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ABSTRACT

We have recently reported a disease-causing substi-
tution (+-5G > C) at the donor site of NF-1 exon 3 that
produces its skipping. We have now studied in detail
the splicing mechanism involved in analyzing
RNA-protein complexes at several 5 splice sites.
Characteristic protein patterns were observed by pull-
down and band-shift/super-shift analysis. Here, we
show that hnRNP H binds specifically to the wild-
type GGGgu donor sequence of the NF-1 exon 3.
Depletion analyses shows that this protein restricts
the accessibility of U1 small nuclear ribonucleopro-
tein (U1snRNA) to the donor site. In this context, the
+5G > C mutation abolishes both U1snRNP base pair-
ing and the 5 splice site (5'ss) function. However,
exon recognition in the mutant can be rescued by
disrupting the binding of hnRNP H, demonstrating
that this protein enhances the effects of the +5G > C
substitution. Significantly, a similar situation was
found for a second disease-causing +5G > A substitu-
tionin the 5'ss of TSHB exon 2, which harbors a GGgu
donor sequence. Thus, the reason why similar nucleo-
tide substitutions can be either neutral or very disrup-
tive of splicing function can be explained by the
presence of specific binding signatures depending
on local contexts.

INTRODUCTION

One of the earlier events in the recognition of eukaryotic exons
by the splicing machinery is the binding of Ul small nuclear
ribonucleoprotein (UIsnRNP) (1-3) to the 5’ splice site (5'ss)
consensus sequence (4). This recognition, initially shown to be
heavily influenced by base pair complementarity between the
5’ss and the 5’ end of UlsnRNA (5-9) has been shown to
be rather more complex. In fact, much still remains to be

uncovered regarding the role of UlsnRNP in the preliminary
steps of UlsnRNA—pre-mRNA complex formation, (10,11), in
5'ss definition (12—16), in intronic splicing control (17), and its
interaction with the other snRNP complexes or proteins
(18-21). The emerging fact in all these studies is the presence
of recognition mechanisms that go beyond the simple
UlsnRNA-RNA complementarity and is preceded by a
great number of ‘exploratory’ RNA—protein interactions to
identify and select the correct 5'ss targets on the pre-
mRNA. Besides the intrinsic value of characterizing these
novel aspects of the splicing process, the potential importance
of these studies is highlighted by the ever-increasing number
of diseases that can be attributed to splicing defects, a number
that has recently been estimated to be as high as 15% (22-24).
As expected, many of these defects involve alterations in 5’
and 3’ splice site recognition and several therapeutic strategies
have already been developed to inhibit the generation of unde-
sired splicing events such as those arising from the activation
of cryptic splice sites (25). More recently, research has also
begun to make headway in repairing splicing defects that
follow the loss of binding by positive effectors such as SR
proteins (26-28). However, identification of these splicing
mutations is not always straightforward. In fact, unless the
splicing-affecting mutation occurs in the highly conserved
2 bp at the donor and acceptor sites of each exon—intron
junction, the simple inspection of the genomic DNA sequence
in the affected individual may not be sufficient to establish
conclusively the effect(s) of a given nucleotide change.

We have recently identified as a disease-causing mutation a
sequence variation (+5G > C) in the vicinity of the 5'ss of IVS3
of the NFI gene (29) (Figure 1A), which was responsible for
complete exon 3 skipping. This observation was confirmed by
minigene expression studies and by the addition of a modified
UlsnRNA complementary to the observed mutation which
was able to rescue the splicing defect (29). However, accord-
ing to simple sequence analysis the Ul complementarity of the
mutated +5G > C exon 3 donor site should be quite sufficient to
allow 5'ss usage as is the case, e.g. in NF-1 exon 37 and exon 7
donor sites (see Table 1). In order to reconcile why +5 devia-
tions from consensus in the NF-I gene are effective in some
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Figure 1. U1snRNP binds to wild type but not mutated NF-1 exon 3. (A) Schematic representation of the U1snRNA complementarity with NF-/ exon 3 wild-type (wt)
and containing the NF-1 exon 3 +5G > C substitution. Full circles above each 5’ splice site sequence represent base pair matches with UlsnRNA. (B) Super-shift
analysis of nuclear complexes using a monoclonal antibody against U1-A protein (0U1A). The different RNAs are incubated with nuclear extract (NE) either alone or
in the presence of an anti-UlA mAb (0tU1A) or a control antibody (Ab cont.). The shifted complexes are indicated by the lower arrow while super-shifted aU1A-
UlsnRNP-RNA complexes by the upper arrow. As positive control a 20mer synthetic ribonucleotide (ATM WT) that has been previously shown to be a high affinity
U1snRNP binder is used. (C) Coomassie Blue staining of a pulldown assay using adipic acid dehydrazide beads coated with NF-1 exon 3 (wt) and NF-I exon 3
(+5G > C) RNAs following incubation with HeLa nuclear extract. In the lane from the exon 3 (wt) the numbers in boldface indicate the 70, 32.5 and 25 kDa protein
bands that are absent in the NF-1 exon 3 (+5G > C) lane and which belong to the U1snRNP complex. Major protein identities are reported on the left including their
Swiss-Prot Accession number. When present, minor protein components (mc) are also reported in the order of occurrence.
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Table 1. Comparison of the wild-type RNA sequences (including their
complementarity with UlsnRNA) from the NF-1, ATM, TSHP and ApoAll
genes used in this work

5' Splice Sites

NF-1 exon 3 (wt)

a
[ XXX YRR Y]

CUGGAAAAAUGUCUUGCUGGGguaaguaaauugaucuuaaguaggc aggc1,1L1ugug;1ab

TSHP exon 2 (wt)
00000 o0

GCUGGAUAUUGUAUGACACGGguauguaguucaugucacuucuuuuggcuguaaauu

NF-1 exon 37 (wt)
00000 o0

UUACAGCCACUUCUUAAUAAGguaauuacuguauagaaaaaugagugcauucauuuu

NF-1 exon 7 (wt)
(XX XN X}

UCCAUGGUGGUUGAUCUUAAGguaacaugcuuauucuuucucuacuacaaacuuuaa

NF-1 exon 10b (wt)
o0 00000000

GAUCCAAAGCUCUUGCUUUGUguaaguauuuuuuuaugaaaugucucaaaauuauca

ApoAII exon 1 (wt)

AAGGACAGAGACGCUGGCUAGguaagauaaggaggcaagaugugugagcagcaucca
NF-1 ATM ISPE
ATM intron 20 (wt)

000 000O0OCOS
uggccagguaagugauauau

“Full circles above each 5’ splice site sequence represent base pair matches with
UlsnRNA.

"Upper case indicates exonic sequences and lower case indicates intronic
sequences. Each exon/intron dinucleotide donor site is underlined and in
boldface.

contexts and not in others we have investigated the interaction
between UlsnRNP and NF-/ exon 3 donor site at the mole-
cular level. Using pulldown analysis coupled with electro-
nspray mass spectrometry we show that exon 3 skipping in
the presence of the +5G > C change can be principally ascribed
to a hnRNP H binding motif localized in correspondence to the
wild-type —3 to +2 sequence (GGGgu) of NF-I exon 3 donor
site sequence. Most importantly, we describe here that hnRNP
H binding can also be found in the donor site of exon 2 in the
TSHP gene. Significantly, also in this case, a substitution in the
+5 position (+5G > A) has been associated with exon skipping
and occurrence of disease (30).

MATERIALS AND METHODS
Minigene construction

NF-1 minigene constructs were prepared as described pre-
viously (29). Briefly, wild-type and mutated genomic DNAs
were inserted in a modified version of the alpha-globin—
fibronectin EDB minigene in which this alternatively spliced
exon had been removed to generate a unique Ndel site suitable
for the insertion of exons under study. Then, 0.5 ug of each
minigene were transfected in 3 x 10° HeLa cells using Qiagen
Effectene transfection reagents. RNA extraction and RT-PCR
analysis were performed using primers complementary to
sequences in the flanking fibronectin exonic sequences. Splice
site scores were calculated by the ‘Splice Site Prediction by
Neural Network Site’ available at http://www.fruitfly.org/
seq_tools/splice.html (31).

Preparation of RNA templates for pulldown and
band-shift analysis

RNA templates were obtained by amplifying the respective
exon/intron sequences using a forward primer carrying a T7
polymerase target sequence (5'-TACgTAATACgACTCAC-
TATAg-3) with 12 nt complementary to the specific exon
and a reverse primer carrying 18 nt of the target sequence
(see Table 1 for full exon/intron sequences of the amplified
products). The amplified products were then purified and
~2 ug of DNA was transcribed using T7 RNA Polymerase
(Stratagene) as described previously (32). When necessary, to
the reaction mix [0{—32P]UTP was added to obtain a labeled
RNA. The ATM WT RNA (5-UGGCCAGGUAAGUGA-
UAUAU-3) is a 20mer synthetic oligonucleotide (MWG Biotech,
Firenze, Italy), which specifically interacts with UlsnRNA
(17). Labeling was performed by phosphorylation with
[y-*P]ATP and T4 polynucleotide kinase (PNK, Stratagene)
for 1 h at 37°C.

Purification of RNA-bound protein complexes, super-shift
and band-shift assays, and electronspray mass spectrometry
have all been described in detail in (17,33).

Depletion of hnRNP H from the nuclear extract and
band-shift analysis of UlsnRNP-RNA complexes

In order to deplete hnRNP H from total nuclear extract, we
used polyclonal antibodies raised in rabbit against a glu-
tathione S-transferase (GST)-hnRNP H fusion protein. The
antibodies were bound to three 30 ul aliquots of protein
A/G PLUS-Agarose beads (Santa Cruz Biotechnology) for
1 h at RT and then incubated in succession for 30 min at
RT with 70 pl of total nuclear extract (C4 Biotech). The
depleted extract was then used in subsequent western blot
and band-shift reactions. UlsnRNP-RNA interactions with
normal and hnRNP H-depleted extract was determined by
band-shift analysis using an anti-UlA monoclonal antibody
to obtain a ‘super-shift’ as described previously (17). Super-
shifted complexes were quantified using the Quantity One
program (Bio-Rad). Recombinant hnRNP H production has
been described in detail by Romano et al. (33).

In all depletion or add-back experiments the probe was
added in slight excess to make sure that all the UlsnRNP—
NF-1 exon 3 RNA interactions had reached their normal
equilibrium. Then, in order to allow an exact quantification
following the addition of the nuclear extract + antibody (or
recombinant protein), we have subtracted the background den-
sity, obtained in each individual case from the equivalent
region of the mock depleted lane, from the density of each
super-shifted complex, and calculated the increase in super-
shift density with respect to lane NE-H (mock)+aU1A. Each
experiment was repeated three times to obtain standard devia-
tion values.

RESULTS

UlsnRNP binds to wild type but not mutated NF-1
exon 3

Our main objective was to determine the exact mechanism by
which the disease-causing +5G > C mutation occurring in
NF-Iexon 3 induced the skipping of this exon. As shown in
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Figure 1A, the effect of this mutation was predicted to lower
UlsnRNA complementarity with the RNA at the exon/intron
junction. The observation that a UlsnRNA complementary to
the mutation could rescue exon 3 skipping suggested that loss
of UlsnRNP binding to this 5’ss was indeed responsible for
the observed exclusion (29).

In vitro confirmation that the +5G > C substitution desta-
bilized UlsnRNP interaction was obtained by super-shift ana-
lysis using a monoclonal antibody (00U1A) directed against the
Ul-A-specific component of UlsnRNP. Figure 1B shows that
only exon 3 (wt) RNA but not exon 3 (+5G > C) RNA can yield
a super-shifted complex (upper arrow) in the presence of the
aUIA antibody. As a positive control we used a synthetic
20mer RNA oligo (ATM WT) from intron 20 of the ATM
gene that we have previously shown to be a very efficient
binder of UlsnRNP (17). It should be noted that for the
exon 3 RNA templates we decided to include 21 nt upstream
and 34 nt downstream of the GU core donor site sequences, the
reason being that non-conserved intronic sequences flanking
the 5’ splice site have been previously shown to affect
UlsnRNP binding (21).

The formation of macromolecular aggregates related to the
early (E) spliceosomal complex have been described in past
studies for RNAs containing just an isolated 5’ splice site, such
as the very early E5’ complex (34). In order to further identify
additional protein factors that might specifically interact with
the NF-1 exon 3 donor site sequences, it was then decided to
perform a pulldown analysis using both the wild-type (wt) and
mutated (+5G > C) exon 3 RNAs. The results of this analysis
are reported in Figure 1C. The wild-type exon 3 sequence was
observed to contain four protein bands, of ~70, 32.5 and a
25 kDa doublet, which were no longer present following the
introduction of the +5G > C mutation. The protein bands were
excised from the gel and sequenced using electronspray mass
spectrometric analysis. This allowed their unambiguous
identification as U1-70K and U1-A, which are UlsnRNP-
specific components, and snRNP B/B1 which is a common
component of all UsnRNPs (3). Presumably, the other protein
components of UlsnRNP (U1-C, E, F, G, D1-D3) were not
detected because of their low molecular weights (ranging from
17.5 to 8.5 kDa). These results were consistent with those
obtained from the super-shift analysis (Figure 1B).

Sequencing of all the other major bands that appeared in the
Coomassie gel also revealed several RNA binding proteins
which did not vary in intensity between NF-I exon 3 (wt)
and NF-I exon 3 (+5G > C). Their identity, however, rep-
resented an encouraging validation of our experimental
approach in consideration of the fact that they have been
recently isolated in splicing complex assembly. In fact, our
pulldown analyses of these different 5" splice sites included
p54™® protein, which has been recently described to associate
with the 5’ splice sites within large transcription/splicing com-
plexes (35) and KSRP (also known as FUSE binding protein
2), a splicing factor described in another system to bind an
intronic splicing enhancer element (36). In particular, the
KSRP/FUSE2 protein (a component of band 2, Figure 1C)
has also been recently identified by site-specific protein—
RNA crosslink as a specific component of complex H
assembled on a synthetic pre-mRNA splicing system (37).
Among these proteins, one of the most interesting result is
represented by the detection of hnRNP H, a well-known
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splicing factor which has been shown in a variety of
experimental systems to be a component of both splicing
enhancers (38,39) and silencers (33,40—42). The presence of
this protein was potentially very interesting because its
putative binding site could be identified in correspondence
to the central GU dinucleotide of the NF-/ exon 3 donor
site (Table 1). In fact, binding requirements for hnRNP H
involve the presence of G-rich sequences (33,42-44). More-
over, we have already demonstrated in the context of CFTR
exon 9 that mutating the similar, but slightly longer GGCGGU
motif to GGGGGU creates a very efficient hnRNP H binding
site (the mutated base is underlined) (45).

Mutation of the putative hnRNP H binding sequence
results in recovery of splicing activity

It was therefore decided to further investigate this presence by
interrupting the GGGgu run. This was performed by introdu-
cing a —2G > A mutation in the 5’ splice sites with and without
the +5G > C transversion (Figure 2A). This choice of mutation
was also decided after a careful assessment of nucleotide
frequencies in different 5’ donor sites (4) which showed
that in position —2 the presence of an A was greatly favored
over the presence of a G (which is rather surprising, as both A
and G allow base pairing to occur with the corresponding U
residue in UlsnRNA). The modified exon 3 (—2G > A) and
exon 3 (—2G > A, +5G > C) sequences were then inserted in
the minigene system used for the original mutational analysis
(29) and transfected in HeLa cells. As expected, the —2G > A
mutation did not have any effect on the inclusion of NF-/ exon
3 in the wild-type sequence but succeeded in rescuing com-
pletely the aberrant splicing caused by the +5G > C mutation
(Figure 2B). Moreover, a pulldown analysis performed using
the NF-1 exon 3 (—2G > A) and NF-1 exon 3 (—2G > A,
+5G > C) RNAs followed by western blot with an anti-hnRNP
H antibody showed that the GGGgu > GAGgu change resulted
in the almost complete abolishment of hnRNP H binding to
both RNAs (Figure 2C), thus validating the initial considera-
tions regarding the most likely hnRNP H binding site.

Decreasing and increasing the amount of hnRNP H in
the nuclear extract can affect the binding of UlsnRNP
to the NF-1 exon 3 donor site

It was then of interest to determine whether the decrease (or
increase) of hnRNP H concentration could affect directly the
binding of U1snRNP to the NF-1 exon 3 (wt) RNA. The effect
of decreasing hnRNP H concentration was tested in vitro by
depleting this protein from the nuclear extract (Figure 3A,
lower right panel). It should be noted that the polyclonal anti-
body against hnRNP H does not crossreact with the hnRNP H/
H'-related proteins hnRNP F and hnRNP 2H9, and in western
blot assays only recognizes the hnRNP H/H' subunits (33).
This characteristic ensured that no other G-rich RNA binding
proteins were eventually depleted from the extract. The levels
of NF-1 exon 3 (wt) RNA binding to UlsnRNP were then
evaluated using mAb aUlA (Figure 3A, left panel). The
results demonstrate that depletion of hnRNP H from the
nuclear extract results in a net increase (up to 30%) of detect-
able interaction between the NF-/ exon 3 (wt) donor site and
UlsnRNP with respect to the lane NE-H (mock)+oU1A. The
specificity of hnRNP H binding for the NF-I exon 3 (wt)
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Figure 2. Removal of putative hnRNP H binding site results in recovery of splicing activity. (A) Nucleotide sequences around the 5'ss of NF-1 exon 3 (wt) and NF-1
exon 3 (+5G > C) following the introduction of the —2G > A substitution. Full circles above each 5’ splice site sequence represent base pair matches with UlsnRNA.
(B) Effect of the —2G > A substitution both in NF-1 exon 3 (wt) and in the NF-1 exon 3 (+5G > C) mutant following introduction in the EDB minigene and transfection
in HeLa cells. Two products (see arrows) are seen after RNA extraction and RT-PCR analysis on agarose gel electrophoresis: the upper band (323 nt) includes exon 3
while the lower band (239 nt) lacks this exon. Note that the —2G > A mutation completely rescues NF-/ exon 3 splicing inhibition in the mutant bearing the +5G >C
substitution. (C) Pulldown analysis of NF-1 exon 3 (—2G > A) and NF-1 exon 3 (—2G > A, +5G > C) RNAs followed by western blot analysis to determine the extent

of hnRNP H binding to each RNA.

sequence was also confirmed using recombinant hnRNP H
protein in a band-shift experiment using labeled NF-/ exon
3 (wt) RNA (Figure 3B). This result also shows that hnRNP H
binding to NF-/ exon 3 does not require the assistance of
additional nuclear factors (and that it is not the result of even-
tual secondary interactions occurring on the donor site).
Accordingly, the NF-I exon 3 (—2G > A) RNA where the
G-stretch is interrupted cannot bind this protein anymore.

Finally, addition of recombinant hnRNP H could significantly
reduce the levels of UlsnRNP binding to the NF-/ exon 3
(wt) RNA (Figure 3C). Taken together, these results indicate
that NF-1 exon 3 (wt) donor site is a finely balanced system
that can normally accommodate UlsnRNP and hnRNP H
(as shown in Figure 1B where both proteins appear in the
pulldown), although a certain degree of overlapping occurs in
their binding sites.
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Figure 3. Depletion/addition of hnRNP H from the nuclear extract can affect UlsnRNP binding to NF-/ exon 3 (wt) donor site. (A) Left panel shows a super-shift
analysis of NF-1 exon 3 (wt) donor site RNA using a monoclonal antibody against U1snRNP U1-A protein (ccU1A). The exon 3 (wt) RNA was incubated with a mock-
depleted nuclear extract NE (mock) and with equal amounts of nuclear extract treated with a polyclonal antibody against hnRNP H (otH) in three successive rounds of
depletion: NE-H (first), NE-H (second), and NE-H (third). As control, the ATM (wt) RNA is incubated with NE (mock) in the absence or presence of (¢U1A). The
super-shifted U1 A-U1snRNP-RNA complexes were quantified using the Quantity One program (Bio-Rad) (upper right panel). SD bars are shown. (A) Lower right
panel shows the levels of hnRNP H from the nuclear extract with the three successive round of depletion with oH. As control, a polyclonal antibody against
Polypyrimidine Tract Binding protein (0PTB) was used to test each depleted extract for aspecific depletion. (B) Shows a band-shift experiment using labeled NF-/
exon 3 (wt) and NF-1 exon 3 (—2G > A) RNAs incubated with increasing quantities of recombinant hnRNP H (500 ng and 1 pg respectively). The arrow on the left
indicates the hnRNP H-RNA complex. (C) Shows the results of adding 1 j1g of recombinant hnRNP H to NF-/ exon 3 (wt) RNA in the presence of nuclear extract and
an antibody against U1snRNP (oU1). The arrow indicates the super-shifted U1 A—U1snRNP-RNA complex which was quantified using the Quantity One program
(Bio-Rad). SD bars are shown.

The presence of hnRNP H is a distinctive feature of
NF-1 exon 3 donor site as opposed to other NF-1
donor sites which do not carry a G at +5

which also carry a non-G nucleotide in the +5 position but
which lack the presence of G runs in the vicinity of the 5’ splice
site (Figure 4A). As a control for exons carrying a G in the +5

The findings described above prompted us to perform an addi-
tional analysis regarding the eventual presence of hnRNP H in
other NF-1 donor sites (Table 1). To achieve this end, we
selected other NF-1 exons donor sites (such as 37 and 7)

position (besides exon 3), but which nonetheless lack a G run,
we also included the donor site for NF-1 exon 10b. Pulldown
experiments followed by western blots with an antibody
against hnRNP H (aH) show that this protein only binds in
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Figure 4. U1snRNP and hnRNP H do not bind to NF-1 exon 37, 7 and 10b donor
sites carrying substitutions in the +5 or —1 position. (A) Nucleotide sequences
around the 5'ss of NF-1 exon 3 (wt), NF-1 exon 7 (wt), NF-1 exon 37 (wt) and
NF-1 exon 10b (wt) (see Table 1 for complete sequence) showing the region of
complementarity with UlsnRNA (indicated by black dots). (B) Western blot of
pulldown analyses of all these RNAs to determine the eventual presence of
hnRNP H.

the context of exon 3 but not exons 7, 37 and 10b (Figure 4B).
Taken together, these findings indicate that hnRNP H binding
in the context of exon 3 is a highly specific event.

Analysis of the 5’ splice site ribonucleoprotein complexes
in other NF-1 and Apo AII exons

It was then of interest to determine whether these different
donor sites could pulldown, besides hnRNP H, different com-
plements of nuclear proteins. Figure 5 shows that pulldown
analyses, extended to other 5 splice sites, revealed both simi-
larities but also interesting differences. In fact, although the
protein signature for hnRNP H is present only in NF-/ exon 3
(wt and +5G > C), this is not the only protein band that is
unique to NF-1 exon 3. For example, in Figure SA band-
number 6 shows that at least another protein (an hnRNP D-
like factor) is unique to this sequence whilst others such as
band-number 2 (corresponding to a variety of proteins,
including KSRP) appear to be pulled down with higher effi-
ciency in the exon 3 sequences as opposed to other NF-I/
exon donor sites (37 and 7). Even more strikingly, the pulldown
analysis of the unrelated Apo All exon 1 (wt) (Figure 5B) shows
an entire cluster of protein bands that could not be detected in the
various NF-1 splice sites (such as SF2/ASF, hnRNP A2/B1,
hnRNP A3). This finding highlights our hypothesis that nucleo-
tide sequences in different 5" splice sites can determine the
binding of distinct sets of nuclear factors.

An interesting observation is that the UlsnRNP signatures
(U1-70K, Ul-A, and U1-B/B1) can be detected only in two
donor sites, NF-1 exon 3 (wt) and Apo AIl exon 1 (wt)
(Figure 5B). This is probably due to the fact that in these
two donor sites the potential base pairing with UlsnRNA is

very high (see Table 1 for a comparison) and therefore binding
to this complex can be detected efficiently using this technique.
On the other hand, base complementarity for the other NF-/
donor sites analyzed (37, 7 and 10bis) is much lower (Table
1) and this may explain the failure to detect lower levels of
UlsnRNP interaction. In fact, although correct splicing in the
absence of UlsnRNP binding at least if measured by pull-
down/super-shift analysis has been described in a variety of
experimental systems (14,46—48), failure to detect UlsnRNP
in these donor sites which are efficiently recognized by the
splicing machinery suggests that in these cases pulldown
efficiency may simply be too low. Alternatively, these
donor sites may recruit UlsnRNP through the use of nearby
enhancer elements which are lacking in our RNA constructs.

Presence of hnRNP H protein in unrelated pathological
events that involve 5 splice sites: the TSHf3 gene

Although most disease-causing single nucleotide substitutions
in donor sites involve the +1/+2 position (49), several patho-
logical splicing alterations also involve the +5 position. This
has been described in the past for the collagen genes (50-54),
the ELA2 gene (55), the WT'1 gene (56,57), the TSHB-subunit
gene (30) and, most recently, in the DMD gene (58). Although
many other mechanisms and interactions can be potentially
involved in these pathological events such as U6snRNP bind-
ing, or presence of specific TIA-1 (59), UIC interactions
(11,20), it was possible that nRNP H was also involved in
some of them.

It was thus of interest to analyze the eventual presence of
G runs in the donor sites of the affected exons also in these
genes. Interestingly, the exon 2 donor site of the TSHB-subunit
gene involved in congenital secondary hypothyroidism (30)
displayed a GGgu sequence that represented a potential
candidate for an hnRNP H binding site (Table 1). Signific-
antly, minigene analysis performed by Pohlenz et al. (30)
showed clearly that the full inclusion observed for the
TSHP exon 2 donor site was abolished by the introduction
of a disease-causing +5G > A substitution.

Pulldown analysis confirmed that the TSH3 exon 2 donor
site was indeed capable of binding hnRNP H (Figure 6A),
although with a slightly lesser efficiency than NF-/ exon 3,
probably due to the fact that the GGgu sequence in TSH[3 exon
2 is not as good an hnRNP H binding site as the GGGgu in
NF-1 exon 3. Furthermore, pulldown analysis of the wild-type
and +5G > A mutated TSHP donor site regions (see Table 1 for
the sequence) showed a protein pattern and UlsnRNP signa-
tures very similar to that observed for NF-I/ exon 3. In fact,
Figure 6B shows that UlsnRNP binding signatures, although
significantly weaker than in NF-1 exon 3, can also be observed
for the TSHP exon 2 wild-type RNA. The reason for this
difference in UlsnRNP binding most probably resides in
the lower degree of RNA complementarity between TSH[3
exon 2 donor site and UlsnRNA than the one present for
NF-1 exon 3 (Table 1). These characteristic UlsnRNP signa-
tures in TSH} exon 2 (wt) disappear completely following the
introduction of the +5G > A substitution (see, e.g. the Ul-A
protein band). As expected, a western blot analysis of the same
Coomassie stained gel showed that the introduction of the
+5G > A mutation had no effect on the hnRNP H binding
levels (Figure 6B, lower panel).
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Figure 5. Ribonucleoprotein complexes in the 5’ss of NF-1 and Apo All donor sites. (A) Coomassie Blue staining of a pulldown assay using beads coated with NF-1
exon 3 (wt), NF-1 exon 3 (+5G > C), NF-1 exon 7 (wt), and NF-1 exon 37 (wt) RNAs following incubation with HeLa nuclear extract. The numbers on the NF-1 exon 3
(wt) lane indicate the sequenced protein bands. The identity of each numbered band is shown to the left of the gel. (B) Coomassie Blue staining of a pulldown assay
using beads derivatized with NF-1 exon 3 (wt), NF-1 exon 10b (wt) and Apo All exon 1 (wt), and a control pulldown using exonic sequence from NF-/ exon 37 lacking
a 5’ splice site. The numbers on the NF-1 exon 3 (wt) lane indicate the sequenced protein bands. On the left of the gel the identity of each band together with its
Swiss-Prot Accession number is reported. Minor components (mc), when present, are also reported (in decreasing order of detection).

It was thus of interest to analyze the effect of a —2G > A
substitution in the binding profiles of both TSHf} exon 2 con-
structs (Figure 7A). Binding of hnRNP H to these constructs
was tested by pulldown analysis of the transcribed RNAs
followed by western blot (Figure 7B). Figure 8B shows
that, consistent with the results obtained for NF-I exon 3,
both TSHP exon 2 (—2G > A) and TSHf} exon 2 (—2G > A,
+5G > A) lose the ability to bind hnRNP H. In addition, in the
TSHP exon 2 (—2G > A) construct there is a distinct increase
in the U1snRNP protein signatures, consistent with the fact that
hnRNP H is now prevented from binding in correspondence

to the donor site. Finally, it should be noted that the
TSHP exon 2 (—2G > A, +5G > A) RNA displays levels of
UlsnRNP binding comparable with TSHP exon 2 (wt) and
above its total absence in the TSHP exon 2 (+5G > A) RNA
(Figure 6B).

DISCUSSION

In this work, we describe the functional characterization of a
mutation in the NF-I exon 3 donor site (+5G > C) which
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Figure 6. hnRNP H binds to the donor site of TSHP exon 2 type. (A) Coomassie
and western blot analysis of a pulldown assay using NF-/ exon 3 (wt), TSHf}
exon 2 (wt) and NF-1 exon 37 (wt) RNAs. The arrows indicate the protein
signatures corresponding to hnRNP H in the Coomassie gel. These signatures
were confirmed by western blot analysis using an anti-hnRNP H antibody (oH)
in the lower panel. (B) Coomassie Blue staining of a pulldown assay using
adipic acid dehydrazide beads coated with NF-I exon 3 (wt), TSHf} exon 2
(+5G > A), and TSHP exon 2 (wt) RNAs following incubation with HeLa
nuclear extract. The numbers indicate the UlsnRNP components previously
identified: U1-70K (1), U1-A (2) and SmRNP B/B1 (3) and the lower panel
contains a western blot performed on the Coomassie gel to determine hnRNP H
binding to the different RNAs.

causes exon 3 skipping and can be associated with occurrence
of disease (29).

As noted previously, most disease-causing single nucleotide
substitutions in donor sites involve the +1/42 position (49).

However, pathological splicing alterations have also been
observed to involve the +5 position in a variety of cases
(30,50-58). The functional reason why alterations in this
position may cause aberrant splicing is represented by its
well-known interactions with UlsnRNP and U6snRNP in
the splicing process (46). However, alterations in this position
do not always disrupt the splicing process and several separate
lines of evidence show that the +5 position can harbor nucleo-
tides other than a Guanosine. First, replacement of a G in the
+5 position has also been observed to occur in 14 and 25% (in
low and high G + C loci, respectively) of all functional splice
sites (4). In the NF-I gene, e.g. +5 substitutions can be
detected in exons 1 and 7 donor sites. Second, it has been
recently observed in U1snRNP binding studies that a G in the
+5 position is not obligatory if the two preceding positions are
purines (as in NF-1 exon 3) (13). Finally, mutations of the +5
position in the ATM system that abolish UlsnRNA—-RNA base
pairing only reduce, but do not eliminate, ISPE usage by
UlsnRNP (17).

Indeed, in the NF-1 exon 3 (+5G > C) mutation, simple
sequence analysis showed that the residual UlsnRNA-5ss
complementarity following the introduction of the +5G > C
mutation was comparable to that of other perfectly functional
donor sites in the NF-I gene which also carry a nucleotide in
the +5 position which prevents complementarity, such as IVS
7 and IVS 37 (Table 1). This is also reflected in the strengths of
these NF-1 donor sites according to the ‘Splice Site Prediction
by Neural Network Site’ (31), which fail to reveal a reason
why exon 3 (+5G > C) is skipped. In fact, by analyzing the
different NF-1 5'splice sites we obtain a 5ss score for the wild-
type NF-1 exon 3 of 1.00 and for the +5G > C mutant of 0.83.
This Donor Site Score (0.83) is similar to that of exon 10b
(0.86) and much higher than those of exon 19b (0.13) or exon
12b (0.19) which are normally included in all NF-1 transcripts
as reported previously (60).

Nonetheless, the observation that a UlsnRNA complemen-
tary to the mutation could rescue NF-I exon 3 skipping (29)
suggests that it is indeed the UlsnRNP-exon 3 5’ss interaction
which is involved in the observed exon skipping rather than the
potential disruption of U6snRNA binding at this position. This
hypothesis was confirmed using pulldown and band-shift ana-
lyses which demonstrated that UlsnRNP was indeed capable
of binding to the NF-I exon 3 (wt) donor site and that this
binding was abolished by the +5G > C mutation. Interestingly,
the pulldown analysis also showed that the GGGgu donor site
sequence of NF-I exon 3 could also bind another protein,
hnRNP H, which has a well-known ability to affect the spli-
cing process (33,38—41).

We have shown using nuclear extracts depleted of hnRNP H
that binding of this protein to the GGGgu sequence can reduce,
but not abolish, UlsnRNP binding. In this circumstance, the
+5G > C substitution weakens further the UlsnRNA-5'ss
complementarity hence inhibiting the 5’ splice site recognition
(Figure 8 shows our proposed model). When the hnRNP H
binding site of the 5'ss carrying the +5G > C is removed by the
—2G > A substitution splicing function is restored and correct
5’ss recognition takes place again. Most significantly, our
search for additional splicing systems in which UlsnRNP/
hnRNP H binding at the donor site might play a role in the
splicing process uncovered a second donor site in IVS2 of the
TSHP gene, where a +5G > A substitution had also been
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Figure 7. Removal of putative hnRNP H binding site in TSHf exon 2 (wt) and TSH exon 2 (+5G > A). (A) Nucleotide sequences around the 5'ss of TSHf} exon 2 (wt)
and TSHP exon 2 (+5G > A) following the introduction of the —2G > A substitution. Dots above each 5 splice site sequence represent base pair matches with
UlsnRNA. (B) Pulldown and western blot analysis performed on TSHp exon 2 (wt), TSHf exon 2 (—2G > A), and TSHp exon 2 (—2G > A, +5G > A) RNAs to
determine the extent of U1snRNP binding to each RNA. The numbers indicate the U1snRNP components previously identified: U1-70K (1), U1-A (2) and SmRNP B/
B1 (3). The Coomassie gel was used in western blot analysis (panel on the right) to determine the effects of the —2G > A substitution on binding of hnRNP H to these

RNAs.

described to be associated with occurrence of disease and exon
skipping in a minigene system (30). Pulldown analyses per-
formed on this system yielded results that are consistent with
the proposed role of hnRNP H in the NF-/ donor site (see
Figure 8 for a comparison of the two systems).

One question that still remains unanswered is the role of
hnRNP H binding to both the NF-I and TSHP donor sites.
Direct approaches such as RNA interference or overexpression
studies will be helpful in clarifying this issue. Our attempts to
knock down hnRNP H by siRNA has been unsuccessful
despite using several high-score target sequences. In any case,
it has to be considered that G-four and G-three runs so near to
donor sites are not at all frequent in nature. In fact, a careful
appraisal of 5'ss nucleotide frequencies in loci with high G + C
content shows that there is a bias in nucleotide use in the —2
position that is unrelated to UlsnRNA complementarity: in the
—2 position G is detected 15% of the times (against 56% for A)
while in position +3 it is detected 56% of the times (against
38% for A) (4). Even more striking is the fact that in the —2
position the presence of a C (15%) or T (14%) nucleotide
(which disrupts base pairing with UIsnRNA) is preferred to
a G (that will make a wobble pairing). It is thus clear that even

in high G + C loci the presence of a G in position —2 upstream
of the donor site is actively selected against, probably because
a G run will be created (being right next to the almost invariant
Ggu sequence). On the other hand, the presence of a G in
position +3 (where an eventual G run would be invariably
interrupted by the U residue in Ggu) is not selected against.
This could explain why in position +3 its frequency is so high
and why the C and T nucleotides are seldom present at this
position (9 and 7%, respectively).

An interesting observation related to our NF-1 and TSHf}
experimental models lies in the relationship between the
occurrence of G runs in the database of 29 853 splice site
entries (http://www.ebi.ac.uk/asd/altextron/index.html) and
variations in the +5 position. The results of this analysis are
reported in Table 2 and it is clear that as the number of Gs
increases in the —3 to —1 positions so does the frequency of a
conserved G residue in the +5 position with 94% of donor site
which harbor a four Grun (—3 to+1) retaining a G in position +5
as opposed to 74% when there are only two Gs in positions —1
and +1. This may point toward a selective pressure owing to the
presence of hnRINP H (which could bind to these Gs) to maintain
a more stringent donor site definition in the +5 position.
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Figure 8. Model of donor site inhibition by hnRNP H. The diagrams represent the proposed model of splicing inhibition mediated by hnRNP H binding in
correspondence to the NF-1 exon 3 (wt) donor site when the +5G > C mutation occurs and in the TSH} exon 2 donor site following the +5G > A substitution. Both wild-
type donor site sequences are capable of binding U1snRNP stably owing to the complementarity still present toward the U1snRNA sequence even in the presence of
hnRNP H binding near the central GU dinucleotide. Donor site recognition can be abolished by the introduction of the +5G > C or +5G > A mutations which in both
cases do not affect hnRNP H binding but lower UlsnRNA complementarity with the donor site below a critical threshold. Finally, removal of hnRNP H binding site is
not sufficient to recover UlsnRNP binding (owing to the presence of the +5 substitutions) but is sufficient to allow recognition of the donor site by the splicing

machinery.

These considerations, of course, do not rule out the possibility
that the presence of these G runs in correspondence to the GU-
conserved dinucleotide and a G in the +5 position may be just a
chance occurrence. However, the fact that both the NF-/ and
TSHP donor sites can bind at the same time to UlsnRNP and
hnRNP H may well indicate that these donor sites represent a

finely balanced system where both splicing factors play arole. It
is thus very probable that in both cases the presence of hnRNP H
(hence of a G run) in that particular position may serve some
functional purpose regarding pre-mRNA processing although
at the same time weakening the ability of the donor site to
withstand chance substitutions in UlsnRNA complementarity.
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Table 2. Correlation between the number of Gs at donor site junctions and conservation of the intronic nucleotide at +5 position

NNNG gt¥*a gt*¥*c gt¥*g gr¥Ft
—4-3-2-1
NNNG (23461) 9.87 (2315) 7.03 (1649) 74.74 (17534) 8.37 (1963)
NNGG (2405) 3.74 (90) 1.66 (40) 91.73 (2206) 2.87 (69)
NGGG (416) 3.37 (14) 0.96 (4) 93.99 (391) 1.68 (7)
GGGG (73) 2.73 (2) 0 (0) 95.89 (70) 1.37 (1)

The human release of the AltExtron database (http://www.ebi.ac.uk/asd/altextron/index.html) containing 29 853 exons entries was used.

The percentages are referred to the available 23 461 entries for the NNNGgt**n pattern, 2405 entries for the NNGGgt**n pattern, 416 entries for the NGGGgt**n
pattern and 73 entries for the GGGGgt**n pattern. NNNG indicates the exonic part (—4 to —1) of the 5’ junction whereas gt**n indicates the intronic part of the 5
junction (+1 to +5). Asterisks signify any nucleotide. N and n are the permutated nucleotides taken into consideration for the survey.

In conclusion, our data show that considerable protein het-
erogeneity can be observed even in the relatively small RNA
region that surrounds a donor site. This may have been an
expected result as the number of factors that are suspected to
be involved in pre-mRNA splicing and spliceosome formation
has increased considerably (61,62). The experimental obser-
vations in this work, besides their intrinsic importance for the
NF-1- and TSHp-related pathologies, suggest that this great
complexity observed at the level of the entire spliceosome
(63-65) may well be present, and active, even during the
earliest stages of splicing complex assembly. Considering
the ever-increasing need of distinguishing innocuous poly-
morphisms from potential disease-causing mutations this find-
ing highlights the need for careful ‘local context’ analyses
when predicting the possible effects of mutations introduced
in donor sites.
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