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1. ABSTRACT

Eukaryotic pre-mRNA splicing allows for a
large, diverse proteome to be coded by a relatively small
genome. Alternative splicing events are well regulated, but
when mutations disrupt the splice sites or regulatory
elements, disease can occur. Similarly, mutations can
cause disease through aberrant transcript production.
Enhancers, one of the splicing regulatory elements, are
frequent targets of disease causing mutations. This review
provides an overview of the splicing reaction and
mechanisms of alternative splicing and provides examples
of enhancer defects that cause disease.
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2. INTRODUCTION

Eukaryotic gene transcripts contain alternating
protein coding (exons) and non-coding (introns) regions.
For transcripts to encode functional protein, introns must be
efficiently removed and exons accurately spliced together.
Fidelity in the process of pre-mRNA splicing is essential
for the proper flow of genetic information. Disruption of
splicing, incomplete splicing, and splicing errors can all
lead to aberrant protein products that cause disease. Here,
we review the mechanisms and regulation of splicing and
show how disruption of splicing results in a set of specific
diseases.
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3. SPLICING MECHANISM

3.1. Canonical splice sites

In higher eukaryotes, the splice site sequences
that are recognized by the splicing machinery in the process
of exon and intron definition are not highly conserved.
Splice site sequences for the major class of introns are the
5" splice site (AGguaagu), 3’ splice site (yagG), branch
point (ynyuray), and polypyrimidine tract (exons - upper
case, introns - lower case, branch point - bold) (1, 2). In
contrast, splice sites in lower eukaryotes such as the yeast
Saccharomyces cerevisiae, are defined by strong consensus
sequences (5" splice site, GUAUGU; branch point,
UACUAAG; 3' splice site, YAG) (3). The prevalence of
alternative splicing in higher eukaryotes compared to a lack
of such activity in S. cerevisiae is related to the
conservation of splices sites. The variability observed in
higher eukaryotes, especially humans, opens the door to
two related but opposite outcomes. The first is that
variation in the strength of splicing signals enables
regulated splicing so specific splice sites can be joined to
generate wide diversity in protein function while
maintaining a much smaller genome compared to
proteome. The flip side is that misregulation of splicing,
splicing errors, incorrectly recognized splice sites, and
incomplete splicing can all result in aberrant protein
production, of which some isoforms may be deleterious and
cause disease.

3.2. Spliceosome assembly

Canonical splice sites are recognized by
components of the spliceosome, which is composed of 5
RNA-protein complexes known as small nuclear
ribonucleoproteins (snRNPs). Each snRNP contains 1-2
snRNAs and several proteins, both unique and shared (4,
5). snRNPs recognize cis-acting elements that identify
exon/intron boundaries, and they assemble on these
elements in a step-wise fashion.

During spliceosome assembly discrete and
detectable complexes have been identified (Figure 1).
In the first complex (E), Ul snRNP binds to the 5’ splice
site through base pairing of the 5’ end of Ul snRNA
with the 5" splice site, U2AF binds to the
polypyrimidine tract and 3’ splice site through its 65 and
35 kDa subunits, respectively, and SF1 interacts with
the branch point sequence (6-11). The second complex
(A) is ATP dependent and is formed by U2AF65
recruiting U2 which base pairs with the branch point
sequence (12-18). Subsequently, the U4/U6-US tri-
snRNP joins, forming the B complex (19). The final
catalytic complex (C) involves a rearrangement of
assembled proteins, RNA-protein interactions, and
RNA-RNA interactions (20). U4/U6 base pairing is
destabilized allowing U6 to pair with the 5’ splice site
and with U2 (21). As a result, Ul and U4 are displaced.
U5, the most highly conserved snRNA interacts with
both the 5" and 3’ splice sites and is thought to help align
the exons for ligation at the catalytic core of the
spliceosome (22, 23). Most evidence suggests that
overall catalysis is RNA based but that active site
formation is facilitated by protein function (24).
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3.3. Splicing reaction

The pre-mRNA splicing reaction occurs as two
sequential trans-esterification reactions. Based on
conservation of phosphoester bonds, ATP is not formally
required for splicing, but several spliceosome assembly
steps require ATP. In the first step, the 5’ splice site
phosphate undergoes nucleophilic attack by the 2’ hydroxyl
of the branch point adenosine. This results in cleavage of
the upstream exon with a free 5" hydroxyl and coincident
ligation of the 5’ end of the intron to the branch point
forming an exon-intron lariat structure. In the second
reaction, the free hydroxyl at the 5’ splice site attacks the 3’
splice site phosphate resulting in exon ligation. The free
intron lariat is subsequently debranched and degraded, and
the spliceosomal components are recycled.  During
splicing, protein complexes (Exon Junction Complexes) are
deposited nearby ligated splice sites that link export out of
the nucleus to accurate, complete splicing (25, 26).

4. ALTERNATIVE SPLICING

The spliceosome is faced with the challenge of
efficiently and precisely identifying splice sites. This is an
especially daunting task as transcripts can contain 10 times
more potential splice sites than correct ones and many
transcripts contain sequences that are better matches to
consensus splice sites than the correct sites (27, 28). In
addition, introns are typically long (averaging around 3000
nucleotides but extending to as long as 300 kb and
constituting roughly 25% of the genome) while exons are
short (averaging 140 nucleotides and accounting for only
1.1% of the genome) (29-31). Thus, it is not surprising that
within the “sea” of RNA encountered by the splicing
machinery, there exists sequences that better match the
short consensus elements that typically flank introns.
Canonical splice site sequences are necessary for the
identification of correct exon/intron boundaries but they are
not sufficient to rule out potential but incorrect sites (32).
One result of the abundance of degenerate and weak splice
sites is that the same splice site may not be used every time,
sometimes in a regulated fashion, others as simple
mistakes. For regulated splice site choice, multiple protein
products can be generated from a single gene (33, 34).

4.1. Prevalence of Alternative Splicing

Several mechanisms exist to generate naturally
occurring alternative transcripts. These events can occur
by usage of alternative 3’ or 5’ splice sites, intron retention,
exon skipping or inclusion, and selection between mutually
exclusive exons (Figure 2). Analysis of alternative splicing
events occurring in the genes on chromosome 22 estimated
that 60% of genes generate at least 2 mature transcripts (35-
37). Ofall alternative splicing events, about 80% affect the
open reading frame and thus the encoded protein (38). As
more and more cDNAs are isolated, especially with
advances in modern sequencing technologies, it is possible
that nearly all protein coding genes will be found to utilize
alternative splicing to some extent.

4.2. Aberrant splicing and NMD
Aberrant splicing can result from either the
disruption of constitutive splicing or incorrect use of
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Figure 1. Step-wise spliceosome assembly. Spliceosome assembly occurs in a step-wise manner with the formation of four
discrete complexes. In the E complex, U1 binds the 5’ splice site, U2AF65 binds the polypyrimidine tract, and U2AF35 binds the
3’ splice site. U2AF65 recruits U2 to the branch point, forming the A complex. The B complex forms when the U4/U6-US tri-
snRNP joins, and then rearragement of the components forms the C complex. U4/U6 base pairing is destabilized, allowing U6 to
displace Ul at the 5' splice site and base pair with U2. Ul and U4 are displaced from the complex. US interacts with the 5" and
3’ splice sites, bridging the exons. It is in the final complex where the two sequential transesterification reactions occur. The end
result is the fully spliced mRNA and the intron lariat, which is debranched and degraded.
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Figure 2. Types of alternative splicing with disease-related examples. A. Isolated growth hormone deficiency type II is caused
by exon 3 skipping in the growth hormonel (GH1) gene. There is also a cryptic splice site in exon 3 that produces a product
lacking the first 45 nucleotides of exon 3. Mutations at the 5’ end of exon 3 result in loss of this isoform. B. Exon 9 of the
Wilms’ tumor suppressor (WT1) gene has two alternative 5’ splice sites. These two sites are nine nucleotides apart and those
nucleotides code for the amino acid sequence KTS. Normally, the proximal 5’ splice site is favored resulting in production of the
+KTS isoform. In Fraiser syndrome, mutations inactivate the proximal 5’ splice site and result in —KTS isoform production
(199). C. Intron 8 of the cystic fibrosis transmembrane conductance regulator (CFTR) gene contains variable length poly UG
and poly U tracts downstream of the branch point. The lengths of these tracts effects exon 9 inclusion, and lengths that result in
exon 9 skipping cause atypical cystic fibrosis (200). D. The fibroblast growth factor receptor 2 (FGFR2) gene has mutually
exclusive exons IIIb and Illc, which are included in epithelia and mesenchyme, respectively. There are many regulatory
elements in the exons and the introns on either side of them. In prostate cancer, loss of the exon IIIb containing isoform in the
epithelia promotes an epithelial to mesenchymal transition, which corresponds to a transition from a well-differentiated tumor to
an aggressive tumor (201). E. Fish-eye disease is caused by a mutation two base pairs upstream of the branch point in intron 4
of the lecithin:cholesterol acetyltransferase (LCAT) gene, which results in intron 4 retention (202).
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alternative splice sites. These errors can result in an upset in
the ratio of alternative transcripts. Another possible result is
exon skipping or cryptic splice site activation resulting in a
frame shift of the downstream coding region. Aberrant
splicing events that result in frame shifts are likely to produce
transcripts that contain premature stop codons (PTCs). If the
PTC lies more than 50 nucleotides upstream of the last exon-
exon junction (marked by Exon Junction Complexes), then the
transcript will be subject to nonsense mediated decay (NMD)
and no protein will be produced from the erroneous transcript
(26, 39-41). The ability to couple alternative splicing and
NMD may actually serve as a rheostat allowing control over
precise levels of a given protein isoform (42-44).

5. ENHANCERS AND SR PROTEINS

The presence of short and mostly degenerate
splice sites highlights the need for additional cis-acting
signals to guide the spliccosome away from potential but
incorrect splice sites and towards proper splice sites. The
best characterized of these additional cis-acting signals are
enhancer and silencer elements (45, 46).

5.1. Enhancer structure and function

Splicing enhancers are purine-rich sequences
found in both exons and introns. Exonic enhancers direct
U2AF and U2 binding to the 3’ splice site and Ul binding
to the 5’ splice site, respectively. For bona fide enhancers it
appears that the specific sequence is more important than
the overall purine content (47). If the purine content was a
more important variable than the specific sequence, then
changes to the sequence that do not affect purine content
would be expected to have no consequence. However,
such mutations disrupt enhancer activity (48). Similarly, if
purine content is the major factor, replacement of one
purine-rich enhancer sequence of a certain length with
another equally purine-rich sequence of the same length
should result in similar splicing outcomes. But again, this
is not the case (47). These examples highlight the
importance of specific sequences, in addition to purine-
content, in defining enhancer elements. It is apparent that
both purine content and sequence context—position within
introns and exons, and distance from splice sites—can
affect enhancer function

5.2. SR protein structure and function

Exonic and intronic splicing enhancers (ESEs and
ISEs) are purine rich sequences that are usually recognized
by essential, non-snRNP splicing factors known as SR
proteins. Members of the SR protein family have one or
two N-terminal RNA recognition motifs (RRMs) and a C-
terminal domain rich in serine and arginine dipeptides (RS
domain) (49). The RRM imparts substrate specificity on
each SR protein through its sequence-specific RNA binding
ability. The RS domain participates in protein-protein
interactions that guide spliceosomal components to splice
sites and define exon boundaries in a phosphorylation-
dependent manner.

The core SR protein family has ten members:
SRp20 (X16, RBP1), SRp30c, 9G8, SRp40, SRpS5S5,
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SRp54, SRp46, SRp75, ASF/SF2 (SRp30a), and SC35
(SRp30b) (50). In vitro splicing in HeLa cytoplasmic S100
extracts, which contain all of the required splicing
components except SR proteins, requires the presence of at
least threshold levels of one SR protein. Based on S100
complementation assays, it was first thought that SR
proteins are functionally redundant (51-55). However,
even though they can function interchangeably in vitro, in
vivo they are functionally distinct (56-61).

SR proteins are required for identification of
constitutive splice sites and also for regulating
alternative splicing decisions (62). In general, SR
proteins enhance the usage of intron-proximal splice
sites whenever there is a choice between competing 5’ or
3’ splice sites (63-69). SR proteins define exon
boundaries by two mechanisms that are not mutually
exclusive. First, SR proteins enhance splicing in an RS
domain-independent manner by antagonizing adjacent
silencer elements (70-72). Second, they recruit the
splicing machinery to splice sites in an RS domain-
dependent manner. These RS domain—splicing factor
interactions result in the formation of bridge complexes
across introns and exons. In higher eukaryotes, exon
definition through exon bridging is more common due to
the large and prohibitive size of introns (73-77). Intron
recognition occurs more readily with small introns that
have a length less than 250 nucleotides (78, 79). In
addition, enhancer bound SR proteins are able to
promote U2 binding to the branch point sequence and
help recruit the U4/U6-US tri-snRNP (80). In the case
of a weak polypyrimidine tract or 3’ splice site, SR
proteins recruit U2AF35 to the 3’ splice site which in
turn recruits U2AF65 to the polypyrimidine tract (68,
77, 81-83). ASF/SF2 and SC35 can interact with the U1
snRNP protein component, U1-70K, and with U2AF35
thus physically bridging the 3’ and 5’ splice sites (56,
68, 76, 77, 82, 84-88). This illustrates how SR proteins
play a role throughout the entire spliceosome cycle (89).

5.3. Silencers and hnRNPs

In opposition to enhancer elements, exons and
introns also contain silencers (90). Unlike enhancers,
which are more commonly exonic sequences, silencers are
typically intronic sequences (91). Silencers repress splice
site usage by interfering with spliceosome assembly, exon
bridging, and adjacent enhancer-bound SR protein function.
Silencers are usually bound by heterogeneous nuclear
ribonucleoproteins (hnRNPs) and alter the selection
between alternative splice sites (92-95). hnRNPs have 1-2
RRMs and an auxiliary domain involved in protein-protein
interactions. Two of the better characterized hnRNPs are
hnRNP Al and Polypyrimidine Tract Binding protein
(PTB) (96, 97). Each of these proteins illustrates one way
of repressing splicing. When hnRNP Al binds to a
silencer, it stimulates the cooperative assembly and
nucleation of hnRNPs on the pre-mRNA (72). This results
in the silencer and the area around the silencer being bound
by hnRNPs and in SR proteins being blocked from binding
to adjacent enhancers. Repression of splicing by PTB can
occur in multiple ways. First, PTB binding can outcompete
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binding of U2AF to the polypyrimidine tract thereby blocking
splicing (98, 99). Also, PTB can block exon definition by
binding to silencer elements on either side of an exon resulting
in the looping out of the exon, making it inaccessible or
unrecognizable to the splicing machinery (97, 100, 101).

5.4. Combinatorial control and tissue specificity

Alternative splicing events are regulated by many
signals, both positive and negative. In and around
alternative exons and splice sites there are multiple
elements that define the proper splice sites by forming a
network of interactions (102). The sum of these
interactions determines the outcome. Since these
regulatory elements depend on the actions of multiple
activators and repressors, changes in the regulation or
levels of splicing factors can combinatorially alter the
outcome (103). For example, loss of a single SR protein
can result in exon skipping of exons that require the
function of that SR protein to counteract the action of an
hnRNP. Likewise, mutation of enhancer or silencer
elements can alter splicing regulation. The presence of
RNA secondary structures can influence access to splice
site and cis-elements (104-107). Splicing decisions that
vary between cell types and developmental stages are
regulated by natural variations in SR protein levels and also
by the ratio between SR proteins and repressors. For
example, the molar ratio of ASF/SF2 and hnRNP A1 varies
between different tissues in rat (92, 95, 108-110). Also,
tissue-specific splicing can be regulated by tissue-specific
splicing factors. Neurons contain two splicing factors,
NOVA-1 and nPTB, that regulate neuron-specific splicing
decisions (111-115).

6. ENHANCERS AND DISEASE

Mutations at canonical splice sites have been
proposed to account for at least 15% of disease-causing
point mutations (116). However, this number mostly likely
dramatically underestimates the impact of splicing
aberrations on disease (117). Exonic mutations, distinct
from splice sites, are typically thought of as causing
changes in amino acid sequence (missense mutations) or
truncated proteins (deletions or nonsense mutations).
However, these mutations can affect the function of
splicing regulatory elements such as ESEs and ESSs. Also,
silent mutations, which are often thought to have no
consequence, can affect these same elements. Intronic
sequences are often not analyzed for disease causing
mutations because they are non-coding, even though
mutations within ISEs and ISSs can cause disease.
Mutations that alter the strength of an enhancer or silencer
can have various effects on splicing decisions. For
example, if they disrupt an ESE they can result in exon
skipping and large internal deletions in the protein product.
If the exon skipping event does not maintain the reading
frame, then the transcript will likely be degraded by NMD
because of the presence of a PTC. In addition to exon
inclusion and exclusion, mutations can affect splicing by
activating cryptic splice sites or disrupting the usage of
alternative splice sites. Altering the ratio of alternative
splice site usage can lead to inappropriate expression in a
cell-type or developmental stage-specific manner.
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6.1. Spinal muscular atrophy

Spinal muscular atrophy (SMA) is an autosomal
recessive disease involving progressive degeneration of
motor neurons in the spinal cord resulting in wasting of
voluntary muscles and weakness (118). Genetically, the
disease is characterized by homozygous loss of the survival of
motor neuron 1 (SMN1) alleles (119, 120). The specific
functions of SMN1 are unknown, but it is thought to be
involved in the cytoplasmic assembly and maturation of core
snRNPs (121, 122).

The SMA locus on chromosome 5 contains 2 SMN
genes, SMN1 and SMN2. SMN2 contains only 5 nucleotide
differences compared to SMN1 and the two genes theoretically
encode identical proteins. However, SMN2 is unable to
compensate for the loss of SMN1. Analysis of mature SMN2
transcripts revealed that only about 20% contain exon 7. SMN
protein lacking the region encoded by exon 7 is unstable and
inactive (123). There are several cis-elements that contribute
to the splicing difference between SMN1 and SMN2 (124,
125). A single, silent nucleotide difference in the sixth
position of exon 7 (E7 + 6 C>T) (126, 127) disrupts an
enhancer sequence that binds ASF/SF2 and creates a silencer
sequence that is bound by hnRNP A1 (Figure 3A) (128-130).
Another nucleotide difference between the two genes is in
intron 7. This difference also creates an hnRNP Al
binding site in SMN2, which causes exon 7 skipping
(131). Also, there is a cis-element downstream of the 5’
splice site of intron 7 that negatively affects the strength
of that splice site (132). And there is a RNA stem-loop
structure at the 3’ end of exon 7 that prevents inclusion
(106). The overall result of this change is skipping of
exon 7 (133).

Another cause of SMA involves mutations in the
SMNI1 gene that produce an exon 7 skipped transcript. A
single G to T transversion at the sixth position in intron 7
leads to exon skipping by disruption of Ul binding site at
the 5’ splice site (126, 134). Mutated SMNI1 essentially
acts as a second SMN2 allele with each allele producing
small amounts of full-length SMN protein. Since the two
SMN genes together produce more full-length product than
SMN2 alone, these mutations result in a less severe
phenotype. However, loss of SMN1 and production of
only 20% full-length transcript from SMN2 causes a more
severe disease.

6.2. Frontotemporal dementia with parkinsonism linked
to chromosome 17

Frontotemporal dementia with parkinsonism
linked to chromosome 17 (FTDP-17) is an autosomal
dominant disease characterized by progressive dementia.
FTDP-17 causing mutations have been linked to the
microtubule-associated protein tau (MAPT) (135). The
MAPT protein product, tau, functions in microtubule
assembly and microtubule-dependent transport in axons.
Exon 10 of MAPT encodes the last of four repeated
microtubule binding motifs and is alternatively included or
excluded. The normal ratio of exon 10+ and 10- transcripts
is 1:1. Mutations that alter this ratio, specifically mutations
that result in more exon 10 inclusion, result in disease
(Figure 3B) (136). An excess of exon 10+ protein products
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Figure 3. Enhancers and disease. A. Spinal muscular atrophy (SMA) is caused by homozygous loss of the survival of motor
neuron 1 (SMN1) alleles, for which the survival of motor neuron 2 (SMN2) gene is unable to compensate (115, 116). SMN2
contains a single nucleotide (E7 + 6 C > T) different from SMNI1 (120, 121). This nucleotide is part of an enhancer sequence in
SMN1 that is bound by ASF/SF2 and activates exon 7 inclusion (122-124). The change in SMN2 results in disruption of the
enhancer and creation of a silencer that is bound by hnRNP A1 resulting in exon 7 skipping. B. Frontotemporal dementia with
parkinsonism linked to chromosome 17 (FTDP-17) is caused by alteration of the normal 1:1 ratio of exon 10 skipping to exon 10
inclusion in the microtubule associated protein tau (MAPT) gene (127). There are three main regulatory elements in exon 10,
and disruption of any of them can result in disease. C. Muscular dystrophy is caused by mutations that affect exon inclusion in
the dystrophin gene. These mutations can either disrupt an enhancer or create a silencer and result in exon skipping (138, 139).
If the exon skipping event results in a frame shift then the transcript will be degraded by nonsense mediated decay, and if the
event does not result in a frame shift then a partially functional protein will be produced.

causes aggregation of insoluble, filamentous tau, contains both an ESE and an ESS (139-142). A missense
neurofibrillary tangles, and neurodegeneration (137, 138). mutation (N279K) strengthens the ESE, and a silent
mutation (L284L) weakens the ESS. Since each of these

Exon 10 of the MAPT gene contains three mutations causes FTDP-17 and each affects only one of the

regulatory elements that combinatorially control exon 10 regulatory elements, it seems that all three elements are

splicing. An RNA stem loop at the 3’ end of exon 10 required to maintain the proper ratio of exon 10+ and 10-

prevents exon 10 inclusion by blocking Ul snRNP from isoforms (139, 143).

accessing the 5’ splice site of intron 10 (107). Four FTDP-

17 mutations at the 5’ end of intron 10 (+3 G->A, +13 A- 6.3. Muscular dystrophy

>G, +14 C->T, +16 C->T) all disrupt formation of the Muscular dystrophy is an X-linked recessive

regulatory stem loop resulting in increased exon 10 disease caused by mutations in the dystrophin gene. It is

inclusion (105). The mutation I 10+3 G->A also increases characterized by progressive wasting and degeneration of

binding of Ul snRNP to the 5 splice site. Exon 10 also skeletal muscle resulting in weakness and impaired
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movement. In the more severe form of the disease,
Duchenne muscular dystrophy (DMD), there is an
absence of dystrophin, and in the less severe form,
Becker’s muscular dystrophy (BMD), there are
insufficient amounts of fully functional dystrophin. The
dystrophin gene is about 2500 kb long, contains 79
exons, and produces a 14 kb muscle specific mRNA
(144). Dystrophin, a structural cytoskeletal protein,
maintains membrane stability and is involved in
communication between the extracellular matrix and the
cytoskeleton. The large number of exons, the size
differences between exons and introns, and the overall
length of nascent transcripts encoding dystrophin all
underscore the engineering challenge that both the
transcription and splicing machinery face to synthesize
and process functional mRNA templates.

Both DMD and BMD are caused by mutations
that affect exon inclusion (Figure 3C). Some mutations,
both point mutations and deletions, cause aberrant exon
skipping by disrupting natural splice sites.  Other
mutations do so by disrupting enhancer elements or
creating strong silencer elements (145, 146). In some
cases, disruption of a natural splice site results in
activation of a cryptic splice site. The factor that
determines the severity of disease, and thus DMD versus
BMD, is whether the aberrant splicing event caused by
the mutation results in a downstream frame shift and
creation of a PTC (147). If a frame shift occurs, then
the PTC will trigger NMD of the transcript resulting in
complete loss of the protein product and the more severe
DMD (146). However, if the aberrant splicing event
maintains the reading frame, then a protein product with
an internal deletion will be produced. If this partially
functional protein can fulfill some of dystrophin’s role,
then the less severe BMD is seen.

Several of the mutations that cause BMD result in
nonsense codons at the site of the mutation. However,
these mutations are not present in the mature transcript
since the mutated exon is aberrantly skipped. While one
possible explanation for how these mutations influence
splicing decisions could involve active screening and
recognition of the nonsence codon by the cell, this does not
seem to be the case (148). Analysis of these mutations on
exonic splicing regulatory elements has shown that they
either disrupt enhancer elements or create silencer
elements, which are then responsible for the aberrant
splicing events (146, 149, 150). It would be interesting to
see if knock down of hnRNP Al, in a case where a
nonsense mutation creates a strong silencer element, would
allow for inclusion of the mutated exon and destruction of
the transcript by NMD rather than production of an
internally deleted protein.

6.4. Growth Hormone Deficiency

Human growth hormone (GH), which is made by
somatotrophs in the anterior pituitary, regulates postnatal
growth and is a major determinant of overall body size
(151). Growth hormone is secreted in pulsatile bursts that
peak at night (152). The amplitude of the bursts, rather
than the average growth hormone concentration,
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determines growth (153-155). Growth hormone deficiency
occurs in 1/4000-1/10,000 live births (156-159). While
most cases are sporadic, 5-30% of cases have an affected
first-degree relative and are genetic (160, 161).

The growth hormone gene, GHI, lies on
chromosome 17 (17q23) in a cluster of related genes:
growth hormone 1 (GH1), chorionic somatomammotropin
genes 1 & 2 (CSH1&2), chorionic somatomammotropin
pseudogene (CSHP1), and growth hormone 2 (GH2 or GH-
V) (162-166). All five genes have a five exon, four intron
structure (162, 167). CHS1&2 are expressed in the
placenta and code for identical proteins, which are partially
responsible for fetal growth (168). GH2 is also expressed
in the placenta and differs from GHI1 by 13 amino acids
(169).

6.4.1. GH1 gene structure

The GH1 gene produces five protein isoforms,
four of which are the result of aberrant splicing (170). The
22 kDa isoform is encoded by transcripts containing all five
exons and is the major, biologically active form of the
protein. Activation of an in-frame cryptic splice site in
exon 3 results in loss of the first 45 nucleotides of exon 3
and produces a biologically active 20 kDa protein (170-
172). Transcripts encoding the 20 kDa isoform account for
5-10% of GHI transcripts. Transcripts that skip exon 3
produce a 17.5 kDa protein and account for 1-3% of GH1
transcripts (173). This isoform acts in a dominant negative
fashion to block the activity of the full-length 22 kDa
protein. Trace amounts of GH1 transcripts skip exons 3-4
or exons 2-4 and produce 11.3 kDa or 7.4 kDa protein,
respectively (174).

6.4.2. IGHD II

Isolated growth hormone deficiency type II
(IGHD 1I) is an autosomal dominant disorder characterized
by short stature. Additional signs and symptoms are fasting
hypoglycemia, micro penis, delayed skeletal development,
truncal obesity, delayed dentition, and youthful facial
expression (169).

IGHD 1I is caused by increased exon 3 skipping
and production of the 17.5 kDa isoform. This isoform acts
dominant negative to the full-length 22 kDa isoform by
suppressing GH secretion in both cell culture and
transgenic mice (175). In cell culture, the 17.5 kDa
isoform is retained in the ER, disrupts the Golgi apparatus,
and impairs GH trafficking (176-179). Additionally, it
slightly reduces the stability of the 22 kDa isoform (176-
179). Mice overexpressing the 17.5 kDa isoform have a
defect in the maturation of GH secretory vesicles and lose
the majority of their somatotrophs resulting in anterior
pituitary hypoplasia (180, 181). Consistent with a secretory
defect, treatment with growth hormone releasing hormone
does not increase serum GH levels (182). It is not entirely
clear why loss of exon 3 results in a dominant negative
isoform but current models are most consistent with the
inability to properly fold the 17.5 kD isoform and/or create
GH dimers, both of which ultimately lead to an unfolded
protein response (183, 184). Exon 3 of GH1 codes for the
linker domain between two helices in the protein and this
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Figure 4. GHI1 gene structure with IGHD II-causing point mutations. Mutations that result in exon 3 skipping in the growth
hormone 1 (GH1) gene cause isolated growth hormone deficiency type II. These mutations commonly occur at the exon/intron
boundaries on either side of exon 3, but they can also occur in enhancer elements within exon 3 and intron 3. The cryptic splice

site in exon 3 is illustrated by a vertical dashed line.

A deletion mutation in intron 3 (IVS3 del 28-45) is illustrated by a

horizontal dotted line, and another deletion mutation in intron 3 (IVS3 del 56-77) is illustrated by a gray box.

linker contains a cysteine that forms an internal disulfide
bridge (185). Disruption of the disulfide bridge would
result in the free sulthydryl of the unpaired cysteine
forming aberrant intermolecular disulfide bonds that would
disrupt the storage and secretion of the 22 kDa isoform.
However, mutation of the unpaired cysteine to alanine did
not correct the secretory defect (179, 182).

6.4.3. Enhancer mutations and exon 3 skipping

As noted earlier, wild-type GH1 produces small
amounts of aberrant, non-full-length transcripts (173). This
is because the splice sites across introns 2 and 3 are fairly
weak. The 5" and 3’ splice sites of intron 2 and the 5’ splice
site of intron 3 are all weaker than the consensus splice
sites (169, 181). Also, the cryptic splice site in exon 3 that
is used to produce the 20 kDa isoform is a stronger splice
site than the 3’ splice site of intron 2. To overcome these
weak splicing signals, a variety of enhancer elements have
been identified. Two purine-rich enhancer elements in
exon 3 (ESE1 and ESE2) and one in intron 3 (ISE) function
to maintain accurate splicing, patients with mutations in
these regions display IGHD II (Figure 4) (186, 187). ESE1
consists of the first seven nucleotides of exon 3, ESE2 is a
15 nucleotide sequence upstream of the cryptic splice site
(E3 + 19-33), and ISE is a nine nucleotide sequence within
intron 3 (IVS3 + 26-34) (181, 188, 189). Mutations of the
splice sites flanking introns 2 and 3 (182, 190-196) and also
mutations that disrupt enhancer function all result in
increased exon 3 skipping (181, 182, 186-188, 197).
However, these mutations are not all equal. Patients with
IGHD II present with variable ages of onset, clinical
severity, and rates of progression. This clinical variation
correlates with variation in the levels of the 17.5 kDa
isoform (178, 181, 182, 186-189, 197). Splice site
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mutations result in production of only the 17.5 kDa isoform
and result in an earlier average age of onset and greater
clinical severity (187, 198). Enhancer mutations result in
an increase in the percentage of 17.5 kDa isoform produced
and cause less severe height reductions than splice site
mutations (180, 181, 187, 189, 198).

6.4.4. ESE2 — a repressor

Most of the mutations that cause IGHD II do
not directly affect the splice sites around exon 3 and
instead are found within ESE1 or ISE. A recently
identified mutation lies within ESE2 (E3+29 A->QG)
(197). ESE2 is recognized by ASF/SF2 and SC35. At
first glance, it would seem likely that the mutation
disrupts the binding of both SR proteins resulting in loss
of enhancer function. However, recent experiments
demonstrate that the mutation actually creates a stronger
SC35 binding site and that SC35 actually functions to
repress splicing of exon 3 in this case. In contrast, when
ASF/SF2 binds, exon 3 inclusion is activated. It appears
these two proteins compete for binding to ESE2 and
play antagonistic roles.  This work adds to the
complexity of splicing regulation by SR proteins since
not all SR proteins apparently activate splicing and can
instead actually repress exon inclusion. The disease-
causing point mutation within ESE2 creates an SR
protein binding site that leads to repression of exon
inclusion.

7. CONCLUSIONS
Degeneracy of the canonical splice sites in higher

eukaryotes provides a means of regulating splice site
selection. Current estimates are that 60% of genes are
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alternatively spliced. Alternative splicing events are
highly regulated by enhancer and silencer elements in
exons and introns. These elements bind splicing factors
that either promote or block spliceosome assembly and
affect splice site usage decisions. Mutations that disrupt
this regulation cause disease. These disease causing
mutations can easily be overlooked because they can be
silent point mutations or occur in introns, which are not
expected to cause disease. However, both silent
mutations and mutations that would be expected to
affect amino acid sequence can cause disease by
affecting splicing regulatory elements.

8. ACKNOWLEDGMENTS

This work was supported by an NIH grant to
J.G.P. (GM 62487).

9. REFERENCES

1. C. B. Burge, T. Tuschl and P. A. Sharp: Splicing of
precursors to mRNAs by spliceosomes. In: The RNA
World. Ed R. F. Gesteland, T. R. Cech&lJ. F. Atkins.
Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY (1999)

2. L. Cartegni, S. Chew and A. Krainer: Listening to
silence and understanding nonsense: exonic mutations
that affect splicing. Nature Reviews. Genetics., 3, 285-
298 (2002)

3. P. E. Hodges, M. Plumpton and J. D. Beggs: Pre-
mRNA splicing factors in the yeast Saccharomyces
cerevisiae. In: Eukaryotic mRNA Processing. Ed A. R.
Krainer. IRL Press, Oxford (1997)

4. R. Lihrmann: snRNP proteins. In: Structure and
function of major and minor small nuclear
ribonucleoprotein particles. Ed M. L. Birnstiel.
Springer-Verlag, Berlin (1988)

5. C. L. Will and R. Luhrmann: snRNP structure and
function. In: Eukaryotic mRNA Processing. Ed A. R.
Krainer. IRL Press, Oxford (1997)

6. A. Kramer and U. Utans: Three protein factors (SF1,
SF3, and U2AF) function in the pre-splicing complex
formation in addition to snRNPs. EMBO J., 10, 1503-
1509 (1991)

7. S. M. Mount, I. Pettersson, M. Hinterberger, A.
Karmas and J. A. Steitz: The Ul small nuclear RNA-
protein complex selectively binds a 5' splice site in
vitro. Cell, 33, 509-518 (1983)

8. R. Reed and L. Palandjian: Spliceosome Assembly.
In: Eukaryotic mRNA Processing. Ed A. R. Krainer.
IRL Press, Oxford (1997)

9. S. W. Ruby and J. Abelson: An early hierarchic role
of Ul small nuclear ribonucleoprotein in spliceosome
assembly. Science, 242, 1028-1035 (1988)

10. B. Seraphin and M. Rosbash: Identification of
functional Ul  snRNA-pre- mRNA complexes
committed to spliceosome assembly and splicing. Cell,
59, 349- 358 (1989)

11. P. D. Zamore and M. R. Green: Biochemical
characterization of U2 snRNP auxiliary factor: An
essential pre-mRNA splicing factor with a novel
intranuclear distribution. EMBO J., 10, 207-214 (1991)

1935

12. B. Chabot and J. A. Steitz: Multiple interactions between
the splicing substrate and small nuclear ribonucleoproteins in
spliceosomes. Molecular and Cellular Biology, 7, 281-293
(1987)

13. R. Das, Z. Zhou and R. Reed: Functional association of U2
snRNP with the ATP-independent spliceosomal complex E.
Molecular Cell, 5, 779-787 (2000)

14. R. Parker, P. G. Siliciano and C. Guthrie: Recognition of
the TACTAAC box during mRNA splicing in yeast involves
base pairing to the U2-like snRNA. Cell, 49, 229-239 (1987)
15. C. C. Query, M. J. Moore and P. A. Sharp: Branch
nucleophile selection in pre-mRNA splicing: evidence for the
bulged duplex model. Genes Dev., 8, 587-597 (1994)

16. B. Ruskin, P. D. Zamore and M. R. Green: A factor,
U2AF, is required for U2 snRNP binding and splicing
complex assembly. Cell, 52, 207-219 (1988)

17. J. Valcarcel, R. K. Gaur, R. Singh and M. R. Green:
Interaction of U2AF65 RS region with pre-mRNA branch
point and promotion of base pairing with U2 snRNA. Science,
273, 1706-1709 (1996)

18. P. D. Zamore and M. R. Green: Identification, purification,
and biochemical characterization of U2 small nuclear
ribonucleoprotein auxiliary factor. Proc. Natl. Acad. Sci., 86,
9243-9247 (1989)

19. S.-E. Behrens and R. Lithrmann: Immunoaffinity
purification of a [U4/U6.US] tri-snRNP from human cells.
Genes & Development, 5, 1439-1452 (1991)

20. M. Jurica, D. Sousa, M. Moore and N. Grigorieff: Three-
dimensional structure of C complex spliceosomes by electron
microscopy. Nature Structural & Molecular Biology, 11(3),
265-269 (2004)

21. D. Wassarman and J. Steitz: A base-pairing interaction
between U2 and U6 small nuclear RNAs occurs in >150S
complexes in HeLa cell extracts: implications for the
spliceosome assembly pathway. Proc. Natl. Acad. Sci., 90,
7139-7143 (1993)

22. E. J. Sontheimer and J. A. Steitz: The U5 and U6
small nuclear RNAs as active site components of the
spliceosome. Science, 262, 1989-1996 (1993)

23. J. R. Wyatt, E. J. Sontheimer and J. A. Steitz: Site
specific cross-linking of mammalian U5 snRNP to the 5'
splice site before the first step of pre-mRNA splicing.
Genes Dev., 6, 2542-2553 (1992)

24. C. Schmelzer and R. J. Schweyen: Self-splicing of
Group II Introns In vitro: Mapping of the branch point
and mutational analysis of lariat formation. Cell, 46,
557-565 (1986)

25. H. Le Hir, D. Gatfield, I. Izaurralde and M. J.
Moore: The exon-exon junction complex provides a
binding platform for factors involved in mRNA export
and nonsense mediated mRNA decay. EMBO J., 20,
4987-4997 (2001)

26. H. Le Hir, E. Izaurralde, L. E. Maquat and M. J.
Moore: The spliceosome deposits multiple proteins 20-
24 nucleotides upstream of mRNA exon-exon junctions.
Embo J, 19(24), 6860-9 (2000)

27. X. Roca, R. Sachidanandam and A. R. Krainer:
Intrinsic differences between authentic and cryptic 5'
splice sites. Nucleic Acids Res, 31(21), 6321-33 (2003)
28. H. Sun and L. A. Chasin: Multiple splicing defects in
an intronic false exon. Mol Cell Biol, 20(17), 6414-25
(2000)



Splicing fidelity, enhancers, and disease

29. 1. H. G. S. Consortium: Initial sequencing and analysis
of the human genome. Nature, 409, 860-921 (2001)

30. J. D. Hawkins: A survey on intron and exon lengths.
Nucleic Acids Research, 16, 9893-9908 (1988)

31. J. Venter and e. al.: The sequence of the human
genome. Science, 291, 1304-1351 (2001)

32. L. P.Lim and C. B. Burge: A computational analysis of
sequence features involved in recognition of short introns.
Proc Natl Acad Sci U S 4, 98(20), 11193-8 (2001)

33. D. L. Black: Mechanisms of alternative pre-messenger
RNA splicing. Annual Review of Biochemistry, 72,291-336
(2003)

34. B. R. Graveley: Alternative splicing: increasing
diversity in the proteomic world. Trends in Genetics, 17,
100-107 (2001)

35. D. Brett, H. Pospisil, J. Valcarcel and P. Bork:
Alternative splicing and genome complexity. Nature
Genetics, 30, 29-30 (2001)

36. J. Johnson, J. Castle, P. Garrett-Engele, Z. Kan, P.
Loerch, C. Armour, R. Santos, E. Schadt, R. Stoughton and
D. Shoemaker: Genome-wide survey of human alternative
pre-mRNA splicing with exon junction microarrays.
Science, 302, 2141-2144 (2003)

37. Z. Kan, E. Rouchka, W. Gish and D. States: Gene
structure prediction and alternative splicing analysis using
genomically aligned ESTs. Genome Research, 11, 889-900
(2001)

38. B. Modrek and C. Lee: A genomic view of alternative
splicing. Nat Genet, 30(1), 13-9 (2002)

39. Y. Ishigaki, X. Li, G. Serin and L. Maquat: Evidence
for a pioneer round of mRNA translation: mRNAs subject
to nonsense-mediated decay in mammalian cells are bound
by CBP80 and CBP20. Cell, 106, 607-617 (2001)

40. J. Lykke-Andersen, M. D. Shu and J. A. Steitz: Human
Upf proteins target an mRNA for nonsense-mediated decay
when bound downstream of a termination codon. Cell,
103(7), 1121-31 (2000)

41. D. Muhlrad and R. Parker: Aberrant mRNAs with
extended 3' UTRs are substrates for rapid degradation by
mRNA surveillance. Rra, 5(10), 1299-307 (1999)

42. M. C. Wollerton, C. Gooding, E. J. Wagner, M. A.
Garcia-Blanco and C. W. Smith: Autoregulation of
polypyrimidine tract binding protein by alternative splicing
leading to nonsense-mediated decay. Mol Cell, 13(1), 91-
100 (2004)

43. B. P. Lewis, R. E. Green and S. E. Brenner: Evidence
for the widespread coupling of alternative splicing and
nonsense-mediated mRNA decay in humans. Proc Natl
Acad Sci U S 4, 100(1), 189-92 (2003)

44. R. Spellman, M. Llorian and C. W. Smith:
Crossregulation and functional redundancy between the
splicing regulator PTB and its paralogs nPTB and RODI.
Mol Cell, 27(3), 420-34 (2007)

45. B. J. Blencowe: Exonic splicing enhancers: mechanism
of action, diversity and role in human genetic disease.
Trends in Biochemical Sciences, 25, 106-110 (2000)

46. T. A. Cooper and W. Mattox: The regulation of splice
site selection and its role in human disease. American
Journal of Human Genetics, 61, 259-266 (1997)

47. K. Tanaka, A. Watakabe and Y. Shimura: Polypurine
sequences within a downstream exon function as a splicing
enhancer. Mol Cell Biol, 14(2), 1347-54 (1994)

1936

48. J. Ramchatesingh, A. M. Zahler, K. M. Neugebauer and
M. B. Roth: A subset of SR proteins activates splicing of
the cardiac troponin T alternative exon by direct
interactions with an exonic enhancer. Mol. Cell Biol., 15,
4898-4907 (1995)

49. E. Birney, S. Kumar and A. R. Krainer: Analysis of the
RNA-recognition motif and RS and RGG domains:
conservation in metazoan pre-mRNA splicing factors.
Nucleic Acids Res, 21(25), 5803-16 (1993)

50. X.-D. Fu: The superfamily of arginine/serine-rich
splicing factors. RNA, 1, 663-680 (1995)

51. Y. Cavaloc, M. Popielarz, J.-P. Fuchs, R. Gattoni and J.
Stevenin: Characterization and cloning of the human
splicing factor 9G8: a novel 35kDa factor of the
serine/arginine protein family. The EMBO Journal, 13,
2639-2649 (1994)

52. A. Mayeda, A. M. Zahler, A. R. Krainer and M. B.
Roth: Two members of a conserved family of nuclear
phosphoproteins are involved in pre-mRNA splicing. Proc.
Natl. Acad. Sci., 89, 1301-1304 (1992)

53. A. M. Zahler, W. S. Lane, J. A. Stolk and M. B. Roth:
SR proteins: a conserved family of pre-mRNA splicing
factors. Genes Dev., 6, 837-847 (1992)

54. W. J. Zhang and J. Y. Wu: Functional properties of
p54, a novel SR protein active in constitutive and
alternative splicing. Mol. Cell. Biol., 16(10), 5400-8 (1996)
55. X.-D. Fu, A. Mayeda, T. Maniatis and A. R. Krainer:
General splicing factors SF2 and SC35 have equivalent
activities in vitro and both affect alternative 5' and 3' splice
site selection. Proceeding of the National Academy of
Sciences of the United States of America, 89, 860-866
(1992)

56. X.-D. Fu: Specific commitment of different pre-
mRNAs to splicing by single SR proteins. Nature, 365, 82-
85 (1993)

57. D. Longman, 1. L. Johnstone and J. F. Caceres:
Functional characterization of SR and SR-related genes in
Caenorhabditis elegans. EMBO J., 19, 1625-1637 (2000)
58. H. Z. Ring and J. T. Lis: The SR protein B52/SRp55 is
essential for Drosophilia development. Mol. Cell. Biol., 14,
7499-7506 (1994)

59. J. Wang, Y. Takagaki and J. L. Manley: Targeted
disruption of an essential vertebrate gene: ASF/SF2 is
required for cell viability. Genes Dev., 10, 2588-2599
(1996)

60. J. Wang, S.-H. Xiao and J. L. Manley: Genetic analysis
of the SR protein ASF/SF2: interchangeability of RS
domains and negative control of splicing. Genes Dev., 12,
2222-2233 (1998)

61. H. Y. Wang, X. Xu, J. H. Ding, J. R. Bermingham, Jr.
and X. D. Fu: SC35 plays a role in T cell development and
alternative splicing of CD45. Mol Cell, 7(2), 331-42 (2001)
62. T. D. Schaal and T. Maniatis: Selection and
characterization pf pre-mRNA splicing enhancers:
identification of novel SR protein-specific enhancer
sequences. Mol. Cell. Biol., 19, 1705-1719 (1999)

63. X.-D. Fu and T. Maniatis: The 35-kDa mammalian
splicing factor SC35 mediates specific interactions between
Ul and U2 small nuclear ribonucleoprotein particles at the
3' splice site. Proceeding of the National Academy of
Sciences of the United States of America, 89, 1725-1729
(1992)



Splicing fidelity, enhancers, and disease

64. H. Ge and J. L. Manley: A protein factor, ASF, controls
cell-specific alternative splicing of SV40 early pre-mRNA
in vitro. Cell, 62, 25-34 (1990)

65. A. R. Krainer, G. C. Conway and D. Kozak:
Purification and characterization of pre-mRNA splicing
factor SF2 from HeLa cells. Genes Dev., 4, 1158-1171
(1990)

66. A. R. Krainer, G. C. Conway and D. Kozak: The
essential pre-mRNA splicing factor SF2 influences 5' splice
site selection by activating proximal sites. Cell, 62, 35-42
(1990)

67. J. Wang and J. L. Manley: Overexpression of the SR
proteins ASF/SF2 and SC35 influences alternative splicing
in vivo in diverse ways. RNA, 1, 335-346 (1995)

68. Z. Wang, H. M. Hoffmann and P. J. Grabowski:
Intrinsic U2AF binding is modulated by exon enhancer
signals in parallel with changes in splicing activity. RNA4, 1,
21-35 (1995)

69. A. M. Zahler, K. M. Neugebauer, W. S. Lane and M.
Roth: Distinct functions of SR proteins in alternative pre-
mRNA splicing. Science, 260, 219-222 (1993)

70. J. Kan and M. Green: Pre-mRNA splicing of IgM exons
M1 and M2 is directed by a juxtaposed splicing enhancer
and inhibitor. Genes & Dev., 13, 462-471 (1999)

71. J. Zhu and A. R. Krainer: pre-mRNA splicing in the
absence of an SR protein RS domain. Genes Dev., 14,
3166-3178 (2000)

72. J. Zhu, A. Mayeda and A. R. Krainer: Exon identity
established through differential antagonism between exonic
splicing silencer-bound hnRNP A1 and enhancer-bound SR
proteins. Mol. Cell, 8, 1351-1361 (2001)

73. S. M. Berget: Exon recognition in vertebrate splicing.
Journal of Biological Chemistry, 270, 2411-2414 (1995)
74. K. L. Fox-Walsh, Y. Dou, B. J. Lam, S. P. Hung, P. F.
Baldi and K. J. Hertel: The architecture of pre-mRNAs
affects mechanisms of splice-site pairing. Proceeding of the
National Academy of Sciences of the United States of
America, 102(45), 16176-16181 (2005)

75. B. E. Hoffman and P. J. Grabowski: Ul snRNP targets
an essential splicing factor, U2AF®, to the 3' splice site by
a network of interactions spanning the exon. Genes &
Development, 6,2554-2568 (1992)

76. B. L. Robberson, G. Cote and S. M. Berget: Exon
definition may facilitate splice site selection in RNAs with
multiple exons. Mol. Cell. Biol., 10, 84094 (1990)

77.J. Y. Wu and T. Maniatis: Specific interactions between
proteins implicated in splice site selection and regulated
alternative splicing. Cell, 75(6), 1061-70 (1993)

78. Z. Dominski and R. Kole: Selection of splice sites in
pre-mRNAs with short internal exons. Molecular and
Cellular Biology, 11, 6075-6083 (1991)

79. C. F. Kennedy, A. Krdmer and S. M. Berget: A role for
SRpS54 during intron bridging of small introns with
pyrimidine tracts upstream of the branch point. Mol. Cell.
Biol., 18, 5425-5434 (1998)

80. R. F. Roscigno and M. A. Garcia-Blanco: SR proteins
escort the U4/U6 tri-snRNP to the spliceosome. RNA, 1,
692-706 (1995)

81. B. R. Graveley, K. J. Hertel and T. Maniatis: The role
of U2AF35 and U2AF65 in enhancer-dependent splicing.
RNA, 7(6), 806-818 (2001)

1937

82. D. Staknis and R. Reed: SR proteins promote the first
specific recognition of pre-mRNA and are present together
with the Ul small nuclear ribonucleoprotein particle in a
general splicing enhancer complex. Mol. Cell. Biol., 14,
7670-7682 (1994)

83. P. Zuo and T. Maniatis: The splicing factor U2AF35
mediates critical protein-protein interactions in constitutive
and enhancer-dependent splicing. Genes Dev., 10, 1356-
1368 (1996)

84. H. Amrein, M. L. Hedley and T. Maniatis: The role of
specific protein-RNA and protein-protein interactions in
positive and negative control of pre-mRNA splicing by
transformer-2. Cell, 76, 735-746 (1994)

85. S. F. Jamison, Z. Pasman, J. Wang, C. Will, R.
Lithrmann, J. L. Manley and M. A. Garcia-Blanco: Ul
snRNP-ASF/SF2 interaction and 5' splice site recognition:
characterization of required elements. Nucleic Acids
Research, 23, 3260-3267 (1995)

86. J. D. Kohtz, S. F. Jamison, C. L. Will, P. Zuo, R.
Lihrmann, M. A. Garcia-Blanco and J. Manley: Protein-
protein interactions and 5' splice site recognition in
mammalian mRNA precursors. Nature, 368, 119-124
(1994)

87. R. Reed: Initial splice-site recognition and pairing
during pre-mRNA splicing. Curr. Opin. Gen. Dev., 6, 215-
220 (1996)

88. M. Zhang, P. D. Zamore, M. Carmo-Fonseca, A. I.
Lamond and M. R. Green: Cloning and intracellular
localization of the U2 small nuclear ribonucleoprotein
auxiliary factor small subunit. Proc. Natl. Acad. Sci, 89,
8769-8773 (1992)

89. B. J. Blencowe, J. A. Nickerson, R. Issner, S. Penman
and P. A. Sharp: Association of nuclear matrix antigens
with exon-containing splicing complexes. The Journal of
Cell Biology, 127, 593-607 (1994)

90. F. Weighardt, G. Biamonti and S. Riva: The roles of
heterogeneous nuclear ribonucleoproteins (hnRNP) in RNA
metabolism. Bioessays, 18(9), 747-56 (1996)

91. W. G. Fairbrother and L. A. Chasin: Human genomic
sequences that inhibit splicing. Mol Cell Biol, 20(18),
6816-25 (2000)

92. A. Mayeda and A. R. Krainer: Regulation of alternative
pre-mRNA splicing by hnRNP A1 and splicing factor SF2.
Cell, 68, 365-375 (1992)

93. A. Mayeda, S. H. Munroe, J. F. Caceres and A. R.
Krainer: Function of conserved domains of hnRNP A1l and
other hnRNP A/B proteins. EMBO J., 13, 5483-5495
(1994)

94. X. Yang, M.-R. Bani, S.-J. Lu, S. Rowan, Y. Ben-
David and B. Chabot: The Al and A1® proteins of
heterogeneous nuclear ribonucleoparticles modulate 5'
splice site selection in vivo. Proc. Natl. Acad. Sci., 91,
6924-6928 (1994)

95. A. Mayeda, D. M. Helfman and A. R. Krainer:
Modulation of exon skipping and inclusion by
heterogeneous nuclear ribonucleoprotein Al and pre-
mRNA splicing factor SF2/ASF. Mol. Cell. Biol., 13, 2993-
3001 (1993)

96. M. Blanchette and B. Chabot: Modulation of exon
skipping by high-affinity hnRNP A1-binding sites and by
intron elements that repress splice site utilization. The
EMBO Journal, 18, 1939-1952 (1999)



Splicing fidelity, enhancers, and disease

97. E. J. Wagner and M. A. Garcia-Blanco: Polypyrimidine
Tract Binding Protein antagonizes exon definition. Mol.
Cell. Biol., 21, 3281-3288 (2001)

98. C.-H. Lin and J. G. Patton: Regulation of Alternative 3'
Splice Site Selection by Constitutive Splicing Factors.
RNA, 1, 234-245 (1995)

99. S. Sharma, A. M. Falick and D. L. Black:
Polypyrimidine tract binding protein blocks the 5' splice
site-dependent assembly of U2AF and the prespliceosomal
E complex. Mol Cell, 19(4), 485-96 (2005)

100. R. P. Carstens, E. J. Wagner and M. A. Garcia-Blanco:
An intronic splicing silencer causes skipping of the IIIb
exon of fibroblast growth factor receptor 2 through the
involvement of Polypyrimidine Tract Binding Protein.
Molecular and Cellular Biology, 20, 7388-7400 (2000)
101. 1. Pérez, C.-H. Lin, J. G. McAfee and J. G. Patton:
Mutation of PTB Binding Sites Causes Misregulation of a-
Tropomyosin Alternative 3' Splice Site Selection In vivo.
RNA, 3, 764-778 (1997)

102. C. W. J. Smith and J. Valcarcel: Alternative pre-
mRNA splicing: the logic of combinatorial control. TIBS,
25, 381-388 (2000)

103. M. E. Gallego, R. Gattoni, J. Stevenin, J. Marie and A.
Expert-Bezancon: The SR splicing factors ASF/SF2 and
SC35 have antagonistic effects on intronic enhancer-
dependent splicing of the beta-tropomyosin alternative
exon 6A. The EMBO Journal, 16(7), 1772-1784 (1997)
104. E. Buratti, A. Dhir, M. A. Lewandowska and F. E.
Baralle: RNA structure is a key regulatory element in
pathological ATM and CFTR pseudoexon inclusion events.
Nucleic Acids Res, 35(13), 4369-83 (2007)

105. A. Grover, H. Houlden, M. Baker, J. Adamson, J.
Lewis, G. Prihar, S. Pickering-Brown, K. Duff and M.
Hutton: 5' splice site mutations in tau associated with the
inherited dementia FTDP-17 affect a stem-loop structure
that regulates alternative splicing of exon 10. J Biol Chem,
274(21), 15134-43 (1999)

106. N. N. Singh, R. N. Singh and E. J. Androphy:
Modulating role of RNA structure in alternative splicing of
a critical exon in the spinal muscular atrophy genes.
Nucleic Acids Res, 35(2), 371-89 (2007)

107. L. Varani, M. Hasegawa, M. G. Spillantini, M. J.
Smith, J. R. Murrell, B. Ghetti, A. Klug, M. Goedert and G.
Varani: Structure of tau exon 10 splicing regulatory
element RNA and destabilization by mutations of
frontotemporal dementia and parkinsonism linked to
chromosome 17. Proc Natl Acad Sci U S A4, 96(14), 8229-
34 (1999)

108. A. Hanamura, J. F. Caceres, A. Mayeda, B. R. Franza,
Jr. and A. R. Krainer: Regulated tissue-specific expression
of antagonistic pre-mRNA splicing factors. RNA, 4, 430-
444 (1998)

109. H. Kamma, D. S. Portman and G. Dreyfuss: Cell type-
specific expression of hnRNP proteins. Exp. Cell Res., 221,
187-196 (1995)

110. J. F. Caceres, S. Stamm, D. M. Helfman and A. R.
Krainer: Regulation of alternative splicing in vivo by
overexpression of antagonistic splicing factors. Science,
265, 1706-1708 (1994)

111. K. B. Jensen, B. K. Dredge, G. Stefani, R. Zhong, R.
J. Buckanovich, H. J. Okano, Y. Y. Yang and R. B.
Darnell: Nova-1 regulates neuron-specific alternative

1938

splicing and is essential for neuronal viability. Neuron,
25(2), 359-371 (2000)

112. V. Markovtsov, J. M. Nikolic, J. A. Goldman, C. W.
Turck, M.-Y. Chou and D. L. Black: Cooperative assembly
of an hnRNP complex induced by a tissue-specific
homolog of polypyrimidine tract binding protein. Mol. Cell.
Biol., 20, 7463-7479 (2000)

113. A. D. Polydorides, H. J. Okano, Y. Y. L. Yang, G.
Stefani and R. B. Darnell: A brain-enriched polypyrimidine
tract-binding protein antagonizes the ability of Nova to
regulate neuron-specific alternative splicing. Proc. Natl.
Acad. Sci., 97, 6350-6355 (2000)

114. R. J. Buckanovich, J. B. Posner and R. B. Darnell:
Nova, the paraneoplastic Ri antigen, is homologous to an
RNA-binding protein and is specifically expressed in the
developing motor system. Neuron, 11(4), 657-72 (1993)
115. Y. Y. Yang, G. L. Yin and R. B. Darnell: The
neuronal RNA-binding protein Nova-2 is implicated as the
autoantigen targeted in POMA patients with dementia.
Proc Natl Acad Sci U S 4, 95(22), 13254-9 (1998)

116. M. Krawczak, J. Reiss and D. N. Cooper: The
mutational spectrum of single base pair substitutions in
messenger RNA splice junctions of human genes: causes
and consequences. Hum. Gen., 90, 41-54 (1992)

117. L. E. Maquat: The power of point mutations. Nat
Genet, 27(1), 5-6 (2001)

118. U. R. Monani: Spinal muscular atrophy: a deficiency
in a ubiquitous protein; a motor neuron-specific disease.
Neuron, 48(6), 885-96 (2005)

119. S. Lefebvre, L. Burglen, S. Reboullet, O. Clermont, P.
Burlet, L. Viollet, B. Benichou, C. Cruaud, P. Millasseau,
M. Zeviani and et al.: Identification and characterization of
a spinal muscular atrophy-determining gene. Cell, 80(1),
155-65 (1995)

120. B. Wirth: An update of the mutation spectrum of the
survival motor neuron gene (SMN1) in autosomal recessive
spinal muscular atrophy (SMA). Hum Mutat, 15(3), 228-37
(2000)

121. M. P. Terns and R. M. Terns: Macromolecular
complexes: SMN--the master assembler. Curr Biol, 11(21),
R862-4 (2001)

122. L. Pellizzoni, J. Yong and G. Dreyfuss: Essential role
for the SMN complex in the specificity of snRNP
assembly. Science, 298(5599), 1775-9 (2002)

123. C. L. Lorson and E. J. Androphy: An exonic enhancer
is required for inclusion of an essential exon in the SMA-
determining gene SMN. Hum Mol Genet, 9(2), 259-65
(2000)

124. N. N. Singh, E. J. Androphy and R. N. Singh: /n vivo
selection reveals combinatorial controls that define a
critical exon in the spinal muscular atrophy genes. Rna,
10(8), 1291-305 (2004)

125. Y. Hua, T. A. Vickers, B. F. Baker, C. F. Bennett and
A. R. Krainer: Enhancement of SMN2 Exon 7 Inclusion by
Antisense Oligonucleotides Targeting the Exon. PLoS Biol,
5(4), €73 (2007)

126. C. L. Lorson, E. Hahnen, E. J. Androphy and B.
Wirth: A single nucleotide in the SMN gene regulates
splicing and is responsible for spinal muscular atrophy.
Proc Natl Acad Sci U S 4, 96(11), 6307-11 (1999)

127. U. R. Monani, C. L. Lorson, D. W. Parsons, T. W.
Prior, E. J. Androphy, A. H. Burghes and J. D. McPherson:



Splicing fidelity, enhancers, and disease

A single nucleotide difference that alters splicing patterns
distinguishes the SMA gene SMN1 from the copy gene
SMN2. Hum Mol Genet, 8(7), 1177-83 (1999)

128. L. Cartegni, M. L. Hastings, J. A. Calarco, E. de
Stanchina and A. R. Krainer: Determinants of exon 7
splicing in the spinal muscular atrophy genes, SMN1 and
SMN2. Am J Hum Genet, 78(1), 63-77 (2006)

129. L. Cartegni and A. R. Krainer: Disruption of an
SF2/ASF-dependent exonic splicing enhancer in SMN2
causes spinal muscular atrophy in the absence of SMNI.
Nat Genet, 30(4), 377-84 (2002)

130. T. Kashima and J. L. Manley: A negative element in
SMN?2 exon 7 inhibits splicing in spinal muscular atrophy.
Nat Genet, 34(4), 460-3 (2003)

131. T. Kashima, N. Rao and J. L. Manley: An intronic
element contributes to splicing repression in spinal
muscular atrophy. Proc Natl Acad Sci U S A, 104(9), 3426-
31(2007)

132. N. K. Singh, N. N. Singh, E. J. Androphy and R. N.
Singh: Splicing of a critical exon of human Survival Motor
Neuron is regulated by a unique silencer element located in
the last intron. Mol Cell Biol, 26(4), 1333-46 (2006)

133. R. N. Singh: Evolving concepts on human SMN pre-
mRNA splicing. RNA Biol, 4(1), 7-10 (2007)

134. H. Miyaso, M. Okumura, S. Kondo, S. Higashide, H.
Miyajima and K. Imaizumi: An intronic splicing enhancer
element in survival motor neuron (SMN) pre-mRNA. J
Biol Chem, 278(18), 15825-31 (2003)

135. M. G. Spillantini, J. R. Murrell, M. Goedert, M. R.
Farlow, A. Klug and B. Ghetti: Mutation in the tau gene in
familial multiple system tauopathy with presenile dementia.
Proc Natl Acad Sci U S A, 95(13), 7737-41 (1998)

136. M. Hutton, C. L. Lendon, P. Rizzu, M. Baker, S.
Froelich, H. Houlden, S. Pickering-Brown, S. Chakraverty,
A. Tsaacs, A. Grover, J. Hackett, J. Adamson, S. Lincoln,
D. Dickson, P. Davies, R. C. Petersen, M. Stevens, E. de
Graaff, E. Wauters, J. van Baren, M. Hillebrand, M. Joosse,
J. M. Kwon, P. Nowotny, L. K. Che, J. Norton, J. C.
Morris, L. A. Reed, J. Trojanowski, H. Basun, L. Lannfelt,
M. Neystat, S. Fahn, F. Dark, T. Tannenberg, P. R. Dodd,
N. Hayward, J. B. Kwok, P. R. Schofield, A. Andreadis, J.
Snowden, D. Craufurd, D. Neary, F. Owen, B. A. Oostra, J.
Hardy, A. Goate, J. van Swieten, D. Mann, T. Lynch and
P. Heutink: Association of missense and 5'-splice-site
mutations in tau with the inherited dementia FTDP-17.
Nature, 393(6686), 702-5 (1998)

137. L. Buee, T. Bussiere, V. Buee-Scherrer, A.
Delacourte and P. R. Hof: Tau protein isoforms,
phosphorylation and role in neurodegenerative
disorders. Brain Res Brain Res Rev, 33(1), 95-130
(2000)

138. V. M. Lee, M. Goedert and J. Q. Trojanowski:
Neurodegenerative tauopathies. Annu Rev Neurosci, 24,
1121-59 (2001)

139. 1. D'Souza, P. Poorkaj, M. Hong, D. Nochlin, V. M.
Lee, T. D. Bird and G. D. Schellenberg: Missense and
silent tau gene mutations cause frontotemporal dementia
with parkinsonism-chromosome 17 type, by affecting
multiple alternative RNA splicing regulatory elements.
Proc Natl Acad Sci U S A, 96(10), 5598-603 (1999)

140. M. Hasegawa, M. J. Smith, M. lijima, T. Tabira
and M. Goedert: FTDP-17 mutations N279K and S305N

1939

in tau produce increased splicing of exon 10. FEBS Lett,
443(2), 93-6 (1999)

141. M. Hong, V. Zhukareva, V. Vogelsberg-Ragaglia, Z.
Wszolek, L. Reed, B. I. Miller, D. H. Geschwind, T. D.
Bird, D. McKeel, A. Goate, J. C. Morris, K. C.
Wilhelmsen, G. D. Schellenberg, J. Q. Trojanowski and V.
M. Lee: Mutation-specific functional impairments in
distinct tau isoforms of hereditary FTDP-17. Science,
282(5395), 1914-7 (1998)

142. Z. Jiang, H. Tang, N. Havlioglu, X. Zhang, S. Stamm,
R. Yan and J. Y. Wu: Mutations in tau gene exon 10
associated with FTDP-17 alter the activity of an exonic
splicing enhancer to interact with Tra2 beta. J Biol Chem,
278(21), 18997-9007 (2003)

143. 1. D'Souza and G. D. Schellenberg: Determinants of 4-
repeat tau expression. Coordination between enhancing and
inhibitory splicing sequences for exon 10 inclusion. J Biol
Chem, 275(23), 17700-9 (2000)

144. A. H. Ahn and L. M. Kunkel: The structural and
functional diversity of dystrophin. Nat Genet, 3(4), 283-91
(1993)

145. A. Disset, C. F. Bourgeois, N. Benmalek, M.
Claustres, J. Stevenin and S. Tuffery-Giraud: An exon
skipping-associated nonsense mutation in the dystrophin
gene uncovers a complex interplay between multiple
antagonistic splicing elements. Hum Mol Genet, 15(6), 999-
1013 (2006)

146. N. Shiga, Y. Takeshima, H. Sakamoto, K. Inoue, Y.
Yokota, M. Yokoyama and M. Matsuo: Disruption of the
splicing enhancer sequence within exon 27 of the
dystrophin gene by a nonsense mutation induces partial
skipping of the exon and is responsible for Becker
muscular dystrophy. J Clin Invest, 100(9), 2204-10
(1997)

147. M. Koenig, A. H. Beggs, M. Moyer, S. Scherpf, K.
Heindrich, T. Bettecken, G. Meng, C. R. Muller, M.
Lindlof, H. Kaariainen and et al.: The molecular basis
for Duchenne versus Becker muscular dystrophy:
correlation of severity with type of deletion. Am J Hum
Genet, 45(4), 498-506 (1989)

148. J. T. Mendell and H. C. Dietz: When the message
goes awry: disease-producing mutations that influence
mRNA content and performance. Cell, 107(4), 411-4
(2001)

149. 1. B. Ginjaar, A. L. Kneppers, J. D. v d Meulen, L.
V. Anderson, M. Bremmer-Bout, J. C. van Deutekom, J.
Weegenaar, J. T. den Dunnen and E. Bakker:
Dystrophin nonsense mutation induces different levels
of exon 29 skipping and leads to variable phenotypes
within one BMD family. Eur J Hum Genet, 8(10), 793-6
(2000)

150. C. R. Valentine: The association of nonsense
codons with exon skipping. Mutat Res, 411(2), 87-117

(1998)
151. F. Young: Anterior pituitary fraction and
carbohydrate metabolism I; the preparation and

properties of diabetogenic extracts. J. Endo., 1, 339-354
(1939)

152. R. Clark, L. Carlsson and I. Robinson: Growth
hormone secretory profiles in conscious female rats.
Journal of Endocrinology, 114, 399-407 (1987)



Splicing fidelity, enhancers, and disease

153. S. Eden: Age- and sex-related differences in episodic
growth hormone secretion in the rat. Endocrinology, 105,
555-560 (1979)

154. S. Pincus, E. Gevers, 1. Robinson, G. van den Berg, F.
Roelfsema and e. al.: Females secrete growth hormone with
more process irregularity than males in both humans and
rats. Am. J. Physiol. Endocrinol. Metab., 270, E107-E115
(1996)

155. A. Saunders, L. Terry, J. Audet, P. Brazeau and J.
Martin: Dynamic studies of growth hormone and prolactin
secretion in the female rat. Neuroendocrinology, 21, 193-
203 (1976)

156. R. Lindsay, D. Harris, M. Feldkamp, J. Robertson and
M. Rallison: Utah growth study: growth hormone
deficiency prevalence. Pedatr. Res., 33, 81A (1993)

157. R. Rona and J. Tanner: Aectiology of idiopathic growth
hormone deficienty in England and Wales. Arch. Dis.
Child, 52, 197-208 (1977)

158. G. Vimpani, A. Vimpani, G. Lidgard, E. Cameron and
J. Farquhar: Prevalence of severe growth hormone
deficiency. Br. Med. J., 2, 427-430 (1977)

159. K. A. Lacey and J. M. Parkin: Causes of short stature.
A community study of children in Newcastle upon Tyne.
Lancet, 1(7846), 42-5 (1974)

160. J. Cogan, J. Phillips III, N. Sakati, H. Frisch, E.
Schober and R. Milner: Heterogeneous growth hormone
(GH) gene mutations in familial GH deficiency. Journal of
Clinical Endocrinology and Metabolism, 76, 1224-1228
(1993)

161. J. A. Phillips III: Inherited defects in growth hormone
synthesis and action. In: The metabolic and molecular
bases of inherited disease. Ed C. Scriver, A. Beaudet, W.
Sly&D. Valle. McGraw-Hill, New York, NY (1995)

162. G. Barsh, P. Seeburg and R. Gelinas: The human
growth hormone gene family: structure and evolution of
the chromosomal locus. Nucleic Acids Research, 11(12),
3939-3958 (1983)

163. E. Chen, Y. Liao, D. Smith, H. Barrera-Saldana, R.
Gelinas and P. Seeburg: The human growth hormone locus:
nucleotide sequence, biology, and evolution. Genomics,
4(4), 479-497 (1989)

164. K. Hirt, J. Kimelman, M. Birnbaum, E. Chen and P.
Seeburg: The human growth hormone gene locus:
structure, evolution, and allelic variations. DNA, 6, 59-70
(1987)

165. W. Miller and N. Eberhardt: Structure and evolution
of the growth hormone gene family. Endocr. Rev., 4, 97-
130 (1983)

166. P. Seeburg: The human growth hormone gene family:
nucleotide sequences show recent divergence and predict a
new polypeptide hormone. DNA4, 1, 239-249 (1982)

167. J. Fiddes, P. Seeburg, F. Denoto, R. Hallewell, J.
Baxter and H. Goodman: Structure of genes for human
growth hormone and chorionic somatomammotrophin.
Proceeding of the National Academy of Sciences of the
United States of America, 76, 4294-4299 (1979)

168. N. Cooke and S. Liebhaber: Molecular biology of the
growth hormone-prolactin gene system. Vitamins and
Hormones, 50, 385-459 (1995)

169. A. Procter, J. Phillips III and D. Cooper: The
molecular genetics of growth hormone deficiency. Hum.
Genet., 103, 255-272 (1998)

1940

170. F. DeNoto, D. Moore and H. Goodman: Human
growth hormone DNA sequence and mRNA structure:
possible alternative splicing. Nucleic Acids Research, 9,
3719-3730 (1981)

171. N. Asada, Y. Takahashi, M. Wada, N. Naito, H.
Uchida, M. Tkeda and M. Honjo: GH induced lipolysis
stimulation in 3T3-L1 adipocytes stably expressing hGHR:
analysis on signaling pathway and activity of 20K hGH.
Molecular and Cellular Endocrinology, 162, 121-129
(2000)

172. N. Masuda, M. Watahiki, M. Tanaka, M. Yamakawa,
K. Shimizu, J. Nagai and K. Nakashima: Molecular cloning
of cDNA encoding 20 kDa variant human growth hormone
and the alternative splicing mechanism. Biochim Biophys
Acta, 949(1), 125-31 (1988)

173. C. Lecomte, A. Renard and J. Martial: A new natural
hGH variant - 17.5 kd - produced by alternative splicing.
An additional consensus sequence which might play a
role in branchpoint selection. Nuc. Acid Res., 15, 6331-
6348 (1987)

174. A. Palmetshofer, D. Zechner, T. Luger and A.
Barta: Splicing variants of the human growth hormone
mRNA: detection in pituitary, mononuclear cells, and
dermal fibroblasts. Mol. Cell. Endo., 113(225-234)
(1995)

175. G. Binder, M. Brown and J. Parks: Mechanisms
responsible for dominant expression of human growth
hormone gene mutations. Journal of Clinical
Endocrinology and Metabolism, 81(11), 4047-4050
(1996)

176. J. Deladoey, P. Stocker and P. Mullis: Autosomal
Dominant GH Deficiency Due to an Argl83His GH-1
Gene Mutation: Clinical and Molecular Evidence of
Impaired Regulated GH Secretion. The Journal of
Clinical Endocrinology and Metabolism, 86(8), 3941-
3947 (2001)

177. T. K. Graves, S. Patel, P. S. Dannies and P. M.
Hinkle: Misfolded growth hormone causes fragmentation
of the Golgi apparatus and disrupts endoplasmic reticulum-
to-Golgi traffic. Journal of Cell Science, 114, 3685-3694
(2001)

178. Y. Hayashi, M. Yamamoto, S. Ohmori, T. Kamijo, M.
Ogawa and H. Seo: Inhibition of growth hormone (GH)
secretion by a mutant GH-I gene product in neuroendocrine
cells containing secretory granules: an implication for
isolated GH deficiency inherited in an autosomal dominant
manner. Journal of Clinical Endocrinology and
Metabolism, 84(6), 2134-2139 (1999)

179. M. Lee, M. Wajnrajch, S. Kim, L. Plotnick, J. Wang,
J. Gertner, R. Leibel and P. Dannies: Autosomal dominant
growth hormone (GH) deficiency type II: the Del32-71-
GH deletion mutant suppresses secretion of wild-type GH*.
Endocrinology, 141(3), 883-890 (2000)

180. L. McGuinness, C. Magoulas, K. Mathers, D.
Carmignac, J.-B. Manneville, H. Christian, J. A. Phillips III
and I. C. A. F. Robinson: Autosomal dominant growth
hormone deficiency disrupts secretory vesicles: in vitro
and in vivo studies in transgenic mice. Endocrinology,
144(2), 720-731 (2003)

181. R. C. C. Ryther, L. McGuinness, J. A. Phillips III,
C. T. Moseley, C. B. Magoulas, I. C. A. F. Robinson
and J. G. Patton: Disruption of exon definition produces



Splicing fidelity, enhancers, and disease

a dominant-negative growth hormone isoform that
causes somatotroph death and IGHD II. Hum. Genet.,
113, 140-148 (2003)

182. J. Cogan, B. Ramel, M. Lehto, J. Phillips III, M.
Prince, R. Blizzard, T. de Ravel, M. Brammert and L.
Groop: A recurring dominant negative mutation causes
autosomal dominant growth hormone deficiency--a clinical
research center study. Journal of Clinical Endocrinology and
Metabolism, 80(12), 3591-3595 (1995)

183. P. S. Kim and P. Arvan: Endocrinopathies in the family of
endoplasmic reticulum (ER) storage diseases: disorders of
protein trafficking and the role of ER molecular chaperones.
Endocr Rev, 19(2), 173-202 (1998)

184. G. Kuznetsov and S. K. Nigam: Folding of secretory and
membrane proteins. N Engl J Med, 339(23), 1688-95
(1998)

185. A. De Vos, M. Ultsch and A. Kossiakoff: Human
growth hormone and extracellular domain of its
receptor: crystal structure of the complex. Science, 255,
306-312 (1992)

186. J. Cogan, M. Prince, S. Lekhakula, S. Bundey, A.
Futrakul, E. McCarthy and J. A. Phillips III: A novel
mechanism of aberrant pre-mRNA splicing in humans.
Human Molecular Genetics, 6(6), 909-912 (1997)

187. C. Moseley, P. Mullis, M. Prince and J. Phillips III:
An exon splice enhancer mutation causes autosomal
dominant GH deficiency. J. Clin. Endocrinol. Metab.,
87(2), 847-52 (2002)

188. E. M. S. McCarthy and J. A. Phillips III:
Characterization of an intron splice enhancer that
regulates alternative splicing of human GH pre-mRNA.
Hum. Mol. Gen., 7, 1491-1496 (1998)

189. R. C. C. Ryther, A. S. Flynt, B. D. Harris, J. A.
Phillips IIT and J. G. Patton: GH1 splicing is regulated
by multiple enhancers whose mutation produces a
dominant-negative GH isoform that can be degraded by
allele-specific siRNA. Endocrinology, in press (2004)
190. G. Binder and M. Ranke: Screening for growth
hormone (GH) gene splice-site mutations in sporadic
cases with severe isolated GH deficiency using ectopic
transcript analysis. Journal of Clinical Endocrinology
and Metabolism, 80(4), 1247-1252 (1995)

191. O. Fofanova, O. Evgrafov, A. Polyakov, A.
Poltaraus, V. Peterkova and 1. Dedov: A novel IVS2 -
2A>T splicing mutation in the GH-1 gene in familial
isolated growth hormone deficiency type II in the
spectrum of other splicing mutations in the Russian
population. Journal of Clinical Endocrinology and
Metabolism, 88(2), 820-826 (2003)

192. Y. Hayashi, T. Kamijo, M. Yamamoto, S. Ohmori,
J. Phillips III, M. Ogawa, Y. Igarashi and H. Seo: A
novel mutation at the donor splice site of intron 3 of the
GH-I gene in a patient with isolated growth hormone
deficiency. Growth Hormone & IGF Research, 9(6),
434-437 (1999)

193. T. Kamijo, Y. Hayashi, A. Shimatsu, E. Kinoshita,
M. Yoshimoto, M. Ogawa and H. Seo: Mutations in
intron 3 of GH-1 gene associated with isolated GH
deficiency type II in three Japanese families. Clin. Endo.
(Oxf.), 51(3), 355-360 (1999)

194. C. Missarelli, L. Herrera, V. Merica and P.
Carvallo: Two different 5' splice site mutations in the

1941

growth hormone gene causing autosomal dominant
growth hormone deficiency. Hum. Genet., 101, 113-117
(1997)

195. J. Phillips III and J. Cogan: Genetic basis of
endocrine disease. 6. Molecular basis of familial human
growth hormone deficiency. J. Clin. Endocrinol. Metab.,
78(1), 11-6 (1994)

196. 1. Takahashi, T. Takahashi, M. Komatsu, T. Sato
and G. Takada: An exonic mutation of the GH-1 gene
causing familial isolated growth deficiency type II. Clin.
Genet., 61(3), 222-225 (2002)

197. D. Millar, M. Lewis, M. Horan, V. Newsway, T.
Easter, J. Gregory, L. Fryklund, M. Norin, E. Crowne,
S. Davies, P. Edwards, J. Kirk, K. Waldron, P. Smith, J.
Phillips III, M. Scanlon, M. Krawczak, D. Cooper and
A. Procter: Novel mutations of the growth hormone 1
(GH1) gene disclosed by modulation of the clinical
selection criteria for individuals with short stature.
Hum. Mut., 21, 424-440 (2003)

198. G. Binder, E. Keller, M. Mix, G. Massa, W.
Stokvis-Brantsma, J. Wit and M. Ranke: Isolated GH
deficiency with dominant inheritance: new mutations,
new insights. Journal of Clinical Endocrinology and
Metabolism, 86(8), 3877-3881 (2001)

199. B. Klamt, A. Koziell, F. Poulat, P. Wieacker, P.
Scambler, P. Berta and M. Gessler: Frasier syndrome is
caused by defective alternative splicing of WT1 leading
to an altered ratio of WT1 +/-KTS splice isoforms. Hum
Mol Genet, 7(4), 709-14 (1998)

200. P. G. Noone and M. R. Knowles: 'CFTR-opathies':
disease phenotypes associated with cystic fibrosis
transmembrane regulator gene mutations. Respir Res,
2(6), 328-32 (2001)

201. R. P. Carstens, J. V. Eaton, H. R. Krigman, P. J.
Walther and M. A. Garcia-Blanco: Alternative splicing
of fibroblast growth factor receptor 2 (FGF-R2) in
human prostate cancer. Oncogene, 15(25), 3059-65
(1997)

202. J. A. Kuivenhoven, H. Weibusch, P. H. Pritchard,
H. Funke, R. Benne, G. Assmann and J. J. Kastelein: An
intronic mutation in a lariat branchpoint sequence is a
direct cause of an inherited human disorder (fish-eye
disease). J Clin Invest, 98(2), 358-64 (1996)

Abbreviations: snRNA: small nuclear ribonucleicacid;
snRNP: small nuclear ribonucleoprotein; kDa: kilodalton;
PTC: premature stop codon; NMD: nonsense mediated
decay; RRM: RNA recognition motif; PTB: polypyrimidine
tract binding protein; hnRNP: heterogeneous nuclear
ribonucleoprotein; ESE: exonic splicing enhancer; ESS:
exonic splicing silencer; ISE: intronic splicing enhancer;
ISS: intronic splicing silencer; SMA: spinal muscular
atrophy; SMN1/2: survival of motor neuron 1/2 gene;
FTDP-17: frontotemporal dementia with parkinsonism
linked to chromosome 17; MAPT: microtubule-associated
protein tau gene; DMD: Duchenne muscular dystrophy;
BMD: Becker’s muscular dystrophy; GH: growth hormone;
IGHD 1I: isolated growth hormone deficiency type II;
WT1: Wilms’ tumor suppressor gene; FGFR2: fibroblast
growth factor receptor 2 gene; CFTR: cystic fibrosis
transmembrane conductance regulator gene; LCAT:
lecithin:cholesterol acetyltransferase gene



Splicing fidelity, enhancers, and disease

Key Words: Pre-mRNA Splicing, Growth hormone, GH1,
IGHD II, Muscular dystrophy, DMD, BMD, SMA, FTDP-
17, Review

Send correspondence to: Dr James G. Patton, Department
of Biological Sciences, Vanderbilt University, Nashville,
TN, 37232, Tel: 615-322-4738, Fax: 615-343-6707, E-
mail: James.G.Patton@vanderbilt.edu

http://www.bioscience.org/current/vol13.htm

1942



