
plementary sequence of CE1 inserted at the same position (S6
RNA) (lanes 7 and 8).

The effect of CE1 on 3'-splice-site selection was addressed
by using a substrate containing the 5’ splice site of exon 7,
which can be spliced to either the proximal 3’ splice site of
exon 7B or the distal 3’ splice site of the adenovirus L2 exon.
The presence of CE1 either between 3’ splice sites or upstream
of the internal 3’ splice site did not affect 3'-splice-site selec-
tion (data not shown).

To verify whether CE1 could act on heterologous 5’ splice
sites, CE1 was inserted in both orientation in the adenovirus
E1A gene downstream of the 12S 5’ splice site. E1A pre-
mRNA splicing in a HeLa extract was monitored by RT-PCR
with primers that map downstream of the major 3’ splice site
and upstream of the distal 9S 5’ splice site, as described pre-
viously (72) (Fig. 3). The control E1A pre-mRNA containing
the complementary sequence of CE1 preferentially led to the

amplification of 13S products (Fig. 3, lane 2). In contrast,
insertion of CE1 in the correct orientation eliminated the ap-
pearance of 13S products and favored the use of the 9S 5’
splice site (lane 1). Thus, CE1 promoted the selection of the
distal 5" splice site in an heterologous pre-mRNA.

CE1 promotes exon 7B skipping in vivo. Our results suggest
that CE1 may contribute to the alternative splicing of the
natural hnRNP Al pre-mRNA. To test the effect of CE1 in its
natural context in vivo, we constructed an expression vector
carrying a genomic portion of the mouse Al gene under the
control of the CMV promoter (pCMV-Al). Following tran-
sient expression of this minigene in HeLa cells, RT-PCR anal-
ysis revealed that the pre-mRNAs were spliced preferentially
to yield mRNAs that lacked exon 7B (Fig. 4, lane 4). This
splicing profile corresponds to the profile of the endogenous
Al pre-mRNA in HelLa cells, where less than 5% of Al tran-
scripts contains exon 7B (data not shown). A derivative of the
Al minigene, pCMV-A1ACEl, was produced by deleting the
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FIG. 2. CE1 affects 5’ splice site selection. RNA substrates were synthesized
from plasmids lacking CE1 (S1 and S4 RNAs) or containing CE1 in the sense (S2
and S5 RNAs) or antisense (S3 and S6 RNAs) orientation. Following incubation
in HeLa extracts, the splicing products were loaded onto 8% acrylamide-7 M
urea gels. The relative frequency of distal and proximal splice site utilization can
be evaluated by comparing the intensity of the bands derived from proximal (P)
and distal (D) lariat intermediates and products which migrate above the pre-
mRNA. To improve resolution of lariat species, gels were run extensively, ac-
counting for the absence of the mRNAs and 5’ exons. Because of the large size
of the intron in distal lariat intermediates and products, these species migrated
close to the origin of the gel and did not resolve well. The individual lariat species
were detected in gels run for a longer period (not shown). Note that a pseudo-5’
splice site located in the 3’ portion of the insert in S3 RNA was also used; the
lariat molecule derived from the use of this site is indicated by an asterisk. The
structure and size (in nucleotides) of various portions of the pre-mRNAs are
indicated at the bottom.

CE1 element in intron 7. Transient expression of pCMV-
A1ACE]! led to a dramatic increase in the inclusion of exon 7B
(lane 5). This result indicates that the CE1 element plays a role
in promoting efficient exon 7B skipping in vivo.

A 17-nt sequence within CE1 is sufficient to shift 5’ splice
site selection. To identify sequences within CE1 which are
responsible for activating the distal 5" splice site, portions of
CE1 were inserted between the two competing 5’ splice sites.
Strikingly, insertion of a sequence derived from the conserved
5’ portion of CE1 (CEla; Fig. 1) activated the distal 5’ splice
site (S10 RNA; Fig. 5, lanes 2 and 5). Insertion of various
control oligonucleotides did not affect 5’'-splice-site selection
(lane 6; data not shown). An oligonucleotide containing con-
served sequences downstream from CEla (CEle; Fig. 1) also
had no effect on splice site selection (S12 RNA; Fig. 5, lane 7).
Insertion of CEla upstream of the CE1 element in S2 RNA
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FIG. 3. CE1 acts in a heterologous fashion. The CE1 element was inserted in
the sense (E2 RNA) and antisense (E3 RNA) orientations downstream from the
12S 5’ splice site in the adenovirus E1A gene. Unlabeled E2 and E3 RNAs were
incubated for 2 h in HeLa nuclear extracts. Splicing was monitored by RT-PCR
with [a-*?P]dCTP and previously described oligonucleotides (right) (72). Ampli-
fied products were loaded onto a 5% nondenaturing acrylamide gel. The identity
of the pre-mRNA, 13S, and 9S products was confirmed by restriction enzyme
analysis (not shown). The identity of the bands indicated by an asterisk in lane 1
has not been investigated. One of the bands may correspond to the 12S product,
a result that would be consistent with the CE1-mediated activation of distal 5’
splice sites. ss, splice site.

further enhanced the use of the distal 5’ splice site (data not
shown).

hnRNP Al binds to CEla. To address whether CE1 medi-
ates distal 5'-splice-site selection through the interaction with
factors present in HeLa extracts, splicing of S2 RNA was per-
formed in the presence of excess amounts of an RNA made up
mostly of CE1 sequences (CE1 RNA). Preincubation with a
1,000-fold molar excess of CE1 RNA shifted 5'-splice-site se-
lection toward the proximal 5’ splice site (Fig. 6A, lane 5).
Lower concentrations of CE1 RNA did not affect 5'-splice-site
selection (data not shown). Addition of a 1,000-fold excess of
an unrelated RNA (K RNA) had no effect (lane 6). A 1,000-
fold excess of CE1 RNA also favored proximal 5'-splice-site
selection on transcripts that lacked the CE1 element (lane 2).
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FIG. 4. CE1 promotes exon 7B skipping in vivo. A genomic portion of the
mouse Al gene (exons 5 to 10) was inserted into an expression vector containing
the CMV promoter (72). The pmA1 expression vector and the pmA1ACEl
derivative were transfected into HeLa cells. At 48 h posttransfection, total RNA
was analyzed by RT-PCR. Reconstructed Al and Alb cDNAs were used as
controls (lanes 1 and 2). A schematic diagram of the vectors and the position of
the oligonucleotides used as primers are indicated at the bottom.
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FIG. 5. A 17-nt region within CE1 activates the upstream 5’ splice site. An
oligonucleotide containing the CEla sequence (boldface type in S10 [Fig. 1]) was
inserted between the two competing 5’ splice sites, and the resulting RNA was
tested for splicing by comparison to S1 and S2 RNAs (lanes 1 to 3). Two other
oligonucleotides were used as controls (S11 and S12 RNAs). The inserts in S10
and S11 share the sequence AGGCCU corresponding to a Stul site (underlined).
The oligonucleotide inserted in S12 corresponds to the CEle sequence (Fig. 1).
Splicing products were separated on an 8% acrylamide-7 M urea gel. The
positions of the pre-mRNAs as well as lariat molecules derived from proximal or
distal 5’-splice-site utilization are indicated. Note that in lanes 1 to 3 (see also
Fig. 8), three types of proximal lariat molecules are observed. Based on de-
branching assays, the top band corresponds to the lariat intermediate and the
middle band corresponds to the lariat product. The faster-migrating band cor-
responds to lariat products that have lost the 3’ tail, possibly due to an increased
activity of exonucleases in some but not all HeLa extracts.

These results suggest that an excess of CE1 RNA sequesters a
factor(s) that generally encourages the selection of distal 5’
splice sites.

Because hnRNP Al proteins promote distal 5’-splice-site
selection on a variety of transcripts (42, 43, 72), it was of
interest to address whether hnRNP A1 interacts with CE1. We
performed immunoprecipitation assays with a monoclonal an-
tibody against A1 proteins (9H10, kindly provided by G. Drey-
fuss, Howard Hughes Medical Institute, University of Pennsyl-
vania). Labeled CE1 RNA was added to a HeLa extract, and
the Al-bound RNA was recovered with the anti-Al antibody.
9H10 immunoprecipitated 35% of input CE1 RNA compared
to 6% when we used a control RNA lacking the CE1 sequences
(Fig. 6B). An RNA containing the first 68 nt of CE1 was also
efficiently immunoprecipitated (21% of input RNA), whereas
an RNA containing only the first nonconserved 37 nt of CE1
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was recovered at background level. A control RNA containing
the full complementary CE1 sequence was recovered with an
efficiency inferior to 10% (data not shown). Thus, the con-
served region located between positions +34 and +63 in CE1
contains sequences that appear to be important for hnRNP Al
binding. Notably, when the immunoprecipitation assay was
performed with monoclonal antibodies against hnRNP C or
hnRNP A2, Al proteins were immunoprecipitated but less
than 5% of input CE1 RNA was recovered (data not shown).
This result suggests that the Al molecules binding to CE1 at
0°C are not associated with the hnRNP C or A2 proteins.
Further investigations will examine whether binding of Al to
CEl1 drives the assembly of core hnRNP particles.

RNase T, protection/immunoprecipitation assays were next
performed to map with more precision the site of interaction of
hnRNP A1l with CEl. CE1 RNA was incubated in a HeLa
extract, and the monoclonal antibody 9H10 was used to re-
cover four protected fragments ranging in size between 14 and
22 nt (Fig. 6C, lane 2). Secondary RNase T, analysis indicated
that all four fragments contained a 9-nt T1 oligomer (Fig. 6D).
Fragments 1 and 2 contained an additional 4-nt oligomer.
Inspection of the 160-nt CE1 RNA indicates that only one
region within CE1 contained adjacent 9- and 4-nt T1 oligomers
within a 22-nt stretch. This region corresponds to the middle of
the CE1 element, precisely in the region previously shown to
be required for anti-A1 immunoprecipitability (Fig. 6B). From
this analysis, we deduced that protected fragments 3 and 4 are
14 and 15 nt, respectively. Fragment 2 is 19 nt and includes an
additional downstream 4 nt, while fragment 1 is 22 nt and
contains an additional downstream 3-nt oligomer which would
not be labeled since RNase T, cuts 3’ to the phosphate of G
nucleotides. The sequence of the smallest protected fragment
is therefore UACCUUUAGAGUAG; the underlined se-
quence is related to the optimal Al binding site consensus
sequence UAGGG(A/U), as determined by selection and am-
plification from pools of random RNA sequences (8). It is
notable that the two smallest Al-protected fragments are con-
tained within CEla, the portion of CE1 which activates the
distal 5’ splice site of exon 7 (Fig. 6B, CEla sequence in
boldface type).

Activation of the distal 5’ splice site correlates with Al
binding. Our results indicate that hnRNP Al binds to the
CEla sequence, suggesting that the A1-CEla interaction is
required for the shift in 5'-splice-site selection. This possibility
would be consistent with the demonstrated ability of hnRNP
Al proteins to displace 5'-splice-site selection toward distal
donor sites in vitro and in vivo (42, 43, 72). Moreover, this
would explain why addition of an excess competitor CE1 RNA
led to proximal 5'-splice-site selection even on a pre-mRNA
that lacks the CEl element. If the A1-CE1 interaction is in-
deed responsible for promoting distal 5'-splice-site selection,
differences in shifting efficiency should correlate with differ-
ences in Al binding. To address this issue, we tested several
sequences (Fig. 7A) for their ability to activate the distal 5’
splice site. Pre-mRNAs containing the putative Al binding
sequence UAGAGU or UAGGGU flanked by completely dif-
ferent sequences (S13 and S14, RNAs, respectively) activated
the distal 5’ splice site with efficiencies equal to or greater than
CEla (S10 RNA) (Fig. 7B, lanes 2 to 4). Deletion of the GAG
sequence in UAGAGU to produce S10A RNA restored pref-
erential splicing to the proximal 5" splice site (lane 6). Com-
pared to S15 RNA, which carries the UAGAGU sequence
(lane 7), the G-to-A mutation at position +5 (S15A RNA; lane
8) had no effect on splice site selection while the G-to-C mu-
tation at the same position (S15C RNA; lane 9) considerably
reduced distal 5'-splice-site selection. These results indicate
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FIG. 6. hnRNP Al binds to CEla. (A) Distal 5'-splice-site selection is affected by an excess of CE1 RNA. A HeLa extract was preincubated with either no RNA (lanes 1 and 4) or a 1,000-fold molar excess of
CE1 RNA (lanes 2 and 5) or unrelated K RNA (lanes 3 and 6). CE1 RNA contains the sequence underlined in Fig. 1 plus 39 nt at the 5’ end and 12 nt at the 3’ end derived from the transcription template. Following
preincubation with the competitor RNA for 15 min at 30°C, S1 or S2 RNA was added and incubation was continued for 2 h. Splicing products were fractionated as described previously. The position of lariat
intermediates and products derived from proximal and distal 5’-splice-site utilization is indicated. (B) Immunoprecipitation of CE1 RNA and shortened derivatives by the anti-Al antibody. Labeled RNAs produced
by runoff transcription were added to HeLa extracts and immunoprecipitated with an anti-A1 monoclonal antibody (9H10; provided by G. Dreyfuss). The recovery of input RNA following four washes is indicated
as a percentage and represents an average of four independent experiments. The identity of the RNAs relative to the sequence of CE1 is shown, and the sequence of CEla is in boldface type (C) RNase T,
protection/immunoprecipitation assay. The procedure was identical to that in panel B, except that RNase T, was added along with the anti-Al antibody (lane 2). Protected fragments were resolved on a 15%
acrylamide-7 M urea gel. The size of each protected fragment is indicated. Lane 1 represents a complete RNase T, digestion of CE1 RNA. (D) Each protected fragment obtained in panel C (lane 2) was isolated
and purified, and a portion was digested with RNase T;. Digested and undigested samples were loaded onto a 20% acrylamide—7 M urea gel along with a complete RNase T, digestion of CE1 RNA (M). The positions
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S14 CCAAUAGUGCUUAGGGUCUGAAUCAAAGA
S13 AGCUAGAUUAGACUUCUAGAGUUU

S10 ggGUACCUUUAGAGUAGGCcu

S10A ggGUACCUUUAUAGGCcu

S15 gatcUAGAGUcagg

S15A gatcUAGAaUcagg

S15C gatcUAGAcUcagg
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FIG. 7. Al binding and 5'-splice-site selection. (A) Sequences tested for their
ability to promote distal 5'-splice-site selection (B) and to be bound by hnRNP
Al in nuclear extracts (C). The UAGRGU sequence is shown in boldface type.
Lowercase letters indicate that these nucleotides are not part of the CEla
sequence. (B) Splicing assay of pre-mRNAs containing the sequences shown in
panel A, inserted between the two 5’ splice sites of S1 RNA. Incubation in HeLa
extracts was carried out for 2 h, and splicing products were resolved as described
previously. The position of the lariat molecules derived from proximal (P) and
distal (D) 5’-splice-site utilization is indicated. (C) Graph representing the shift-
ing efficiency (abscissa) of the inserted sequences relative to the percentage of
RNA recovered by immunoprecipitation (ordinate). Included in this represen-
tation are values obtained without inserted nucleotides (S1 RNA) and with the
complete CE1 element (S2 RNA). Immunoprecipitation assays were performed
with shorter versions of each RNA (i.e., terminating in exon 7B).
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FIG. 8. SR proteins neutralize the effect of CEl. Splicing assays in HeLa
extracts were performed in the absence (lanes 1 to 4) or in the presence (lanes

5 to 8) of purified calf thymus SR proteins. Incubation was carried out for 2 h at
30°C.

that the UAGAGU sequence plays a role in modulating 5’'-
splice-site selection. Next, immunoprecipitation assays in nu-
clear extracts were performed with RNAs terminating approx-
imately 30 nt after the inserted sequences (corresponding to a
BstXI site in exon 7B). Short RNAs derived from S13, S14,
S15, and S15A were bound by Al with efficiencies equal to or
greater than those of short RNAs derived from S10 (Fig. 7C).
RNAs lacking the UAGAGU sequence (S1 and S10A) or car-
rying the UAGACU mutation were bound least efficiently by
hnRNP Al. A short RNA derived from S2 was recovered with
the highest efficiency with anti-Al antibodies. Thus, a correla-
tion between Al binding and the amplitude of the shift sug-
gests that Al binding favors distal 5’-splice-site utilization.

SR proteins abrogate the effect of CE1l. In other pre-
mRNAs, SR proteins promote proximal 5'-splice-site selec-
tion and antagonize the action of hnRNP A1 (42). To verify
whether the CEl-mediated shift in 5'-splice-site selection was
sensitive to increased levels of SR proteins, a mixture of SR
proteins purified from calf thymus was added to HeLa splicing-
reaction mixtures containing S1, S2, S3 and S10 RNAs. The
highest concentration of SR proteins almost completely elim-
inated distal 5'-splice-site utilization on all transcripts to favor
proximal 5'-splice-site selection (Fig. 8, lanes 5 to 8). Under
these conditions, the ratio of proximal to distal 5'-splice-site
selection was identical for S2 and S3 RNAs. Thus, addition of
SR proteins neutralized the effect of CE1 on 5’-splice-site
selection. Gradual reductions in the amounts of SR proteins
added to extracts allowed gradual restoration of normal splic-
ing patterns without evidence for CEL1 to offer more resistance
to the action of SR proteins (data not shown). This result may
indicate that A1 and SR proteins influence different events
associated with splice site selection.

CE1 does not affect Ul snRNP binding to competing 5’
splice sites. To gain insights into the mechanism of action of
CEl, we performed an oligonucleotide-targeted RNase H
cleavage assay to monitor U1 snRNP binding to the alternative
5’ splice sites (24). Following various periods of incubation (0,
5, and 20 min at 30°C), oligonucleotides complementary to the
5’ splice sites of exons 7 and 7B were added to splicing mix-
tures and RNase H digestion was carried out. The protection
profiles obtained with S2 and S3 RNA were identical (Fig. 9,
lanes 1 to 3 and 7 to 9, respectively). A similar result was
obtained when the protection profiles of S1 and S10 RNAs
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FIG. 9. Monitoring U1 snRNP binding to competing 5’ splice sites. S2 and S3
RNAs were incubated at 30°C for the indicated times (in minutes) in mock-
treated (M) or Ul snRNP-depleted (U1A) HeLa nuclear extracts. In lanes 15,
16, 19, and 20, splicing mixtures were supplemented with SR proteins purified
from calf thymus before addition of S2 RNA. Following incubation, oligonucle-
otides complementary to the 5’ splice sites of exons 7 and 7B were added along
with RNase H. The positions of fully protected pre-mRNAs or molecules derived
from the cleavage at either the downstream, the upstream, or both 5’ splice site
are shown.

were compared (data not shown). The intensity of the bands
corresponding to protected molecules was reduced consider-
ably when the assay was performed in an extract pretreated
with an oligonucleotide against the 5’ end of Ul RNA, con-
firming that Ul snRNP binding is responsible for the protec-
tion (lanes 4 to 6 and 10 to 12). The residual protection is
probably due to a low level of intact Ul snRNAs since the
Ul-decapitated extract was still active and spliced S2 and S3
RNAs to the distal 5" splice site exclusively (data not shown),
as expected from the results of Eperon et al. (24). For both
transcripts incubated for 0 min in a mock-treated extract, ap-
proximately 80% of the pre-mRNA molecules had Ul snRNP
bound to the upstream 5’ splice site only, less than 5% had U1l
snRNP bound to the downstream site only, while close to 20%
of input RNA carried Ul snRNP bound to both sites. When
purified SR proteins were added to either mock-treated or Ul
snRNP-depleted extracts, the proportion of doubly protected
S2 RNA molecules increased at 0 min of incubation (compare
lanes 13 and 17 with lanes 15 and 19, respectively) and splicing
shifted to the proximal 5’ splice site (Fig. 8§ and data not
shown), as predicted from the results of Eperon et al. (24).
Thus, although our assay is sensitive enough to detect changes
in Ul snRNP binding associated with shifts in 5'-splice-site
utilization mediated by U1 snRNP degradation and SR protein
addition, the presence of the CE1 did not affect Ul snRNP
binding to either 5" splice site. Our results suggest that the
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Al1-CE]1 interaction affects a different step in the assembly of
splicing complexes.

DISCUSSION

A novel intron element that promotes distal 5'-splice-site
selection. The mouse and human intron sequences separating
exon 7 from the alternative exon 7B in the pre-mRNA of
hnRNP Al display an unusually high degree of conservation,
suggesting that conserved intron sequences might play a role in
modulating the frequency of inclusion of exon 7B. In its natural
position, between two competing 5’ splice sites, a region (CE1)
containing a portion of the conserved intron sequences shifted
splice site selection toward the distal 5’ splice site of exon 7. In
contrast, when CE1 was inserted downstream of the two com-
peting 5’ splice sites, no effect on 5'-splice-site selection was
observed. Thus, the position of CE1 relative to the competing
5’ splice sites is an important parameter that affects its activity.
Dissecting CE1 into smaller regions revealed that a 17-nt por-
tion located at the 5’ end of the conserved region in CE1
(CEla) possessed the information required to activate the
distal 5’ splice site. As the amplitude of the shift obtained with
a single CEla element was not as important as the full CE1
region, other conserved sequences within CE1 may cooperate
with CEla to favor the use of the distal 5’ splice site. Experi-
ments are in progress to identify other sequences within CE1
that contribute to splice site selection.

The hnRNP A1-CEl interaction modulates 5'-splice-site se-
lection. Two sets of results suggest that the effect of CEL1 is
mediated by a frans-acting factor. First, CE1 promoted distal
5'-splice-site selection when present in a heterologous pre-
mRNA. Second, an excess of CE1 RNA restored selection to
the proximal 5’ splice site. Several results demonstrate that the
binding of hnRNP Al to CE1 is directly involved in promoting
distal 5'-splice-site selection. First, the 17-nt CEla region har-
bors the sequence UAGAGU, which resembles the optimal Al
binding site UAGGGU (8). Insertion of different oligonucle-
otides carrying the sequence UAGAGU or UAGGGU pro-
moted a distal shift in 5'-splice-site selection. Most impor-
tantly, deleting the GAG nucleotides from the UAGAGU
sequence or mutating the G at position +5 into a C restored
the preferential selection of the proximal 5’ splice site. Second,
immunoprecipitation assays with a monoclonal antibody spe-
cific for hnRNP A1l proteins showed that Al interacts with
CEl, in particular with the CEla sequence, which was shown
to be sufficient to activate the distal 5’ splice site. Although the
sequence UAGAGU is not perfectly conserved in the human
I7 intron, the related sequence UAGAGA is found nearby
within the human CEL1 element (Fig. 1). Third, more efficient
binding of Al was accompanied by a more important shift to
the distal 5" splice site. Our results therefore suggest that the
interaction between hnRNP A1l and CEla promotes the shift
in distal 5'-splice-site utilization in HeLa extracts. Because
deletion of CE1 stimulates exon 7B inclusion in vivo, the Al-
CEl interaction probably modulates exon 7B inclusion in the
natural Al pre-mRNA. At this stage, we cannot rule out that
factors other than Al bind to CEla or that Al recruits factors
to affect splice site selection.

Molecular mechanism of 5’'-splice-site selection by hnRNP
Al. Addition of SR proteins counteracted the effect of CE1 by
promoting proximal 5’-splice-site selection. SR proteins indis-
criminately encourages U1 snRNP binding to all 5’ splice sites
(24). Because more pre-mRNA molecules have Ul snRNP
bound to all 5’ splice sites, preferential selection of the internal
5" splice site is dictated by its proximity to the 3’ splice site (24).
As hnRNP Al antagonizes the action of SR proteins, it was
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proposed that Al could interfere with U1 snRNP binding (24).
Consistent with this view, A1 was shown to reduce the affinity
of U1 snRNP for the 5’ splice site of B-globin pre-mRNA (19).
However, our oligonucleotide-targeted RNase H assays have
failed to reveal an effect of CE1 on Ul snRNP binding, sug-
gesting that the A1-CE1 interaction affects a different step in
the selection of 5’ splice sites.

The mechanism by which the A1-CEl interaction promotes
distal 5'-splice-site selection remains puzzling. We have at-
tempted to determine whether the A1-CE1 interaction stimu-
lates splicing to the 5’ splice site of exon 7 and/or represses
splicing to the 5’ splice site of exon 7B. Because the splicing of
simple pre-mRNAs was not affected by the presence of CE1
(data not shown), the modulating activity of CE1 on splicing
apparently requires competing 5’ splice sites. Thus, we cannot
rule out that the A1-CEl interaction promotes a subtle shift in
the rate of spliceosome assembly to favor complexes assembled
with the distal 5" splice site. Alternatively, the A1-CE1 inter-
action may change the conformation of the pre-mRNA to
increase the competitive advantage of the distal 5’ splice site.
Given that Al molecules have the property to self-associate
(14, 15, 50), a change in conformation may be achieved if the
Al protein bound to CEL1 interacts with another Al protein
bound downstream of exon 7B. This interaction would loop
out the 5’ splice site of exon 7B, bringing the distal 5’ splice site
closer to the 3’ splice site to increase the frequency of its
selection. Current efforts are devoted toward identifying Al
binding sites downstream of exon 7B. Previous studies have
shown that Al can interact with 3'-splice-site sequences, in-
cluding the adenovirus 3’ splice site used in our assays (10, 60).
However, the functional relevance of this latter interaction
remains to be demonstrated, and a recent study (1) has shown
that the affinity of A1 for 3’-splice-site sequences is more than
100-fold lower than for the Burd and Dreyfuss (8) “winner”
sequence. Interestingly, a UAGAGU motif is part of a con-
served element ~50 nt downstream of exon 7B (7). If Al binds
to this element and/or to the adenovirus 3’-splice-site region,
cooperative protein interactions between Al molecules bound
on each side of the alternative exon may favorably position the
5’ splice site of exon 7 prior to commitment complex forma-
tion. This structural model is attractive because it helps rec-
oncile the results of several experiments. First, it provides an
explanation for the failure of CEL1 to affect splice site selection
when positioned downstream of two competing 5’ splice sites.
Second, it does not require a change in the binding of Ul
snRNP to competing 5’ splice sites, consistent with the results
of our RNase H protections. A prediction from this model is
that inefficient Ul snRNP binding to the 5’ splice site of exon
7B may be required to kinetically favor the A1-Al interaction
over the assembly of commitment complexes involving the
proximal 5’ splice site. Consistent with this view, at 0°C, Ul
snRNP was bound to the proximal donor site approximately
four times less efficiently than to the upstream 5’ splice site and
the SR-mediated increase in Ul snRNP binding to the proxi-
mal site completely neutralized the effect of CEl. Further
experiments will be designed to explore the validity of this
model and its relevance to other pre-mRNAs which are sen-
sitive to variations in hnRNP A1l levels.

It is striking that of the five TAGRG(A/T) motifs found in
the human Al gene (more than 5 kb), three reside within a
500-bp region in the introns adjacent to the alternative exon
7B. The position of these three Al binding motifs is conserved
in the regions flanking the mouse alternative exon 7B. Like-
wise, the rat skeletal troponin T gene (=17 kb) contains 18
TAGRG(A/T) motifs, four of them clustered within a 600-bp
region around alternative exon 17. Because the binding of
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hnRNP proteins to 700 nt of RNA has been associated with the
assembly of a 40S monoparticle (44), a change in the confor-
mation of the pre-mRNA mediated by closely positioned Al
binding sites flanking an alternative exon may trigger the as-
sembly of such a complex and could promote exon skipping.

It is also of interest that (A/U)GGG repeats in the intron
downstream of an alternative B-tropomyosin exon increase in
vitro splicing efficiency (56) while a UAGG sequence in one of
the alternative exon of the fibroblast growth factor receptor-2
gene inhibits splicing (21). Verification of whether Al plays a
role in modulating splice site selection in these and other
alternative splicing units will be worth investigating.

Regulation of hnRNP Al pre-mRNA splicing. Vertebrate
cells express both the Al and Alb spliced isoforms, with the
latter generally representing less than 5% of the total amount
of Al proteins (9). Alb shares with A1 an RNA-binding do-
main but differs by containing an extended glycine-rich domain
encoded by exon 7B (9). Because the hnRNP A1-CEl inter-
action modulates the alternative splicing of a model Al pre-
mRNA in vitro, hnRNP Al may modulate the splicing of its
own pre-mRNA by promoting exon 7B skipping. Autoregula-
tion of splicing has been reported in the case of the Xenopus
rpL1, the yeast rpL.32, and the Drosophila Sxl, tra-2, and SWAP
proteins (2, 12, 40, 68, 74). Although Al and Alb display an
equivalent ability to bind to CE1 (36), we do not yet know
whether Al and Alb differ in their ability to promote distal
5'-splice-site selection on our model pre-mRNAs. Given that
Alb is less efficient than A1 at activating distal 5’ splice sites on
other pre-mRNA substrates (43), A1 may be used to ensure
that mostly A1 mRNAs are produced, with little contribution
of Alb to this process.

Although our study has revealed the participation of a novel
element in splice site selection, it is unlikely that the A1-CEla
interaction is the only contributor in setting the frequency of
exon 7B inclusion. The role of additional conserved nucleo-
tides within CE1 and in the 3’ portion of intron 7 remains to be
investigated. Moreover, exon 7B is also extremely conserved
and contains several stretches of purine-rich sequences bound
by SR proteins (47). Thus, the skipping potential of the Al-
CEl interaction may be antagonized by SR proteins bound to
exon 7B. Lastly, intron 7B, which separates exons 7B and 8§,
also contains several regions which are highly conserved be-
tween mouse and human (7). One conserved element (not
present in our model pre-mRNAs) forms stable base pairs with
complementary sequences in exon 7B (7). Thus, the high den-
sity of conserved sequences in the alternative splicing unit of
hnRNP A1l suggests that regulation of exon 7B inclusion is
complex. An exhaustive study will be required to evaluate the
contribution of each conserved domain and each associated
factor and the cooperative or antagonistic interactions between
factors bound at different sites.
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