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ABSTRACT

Myelin-associated glycoprotein (MAG) is a major component of myelin in the vertebrate central nervous system. MAG is present in
the periaxonal region of the myelin structure, where it interacts with neuronal proteins to inhibit axon outgrowth and protect
neurons from degeneration. Two alternatively spliced isoforms of Mag mRNA have been identified. The mRNA encoding the
shorter isoform, known as S-MAG, contains a termination codon in exon 12, while the mRNA encoding the longer isoform,
known as L-MAG, skips exon 12 and produces a protein with a longer C-terminal region. L-MAG is required in the central
nervous system. How inclusion of Mag exon 12 is regulated is not clear. In a previous study, we showed that heteronuclear
ribonucleoprotein A1 (hnRNP A1) contributes to Mag exon 12 skipping. Here, we show that hnRNP A1 interacts with an
element that overlaps the 5’ splice site of Mag exon 12. The element has a reduced ability to interact with the U1 snRNP
compared with a mutant that improves the splice site consensus. An evolutionarily conserved secondary structure is present
surrounding the element. The structure modulates interaction with both hnRNP A1 and U1. Analysis of splice isoforms
produced from a series of reporter constructs demonstrates that the hnRNP A1-binding site and the secondary structure both

contribute to exclusion of Mag exon 12.
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INTRODUCTION

Axons in the vertebrate nervous system are surrounded by
myelin, a complex structure comprised of layers of plasma
membrane with specific protein components located at spe-
cific sites. Myelin insulates axons and enhances the saltatory
propagation of electrical impulses. In addition, myelin is
required to maintain axonal integrity. Communication be-
tween the glial cell and the neuron occurs through the action
of proteins located at the periaxonal surface.

MAG, a transmembrane IgG superfamily member, is one
such protein. MAG has several functions, including inhibition
of axon outgrowth and regeneration (McKerracher et al. 1994;
Mukhopadhyay et al. 1994), protecting neurons from excita-
tion-induced toxicity (Lopez et al. 2011), and protecting neu-
rons from age-related degeneration (Lassmann et al. 1997).
Although it is largely normal, the nervous system of Mag-de-
ficient mice has several subtle defects, such as decreased axon
diameter and an increased number of unmyelinated axons (Li
et al. 1994; Montag et al. 1994; Bartsch et al. 1997; Yin et al.
1998). The mice also exhibit age-related axonal degeneration
(Lassmann et al. 1997) and enhanced excitotoxicity (Lopez
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etal. 2011). MAG interacts with several receptors on the sur-
face of the axon, including ganglioside receptors (GD1a and
GT1b) (Yang et al. 1996), Nogo receptors (Liu et al. 2002;
Venkatesh et al. 2005), and the paired immunoglobulin-like
receptor B (PIR-B) (Atwal et al. 2008). PIR-B, at least in
part, mediates the effects of MAG in neurite outgrowth inhi-
bition (Atwal et al. 2008; Fujita etal. 2011). Additionally, mice
with anull mutation in the B4galnt1 gene, which is responsible
for synthesis of the ganglioside receptors GDla and GT1b,
have defects similar to those seen in the Mag null mouse,
highlighting the importance of these receptors for MAG
function (Sheikh et al. 1999).

Mag is alternatively spliced to produce two isoforms, S-
MAG and L-MAG, which are regulated developmentally
and spatially (Lai et al. 1987; Tropak et al. 1988; Wu et al.
2002). Both isoforms contain the extracellular IgG domain
and the transmembrane domain. They differ at the C-termi-
nal tail, which protrudes into the cytoplasmic space. S-MAG
contains an alternative exon (exon 12) that contains a stop
codon, producing a truncated protein. L-MAG has a longer
C-terminal tail. The functional differences between the iso-
forms are unclear. A mutant mouse, in which the longer iso-
form is prematurely truncated to mimic the shorter isoform,
exhibits similar defects in the central nervous system (CNS)
to the Mag null mouse (Fujita et al. 1998). Additionally,
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L-MAG has been reported to be the isoform responsible for
promoting outgrowth of neurites in the CNS (Shimizu-
Okabe et al. 2001). Therefore, it is possible that L-MAG is
the functionally important isoform in the CNS, and that al-
ternative splicing controls the amount of L-MAG available.

hnRNP Al has been shown to repress inclusion of exons
by binding to nearby elements (Mayeda and Krainer 1992;
Blanchette and Chabot 1999; Del Gatto-Konczak et al.
1999). Recently, we and others showed that hnRNP Al con-
tributes to the alternative splicing of Mag exon 12 (Zhao
et al. 2010; Zearfoss et al. 2011). Moreover, we showed that
the sequence UAGGU is enriched within and adjacent to exons
that show alternative splicing changes upon hnRNP Al
knockdown in oligodendrocyte precursor cells (Zearfoss
et al. 2011). UAGGU, UAGGGU, and similar sequences
have been shown to interact with hnRNP Al (Burd and
Dreyfuss 1994; An and Grabowski 2007; Michlewski et al.
2008). Examination of the sequences surrounding Mag
exon 12 revealed the presence of this element at the 5’ splice
site (Zearfoss et al. 2011). In the current study, we asked
whether the UAGGU element and its surrounding sequences
interact with hnRNP Al and control alternative splicing of
Mag exon 12.

pected to associate indirectly with the splice site via base-
pairing between the splice site and the Ul snRNA. In direct
contrast to hnRNP Al, we observe that U1A is efficiently re-
covered by the G4A mutant RNA, but not the wild-type se-
quence (Fig. 1B).

To confirm the interaction between hnRNP Al and the
Mag exon 12 5’ splice site using an independent method,
we purified recombinant MBP-tagged hnRNP Al and in-
cubated it with synthetic fluorescent RNAs corresponding
to the exon—intron junction. We measured the apparent
equilibrium dissociation constant using two complementary
methods, fluorescence polarization (FP) and electrophoretic
mobility shift assays (EMSA), as described by Pagano et al.
(2011). hnRNP Al binds to a 10-nucleotide boundary frag-
ment (-2 to 8) with an apparent K4 of 51 £5 nM by FP
and 145 £ 12 nM by EMSA (Fig. 1C). When G4 is mutated
to A, which improves the 5 splice site consensus sequence,
hnRNP Al binding was reduced to >500 nM by FP and
was not detected by EMSA (Fig. 1C). The apparent threefold
disparity in affinity between FP and EMSA is likely due to
dissociation during electrophoresis, which can lead to un-
derestimation of binding affinity if the dissociation rate cons-
tant is fast. Together, the data reveal a specific interaction
between hnRNP Al and the Mag exon 12 5’ splice site, and
suggest that binding of hnRNP Al may interfere with Ul

RESULTS
hnRNP A1 binds an element at the
, I. . A C 104 ¢ wt 5'-AGguagguuc-FI-3' L]
Mag exon 12 5’ splice site o o , mut 5'-AGguaAguuc-Fl-3 =
. . Mag 3 2 0.8 * ¢
To determine whether hnRNP A1 inter- < m_ 5
acts with the UAGGU sequence at the L % 0.6
exon 12 5’ splice site (Fig. 1A), we used e A clemant " e 2
. 7. “His * . tion Te- B
a pull-down assay where streptavidin- Rat ...%ﬂGAGCCCCAGGAé;taégtt‘z:oslgtggggcctc... é 041
coated magnetic beads and biotinylated exon . intron £ s
ss 2 024
RNA fragments were used to recover spe- g 5 5
. . . 2 2 wt: kd, app=5115 nM
cifically associated proteins from HelLa s s s 3 0.0 MUt K 2o >500 T
0 0 - i N

nuclear lysate. Recovered proteins were
detected by Western blotting. A 29-
nucleotide fragment corresponding to

T T
10% 107 10°

hnRNP A1 (M)

T
10

hnRNP A1

the Mag 5 splice site, numbered —12
to 17, relative to the exon—intron junction
(Fig. 1A), efficiently pulled down hnRNP
Al in this assay. In contrast, a mutant ver-
sion of the RNA in which UAGGU is mu-
tated to UAAGU (G4A) did not pull down
hnRNP A1 (Fig. 1B). Neither RNA pulled
down Quaking, an RNA-binding protein
that does not recognize this sequence.
(Fig. 1B). To determine whether asso-
ciation of hnRNP Al with UAGGU at
the 5 splice site anticorrelates with asso-
ciation of the spliceosome, we probed
the blot for UlA, a component of Ul
snRNP that recognizes the 5’ splice site
during pre-mRNA splicing. UlA is ex-

-12

wt 5'-GAGCCCCAGGAGguagguuccgggggccu-3'
A4 mut 5'-GAGCCCCAGGAGguaAguuccgggggecu-3'

MBP-A1 protein
oM 1

uM

Quaking
bound

. free
Ky ﬂ=145112 nM

bound
free

kg, app™ 1M

17

FIGURE 1. hnRNP Al interacts with the sequence at the 5’ splice site of Mag exon 12. (A)
Diagram of exons 11-13 from rat MAG. Exons are represented with boxes and introns are rep-
resented with lines. The sequence surrounding the 5’ splice site is indicated below the diagram. (*)
Position of the exon 12 stop codon. Exon sequence is capitalized and intron sequence is lowercase.
The putative hnRNP Al-binding element is shaded gray. These conventions are used throughout
the remainder of the figures. (B) Streptavidin pulldown assay. Biotin-labeled synthetic RNAs of
29 nucleotides were incubated with a HeLa nuclear lysate, and bound proteins were detected by
Western blotting. RNA sequences are presented beneath the image of the blots. (C) Fluorescence
polarization and gel electromobility shift analysis of recombinant hnRNP Al interaction with
nine-nucleotide synthetic fluorescent RNAs of the indicated sequence. The apparent dissociation
constant for the interaction (K, ,pp) is indicated on the figure.
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snRNP association. Our observations of an interaction be-
tween hnRNP Al and Mag RNA is consistent with the ob-
servation by Zhao et al. (2010) that the Mag pre-mRNA
coimmunoprecipitates with hnRNP Al.

A conserved secondary structure is present
at the Mag exon 12 5’ splice site

When examining the sequences surrounding the Mag exon
12 5 splice site, we noticed a region of possible self-comple-
mentarity. We used M-fold to predict secondary structures
in mouse, rat, human, and several other vertebrate species
(Zuker 2003). The results revealed a possible hairpin struc-
ture that is conserved across seven vertebrate species (Fig.
2A). To assess whether this structure is formed in vitro,
a series of truncated synthetic RNAs were analyzed by na-
tive and denaturing gel electrophoresis (Fig. 2B). Fifteen-
and 29-nucleotide RNA fragments (—4 to 11 and —12 to
17, respectively), which are predicted to contain a portion
of the base-paired region, migrate with faster than expected
mobility in native gels, but not in denaturing gels (Fig. 2C).
This is consistent with the presence of a folded RNA struc-
ture. In contrast, we did not observe differential mobility

when analyzing a 10-nt RNA that retains only 1 bp of the pre-
dicted stem (Fig. 2C).

To confirm the presence of the structure and the require-
ment for the bases in the predicted stem, we analyzed a series
of mutant RNAs using UV thermal melting analysis. The 15-
nucleotide RNA exhibited a melting temperature (Tm) of 56
+0.2°C (Fig. 2D). Mutation of two cytidines (C7, C8) to
G7GS8 in the predicted base-paired region reduced the Tm
to 36 £ 0.5°C, and U7U8 reduced the Tm to 30 + 1°C (Fig.
2D). Mutation of C7 and C8 to A7A8 also modifies the
thermal melting characteristics of the RNA, although no
folding transition is observed, suggesting that the RNA is un-
folded even at low temperature (Supplemental Fig. 1). The
data show that a stem—loop structure can form around the
5’ splice site and that the structure can be perturbed by mu-
tating nucleotides in the stem.

Secondary structure affects hnRNP A1 binding
and spliceosome association in vitro

We wished to determine whether the conserved secondary
structure at the Mag exon 12 5’ splice site affects binding
of hnRNP Al. We tested the ability of the folded RNAs to
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FIGURE 2. A conserved secondary structure is present at the Mag exon 12 5 splice site. (A) Putative secondary structure of the region surrounding
the splice site from seven vertebrate species. Exon sequence is capitalized, and intron sequence is in lowercase. The hnRNP Al-interacting region is
shown in gray. Base pairs are indicated by a horizontal bar. (B) Sequences of the RNAs analyzed in the secondary structure assays in C and D. RNAs are
based on the rat sequence. (C) Gel electrophoresis of truncation mutants. RNAs have a higher mobility than expected on a native gel, but migrate
according to size on a denaturing gel. (D) Thermal melting analysis of 15 nucleotide RNAs. Mutation of bases predicted to be paired in the stem—
loop structure results in a decrease in the melting temperature of the RNA. The predicted structure is presented to the right of the melting curves.
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FIGURE 3. Mag secondary structure modulates association of hnRNP Al and U1A. (A) Diagram of RNAs used in binding assays. Predicted folding
patterns and names used in the text are shown. (B) Fluorescence polarization assay. (Circles) 10-nt rat wild-type RNA; (triangles) 15-nt rat wild-type
RNAs. Binding curves were fit to the Hill equation. The fit is shown as a solid line. Error bars indicate the standard deviation of five reads of the
microtiter plate. The data were normalized to the maximum and minimum of the fit 10-nt RNA for display purposes. (C) Fluorescence polarization
assay. (Triangles) Mouse 15-nt wild-type RNA; (circles) G7G8 RNA. Data were normalized to the maximum and minimum of the fit of the G7G8
RNA for display purposes. (D) Streptavidin pull-down assay. RNAs are as indicated in A. Biotinylated RNAs of the indicated sequence were incubated
with a HeLa nuclear lysate, and bound proteins were analyzed by Western blotting. After blotting for U1A, the blot was stripped and reprobed for

hnRNP Al.

associate with recombinant hnRNP Al by FP and EMSA (Fig.
3A; Table 1). The 15-nucleotide fragment binds to hnRNP A1l
with an estimated Kg,pp of >1 uM (Fig. 3B). The 29-nucleo-
tide RNA fragment also does not bind (Supplemental Fig. 2).
This result contrasts with nonquantitative pull-down ex-
periments performed in HeLa nuclear extracts in which
hnRNP Al is observed to interact with the 29-nucleotide
RNA fragment (Fig. 1C).

Next, we tested hnRNP Al binding to the C7C8 mutant
15-nucleotide RNAs. Binding to the G7G8 mutant is im-
proved relative to wild type (Kg, app, rp=60+18 nM,
K4, app, Emsa =70 =21 nM) (Fig. 3C). The A7A8 and U7U8
mutations also increase association with recombinant
hnRNP Al (Table 1). We then used the streptavidin pull-
down assay to test whether the stem-loop mutants affect
hnRNP Al or UlA association in HelLa nuclear extract.
Mutation of C7C8 to G7G8, A7A8, or U7U8 increased the
ability of the RNA to pull down UIA from a HeLa nuclear
lysate (Fig. 3D; Supplemental Fig. 3). We also detect binding

TABLE 1. Affinity of hnRNP A1 for 15-nucleotide RNAs

RNA Sequence Kd,appr EMSA Ky app, FP
wt 15 nt  GGAGGUAGGUCCCGG  >1 pM >1 uM
G8G9 GGAGGUAGGUGGCGG  70+21nM 60+ 18 nM
u8u9 GGAGGUAGGUUUCGG  171+48nM 92 +37 nM
A8A9 GGCGAGGUAGGUAACGG  106+£23 nM 21 x4 nM

of A1 to the mutant RNAs in this assay (Fig. 3D; Supplemen-
tal Fig. 3). Together, the results demonstrate that the folded
structure decreases the affinity of hnRNP Al for the Mag
exon—intron junction, at least in vitro using recombinant
protein, and show that the secondary structure also inhibits
association with the Ul snRNP in nuclear lysate.

Secondary structure and the hnRNP A1-binding site
determine the Mag isoform ratio

To determine whether secondary structure and the hnRNP
Al-binding element at the 5 splice site modulate alternative
splicing of Mag exon 12, we developed a dual luciferase-splic-
ing reporter assay. The reporter is based on the expression
vector psiCheck2 (Promega), which encodes both firefly
and Renilla luciferase on the same vector. In the reporter,
Mayg intron 11, exon 12, and intron 12 are positioned up-
stream of the start codon of firefly luciferase, but downstream
from the transcription start site (Fig. 4A). Methionine and
glutamate codons were added upstream of Mag intron 11.
This provides a minimal 5" exon sequence that enables trans-
lation initiation and contains a strong splicing consensus at
the exon—intron junction. After construction of the reporter,
we deleted the methionine at the beginning of firefly luciferase
in order to reduce the likelihood of reporter translation
caused by scanning through the Mag insert. The reporter pro-
vides two ways in which to monitor alternative splicing. First,
the isoform ratio can be directly measured using RT-PCR
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primers that detect exon 12 inclusion.
Second, because Mag exon 12 contains
a translation termination codon, inclu-
sion of this exon precludes expression of
firefly luciferase. Therefore, firefly lucif-
erase activity reports on the amount of
the exon excluded isoform. We used the
CG-4 cell line as our assay system. CG-4
cells are a rat oligodendrocyte precursor
cell line that expresses both isoforms of
MAG. We previously showed that knock-
ing down hnRNP Al expression with
siRNA in these cells causes an increase
in the Mag splice isoform ratio (Zearfoss
etal. 2011).

To assess the contribution of the stem—
loop structure and the hnRNP A1 bind-
ing element to exon 12 inclusion, we
constructed a series of mutations in the
stem and terminal loop structures (Fig.
4B). First, we mutated the base-paired
C residues of the upper stem. Specifically,
we changed C7C8 to G7G8, U7U8, and
A7A8. Both the G7G8 and A7A8 muta-
tions increased the isoform ratio by 1.8-
and 2.7-fold, respectively (P =2 X 107°
and 7x107*) (Fig. 4C). The U7U8
mutation had an insignificant effect
(1.3-fold, P=0.08) (Fig. 4C). The cor-
responding luciferase activity assays re-
vealed that the G7G8 mutation reduced
activity by 1.4-fold (P=0.03), while
the A7A8 mutation reduced activity by
twofold (P=2x10""") (Fig. 4C). The
U7U8 mutation did not cause a signif-
icant change in expression. The data
show that mutation of C7 and C8 to A
or G, which destabilizes the stem-loop,
increases Mag exon 12 inclusion. Note
that when C7 and C8 are mutated to U
in the context of the lower stem, GU
base pairs could form with G-3 and G-4
(Fig. 4B). While the U7U8 mutations
are sufficient to destabilize a minimal
15-nucleotide stem—loop fragment in vi-
tro (Fig. 2D), they may not be sufficient
to destabilize the structure in the context
of the full stem in vivo.

To assess the contribution of the se-
quence at the loop, we mutated the G4
position to A, C, or U. Due to the over-
lap in the hnRNP Al binding element
and the 5’ splice site, mutations in the
hnRNP Al site also change the region
of the 5" splice site that recognizes the
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FIGURE 4. The hnRNP Al-binding element and secondary structure control inclusion of Mag
exon 12. (A) Diagram of the reporter construct. Mag exon 12 and its flanking introns were cloned
upstream of firefly luciferase. The positions of the genomic insertion, stop codon, secondary
structure, methionine deletion, and 5" artificial exon are shown. (B) Diagram of the mutant
sequences used in the reporter assay. The positions of the mutations are indicated. (C)
Luciferase and RT-PCR analysis of upper right stem mutations. For the luciferase activity assay,
firefly activity was divided by Renilla to control for transfection efficiency. Data were normalized
to the expression of the wild-type construct. Data are the average and standard deviation of at least
three independent transfections. For the RT-PCR assays, the ratio of the upper to the lower iso-
form after gel electrophoresis is shown. Error bars indicate the standard deviation of at least three
replicates per construct. Data were normalized to the ratio of the wild-type construct. (D)
Luciferase and RT-PCR analysis of loop mutations. Mutations are as indicated. Data were pro-
cessed as in C. (E) Luciferase and RT-PCR analysis of combined upper stem and loop mutations.
Data were processed as in C. (F) Luiferase and RT-PCR analysis of structural mutations. Data
were processed as in C. (C—F) Data from all experimental replicates were aggregated for each con-
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Ul snRNA through base-pair interactions. In the wild-type
sequence, G4 is opposite a pseudouridine (W¥), which has
the potential to form non-Watson—Crick interactions with
G. VY is opposed by an A, its Watson—Crick partner, in the
A4 mutant. In the C4 and U4 mutants, neither C nor U
would be predicted to maintain pairing with W. The overlap
of the recognition elements makes it impossible to determine
whether the observed effects are due to alternations in
hnRNP A1l binding, spliceosome association, or a combina-
tion of the two.

In the RT-PCR-based splicing assay, mutation of G4 to A
caused an increase in the isoform ratio of 2.6-fold (P =2 X
107 (Fig. 4D). This result corroborates a previously pub-
lished report using an independent minigene reporter (Wu
etal. 2002). Mutation of G4 to U or C did not cause a statisti-
cally significant change. In the luciferase activity assay, the
U4 mutation caused a decrease in expression of 1.5-fold
(P=0.03), the A4 mutation caused a decrease of 1.8-fold
(P=1x10"%), and the C4 mutation did not cause a signifi-
cant change. The results show that the sequence at the loop
functions as a weakened splice site.

To determine whether the mutations in the loop act in
combination with the base-pairing in the stem, we combined
the A4 mutation with the A7A8 mutation in the base-paired
region of the stem (construct A4A7A8). In the RT-PCR assay,
we observed a 10-fold increase in the isoform ratio in this
sample (P =2 x 10™'?) (Fig. 4E). Similarly, luciferase activity
was decreased by fourfold (P =3 X 1071 (Fig. 4E). The data
show that the loop sequence and the stem both contribute to
the observed isoform ratio and are not redundant.

To determine whether base-pairing in the stem contributes
to the resulting isoform ratio, we generated two additional sets
of mutations. These sets included compensatory mutations
that restored base-pairing and maintained the GC content
of the stem while changing the primary sequence. First, we
mutated each of the base-paired G residues in the stem to a
C (Fig. 4B, stem disruption construct). We also generated
the compensatory mutation, in which the opposing C bases
were changed to G to restore base-pairing (Fig. 4B, comp con-
struct). We observed an 11-fold increase in the isoform ratio
with the stem disruption construct (P=0.008) in the PCR
based assay and a fivefold decrease in the luciferase activity
assay (P=3x 1071%) (Fig. 4F). When base-pairing was re-
stored, in the comp mutant we observed nearly wild-type iso-
form ratio and luciferase expression (Fig. 4F). The result
suggests that base-pairing of the stem inhibits exon recogni-
tion. To confirm this result, we made smaller mutations to
the lower stem, again designed to alter the primary sequence
of this region while maintaining the GC content. These mu-
tations interrupt the G and C tracts present in the lower stem
(Fig. 4F). Mutating G12 and G14 to C12 and C14 caused an
increase in the isoform ratio of 5.8-fold (P =2 x 107'?) in the
PCR based assay and a decrease of 2.4-fold in the luciferase
activity assay (P=2x 10""") (Fig. 4F). The corresponding
base changes on the opposite strand, G-7 and G-9, caused

changes in the same direction, with an increase of 2.8-fold
(P=3%1077) in the PCR assay and a decrease of 1.4-fold
(P=2x107") in the luciferase assay (Fig. 4F). The compen-
satory mutant, containing the G-7G-9C12C14, produced an
increase of 3.6-fold in the PCR assay (P =3 X 107"?) and was
equivalent to the wild-type construct in the luciferase assay
(f.c. = 1.1, P=0.1). Together, the results show that the muta-
tions on opposing sides of the stem do not act in an additive
fashion, and that restoring the base-pairing brings the level of
splicing closer to the wild-type level. The results are consis-
tent with a model in which the structure of the stem—loop re-
stricts access of the splicing machinery to the splice site.

Numerous Mag-like 5" splice sites are present
in the human genome

We wished to determine whether the presence of hairpin
structures at UAGGU 5’ splice sites is a unique characteristic
of Mag or whether it is widespread. To find out whether other
splice sites with similar characteristics exist, we obtained the
genomic coordinates of all human 5 splice sites from the
UCSC genome browser hgl9 assembly (Kent et al. 2002)
and downloaded sequences of 39-nucleotide fragments sur-
rounding the splice site, centered at the UAGGU element.
The region corresponds to positions —17 to 22 relative to the
splice site. We then folded the sequences using the Vienna
RNA package (Hofacker 2009) and filtered the results to ob-
tain sequences that contained a predicted hairpin with a free
energy of folding of —8 kcal/mol or less and containing at
least 8 base pairs, with a loop at the UAGGU element. We
identified 525 sequences that passed the criteria (Supplemen-
tal Table 1). For each of these sequences, we obtained PhyloP
placental mammal conservation scores from the UCSC ge-
nome browser in order to obtain a measure of the conser-
vation of the sequence. We summed the scores across the
element at the 5" splice site as well as the entire 39-nucleotide
length. Conservation varied for the predicted hairpins (Sup-
plemental Table 1). The identification of these splice sites
suggests that hairpins at the 5’ splice site may affect alternative
splicing in other genes in addition to Mag.

We used two methods to determine whether 5’ splice sites
with UAGGU elements are more likely to be present in struc-
tured regions of RNA. First, we constructed three artificial
sets of sequences based upon intron and exon nucleotide fre-
quencies. More specifically, we determined frequency of each
nucleotide for the intron and exon regions of all 5 splice-site
sequences, omitting the conserved splice-site sequence be-
tween positions —3 and +7. Artificial sets were constructed
based on the calculated intron and exon nucleotide frequen-
cies. Splice sites containing the UAGGU element are predict-
ed to fold into more stable structures than the random sets
(Fig. 5). At —10 kcal/mol, twofold more sequences were iden-
tified in the UAGGU set than in the random sets (f.c. =2.2,
P=0.0002) (Fig. 5). Second, we calculated the nucleotide
frequency independently for each nucleotide position and
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generated a set of 100,000 random sequences based on these
frequencies (Fig. 5). Sites containing a UAGGU at the 5
splice site were also predicted to fold into a more stable struc-
ture than this control group.

DISCUSSION

We have shown that hnRNP Al interacts with a sequence at
the Mag exon 12 5 splice site, that a secondary structure is
present at this region, and that mutations that destabilize the
secondary structure can increase the ability of the RNA to be
recognized by both the Ul snRNP and hnRNP Al. hnRNP
Al is known to function as a splicing silencer, inhibiting
inclusion of exons near its binding sites on a pre-mRNA
(Mayeda and Krainer 1992; Del Gatto-Konczak et al. 1999).
A simple model would predict that disruptions of secondary
structure that increase hnRNP Al association would lead to
repression of exon inclusion. However, in addition to mod-
ulating association with hnRNP A1, the secondary structure
also modulates association with the U1 snRNP. The data, tak-
en together, suggest a model in which stem—loop functions asa
bipartite control element in which the base-pairing of the stem
and the primary sequence of the loop are required elements
that define the ratio of splice isoforms (Fig. 6).

Our in vitro binding assays, conducted using purified
hnRNP Al protein and synthetic RNAs, provide evidence
that the hairpin structure inhibits the association of hnRNP
Al with the sequence at the terminal loop. Recently, how-
ever, several examples of the association between hnRNP
Al and hairpin RNA structures have been described. For ex-
ample, hnRNP A1l has been shown to interact with the pri-
miR18A small RNA, and the site of association has been
narrowed to the loop and one-half of the
stem (Guil and Céceres 2007). hnRNP

rified protein, while possessing RNA-binding ability, may not
retain all of the functional capabilities of endogenous hnRNP
Al. Second, the Mag hairpin may be sufficiently stable to pre-
vent this mode of action.

Notably, we are able to detect an association between
hnRNP Al and the folded RNAs that does not interact by
EMSA in a HeLa nuclear lysate. We would predict that addi-
tional RNA-binding proteins present in the lysate also inter-
act with the hairpin structure used in this assay. It is possible
that association of one or more of these factors may facilitate
association with hnRNP Al in the extract. The tract of G bas-
es in the lower stem could serve as a binding site for hnRNP
H or F. However, we have tested these factors in our pull-
down assay and have not detected an association.

Secondary structure has been demonstrated to affect alter-
native splicing in a variety of ways. Cases exist in which sec-
ondary structures facilitate the bringing together of exons,
and in which structure inhibits the association of splicing
factors. For example, base-pairing interactions in Drosophila
Dscam control the selection of several mutually exclusive
6th exons, facilitating splicing (Graveley 2005). In contrast,
base-pairing at the 5’ splice site of Hnrnpal exon 7B represses
exon inclusion (Blanchette and Chabot 1997). Additionally,
MBNLI interacts with a stem-loop structure at the 3’ end
of intron 4 of cardiac troponin T; the spliceosomal protein
U2AF is able to interact with the stem—loop structure when
in its unfolded form but not its folded form (Warf et al.
2009). The mechanism we describe in this article, in which
secondary structure controls the Mag isoform ratio, bears
resemblance to this last mechanism.

The presence of the stop codon in exon 12 is notable given
that stop codons positioned in internal exons are known to

Al binding sites have also been proposed 10+ 1.0

to lie near the terminal loops of several | [
other pri-miRNAs (Michlewski et al. 08l —e-guaggu | 084  —* ouaggu [
2008). hnRNP A1l has also been shown ~+ intron exon bias set ' " position bias I
to bind folded RNA elements that repress | I 8 064 '
alternative splicing. For example, hnRNP “E -8 keallmol —— ) “E -8 keal/mol

Al interacts with HIV RNA hairpin  § , | g 04

loop sequences by RNase footprinting -

and NMR experiments (Damgaard et al. 02 02

2002; Levengood et al. 2012). In the

case of HIV ESS3 and a synthetic MS2 00 daa oo

hairpin structure, association between 25 20 5 -0 5 0 25 20 45 -0 5 0

hnRNP Al and the folded RNA induces
unfolding of the structure (Okunola and
Krainer 2009; Levengood et al. 2012).
In contrast to these observations, we do
not observe unfolding of the RNA upon
addition of purified recombinant protein
to the folded RNAs. There are at least
two possible explanations for this ob-
servation. First, the MBP-tagged and pu-
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FIGURE 5. GUAGGU 5’ splice sites are located in predicted secondary structure-rich sequences.
(Left) The 39-nucleotide sequences surrounding the 5 splice site of exons with a GUAGGU 5’
splice site or three sets of permuted artificial exon sequences were folded using the Vienna
RNA package. The fraction of sequences folding at a given energy level was plotted versus the pre-
dicted free energy of folding. Error bars on the permuted set indicate the standard deviation of the
three artificial sets. See the Materials and Methods for details regarding the construction of this
set. A dashed line indicates the position of —8 kcal/mol. (Right) The predicted free energy of fold-
ing of GUAGGU exons was plotted against a background set of 100,000 random 39 mers, in which
the nucleotide bias of each individual position relative to the 5" splice site was preserved.
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FIGURE 6. A model for Mag exon 12 alternative splicing. A hairpin
loop at the 5’ splice site inhibits association of hnRNP A1l and the splice-
osome. Relaxation of the structure facilitates association between both
hnRNPA1 and the spliceosome, allowing competition between the
two to determine whether the exon is included or excluded.

target the transcript for nonsense-mediated decay (NMD).
We would not predict that this would be the case for Mag,
however. NMD generally requires a spacing of 50-55 nucle-
otides between the stop codon and the exon junction for ef-
ficient degradation (Nagy and Maquat 1998); in Mag exon
12, only 12 nucleotides are present.

Recently, Feng and coworkers reported that hnRNP Al
enhances Mag exon 12 inclusion in HEK293T cells through
an interaction with an element within exon 13 (Zhao et al.
2010). The splicing reporter used in the current study does
not include this exon. While we cannot exclude the possibil-
ity of an effect mediated by exon 13, a deletion analysis con-
ducted by Wu and coworkers shows a large effect on exon
12 inclusion when regions of intron 12 are deleted and a
comparatively minor effect when exon 13 is replaced with a
heterologous exon (Wu et al. 2002). Additionally, the muta-
tional analysis described herein generated large changes in
the isoform ratios observed, demonstrating the importance
of the sequences included in the reporter.

In conclusion, the binding and splicing reporter experi-
ments presented herein reveal (1) that a sequence at the
Mag exon 12 5’ splice site promotes hnRNP Al association
and inhibits exon inclusion, and (2) a secondary structure at

the splice site inhibits both hnRNP Al association and Ul
snRNP association, with a net effect of inhibiting exon recog-
nition. Over 500 exon—intron junctions in the human genome
are predicted to fold into a hairpin structure that contains a
GUAGGU 5 splice site in the loop, suggesting that 5" splice
site sequestration may be a relatively common mechanism
to regulate exon inclusion. It will be interesting to determine
whether such exons are alternatively spliced, and if so, to
what extent hnRNP Al contributes to their regulation.

MATERIALS AND METHODS

Purification of recombinant hnRNP A1

The coding sequence of mouse hnRNP Al was amplified by PCR
from a cDNA clone (Open Biosystems, clone ID 6308746) and in-
serted 3’ of MBP into the bacterial expression vector pHMTC.
Expression in CodonPlus cells was induced with 1 mM IPTG, cells
were lysed, and the lysate was passed over an amylose column.
Bound proteins were eluted with 10 mM maltose. hnRNP A1l was
further purified over an Hi-Trap S-column in MOPS (pH 6.0)
and eluted with a 20 mM to 2 M gradient of sodium chloride, fol-
lowed by a Source Q column in Tris (pH 8.8), followed by elution
with a 20 mM to 2 M gradient of sodium chloride. Fractions were
analyzed by gel electrophoresis, and fractions containing a single
band of the expected molecular weight were pooled and concen-
trated using Amicon spin concentrators for further use.

Streptavidin pull-down assays

Synthetic RNAs were biotinylated at the 5" end using biotinamido-
caproyl hydrazide (BACH). Briefly, RNAs were oxidized at their 3’
ends by incubating with sodium periodate. The oxidized RNA was
then reacted with BACH, and unreacted BACH was removed by eth-
anol precipitation, followed by purification over a Sephadex G25
(GE Healthcare) spin column. Streptavidin-coated magnetic beads
were obtained from Invitrogen and were used according to the man-
ufacturer’s instructions. Briefly, beads were washed twice in an equal
volume of 0.1 M NaOH and 0.05 M NaCl, then twice in 0.1 M NaCl.
Beads were then incubated with a 1:1 mixture of a RNA and 2 x Bind
and Wash buffer (2.5 uM RNA final), incubated for 15 min with
gentle shaking, and washed three times in 1 X bind and wash buffer.
Beads were then incubated for 2 h with HeLa nuclear extract
(Protein One) diluted 1:1 in buffer to provide final concentrations
of 0.01 mg/mL tRNA, 0.01% NP40, 0.1 mg/mL BSA, 50 mM Tris-
Cl (pH 8.0), 100 mM NaCl, and 1/20 Superaseln (Ambion).
Beads were washed four times in 100 mM NaCl, 50 mM Tris-Cl
(pH 8.0), 0.01% NP40, and 0.01 mg/mL tRNA and were resuspend-
ed in sample buffer and analyzed by Western blotting using anti-
bodies for hnRNP Al (Sigma), U1A (Abcam), or Quaking (Bethyl
Laboratories) using established procedures (Sambrook and Russell
2001).

Native gel electrophoresis

RNAs were diluted in a buffer that contains 100 mM NaCl and
50 mM Tris-Cl (pH 8.0), heated to 60°C, and cooled to ambient
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temperature. They were then run on a 6% slab polyacrylamide gel
in 1 X TBE.

Thermal denaturation experiments

Synthetic RNAs (IDT) were prepared at 5 uM in a buffer containing
100 mM NaCl, 0.2 mM EDTA, and 20 mM sodium cacodylate (pH
7.0). The absorbance of each RNA was detected in a Beckman DU
Series 600 spectrophotometer equipped with a temperature control-
ler. Temperature was increased from 5°C to 80°C with a ramp rate
of 1°/min, and absorbance values were collected at 0.5°C intervals.
Melting temperature was calculated by fitting to a mathematical
model of a two-state unimolecular transition as described in
Proctor et al. (2004).

Construction of splicing reporter

QuikChange mutagenesis was used to remove the HindIII site up-
stream of Renilla luciferase in the vector psiCheck2 (Promega).
After mutagenesis, the plasmid contained a single HindIII site up-
stream of firefly luciferase. Mag genomic sequence spanning intron
11-12, exon 12, and intron 12—13 was amplified from mouse geno-
mic DNA by PCR using Pfu polymerase. Restriction sites were added
to the ends by a second round of PCR using the primers 5'-
ggggcgtctcaagettgggatggaggtgagagggccacacce-3' and 5'-ccccaagettga
gacgcctatggagaggagaag-3'. The primers were designed to be recog-
nized by BsmBl, which cuts asymmetrically to yield HindIII-
compatible overhangs. The construct was digested with BsmBl
and cloned into the mutated psiCheck2 vector cut with HindIII.
The forward primer contains an initiatior methionine codon, fol-
lowed by a single amino acid upstream of the first Mag intron se-
quence, to provide an upstream exon to which either exon 12 or
the downstream luciferase sequence can be spliced. The initiator
methionine of firefly luciferase was deleted using QuikChange
mutagenesis. All mutations indicated in the text were made using
QuikChange mutagenesis, and the presence of the desired mutation
was confirmed by sequencing.

Cell culture and transfections

CG-4 and B104 cells were a gift from Lynn Hudson (NINDS) and
were cultured as described (Louis et al. 1992). B104 cells were used
to produce conditioned medium, which contained growth factors
that prevent CG-4 cells from differentiating. Cells were transfected
using Lipofectamine 2000 (Invitrogen) or Dharmafect (Thermo Sci-
entific) as described by the manufacturer. After transfection, cells
were incubated for 2 d prior to harvesting.

Reporter analyses

RNA was isolated from cells using Trizol reagent (Invitrogen) ac-
cording to the manufacturer’s instructions. RNA was further cleaned
through an RNeasy (Qiagen) spin column. For RT-PCR analysis,
RNA was reverse transcribed and amplified using a One-Step RT-
PCR kit (Invitrogen) with the primers 5-GCTTAAAAGCTTGGG
ATGGA-3" and 5-CAGGGCAGGTGTCCACTC-3'. The reverse
primer was labeled with 5'-FAM (IDT). Dual luciferase reporter as-
says were conducted using the Dual-luciferase reporter assay system
(Promega) following the instructions from the manufacturer. Firefly
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luciferase was divided by the Renilla activity encoded on the same
plasmid as a transfection efficiency control.

Genomic analysis

Genomic coordinates of human exons were obtained directly from
the UCSC Genome Browser from the hgl9 assembly (Kent et al.
2002). Coordinates of the region surrounding the 5" splice site were
obtained using custom Perl scripts, and the genomic sequence corre-
sponding to the region was extracted from hgl9 genomic sequence
using Galaxy (Giardine et al. 2005; Blankenberg et al. 2010; Goecks
etal. 2010). Folding, free energy analysis, and filtering were conduct-
ed using a local installation of the Vienna RNA package (Hofacker
2009) using Perl scripts. PhyloP conservation scores were obtained
directly from the UCSC Genome Browser, and scores were added
to obtain the measures presented in Supplemental Table 1.

For the frequency analysis, four of six bases in the GUAGGU re-
gion were required to be unpaired for inclusion in the analysis; how-
ever, no other pairing requirements were set. For the background,
three sets were constructed of a similar length to the GUAGGU
set. Because the nucleotide frequency in the intron and exon por-
tions of the sequence differs, we calculated the nucleotide frequency
of the intron and exon regions independently and excluded the con-
served region surrounding the splice site, from positions —3 to +7,
from the calculations. The artificial sets preserved the nucleotide fre-
quency in the intron and exon regions. The three randomized sets
were folded, and the mean and standard deviation were calculated
for each free energy level. For the background set in which the nucle-
otide frequency was calculated for each position independently, the
background consisted of a single set of 100,000 artificial sequences.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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