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The majority of mutations that cause isolated growth hor-
mone deficiency type II are the result of aberrant splicing of
transcripts encoding human growth hormone. Such mutations
increase skipping of exon 3 and encode a 17.5-kDa protein that
acts as a dominant negative to block secretion of full-length pro-
tein produced from unaffected alleles. Previously, we identified
a splicing regulatory element in exon 3 (exonic splicing
enhancer 2 (ESE2)), but we had not determined the molecular
mechanismbywhich this element prevents exon skipping.Here,
we show that twomembers of the serine/arginine-rich (SR) pro-
tein superfamily (ASF/SF2 andSC35) act antagonistically to reg-
ulate exon 3 splicing. ASF/SF2 activates exon 3 inclusion, but
SC35, acting through a region just downstream of ESE2, can
block such activation. These findings explain the disease-caus-
ingmechanismof a patientmutation inESE2 that creates a func-
tional SC35-binding site that then acts synergistically with the
downstream SC35 site to produce pathological levels of exon 3
skipping. Although the precedent for SR proteins acting as
repressors is established, this is the first example of a patient
mutation that creates a site through which an SR protein
represses splicing.

Pre-mRNAsplicing is the process of intron removal and exon
joining to form mature, protein-coding transcripts. This
requires both cis-acting RNA elements and trans-acting fac-
tors. Themain cis-acting elements are the 5� splice site, 3� splice
site, polypyrimidine tract, and branch point sequence, each of
which are defined by short, degenerate consensus sequences in
higher eukaryotes (1, 2). Recognition of these elements by
trans-acting factors, including five small nuclear ribonucleo-
proteins, results in assembly of the catalytically active spliceo-
some in which the two steps of splicing occur. Because of the
lack of sequence conservation, the pairing of U1 snRNA with
the 5� splice site and U2 with the branch point results in a
range of splice site strengths. This allows for regulation of
splice site selection in cases of alternative splicing but at the
same time creates a potential fidelity problem in cases where
weak splice sites need to be properly recognized. These weak

splice sites often require additional sequences known as
enhancer elements that are recognized by regulatory splicing
factors, such as SR3 proteins, which guide the spliceosome to
the correct splice sites. Splicing enhancers are typically purine-
rich and can be found in both exons and introns and are accord-
ingly named exonic (ESEs) and intronic splicing enhancers. SR
proteins are a large family of conserved proteins that have
N-terminal RNA recognition motifs and C-terminal domains
rich in serine-arginine dipeptides (RS domains). The RNA rec-
ognition motifs tether the proteins to enhancer elements, and
the RS domains assist spliceosome assembly through protein-
protein interactions (3).
SR proteins define exon boundaries by twomechanisms that

are not mutually exclusive. First, SR proteins enhance splicing
in an RS domain-independent manner by antagonizing adja-
cent silencer elements (4, 5). Second, they recruit the splicing
machinery to splice sites in an RS domain-dependent manner.
This results in the formation of bridge complexes across exons
(6). For example, ASF/SF2 and SC35 can interact with the
U1–70K subunit and with a protein that binds to the branch
point region (U2AF35), thus physically bridging 5� and 3� splice
sites (7–10).
The human growth hormone gene 1 is composed of five

exons and four introns. Splicing of the wild-type pre-mRNA
produces five isoforms (11). The protein product produced
after removal of all four introns is the full-length, 22-kDa iso-
form. Aberrant splicing to an in-frame cryptic splice site in
exon 3, which occurs 5–10% of the time, produces a transcript
lacking the first 45 nucleotides of exon 3 and encodes a 20-kDa
protein. The 20-kDa isoform apparently retains full biological
activity (11–13). Complete skipping of exon 3, which occurs
0.1–5% of the time, results in production of a 17.5-kDa protein
that acts as a dominant negative by blocking secretion of the
full-length protein (14). Trace amounts of GH1 transcripts that
skip exons 3 and 4 or exons 2–4 have also been identified and
produce 11.3- and 7.4-kDa proteins, respectively (15).
Isolated growth hormone deficiency type II is an autosomal

dominant growth hormone deficiency where the majority of
mutations affect GH1 splicing (see Fig. 1A). These mutations
result in increased production of exon 3 skipped transcripts
encoding the 17.5-kDa protein. Mechanistically, the easiest
mutations to understand are found at the splice sites bordering
exon 3 that cause almost complete exon skipping. A second
class of mutations alter purine-rich sequences in and around
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exon 3 and result in variable levels of exon 3 skipping depending
on the specific mutation (16–21). These purine-rich sequences
constitute splicing enhancer elements that help define theweak
splice sites flanking exon 3 (21, 22). Exon 3 contains two such
enhancers (ESE1 and ESE2) with an additional enhancer found
in intron 3 (intronic splicing enhancer) (16, 19–23). ESE2 is a
15-nucleotide sequence upstream of the cryptic splice site in
exon 3 (E3�19–33) (20). The molecular mechanism by which
ESE2 prevents exon skipping has not been determined, and
elucidation of such would be expected to explain the disease
causing effects of a patient mutation within ESE2 (E3�29
A3G;A1338G) (18).We hypothesized that this patient muta-
tion, as well as other ESE2 mutations, alter splicing by dis-
rupting SR protein-binding sites, consistent with the behav-
ior of other enhancer elements. Here, we show that two SR
proteins, ASF/SF2 and SC35, bind to ESE2. However, when
we analyzed the effects of these proteins on GH1 splicing in
vivo, ASF/SF2 prevented exon 3 skipping, but SC35 actually
caused increased exon skipping, opposite to the effect pre-
dicted. Further, we show that the increased exon 3 skipping
seen with the patient mutation is due to the creation of a
functional SC35-binding site in ESE2, which, in conjunction
with a second SC35-binding site just downstream, synergis-
tically increases exon 3 skipping.

EXPERIMENTAL PROCEDURES

PlasmidConstruction—Wild-typeGH1,A1338G, and exon 3
deletion mutants (�1–�10) were cloned into pXGH5 as previ-
ously described (20). The A1338G-�6mutant was cloned using
the QuikChange protocol (Stratagene) with the exon 3 �6
mutant as the template and the following primers: 5�-GGAA-
CAGAGGTATTCATTCCTGC-3� and 5�-GCAGGAATGAT-
ACCTCTGTTCC-3�. DSX-�E was a generous gift from Dr.
Brenton R. Graveley. Annealed and phosphorylated DNA
primers corresponding to wild-type (5�-AAAGGAACA-
GAAGTA-3�) and mutant (5�-ATAGTAATAGTAGTA-3�)
ESE2 were inserted into DSX-�E at the BstBI site in exon 2 to
generate the DSX-ESE2 and DSX-ESE2-QM constructs,
respectively.
Protein Expression and Purification—Baculovirus-expressed

ASF/SF2, SC35, and SRp20were purified from infected Sf9 cells
as previously described (24). Purified SR proteins from calf thy-
muswere prepared as previously described (25) except proteins
were resuspended in buffer D (20mMTris-HCl, pH 7.9, 100mM
KCl, 0.5 mM dithiothreitol, 0.2 mM EDTA, 5% glycerol).
In Vivo GH Splicing Analysis—GH3 cells (rat somatotrophs)

were transfected with 500 ng of wild-type or mutant human
growth hormone constructs in combination with the indicated
amounts of pcDNA vector (empty) or vectors expressing the
indicated SR proteins using TransIT LT1 (Mirus). Total RNA
was isolated 48 h post-transfection using TRI reagent (Molec-
ular Research Center), and RT-PCR was performed as
described (21) with the following primers: RT, 5�-GGACAAG-
GCTGGTGGGCACTGG-3�; exon 2 forward, 5�-CCATCGT-
CTGCACCAGCTGGC-3�; and exon 5 reverse, 5�-CACAGC-
TGCCCTCCACAGAGC-3�.
RNA Affinity Chromatography—RNA affinity chromatogra-

phy columns coupled with either ESE2 wild type (5�-AAAGG-

AACAGAAGUA-3�) or ESE2-QM (5�-AUAGUAAUAGUA-
GUA-3�) were prepared as previously described (26). Calf thy-
mus SR proteins (70 �l) were first adjusted to 60% buffer D and
then diluted with 60% buffer D to a final volume of 750 �l. Half
of the calf thymus SR protein dilution was applied to each col-
umn and allowed to incubate at room temperature for 20 min.
The flow-throughs were reapplied to the columns and incu-
bated at room temperature for 10 min. The columns were then
washed twice with 500�l of 60% buffer D. Bound proteins were
eluted in buffer D with increasing KCl concentrations (100–
500mM) and a final elution in 8M urea/20mMTris-HCl, pH 8.0.
Fractions were separated on 10% SDS gels and stained with
Coomassie Blue using the Colloidal Coomassie Blue G-250
staining solutions kit (Invitrogen).
Mass Spectrometry and Data Base Analysis—Individual pro-

teins were excised and subjected to in-gel trypsin digestion, and
peptide mixtures were analyzed by matrix-assisted laser de-
sorption time of flight and time of flight/time of flight tandem
mass spectrometry using a Voyager 4700 mass spectrometer
(Applied Biosystems, FraminghamMA) in the Vanderbilt Pro-
teomics Laboratory. Mass spectral data, in the form of peptide
mass maps/fingerprints of the intact molecular peptide ions
(M�H), as well as fragmentation data derived from individual
peptide ions, were used to interrogate the Swiss-Prot andNCBI
nr protein databases for statistically significant proteinmatches
using GPS Explorer software (Applied Biosystems) running the
MASCOT search engine (Matrix Science).
In Vitro Transcription and Splicing—Transcription and

splicing of substrate RNAs was performed as previously
described (20, 27). Briefly, the dsx constructs were linearized
with MluI and transcribed with T7 RNA polymerase (Pro-
mega). For splicing reactions, 5 ng of substrate was spliced at
30 °C for 2 h in either 15 �l of HeLa nuclear extract or 10 �l of
HeLa nuclear extract supplemented with the indicated SR pro-
teins. The productswere extracted and resolved on 8Murea, 8%
polyacrylamide gels and visualized by PhosphorImager
analysis.
UV Cross-linking—UV cross-linking reactions were carried

out in a final volume of 15 �l in the presence of 0.5 mM dithio-
threitol, 2.5 mM MgCl2, 16.67 mM creatine phosphate, 100 nM
radiolabeled ESE2 wild type transcript, and the indicated pro-
teins and cold competitors. The reactions were set up and left
on ice for 20 min, incubated at 30 °C for 20 min, and subjected
toUV irradiation (254 nm at a distance of 6 cm) for 6min. Then
30�g of RNaseAwas added, followed by incubation at 37 °C for
30min, afterwhich SDSbufferwas added, and the sampleswere
loaded onto 10% SDS-PAGE gels. Cross-linking was visualized
by PhosphorImager analysis.

RESULTS

The A1338G Patient Mutation in ESE2 Causes Increased
Exon 3 Skipping—Wepreviously identified a splicing regulatory
element within exon 3 (ESE2) whose deletion causes exon skip-
ping, but the mechanism of action for this sequence remained
uncharacterized (20). Here, we sought to understand how splic-
ing is activated by ESE2, an understanding that should also elu-
cidate themechanismunderlying a previously reported isolated
growth hormone deficiency type II-causing point mutation
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within ESE2 (E3�29A3G;A1338G) (18). To first confirm that
the A1338G mutation causes increased skipping of exon 3, we
transfected a rat somatotroph cell line (GH3 cells) with either
mutant or wild-type GH1 constructs and determined splicing
patterns using RT-PCR. As shown, the A1338G mutation
caused increased exon 3 skipping relative to wild type (Fig. 1B).
As is typical of splicing enhancer sequences, ESE2 is purine-
rich. Because ESE2 is known to play a role in exon 3 definition,
mutations that result in increased exon skippingwould logically
disrupt enhancer function. However, this mutation is a transi-

tional base substitution that maintains the purine content of
ESE2, so it is not completely clear whether disruption of ESE2 is
responsible for the splicing defect observed with the A1338G
mutation. To understand the disease-causing mechanism of
the A1338Gmutation, we first needed to understand how ESE2
functions to activate splicing.
SC35 and ASF/SF2 Bind ESE2 in Vitro—Splicing enhancers

typically bind one or more members of the SR protein super-
family to activate splicing. To determine which SR proteins
bind to the wild-type ESE2 sequence, RNA affinity chromatog-
raphy was performed using either the wild-type ESE2 sequence
or ESE2 containing four point mutations that should com-
pletely block enhancer function (Fig. 2). RNA molecules were
covalently linked to modified Sepharose resin, and purified calf
thymus SR proteins were incubated with the columns. After
washing, bound proteins were eluted with increasing salt and a
final urea wash. Bound proteins were separated on SDS-PAGE
gels and stained with Coomassie Blue (Fig. 2B). Two abundant
proteins of �35 kDa bound to the wild-type RNA sequence,
whereas no similar proteins bound to the mutant RNA
sequence. These two bands were individually excised, analyzed
bymass spectrometry, and identified asASF/SF2 and SC35, two
core SR protein family members.
SC35 and ASF/SF2 Activate Splicing through ESE2 in a Het-

erologous, in Vitro Setting—The SR protein family contains
eight core family members and a large number of related pro-
teins (28). SC35 and ASF/SF2 are two of the core, conserved
proteins, and their binding to ESE2 is consistent with enhancer
function. To determinewhether these proteins activate splicing
through ESE2, we conducted in vitro splicing assays using an
enhancer-dependent splicing construct derived from the Dro-
sophila melanogaster gene doublesex (dsx). Splicing of this
mini-gene requires the presence of an enhancer in the down-
stream exon (Fig. 3A). We created constructs derived from the
dsx mini-gene in which the wild-type ESE2 sequence or
the same mutant sequence used in Fig. 2 was cloned into the
enhancer position. A construct lacking an enhancer sequence
(�E) was used as a negative control. Splicing of these constructs
was first tested in HeLa nuclear extract. As shown, constructs
lacking an enhancer (�E) or containing the mutant ESE2
sequence (mut) were incapable of splicing, whereas spliced
product formation was detectable when the wild-type ESE2
sequence was inserted (Fig. 3B). This shows that the wild-type
ESE2 sequence functions as an enhancer in a heterologous set-
ting and is consistent with previous work showing that disrup-
tion of ESE2 in GH1 transcripts leads to exon skipping (20). To
test which SR proteins were responsible for splicing activation,
we purified ASF/SF2, SC35, and an unrelated SR protein
(SRp20) that did not bind to the RNA affinity column in Fig. 2.
Splicing assays were then carried out in limiting amounts of
HeLa nuclear extract supplemented with these SR proteins
using the dsx constructs above. As shown in Fig. 3C, both ASF/
SF2 and SC35 activated splicing in a dose- and enhancer-de-
pendent manner. Mutation of ESE2 or supplementation with
SRp20 did not result in detectable levels of splicing. Thus, SC35
and ASF/SF2 can functionally and specifically activate in vitro
splicing through ESE2 in a heterologous setting.

FIGURE 1. GH1 gene structure and disease causing mutations. A, the GH1
gene is composed of five exons and four introns. Inclusion of all five exons
(top, solid black lines) produces a mature transcript that encodes the 22-kDa,
biologically active, full-length protein product. Splicing to a cryptic splice site
in exon 3 (top, dashed black line) results in production of a 20-kDa, biologically
active protein. Complete skipping of exon 3 (bottom, black line) produces a
17.5-kDa protein that acts as a dominant negative to the full-length, 22-kDa
protein. Splicing of primary transcripts is regulated by two exonic splicing
enhancers (ESE1, light gray box; ESE2, dark gray box) and one intronic splicing
enhancer in intron 3 (gray bar). Point mutations (solid circles) and a deletion
mutation (open circle) identified in patients suffering from isolated growth
hormone deficiency type II fall into the following regions: intron 2 3� splice
site, exon 3 5� splice site/ESE1, intron 3 5� splice site, and intronic splicing
enhancer. One patient mutation has been identified in ESE2 (E3�29 A3G;
A1338G). The accession number for the complete sequence of GH1 is
NM_000515.3. B, splicing analysis of wild-type and A1338G transcripts. GH3
rat somatotroph cells were transfected with either wild-type GH1 or GH1
containing the A1338G patient mutation. Total RNA was analyzed by RT-PCR,
and the resulting products were separated on denaturing, polyacrylamide
gels.
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SC35 Causes Skipping of GHExon
3 in Vivo—SR protein-binding sites
are small and not highly conserved
(29), so it is possible that activation
of splicing in vitro and with heterol-
ogous substrates may not mimic in
vivo function. As a first attempt to
determine whether SC35 and ASF/
SF2 activate GH1 exon 3 inclusion
in vivo, we transfected GH3 cells
with an expression vector contain-
ing the entire wild-type GH1
sequence either alone or in combi-
nation with SC35, ASF/SF2, or
SRp20 expression vectors. With the
wild-type sequence, only small
amounts of exon 3 skipping should
be observed, but the question was
whether excess SR proteins might
further reduce aberrant splicing.
The cells were transfected, total
RNA was isolated, and splicing pat-
terns were analyzed by RT-PCR. As
expected, the splicing pattern of
GH1 was predominately full-length
(80–90%) with �10–15% cryptic
splice site usage and only barely
detectable levels of exon 3 skipping
(Fig. 4). This ratio remained essen-
tially unchanged upon overexpres-
sion of ASF/SF2 and SRp20. How-
ever, we surprisingly detected
significantly increased levels of exon
3 skipping upon overexpression of
SC35. This was unexpected and
inconsistent with activation by
SC35 in the dsx setting but implies
that the exact sequence contextmay
be required to evaluate the ability of
individual SR proteins to activate
exon 3 inclusion. It also raises the
possibility that SC35 and ASF/SF2
may antagonize one another.
Sequence-specific Repression of

Exon 3 by SC35—A simple model to explain regulation of exon
3 inclusion would be that ASF/SF2 and SC35 compete for bind-
ing to ESE2, as suggested by the RNA affinity purification
experiments. However, given the differences between the in
vitro and in vivo splicing assays above, we next sought to deter-
mine whether SC35-mediated exon 3 skipping requires the
presence of ESE2 in the context of the full-length GH1 gene.
GH3 cells were transfected with wild-type GH1 or a mutant
GH1 construct containing a deletion of ESE2 (�ESE2) in the
presence or absence of co-transfection with SC35. As above,
overexpression of SC35 with the wild-type construct led to
increased exon 3 skipping (Fig. 5A). Interestingly, deletion of
ESE2 did not abolish the ability of SC35 to promote exon skip-
ping. The loss of ESE2 led to increased exon 3 skipping because

FIGURE 2. ASF/SF2 and SC35 bind to ESE2 in vitro. A, RNA affinity chromatography. RNA molecules were
covalently linked to Sepharose beads, and SR proteins purified from calf thymus were passed over the column
followed by extensive washing. Bound proteins were eluted with increasing salt concentrations (100, 150, 200,
250, 300, 400, 500, and 500 mM) and a final elution with 8 M urea. Elution fractions were run on SDS-PAGE gels
and stained with Coomassie Blue. B, RNA affinity chromatography was performed using either wild-type ESE2
(5�-AAAGGAACAGAAGUA-3�) or mutant ESE2 (5�-AUAGUAAUAGUAGUA-3�) RNAs. Individual bands were cut
out of the gel and identified by mass spectrometry as ASF/SF2 and SC35.

FIGURE 3. ASF/SF2 and SC35 activate in vitro splicing through ESE2 in a heterologous substrate. A, the dsx
splicing reporter is a two exon, one intron substrate that requires the presence of an enhancer (gray box) in
exon 2 for splicing. dsx constructs containing either wild-type or mutant ESE2 (same mutant sequence as in Fig.
2) sequences were used to analyze the ability of ASF/SF2 and SC35 to activate splicing through ESE2.
B, wild-type (wt) and mutant (mut) constructs, as well as a construct lacking an enhancer (�E), were analyzed for
splicing activity in HeLa nuclear extract. C, ASF/SF2, SC35, and SRp20 (50 or 200 ng) were added to limiting
amounts of HeLa nuclear extract, and spliced product formation was determined. The asterisks denote non-
specific bands.

FIGURE 4. Analysis of the effects of SC35 and ASF/SF2 on GH1 splicing
in vivo. GH3 cells were transiently transfected with wild-type GH1 and indi-
vidual SR protein expression vectors. GH1 splicing was analyzed by RT-PCR,
and the products were analyzed on denaturing, polyacrylamide gels.
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of the loss of enhancer function, and co-transfection of SC35
further increased the level of skipping. This suggests that SC35
mediated this effect through a region other than ESE2 even
though SC35 was found to bind to ESE2 by chromatography
(Fig. 2B). To identify the sequence responsible for this skipping,
a panel of deletions across exon 3 was used, and splicing pat-
terns were determined in the presence and absence of SC35
(Fig. 5, B and C). Only one deletion, �6, did not show increased
exon 3 skipping upon overexpression of SC35 even across a
range of concentrations (Fig. 5, C andD). These results suggest
that SC35 promotes skipping through a sequence just down-
stream of ESE2. Under wild-type conditions, with an intact
ESE2 sequence, exon 3 is predominately included, but loss of
ESE2 enables SC35 to promote skipping.
SC35-mediated Skipping and the A1338G Patient Mutation—

The above results suggested a mechanism to explain the
increased exon 3 skipping observed with the A1338G patient
mutation (Fig. 1). As noted above, this mutation maintains the
purine-rich ESE2 sequence yet blocks enhancer function. A
possible explanation to account for these results is that the
mutation creates an SC35-binding site within ESE2, at least as
predicted by ESE Finder (30). This suggests that themechanism
of action of the A1338Gmutation is to enable SC35 to mediate
exon skipping through ESE2. If true, the expectation would be
that the�6mutation should still result in exon 3 skipping when
combined with the A1338G mutation. Thus, we analyzed the
effect of SC35 overexpression on exon 3 skipping in the
A1338G background and when combined with the �6 muta-
tion. As shown, co-transfection of SC35 resulted in increased
exon 3 skipping with the A1338Gmutation (Fig. 5E). However,
when the A1338G and �6 mutations were combined, the splic-
ing pattern resembled the wild-type pattern in the absence of
excess SC35 and increased skipping in the presence of SC35
(Fig. 5E). Because no skipping was observed with the �6 muta-

tion alone (Fig. 5C), this suggests
that the A1338Gmutation creates a
site through which SC35 can medi-
ate exon 3 skipping. Thus, the
A1338G mutation and region 6 are
each sufficient to produce SC35-
mediated exon 3 skipping and
apparently act in a synergistic man-
ner to prevent exon 3 inclusion.
Antagonism between SC35 and

ASF/SF2 in Exon 3 Splicing—In the
wild-type setting, we were unable to
observe activation of exon 3 splicing
byASF/SF2mostly because the level
of exon 3 skipping is too low to
begin with (Fig. 4). However, if our
model about how the A1338G and
�6 mutations mediate skipping is
correct, the prediction is that ASF/
SF2 should be able to counteract
SC35-mediated exon 3 skipping
with these constructs. Thus, titra-
tion experiments were performed in
which GH3 cells were transfected

with variable combinations of SC35 and ASF/SF2 along with
vectors expressing either wild-type, A1338G, or A1338G��6
GH1 constructs. Splicing patterns and the amount of exon 3
skippingwere then determined (Fig. 6). As shown,ASF/SF2was
able to counteract SC35-mediated exon 3 skipping in the wild-
type construct (Fig. 6A). Likewise, SC35 could induce exon 3
skipping in the presence of ASF/SF2, although higher amounts
of SC35 were needed to reach the same level of exon 3 skipping
seen when SC35 was overexpressed alone. Similar analyses
were performed with both the A1338G and A1338��6 con-
structs (Fig. 6,B andC). For all three experiments, it is clear that
the two proteins act antagonistically, with SC35 mediating
skipping and ASF/SF2 promoting inclusion.
SC35 and ASF/SF2 Bind Sequences in Exon 3—We per-

formed in vitro UV cross-linking experiments to examine dif-
ferential binding of ASF/SF2 to ESE2 and SC35 to both ESE2
and region 6. Purified SC35 or ASF/SF2 were cross-linked to
radiolabeled ESE2 RNA in the presence of increasing molar
amounts of cold RNA competitors. The competitor RNAs
included self-competitor (unlabeled ESE2), theA1338Gpatient
mutation, region 6, and as a negative control, the QM sequence
from the RNA affinity experiments. For SC35, the patient
mutation was a better competitor than the wild-type sequence
(Fig. 7A), unless a 50-fold molar excess was used. This is con-
sistent with the effects of SC35 in the splicing assays. Also,
consistent with earlier results, RNAs encompassing region 6
could also effectively displace SC35 from the wild-type ESE2
RNA, indicating that SC35 binds to region 6. For ASF/SF2,
RNAs encompassing ESE2, both wild type and the A1338G
patient mutation, were effective competitors, again consistent
with ASF/SF2 binding to ESE2 to activate exon 3 inclusion.
Thus, using both functional splicing assays and UV cross-link-
ing assays, we have shown that SC35 and ASF/SF2 have differ-
ential effects on GH1 splicing.

FIGURE 5. Exon 3 deletion analysis and A1338G patient mutation analysis. A, GH3 cells were transiently
transfected with either wild-type GH1 or ESE2-deleted GH1 (�ESE2) in the presence or absence of SC35 over-
expression. Spliced product formation was determined as above. B, GH1 exon 3 illustrating the deletion con-
structs. ESE1 is illustrated by a light gray box, and ESE2 is illustrated by a dark gray box. Note that �5 is the same
as �ESE2. C, GH3 cells were transiently transfected with the deletion mutants above in the presence or absence
of SC35 overexpression and spliced products were analyzed as above. D, GH3 cells were transiently transfected
with either wild-type or the �6 GH1 construct in the presence of increasing amounts of SC35 (100, 500, and
1500 ng). E, GH3 cells were transiently transfected with either the A1338G patient mutation or a GH1 construct
containing both the A1338G mutation and the �6 mutation in the presence or absence of SC35
overexpression.
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DISCUSSION

Here, we sought to understand the mechanism by which
ESE2 activates GH1 exon 3 inclusion, and in doing so, we have
determined the disease-causing mechanism of the A1338G
patient mutation in the GH1 gene. Two canonical SR proteins,
ASF/SF2 and SC35, were identified as ESE2-binding proteins
that could activate splicing of an enhancer-dependent splicing
reporter through ESE2 in vitro. However, when the effects of
overexpression of these proteins on GH1 splicing were ana-
lyzed, we discovered that SC35 did not activate exon inclusion
but actually promoted exon 3 skipping. Although this finding
was unexpected, it laid out a possible explanation for themech-
anismbehind theA1338Gpatientmutation.According to ESE2
finder, this mutation creates a binding site for SC35 in ESE2
leading to antagonism of ASF/SF2-mediated activation and
skipping of exon 3. This prediction was supported by our UV

FIGURE 6. Antagonistic properties of ASF/SF2 and SC35. GH3 cells were
transfected with 500 ng of either SC35 or ASF/SF2 expression vector and
increasing amounts (100, 250, 500, and 1000 ng) of the other expression

vector. Empty vectors were used to balance each transfection to an equal
mass of DNA. GH1 splicing was analyzed by RT-PCR and polyacrylamide gel
electrophoresis. The amounts of exon 3 skipped transcripts in each lane were
calculated as a percentage of all other transcripts within a single lane. The data
are presented as the averages of at least n � 3. The error bars are S.E. A, wild-type
GH1. B, A1338G mutant GH1. C, A1338G��6 mutant GH1.

FIGURE 7. UV cross-linking of ASF/SF2 and SC35 to exon 3 sequences. In
vitro transcribed, radiolabeled ESE2 wild type (WT, 5�-GGAAGGAACA-
GAAGUAU-3�) was cross-linked to either purified SC35 (A) or ASF/SF2 (B). Cold
competition was performed with 1�, 10�, and 50� excess in vitro tran-
scribed ESE2 wild type, ESE2 A1338G (5�-GGAAGGAACAGAGGUAU-3�),
region 6 (5�-GGAACCCCCAGACCUCCCUC-3�), or ESE2 QM (5�-GGUAGUAAU-
AGUAGUAU-3�). The data are presented as the averages of n � 3. The error
bars are S.E. The asterisk indicates statistical significance with a p value of
0.036.
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cross-linking data where SC35 bound better to the patient
mutation-containing ESE2 sequence. Such skipping requires
the downstream SC35-binding site, suggesting that the two
sites act synergistically to cause pathological levels of exon 3
skipping. This is the first time a disease-causing pointmutation
has been characterized as creating a SR protein-binding site
that results in exon repression.
SC35 Synergistically Mediates Exon 3 Skipping through

Region 6 and the A1338GPatientMutation—The levels of exon
3 skipping caused by SC35 through region 6 (Fig. 6A) or the
A1338G patient mutation (Fig. 6C) are approximately equiva-
lent. Both of these constructs have a basal level of exon 3 skip-
ping of about 4%, which doubles upon SC35 overexpression. If
each of these sites was acting independently, then a construct
containing both would be expected to skip exon 3 at additive
levels. However, with the A1338G mutation and an intact
region 6, the percentage of exon 3 skipping was 28% and dou-
bled to 56% upon SC35 overexpression (Fig. 6B). This much
higher level of exon 3 skipping shows that the effect of these two
sites is synergistic, not additive. Synergism in this manner
explains why patients with the A1338G mutation are growth
hormone-deficient because the levels of exon 3 skipping
increase dramatically.
SR Proteins and Repression of Splice Site Selection—SR pro-

teins are generally characterized as activators of splicing. How-
ever, we show that SC35 can repress GH1 exon 3 inclusion.
Although not common, there are reports showing that SR pro-
teins can repress splicing (31, 32). Likewise, previous work has
shown that the action of an individual SR protein depends on
sequence context, similar to the differences we observed com-
paring activity in heterologous constructs versus GH1 splicing
(31). Cystic fibrosis transmembrane conductance regulator
exon 9 splicing is repressed by ASF/SF2 and SRp40 binding to
an intronic splicing silencer, but these SR proteins activate
splicing through the intronic splicing silencer in heterologous
settings (31). Similarly, ASF/SF2 represses adenovirus 3a splic-
ing through the 3RE repressor element but activates splicing
through this element in a heterologous setting (32). These
examples highlight the context-dependent nature of splicing
regulatory elements.
In addition to the above examples, there is additional prece-

dent for ASF/SF2 and SC35 acting as both activators and
repressors of splicing. In splicing of the caspase-2 gene, ASF/
SF2 and SC35 both cause exon skipping, and hnRNP A1, a well
studied splicing repressor, activates exon inclusion (33).�-Tro-
pomyosin exon 6A and 6B splicing is regulated by two intronic
splicing enhancers, S3 and S4. ASF/SF2 recognizes S4 and acti-
vates exon 6A inclusion, whereas SC35 directly antagonizes
ASF/SF2 resulting in exon 6A repression (34). However, both
ASF/SF2 and SC35 activate exon 6B splicing through the S3
element (35).
Overall, our results and those just cited demonstrate the

combinatorial nature of splicing regulation that enables very
precise control of splice site recognition and selection. Com-
binations of splicing regulatory proteins binding to mostly
short regulatory elements allows a somewhat limited num-
ber of factors to control a much larger number of splicing
decisions. For GH1, mutations in one or more of these reg-

ulatory elements leads to aberrant skipping of exon 3. The
current view is that skipping of exon 3 is a splicing fidelity
issue rather than a regulated alternative splicing event, but it
remains possible that one or more of the smaller human
growth hormone isoforms may have development or tissue-
specific functions.
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