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ABSTRACT: Alternative splicing is an important mechanism for the regulation of gene expression. The
mammalian calcitonin/calcitonin gene-related peptide (CGRP) pre-mRNA is alternatively spliced in a
tissue-specific manner, leading to the production of calcitonin mRNA containing exeh@lthyroid C

cells and CGRP mRNA containing exons-3, 5, and 6 in neurons. The calcitonin-specific fourth exon
contains an exonic splice enhancer (ESE) that binds SRp55. We define the RNA binding site of SRp55
in the ESE and demonstrate that base changes that decrease the level of SRp55 binding decrease the level
of calcitonin splicing in vitro and calcitonin mMRNA production in vivo. Base changes that increase the
affinity of SRp55 for the ESE increase the level of calcitonin splicing in vitro and calcitonin mRNA
levels in 293 cells. We also observe that SRp55 levels in different cell types correlate with the levels of
calcitonin mRNA produced in these cells. Finally, we show that increasing the level of cellular expression
of SRp55 stimulates calcitonin mRNA production in vivo. These observations suggest that SRp55 binding
to a suboptimal RNA binding site in the calcitonin/CGRP pre-mRNA ESE is required for calcitonin mRNA
production. Differential amounts of SRp55 present in different cell types would then control calcitonin/
CGRP alternative splicing.

Alternative RNA splicing is an important mechanism for (hTraZ5) binds to A element RNA. SRp55, a member of
increasing proteomic complexity, allowing the production the SR family of splicing factors, was the only protein in
of multiple, functionally distinct proteins from a single gene Hela nuclear extract found to specifically cross-link to B
(1, 2). Moreover, alternative splicing is a crucial method for element RNA after UV irradiationl@). Expression of SRp55
control of tissue-specific expression of related proteins. The at different levels in different cell typesl® may thus
mechanisms that control alternative mRNA splicing, how- potentially regulate tissue-specific alternative splicing of the
ever, are poorly understood. calcitonin/CGRP pre-mRNA.

The calcitonin/calcitonin gene-related peptide (CGRP)
gene is a model gene for the study of tissue-specific EXPERIMENTAL PROCEDURES
alternative RNA processing. The calcitonin/CGRP gene has Plasmid ConstructionPlasmid AB1—4 was described
six exons, and splicing together the first four exons generatespreviously ((4). AB1—4 match was created by oligonucle-
calcitonin mRNA, which encodes the serum calcium regulat- otide-directed mutagenesis using1—4 DNA as a template
ing hormone calcitonin (Figure 1A). In thyroid c cells, more and the oligonucleotides STTGGGGTTGGTCATCCTG-
than 98% of the mature mRNA derived from the calcitonin/ GCAAGAAAA3' and STTTTCTTGCCAGGATGACCAAC-
CGRP gene encodes calcitonB).(Alternatively, more than ~ CCCAAT3 (base changes underlinedy31—4 mismatch
95% of the transcripts from the calcitonin/CGRP gene in was constructed by directed mutagenesis udifti—4 DNA
neurons are processed into CGRP mRNA containing exonsas a template and the oligonucleotideABIGGGGT-
1-3, 5, and 6 4). Processing of the calcitonin/lCGRP pre- TGGGCAGCTTATCCCAAGAAAA3 and BTTTTCTTGG-
mMRNA is regulated by multiple elements at the level of both QAMGCTEC@ACCCCAAT?, (base changes under-
polyadenylation and alternative splicing—=11). lined).

An exonic splice enhancer (ESE) in calcitonin-specific ~ DNA containing the B element was amplified by PCR
exon 4 is required for incorporation of exon 4 into mRNA using the primers ®CCGCATGCTTCAATTGGGGTTG-
both in vitro and in vivo 10, 11). This calcitonin-specific ~ GAG3 and T3 primer AATTAACCCTCACTAAAGGG3
ESE consists of two parts, A and B elements. Results from usingAAcceptor 4 {4) as the template. The engineefggh
this laboratory have shown that human transformgr 2 site has been underlined. The PCR product was digested with

SpH andBanHI and ligated into pPGEM4Z (Invitrogen) cut
. with the same enzymes to make the pGEM4Z B element. B
FOngzioﬁ?rk was supported by Grant J-498 from the Jeffress elements containing the SRp55 match and SRp55 mismatch
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messenger RNA; ESE, exonic splice enhancer; SBAGE, sodium GAGTTGGGCTCATCCTGGCS(introducedXhd restric

dodecyl sulfate-polyacrylamide gel electrophoresis; EMSA, electro- 10N site underlined) and an oligonucleotide complementary
phoretic mobility shift assay; hTr#2 human transformer/2 to the T7 promoter site in the polylinker as primers. The
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B. The sequence selected by Drosophila B52:

5 - GAUCAACCUGGC- 3’

Sequence within B element:

5" -AACUUCAAUUGGGGUUGGGCAGCACCUGGCAAGAAAAGGGAUAUGGCCAAGG- 3’

SRp55match mutation:

5'- GC UCAUCCUGGC - 3'

SRp55mismatch mutation:

5'-GCAGCUUAUCCC-3
Ficure 1: (A) Processing of the calcitonin/CGRP gene. Structure of the calcitonin/CGRP gene. Boxes denote exons. (B) B52 selected
consensus binding sequence and sequences of the wild-type B element of the rat calcitonin-specific ESE and the SRp55 match and SRp55
mismatch mutations. The sequence in the B element resembling the B52 selected site and base changes at the site are underlined.

PCR products were digested witind andBanH| restriction Total RNA was isolated and analyzed for splice products
endonucleases and ligated into pBKS (Stratagene) cut withusing RT-PCR. RT-PCR was performed essentially as
the same enzymes to make pBKS B element SRp55 matchdescribed previouslyld). All RT-PCRs were performed in
plasmid and pBKS B element SRp55 mismatch. the linear range; using 30 amplification cycles, the PCR
To introduce mutations into the full-length rat calcitonin/ products were extracted, separated by electrophoresis on
CGRP gene, oligonucleotide-directed PCR mutagenesis wasagarose gels and visualized by staining with ethidium
performed using thé\pa fragment of calcitonin gene in  bromide. The sequence of the primer complementary to
pBKS as a templateApd fragments containing the base calcitonin exon 4 used in PCR amplification wa€bTGT-
changes were then ligated into H&Ralcitonin/CGRP 9) TGAGGTCTTGTGTGTA3. The sequence of the second
cleaved withApd. Primers 5CCCAAACTTCAATTGGGGT- primer complementary to exon 3 wasC&TACTGGCTG-
TGGTCATCCTGGCAAGAAAAGG and 55GCCATATC- CACTGGTGC3, and the sequence of the primer comple-
CCTTTTCTTGCCAGGATGACCAACCCCAATTG- mentary to exon 5 was BTCTTTCTGGGGCTATTATC3.

AAGTTTGGG (base changes underlined) were used to  Tq examine the expression of cotransfected SRp55 cDNA,

construct calcitonin/CGRP SRp55 matchCECAAACT- cDNAs from the transfected cells were amplified using Taq
TCAATTGGGGTTGGGCAGCTTATCCCAAGAAAAGG-  polymerase and T7 primefGTAATACGACTCACTAT-

GA3 and SGGCCATATCCCTTTTCTTGGGATAAGCTC-  AGGGC3 (T7 site is in the 5untranslated region and is
CAACCCCAATTGAAGTTTGGG3 were used as primers  derived from the pCR3 vector) and SRp55-specific primer
to make HSR calcitonin/fCGRP SRp55 mismatch. STTAATCTCGGAACTCGACCS.

RNA SynthesiRadiolabeled B element match RNA, B
element mismatch RNAAB1—-4 RNA, Afl1—-4 SRp55
match RNA, andAf1—4 SRp55 mismatch RNA were
synthesized by T3 RNA polymerase in the presence of
[a-32P]JUTP (800 Ci/mmol) using the appropriate plasmid
digested withBanHl as a template. B element RNA was
transcribed by T7 RNA polymerase in the presence:s¥P]-

SR Protein AnalysisNuclear extracts were prepared as
described previously 16). Five micrograms of nuclear
proteins was separated by SBBAGE on 12% polyacryl-
amide gels and electroblotted onto nitrocellulose membranes.
Membranes were probed with mAb1046{ (1:50 dilution)
and visualized by chemiluminescence.

UTP with pGEM4Z B element DNA digested witdanH| Expression of SRp53.he cDNA for human SRp55 was

as a template. isolated from HelLa cells. HeLa cell RNA was converted to
In Vitro ReactionsUV cross-linking and gel mobility shit ~ CDNA with thermoscript reverse transcriptase (Invitrogen)

assays were performed as previously descri®gdi vitro using random hexamer primers. Primert€GCGGATC-

splicing reactions were carried out as described previously CATGCCGCGCGTCTACATAG3and BSCGCGAATTCT-

(9) except that reaction mixtures contained either 30 or 50 TAATCTCTGGAACTCGACC3 were used to amplify

vol % Hela nuclear extract. SRp55 in the presence of Taq polymerase. The PCR product
In Vivo AnalysisPlasmids were introduced into 293 cells Was cut withEccRl andBanHI and ligated downstream of

with lipofectamine plus reagent (Invitrogen). RNA was the CMV promoter in pCR3 (Invitrogen) cut with the same

harvested 48 h after transfection by the addition of 1 mL of €NZymes.

TRIzol reagent (Invitrogen). RNA was isolated and stored  For expression of SRp55 as a GST fusion protein, HelLa

according to the manufacturer’s instructions (Invitrogen). cell RNA was converted to cDNA with thermoscript reverse
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FiGUrRe 2: SRp55 bhinds to a site in the calcitonin-specific ESE that resembles a B52 binding site. (A) UV cross-linking of uniformly
32p-radiolabeled wild-type B element RNA. Substrate RNA was incubated with HeLa nuclear extracof{protein, lane 1), purified SR
proteins (20 of ng, lane 2), or no protein (lane 3). A 200-fold molar excess of unlabeled tRNA was included during the incubatios. Protein
RNA complexes were irradiated with 254 nm light. After treatment with RNAse A, reactions were analyzed by electrophoresis on 10%
polyacrylamide-0.1% SDS gels. RNA was visualized by autoradiography. (B) UV cross-linking of unifoffRlyadiolabeled wild-type

B element RNA (lane 2), radiolabeled B element SRp55 mismatch RNA (lane 3), or radiolabeled B element SRp55 match RNA (lane 1)
with purified SRp55 protein. Ten nanograms of purified SRp55 protein and a 200-fold molar excess of unlabeled tRNA were incubated
with substrate RNAs and assayed by UV cross-linking as described in panel A. (C) Radiolabeled B element SRp55 match RNA was
incubated in the absence (lane 1) or presence of 20 ng of total SR pr@&@ren( unlabeled competitor RNAs. Complex formation was
analyzed by separation on 5% nondenaturing polyacrylamide gels. Complexes were visualized by autoradiography. The molar excesses of
unlabeled competitor RNAs vs radiolabeled B element SRp55 match RNA are indicated.

transcriptase (Invitrogen) using random hexamer primers. SRp55 binds preferentially to purine-rich ESEs present in
Primers 5CGCGGATCCATGCCGCGCGTCTACATAG3  several geneslf), and the B element contains a purine-rich
and BCGCGAATTCTTAATCTCTGGAACTCGACC3were region (Figure 1B). However, electrophoretic mobility shift

used to amplify SRp55. The PCR product was cut with
EcaRl andBanHI and cloned into pGEX-6P-1 (Amersham).
GST fusion proteins were expressedescherichia colstrain
JM101 and purified as described previoudy)( SRp55 was

assays (EMSAS) indicated that neither HeLa nuclear extract
nor purified SR proteins formed complexes with RNA

containing the purine-rich sequence from the B element.
RNA containing the purine-rich region and the 10 nucleotides

separated from GST by digestion with precission proteaseimmediately upstream, however, formed specific complexes
(Amersham). with HelLa nuclear extract (data not shown), suggesting that
the purine-rich sequence alone was insufficient for SRp55
binding.

Binding of SRp55 and hTraRto the calcitonin-specific The RNA sequencé Bf the purine-rich element resembles
ESE suggests that binding of these factors may be requiredthe preferred binding site for B52, tiirosophilahomologue
for promotion of calcitonin splicing by the ESE. To test this of SRp55 (Figure 1B)19). To determine whether SRp55
hypothesis, we sought to more precisely define the site of interacts with this B52-like sequence, we made base changes
interaction between SRp55 and element B of the ESE. Wein the sequence to make it a better match to the B52 selected
decided to concentrate on the interaction of SRp55 with the sequence (SRp55 match) or changes that made it a poorer
B element as results from this laboratory indicated that the match to the B52 consensus binding site (SRp55 mismatch,
B element is absolutely required for exon 4 splicing, while Figure 1B). B element SRp55 mismatch RNA did not bind
the A element is only necessary when the B element is distantto purified SRp55 protein when assayed by UV cross-linking
from the exon 4 splice acceptot?). SRp55 is the only  (Figure 2B, lane 3). Conversely, B element SRp55 match
protein from HelLa nuclear extract or purified SR proteins RNA binds to purified SRp55 in the presence of a 200-fold
that specifically binds B element RNA [Figure 2A3)]. molar excess of tRNA (Figure 2B, lane 1). Formation of a

RESULTS
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Ficure 3: SRp55 binding to the calcitonin-specific ESE is required for calcitonin splicing in vitro. (A) Structure &fihe4 minigene

(14) and the calcitonin-specific ESE. (B) In vitro splicing Af81—4 andA51—4 SRp55 match RNAs. Uniformly radiolabelégh1—4 and

AB1—-4 SRp55 match RNAs were incubated under splicing conditions. Splicing reaction mixtures contained 30% HeLa nuclear extract by
volume. RNAs were separated by electrophoresis on 8% polyacrylar@itieurea gels, and products were visualized by autoradiography.

An arrow indicates splice1—4 RNA. (C) In vitro splicing ofAf1—4 andAB1—4 SRp55 mismatch RNAs was carried out as described

for panel B, except splicing reaction mixtures contained 50% by volume HelLa nuclear extract.

complex between radiolabeled B element SRp55 match RNA SRp55 match RNA was spliced more efficiently thighil—4
and purified SR proteins was examined in the presence of RNA, while Af1-4 mismatch was spliced much less
unlabeled competitor RNAs by an EMSA. A 50-fold molar  efficiently (Figure 3B,C). These observations suggest that
excess of tRNA, B element RNA, or B element SRp55 SRp55 binding to B element RNA is necessary for exon 4
mismatch RNA had little effect on complex formation SPlicing in vitro.
(Figure 2C, lanes 2, 5, and 8). A 25-fold molar excess of The observation that binding of SRp55 to the calcitonin-
unlabeled B element SRp55 match RNA abolished complex Specific ESE may be required for calcitonin-specific splicing
formation (Figure 2C, lane 6), suggesting that SRp55 has asuggests that varying levels of SRp55 expression in different
higher affinity for B element SRp55 match RNA than for Cell types could control tissue-specific calcitonin/CGRP
wild-type B element RNA. Unlabeled B element SRp55 spllcmg._To examine this possibility, the Iev_el_s of SRp55
match RNA was also able to disrupt formation of a complex present in cell and tissue types where the splicing pattern of
b . . calcitonin/CGRP is known were determined by Western blot
etween B element RNA and SR protein preparations (data . .

: nalysis of nuclear extracts using mAb104 as a probe for

not shown). These observations strongly suggest that SRp5

. o oo R protein content. mAb104 specifically interacts with
binds to the B52 preferred site in calcitonin/CGRP pre- . obers of the SR family of splice regulatots), and

MRNA. representative Western blots are shown in Figure 4A. Brain
and F9 cells which produce predominantly CGRP mRNA
(20, 21) contain little SRp55 compared to liver or Hela cells,
which preferentially synthesize calcitonin mRN2&Q( 21).

To test the hypothesis that SRp55 binding to the calcitonin-
specific ESE controls calcitoninfCGRP RNA splicing, we

prepared in vitro spllice substrate; containing the S_Rp55 293 cells produce nearly equal amounts of calcitonin and
match and SRp5S5 mismatch mutatpns. We haye previously cGrp mrRNA (0) and contain an intermediate amount of
demonstrated that RNA from the chimeric minigefyé1— SRp55. These observations agree with a previous study that

4, which contains the humghglobin first exon and the first  getected low levels of SRp55 in braild). Figure 4B
65 nucleotides of intron 1 fused to the last 39 nucleotides of summarizes the level of SRp55 we found in different cells

calcitonin/CGRP intron 3 and the first 148 nucleotides of and tissues. In support of the possibility that SRp55 levels
exon 4 (Figure 3A), is accurately spliced in vitt4f. When play an important role in regulating calcitonin/CGRP splic-
used as splice substrates in HeLa nuclear extrafl,—4 ing, cells with high SRp55 levels make predominantly
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Ficure 4: SRp55 levels in different cell types directly correlate with the levels of calcitonin mRNA production. (A) Western blot analysis

of nuclear extract from Hela, rat liver, rat brain, mouse F9, and human 293 cells. Five micrograms of nuclear extract proteins was separated
by electrophoresis on 12% polyacrylamide gels containing 1% sodium dodecyl sulfate (SDS). Proteins were electroblotted onto nitrocellulose
membranes fol h at 100 V.Membranes were washed and then incubated with mAb104 at a 1:50 dilution. Protein antibody interactions
were visualized by chemiluminescence and the relative intensities of the bands determined by densitometry. Protein size markers (in kilodaltons)
are shown, and arrows indicate SRp55. (B) SRp55 protein levels detected in the indicated cell types by Western analysis using mAb104.
Amounts of SRp55 are expressed as a fraction of total SR proteins present in the cell and then normalized to the fraction of SRp55 in liver
cells, which was arbitrarily set at 100. The percent of calcitonin mMRNA of total processed calcitonin/lCGRP RNA is indiBat20).(

Results were averages of at least three trials.

calcitonin mRNA. Conversely, cells with low levels of gene changed the pattern of splicing from 40% calcitonin
SRp55 preferentially produce CGRP mRNA, while cells with  mRNA to more than 90% calcitonin mRNA (Figure 5B, lane
intermediate SRp55 concentrations make both calcitonin and2). Expression of transfected SRp55 was followed by PCR
CGRP mRNA. analysis of cDNA from cotransfected cells using an SRp55-
To examine the effect of SRp55 on calcitonin/CGRP specific primer and a primer complementary to theus-
splicing in vivo, the SRp55 match and SRp55 mismatch translated region encoded by the expression vector (Figure
mutations were introduced into the full-length rat calcitonin/ 5B). Cotransfection of SRp55 cDNA with calcitonin SRp55
CGRP gene. Mutant and Wi|d-type genes were then trans-matCh or calcitonin SRpSS mismatch had little effect on
fected into 293 cells, and RNA isolated from transiently Splice choice (Figure 5B, lanes 4 and 6). This suggests that
transfected cells was analyzed by reverse transcriptase angellular SRp55 levels do not affect calcitonin/CGRP splicing
competitive PCR using primers complementary to calcitonin/ When the SRpS5ESE interaction is very strong or very
CGRP exons 35. When expressed in 293 cells, the wild- Wweak. This further suggests that suboptimal binding of SRp55
type calcitonin/CGRP gene produces approximately 60% to the ESE may be important for the proper regulation of
CGRP mRNA and 40% calcitonin mRNA (Figure 5B, lane calcitonin/CGRP RNA splicing.
1). Calcitonin SRp55 mismatch pre-mRNA, however, which
contains base changes that prevented SRp55 binding in vitro,DISCUSSION
is processed almost exclusively into CGRP mRNA (Figure  SRp55 has been shown to interact with a number of purine-
5B, lane 3). Calcitonin SRp55 match pre-mRNA, which rich ESEs to activate splicing of the ESE-containing exon
contains base Changes that increase the affinity of RNA for (]_8, 22, 23) An ESE required for 5p|icing of calcitonin exon
SRp55 in vitro, is spliced to produce more than 90% 4 contains a purine-rich sequence, and SRp55 specifically
calcitonin mRNA (Figure 5B, lane 5). binds to this ESE 12). SRp55 was the only protein from
Increasing the level of SRp55 expression by transfection nuclear extract or purified SR protein preparations that
of an SRp55 cDNA under control of the CMV promoter specifically bound to B element RNALR). We observe,
stimulated calcitonin mRNA production in 293 cells. Cotrans- however, that SRp55 does not interact with the purine-rich
fection of SRp55 cDNA with the wild-type calcitonin/fCGRP  sequence in the calcitonin-specific ESE. Rather, SRp55 binds
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Ficure 5: SRp55 binding controls calcitonin/CGRP pre-mRNA
splicing in vivo. (A) Position of primers used for PCR amplification.
(B) Calcitonin/CGRP genes under control of the HS[R) promoter
were transfected into 293 cells. RNA from 293 cells was harvested
48 h after transfection. cDNA was synthesized from total cellular
RNA by Thermoscript reverse transcriptase (Invitrogen) using
random hexamer primers. Calcitonin/CGRP splice products were
amplified using Taqg polymerase and primers complementary to
exons 3-5 for 30 amplification cycles. PCR products were

separated on 2% agarose gels and visualized by ethidium bromided

staining. Lane M contained DNA size markers. RNAs from cells
transfected with the wild-type rat calcitonin/CGRP gene (lanes 1
and 2), calcitonin/CGRP mismatch (lanes 3 and 4), and calcitonin/
CGRP match (lanes 5 and 6) are indicated. RNAs from cells
cotransfected with SRp55 cDNA under control of the CMV
promoter are in lanes 2, 4, and 6. Bands indicated as calcitonin
and CGRP were excised from the gel, eluted, and subjected to DNA
sequence analysis to confirm their identities. To examine the
expression of cotransfected SRp55 cDNA, cDNAs from the
transfected cells were amplified by PCR using a T7 primer (T7
site is in the 5untranslated region and is derived from the pCR3
vector) and SRp55-specific primer. PCR products were separated
on a 1% agarose gel and visualized by ethidium bromide staining.

to a region adjacent to the purine tract that resembles an
RNA binding site selected by B52 zrosophilahomologue

of SRp55 (9). Synthetic RNAs containing the selected
sequence specifically bind B5224), but no naturally
occurring splice enhancers containing the B52 selected
sequence have been previously described. The B52-like
sequence in calcitonin exon 4 clearly functions as a splice

enhancer because base changes at this site affect splicing of

exon 4 in vitro and in vivo. It is not clear how SRp55
recognizes different types of RNA sites, but this behavior
has been demonstrated in other RNA binding splice factors
(25). SRp55 contains two RNA recognition motifs, which
may allow it to recognize different RNA sequences. Alter-
natively, interactions with other proteins might alter the RNA
binding affinity for SRp55.

We have demonstrated that base changes that allow more ;5

efficient binding of SRp55 to the calctonin-specific ESE, or
increasing the amount of SRp55 in cells, stimulate calcitonin
mMRNA production. Alternatively, changes in the calcitonin-
specific ESE that inhibit SRp55 binding also inhibit calci-
tonin mRNA production and increase CGRP mRNA levels.

These observations demonstrate conclusively that SRp55 is

an important regulator of calcitonin/CGRP alternative splic-
ing and strongly suggest that binding of SRp55 to the
calcitonin-specific ESE mediates this regulation. Moreover,

Tran and Roesser

our observations suggest that cellular levels of SRp55 play
a crucial role in regulating tissue-specific alternative RNA
splicing of the calcitonin/CGRP gene.

Processing of the calcitonin/CGRP pre-mRNA is regulated
at the level of polyadenylation, as well as alternative splicing.
A polyadenylation enhancer associated with the calcitonin-
specific polyadenylation site in intron 4 is necessary for
proper pre-mRNA processin,(6). The enhancer acts as a
pseudoexon that regulates calcitonin-specific polyadenyla-
tion. SRp20, U1 snRNP, and polypyrimidine tract binding
protein (PTB) binding to the enhancer are required for proper
processing of the pre-mRNAb{-7). Therefore, SRp55 is
one of several regulatory factors known to interact with
calcitonin/CGRP pre-mRNA to regulate processing of the
RNA. The large change in the calcitonin mRNA:CGRP
MRNA ratio observed when the level of expression of SRp55
is increased, or the SRp55 RNA binding site is altered,
suggests that SRp55 plays a major role in controlling
calcitonin/CGRP mRNA processing.

High levels of SRp55 were previously shown to favor
usage of the distal'Splice site in the SV40 small t intron
in vitro (13). In addition, overexpression of several SR
proteins was demonstrated to modulate alternative splicing
in vivo (26). Our experiments, however, provide the most
irect evidence to date that naturally occurring differences
in cellular levels of a splicing factor control the tissue-specific
alternative splicing of a mammalian gene transcript.
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