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Highly conserved G runs, G1IM2 and ISE, regulate the
proteolipid protein (PLP)/DM20 ratio. We have investi-
gated recruitment of Ul small nuclear ribonuclear protein
(snRNP) by GIM2 and ISE and examined the effect of splice
site strength, distance, and context on G run function.
G1M2 is necessary for initial recruitment of UlsnRNP to the
DM20 5’ splice site independent of the strength of the splice
site. G1M2 regulates E complex formation and supports DM20
splicing when functional UlsnRNP is reduced. By contrast, the
ISE is not required for the initial recruitment of UlsnRNP to
the PLP 5’ splice site. However, in close proximity to either the
DM20 or the PLP 5’ splice site, the ISE recruits UlsnRNP to
both splice sites. The ISE enhances DM20 splicing, whereas
close to the PLP 5’ splice site, it inhibits PLP splicing. Splicing
enhancement and inhibition are mediated by heterogeneous
nuclear ribonuclear protein (hnRNP)H/F. The data show that
recognition of the DM20 5’ splice site depends on G run-medi-
ated recruitment of UlsnRNA, whereas a complex interaction
between the ISE G runs, context and position determines the
functional outcome on splicing. The data suggest that different
mechanisms underlie G run-mediated recognition of 5’ splice
sites and that context and position play a critical role.

Alternative splicing is broadly utilized to generate multiple
protein isoforms from a single transcript in a cell- and devel-
opment-dependent fashion. Genome-wide analyses have
shown that alternatively spliced sites are generally weak and
that flanking regulatory sequences orchestrate their selection
through the interaction with auxiliary splicing factors (for
review, see Refs. 1 and 2).

Removal of introns from pre-mRNAs takes place within the
spliceosome, a ribonuclear complex of RNA, and proteins
whose assembly occurs in a stepwise fashion (reviewed in
Refs. 3-5). The first step is the formation of the commitment
complex, or E complex, that contains the UlsnRNP bound to
the 5’ splice site, U2AF bound to the 3" acceptor site and at
least one member of the SR (serine arginine) proteins. The

* This work was supported, in whole or in part, by National Institutes of
Health Grants ROTNS053905 (to F. C.) and RO1GM62287 (to K. J. H.).

51 The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Fig. S1.
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second step is the formation of the prespliceosome, termed
complex A, characterized by the ATP-dependent addition of
U2 snRNP. Next, U1l snRNP is replaced by U5 and U6
snRNPs, which base pair with the 5" splice site, and the splic-
ing reaction is completed (6, 7).

U1snRNP is composed of the UlsnRNA, Ul-specific pro-
teins (U1 70K, U1A, and U1C), and general Sm spliceosomal
proteins that are also present in the U2, U5, and U6 snRNP
complexes (8). The recognition of the 5’ splice site by the
RNA moiety of the UlsnRNP, through direct base pairing
between the 5" end of the UlsnRNA and the 5’ splice site of
the pre-RNA, commits the pre-RNA to splicing. However, in
some genes, interactions other than direct base pairing of the
U1lsnRNA with the 5 splice site contribute significantly to the
first step of splicing, and removal of the first 7 nucleotides of
the UlsnRNA does not prevent formation of the E complex
(9-11). G runs, of which the G triplet is the basic functional
unit, represent important regulatory sequences that have
evolved to cluster preferentially, but not exclusively, down-
stream of weaker splice sites (12—20). G triplets function as
intronic splicing enhancers (ISE),” in most cases by binding
hnRNPH/F (21-25). However, G triplets were also shown to
recruit the UlsnRNA through direct base pairing of nucleo-
tides 8 —11 of the UlsnRNA with the G-rich sequences inde-
pendently from nucleotides 2—7, which base pair with the 5’
splice site (11).

We have shown that highly conserved G runs, named
G1M2 and ISE, located downstream of competing 5" splice
sites in the major myelin proteolipid protein (PLP) gene regu-
late the alternative exclusion/inclusion of exon 3B, generating
DM20 and PLP, respectively (25-27). Tight regulation of the
PLP/DM20 ratio is critical for brain development and func-
tion (26, 28, 29). Deletion of the ISE and mutations that
strengthen the DM20 5’ splice site impair the developmental
increase in the PLP/DM?20 ratio in vivo, resulting in the re-
duction of the PLP product, which ultimately manifests itself
as a neurological disorder in humans and mice (26, 30). We
have previously shown that hnRNPH and hnRNPF regulate
the PLP/DM20 ratio mostly by recruitment of UlsnRNP
through G1 and M2 located downstream of the DM20 5’
splice site. By contrast, hnRNPH/Fs have only a modest effect

2 The abbreviations used are: ISE, intronic splicing enhancer(s); PLP, proteo-
lipid protein; ss, splice site(s); snRNP, heterogeneous nuclear ribonuclear
protein; hnRNP, heterogeneous nuclear ribonuclear protein; SR, serine
arginine proteins.
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on the regulation of the PLP 5’ splice site through the ISE,
although the G runs of the ISE are necessary for its splice en-
hancer activity and for binding hnRNPH and hnRNPF (25—
27). Collectively, the data suggest that G1M2 and ISE regulate
DM20 and PLP 5’ splice site selection through different
mechanisms.

In the current study, we sought to gain additional insights
into the mechanism of GIM2- and ISE-mediated regulation
of 5' splice site selection. We have examined whether GIM2
and ISE recruit UlsnRNP to the DM20 and PLP 5’ splice sites
by direct association with the UlsnRNA and whether context,
distance, and strength of the splice site influence the function
of G-rich sequences to recruit U1snRNP, thereby regulating
alternative splicing. We show that a direct interaction of
UlsnRNA with GIM2 plays a critical role in DM20 5’ splice
site recognition and that this interaction does so indepen-
dently from the strength of the splice site. G1M2 promotes E
complex formation and supports DM20 splicing when func-
tional UlsnRNA is reduced. By contrast, the ISE is not re-
quired for the initial recruitment of UlsnRNA to the PLP 5’
splice site, and its function in both UlsnRNA recruitment and
splicing is under complex regulation by gene context, posi-
tion, and distance from the splice site. The data suggest that
different mechanisms underlie G run-mediated recognition of
5' splice sites and that context and position play a critical role.

EXPERIMENTAL PROCEDURES

RNase H Digestion Assays and Primer Extension—Oligonu-
cleotide-mediated RNase H digestion was performed, as de-
scribed previously (11) with some modifications. Briefly, 2
units of RNase H and 10 ug of an oligonucleotide comple-
mentary to nucleotides 1-11 of the UIsnRNA (GAACYYAC-
CUGQ) (see Fig. 2A) were added to HeLa cell splicing compe-
tent extracts (100 wg) and incubated at 30 °C. The subsequent
complex formation was initiated by adding biotinylated RNA
templates for streptavidin bead precipitations. Primer exten-
sion was carried out using an oligonucleotide complementary
to nucleotides 64—75 in loop 2 of the UlsnRNA (CAUUGCA-
CUCCAQG) (see Fig. 2A). The products were separated in 6%
acrylamide, 6 M urea denaturing gels and visualized by autora-
diography. The bands were quantified using National Insti-
tutes of Health Image J software package.

Splicing Extracts and RNA Affinity Precipitations—HeLa
cell splicing competent nuclear extracts were a generous gift
from Dr. McCullough. The sequences of the RNA templates
used for RNA affinity precipitations and primer extension are
shown in Table 1. RNA affinity precipitations were performed
with biotinylated RNA templates, as described previously
(27). All of the RNA templates were synthesized by Integrated
DNA Technologies, Inc., with the exception of PLPISE, which
was synthesized by Dharmacon. Natural or RNase-treated
HeLa extracts (100 ng) were incubated with 500 pmol of the
biotinylated RNA templates under splicing conditions at
30 °C for 30 min followed by streptavidin bead precipitation
(27). RNA was extracted with phenol and chloroform, etha-
nol-precipitated, and subjected to primer extension. To en-
sure that binding reactions were carried out with excess tem-
plate, we incubated 500 and 750 pmol of the ataxia
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telangectasia RNA template (see Table 1) (31, 32), used as
control, with 100 ug of the HeLa extracts and performed
primer extension. We show that 500 pmol of the template is
in excess of the UlsnRNA, and an extension product of simi-
lar intensity was detected with the higher concentration of
template, indicating that differences in extension products
quantitatively reflected the amount of UlsnRNA bound to the
template (supplemental Fig. S1A). For protein analysis, the
RNA affinity precipitations were analyzed by Western blot
with antibodies to hnRNPH (Bethyl Laboratories, Cambridge,
MA), hnRNPF (rabbit polyclonal antibody, generous gift of
Dr. Doug Black), ULA (Aviva Systems Biology, San Diego,
CA), U170K (Abcam), and hnRNPL antibody (Abcam) diluted
1:2000 and reacted with ECL (Amersham Biosciences), as de-
scribed previously (27). To ensure that the reactions were car-
ried out with excess template, we incubated 500 and 750 pmol
of PLPISE and DM20G1M2 with 50-ug HeLa extracts and
performed Western blot with hnRNPL antibody (supplemen-
tal Fig. S1B).

Plasmids—Mutant PLP-neo constructs were generated by
site-directed mutagenesis using a QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA). The sequences and
schematics of all of the constructs are shown in Fig. 1. The
minigene constructs used for in vitro splicing were generated
in the single intron PY7NS minigene construct (kind gift of
Dr. Buratti) (33, 34). We cloned the last 10 nucleotides of PLP
exon 3A and exon 3B and the first 100 nucleotides of intron 3
into Smal and Ndel restriction sites in the intron of the
PY7NS construct. The primers used for PCR amplification of
the PLP sequences in PLP-neo (WT) and GIM2MT (MT)
(Fig. 1) (25) are: forward primer: 5'-AAAGCTCCCGGGGA-
GCGCAACGGTAACAG-3' (underlined is the Smal site);
and reverse primer: 5'-AAAGCTCATATGCCCCTAGAGA-
GGACCCAGCCT-3' (underlined is the Ndel site). To gener-
ate minigene splicing constructs containing only the DM20
5’ss (DM20 WT and DM20 MT), the tropomyosin 5’ss and
the PLP 5’ss were abolished by site-directed mutagenesis
using the QuikChange multisite-directed mutagenesis kit
(Stratagene, La Jolla, CA). All of the constructs were verified
by sequencing.

siRNAs, Cell Cultures, and Transfections—The custom-
made double-stranded siRNA, siF/H (25), and Silencer® Neg-
ative Control 1 siRNA were purchased from Applied Biosys-
tems (ABI, Foster City, CA). Oli-neu cells, an oligodendrocyte
cell line, were cultured in SATO medium with 1% horse se-
rum (25) and were co-transfected with plasmid DNAs (0.5
pg) and siRNAs (80 nMm) using the siPORT amine transfection
agent according to the reversed transfection protocol (ABI,
Foster City, CA) (25).

RNA Extraction and RT-PCR—Total RNA was extracted
from cultured cells using the RNeasy mini kit (Qiagen, Valen-
cia, CA) and was treated with the DNA-free kit (Ambion,
Austin, TX) according to the manufacturer’s instructions.
Reverse transcription was performed with 1 ug of total RNA
using random hexamer primer mixture according to the man-
ufacturer’s instructions (ABI, Foster City, CA). The PCR
products derived from the wild type, and mutated PLP-neo
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DM20ss PLPss DM20ss PLPss
B. 3| |
MT GAGCGCAACGGTAACA TTTTTCCAGAATTTTTTTTTT
WT GAGCGCAACCGTAACAGGGEE.. -
— AU-MT GAGCGCARAGGTAAGT TTTTTCCAGAATTTTTTTTTT
AU 6aGeGeAAAGBTAAGTGGGGE...... GLO-MT GAGCGTCAAGGT GAGCGTTTTTCCAGAATTTTTTTTTT
C>A-MT GAGCGCAAAGGTAACA TTTTTTCCAGAATTTTTTTTTT
C DM20ss PLPss DM20ss PLPss
) =]
=
PLPISE+6  TGGCTAGGACATCCCGACAAGY tgatcggggtgggggasmaatty. . MT/PLPISE+6 TGGCTAGGACATCCCGACAAGT tgatcggagtaggggaaaatty..
PLPISE+12 TGGCTAGGACATCCCGACAAGT tgateateoctaggagtaggggaaaatty. - MT/PLPISE+12 TGGCTAGGACATCCCGACAAGH tgatcatcctcggggtgggggaaaattg...
D DM20ss PLPss DM20ss PLPss
:
ISE-ISE caccecanceGTAACAGEEEECaacaaggggtyggggaaaa. GIMT/ISE-ISE caccecaAcGGTAACATTTTTCaacaaggggtgggggaaaa .
Tropo T
E_ SPé6 555p DM20ss PLPss BamHI ropo
I N3 | eeeeeeee all il

DM20 WT GAGCGCAACGGTAACAGGGGGCCAGAAGEEGAGGGGTTC

SP6 5ss DM20ss PLPss BamHI
|| li.i.' ] i

DM20 MT GAGCGCAACGGTAACATTTTTCCAGAATTITTTTTTTTC

FIGURE 1. PLP constructs. A, schematic of the PLP-neo splicing minigene construct. The arrows indicate the position of the PCR primers. The PLP and DM20
PCR products and partial sequences of PLP exon 3B (uppercase letters) and intron 3 (lowercase letters) in PLP-neo (WT) are shown; DM20 and PLP 5’ splice
site are enlarged and in bold type; and G1, M2, and ISE are underlined. The filled ovals represent the wild type G1M2, empty ovals represent the G1M2 mu-
tated to polyT, the shaded rectangle is the ISE, and the empty triangle represents the G runs of the ISE. B, schematics and sequences of the constructs in
which the DM20 5’ss has been mutated to a stronger 5’ss: AU (canonical), GLO (a-globin), and C — A (disease-associated mutation (28). The sequences of
natural DM20 5'ss and the strong 5'ss are underlined. C, schematics and sequences of the constructs in which the G runs of the ISE (empty triangle) are
moved 6 nucleotides (PLPISE+6) and 12 nucleotides (PLPISE+12) downstream of the PLP 5'ss. The sequence of the ISE is underlined. D, schematics and se-
quences of the constructs in which the ISE replaces the M2. The G1, G1MT, and ISE sequences are underlined. E, schematics and sequences of the PY7 con-
structs generated for in vitro splicing and spliceosomal assembly (see “Experimental Procedures” for details). PLP exon 3A last 10 nucleotides, exon 3B, and
intron 3 are cloned into the tropomyosin (Tropo) gene. The X indicates that the 5’ss of tropomyosin exon 2 and PLP 5'ss are mutated. DM20 WT contains
the natural exon 3B sequences, whereas DM20 MT contains G1M2 mutated to poly Ts. SP6 refers to the promoter that drives in vitro transcription.

constructs were amplified using a primer set described previ-
ously (Fig. 1) (25, 29).

In Vitro Splicing and Spliceosomal Complex Assembly—In
vitro splicing reactions were carried out in 30% nuclear ex-
tract containing SP6 generated **P-labeled RNA transcripts as
the template, 1.0 mm ATP, 20 mM creatine phosphate, 3.2 mm
MgCl,. The reactions were incubated at 30 °C for a determined
time course indicated in figure legends. Following incubation,
the reactions were digested with proteinase K, phenol chloro-
form-extracted, ethanol-precipitated, resolved on 6% denaturing
PAGE, and analyzed by Phosphor Imager analysis (Bio-Rad, Her-
cules, CA). The percentage spliced is defined as mol of spliced
product/(mol unspliced product + mol spliced product). To
derive kinetic rate constants, the percentage spliced/time was fit
to a first order rate description for product appearance. The
background was determined individually for each lane.

FEBRUARY 11, 2011+VOLUME 286+NUMBER 6

Reactions for in vitro complex formation were carried out
as described (35), based on the protocol of Das and Reed (36)
and incubated at 30 °C for a determined time course indicated
in figure legends. All E complex reactions were fractionated
on 1.75% low melt agarose gels using a 50 mm Tris, 50 mm
glycine, pH 7.5 running buffer. Time points were loaded onto
a running gel, causing a slight but apparent retardation of E
complex at later time points. Analysis was carried out as de-
scribed in the in vitro splicing section.

Ribonuclease H Digestion of UI snRNA—Selective targeting
of U1 snRNA was carried out via RNase H digestion with a U1l
snRNA complementary DNA oligonucleotide. RNase H-me-
diated depletion of functional U1l snRNA was carried out in
1.5 mM ATP, 5 mMm creatine phosphate, 1.6 mm MgCl,, 40 mm
anti-snRNA DNA oligonucleotides, and 93% nuclear extract
at 30 °C for 30 min. This treatment resulted in nuclear extract
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U1snRNA associated with ataxia telangectasia (ATM) and WT RNAs (Table 1) are
nuclear extracts were incubated with the biotinylated RNA templates indicated

with significantly decreased splicing efficiency. The depleted
extracts were then used to carry out splicing reactions at iden-
tical experimental conditions as described above. Control ex-
tract was also made by carrying out the same reaction with
water in place of the DNA oligonucleotide. The sequence of
DNA oligonucleotide used was 5'-GCCAGGTAAGTAT-3’
(against U1 snRNA).

RESULTS

Recruitment of UlsnRNA to DM20 5' Splice Site Depends
on the UIsnRNA Association with GIM2—To determine
whether a direct interaction between G1IM2 and the
UlsnRNA contributes to the recognition of the DM20 5’
splice site (DM20ss), we have incubated a biotinylated
DM20G1M2 RNA template (WT) with splicing competent

4062 JOURNAL OF BIOLOGICAL CHEMISTRY

ATM

CPO<XK<>00COOO>O
3

WT

4 5 6

FIGURE 2. Cleavage of the 5’ end of U1snRNA does not affect U1snRNA binding to the DM20 template. A, sequence of human UTsnRNA (adapted from
Ref. 44). The 5’ end of UTsnRNA base paired with DNA oligonucleotide spanning nucleotides 1-11 (shaded) is cleaved by RNase H. Nucleotides 64-75 in
loop 2 of the U1snRNA complementary to the oligonucleotide used for primer extension are shaded. The loops of UTsnRNA that bind to UTA and U1 70K
are shown. B, cleaved and uncleaved U1snRNA in Hela extract with and without RNase H treatment. RNA was extracted from either untreated (lane 2) or
RNase-treated (lane 1) HelLa nuclear extracts, annealed to a 3*P-labeled oligonucleotide complementary to loop 2 of the UTsnRNA and subjected to reverse
transcription. The extension products were separated on 6%, 6 M urea denaturing acrylamide gels. The extension products from cleaved and uncleaved

shown. RNase H-treated (lanes 3 and 5) and untreated (lanes 4 and 6) HelLa
(sequences in Table 1).

HeLa nuclear extracts either untreated or RNase H-treated
for oligonucleotide-targeted removal of the 5 end of the
U1lsnRNA (nucleotide 1-11) (Fig. 24). The WT substrate
and associated UlsnRNA were precipitated with streptavi-
din beads (27), and the UlsnRNA was measured by primer
extension using an oligonucleotide specific for nucleotides
6475 in loop 2 of the UlsnRNA. We first ascertained that
the digestion of UlsnRNA by RNase H was complete by
measuring UlsnRNA extracted from treated and untreated
nuclear extracts (Fig. 2, A and B, lanes I and 2). A single
extension product, shorter than the product from the un-
treated extracts, was detected from RNase H-treated ex-
tracts, thus indicating that the 5" end of UlsnRNA had
been removed. Both cleaved and uncleaved UlsnRNAs
bound the WT RNA with similar intensities, indicating

“BSENE\
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TABLE 1
Sequences of the RNAs

The sequences of the RNAs used for primer extension and RNA affinity precipitations are shown. The GU is italicized. The G1, M2, and ISE are underlined. The exonic
sequences are in uppercase letters, and the intronic sequences are in lowercase letters. The names used in the text and figures for each template are shown to the left of

the sequences.

ATM 5'-UGGCCAGGUAAGUGAUAUAU-3'

DM20ss 5'-GCAACGGUAACAGG-3'

DM20G1M2 (WT) 5'-GAGCGCAACGGUAACAGGGGGCCAGAAGGGGAGGGGUUCCAGAGG-3'
MT 5'-GAGCGCAACGGUAACAUUUUUCCAGAAUUUUUUUUUUUCCAGAGG-3
G1M2 5'-CAGGGGGCCAGAAGGGGAGGGGUU-3'

GIMT 5'-CAUUUUUCCAGAAGGGGAGGGGUU-3’

M2MT 5'-CAGGGGGCCAGAAUUUUUUUUUUU-3’

PLPss 5’'-UCCCGACAAGgugaucauccucaggauu-23’

PLPISE (WT) 5'-UCCCGACAAGgugaucauccucaggauuuuguggcaauaacaaggggugggggaaaauuggg-3’
ISE 5'-uaacaaggggugggggaaa-3’

ISEdel 5’'-UCCCGACAAGgugaucauccucaggauuuuguggcaa. ... . auuggg-3’
ISEMT3 5'-uugcaaaagguacaugaaa-3’

C— Ass 5'-GCAAAGGUAACAGG-3’

C— A-MT 5'-GAGCGCAAAGGUAACAUUUUUCCAGAAUUUUUUUUUUUCCAGAGG-3'
AU-MT 5'-GAGCGCAAAGGUAAGUUUUUUCCAGAAUUUUUUUUUUUCCAGAGG-3'

AUss 5'-GCAAAGGUAAGUGG-3’

C—A 5’'-GAGCGCAAAGGUAACAGGGGGCCAGAAGGGGAGGGGUUCCAGAGG-3'
AU 5'-GAGCGCAAAGGUAAGUGGGGGCCAGAAGGGGAGGGGUUCCAGAGG-3'
GLO 5'-GAGCGUCAAGGUGAGCGGGGGCCAGAAGGGGAGGGGUUCCAGAGG-3'
PLPISE+6 5'-UCCCGACAAGgugaucggggugggggaaaauuggg-3’

PLPISE+12 5'-UCCCGACAAGgugaucauccucggggugggggaaaauuggg-3'

G1-ISE 5'-GAGCGCAACGGUAACAGGGGGCAACAAGGGGUGGGGGAAAAGAGG-3'
G1MT-ISE 5'-GAGCGCAACGGUAACAUUUUUCAACAAGGGGUGGGGGAAAAGAGG-3'

A. RNase H 34, 37), whereas no product was detected in the cleaved

G1M2
G1MT
M2MT
DM20ss
G1M2
G1MT
M2MT
DM20ss

E =
U1snRNA

Uncleaved — ‘ 4 "
Cleaved — .

1 2 3 4 5 6 7 8 9 10 11 12
B. o = = §
= = = I
E -~ = N >
o o® s 2
— — e — - ~ U1A
. — U170K
hnRNPH
s Sl e hnRNPF
ek s e —— hnRNPL

1 2 3 4 5

FIGURE 3. G1M2 recruits UTsnRNA to the DM20 5’ splice site. A, repre-
sentative primer extension analysis of UTsnRNA bound to DM20 RNAs. Un-
treated (lanes 1-6) and RNase H-treated (/anes 7-12) Hela splicing extracts
were incubated with the biotinylated RNA templates indicated (sequences
in Table 1). The RNA was extracted from the streptavidin bead precipitates
and assayed by reverse transcription with a primer complementary to loop
2 of the U1snRNA. The extension products from cleaved and uncleaved
U1snRNA are shown (n = 2). B, representative Western blot analysis of RNA
affinity precipitates with the indicated RNA templates (sequences in Table
1) incubated with untreated HelLa nuclear extracts (n = 2). The precipitates
were separated by SDS-PAGE, blotted, and probed with antibodies to U1A,
U170K, SF2/ASF, hnRNPH, hnRNPF, and hnRNPL.

that the association of ULsnRNA is largely independent of
base pairing with the 5'ss (Fig. 2B, lanes 5 and 6). A strong
UlsnRNA product was detected in uncleaved extract incu-
bated with ataxia telangectasia, used as control RNA (Table
1), which strongly base pairs with the UlsnRNA 5’ end (32,

FEBRUARY 11, 2011+VOLUME 286+NUMBER 6

extract (Fig. 2B, lanes 3 and 4).

To determine whether GIM2 recruits UIsnRNA to WT,
we have measured the association of UlsnRNA with the
DM20 5’ss alone (DM20ss) and with an RNA, in which both
G1 and M2 have been replaced by polyU (MT) (Table 1) (Fig.
3A) (27). Significantly less UlsnRNA was associated with
DM20ss and MT in the uncleaved extract compared with
WT, 15 and 20%, respectively (Fig. 34, compare lane 1
with lanes 2 and 6), whereas UlsnRNA was barely detectable
in cleaved extract (Fig. 3A, lanes 8 and 12). Cleaved and un-
cleaved U1snRNA were associated with GIM2 RNA, indicat-
ing that UlsnRNA interacts with G1M2 independently of its
5" end (Fig. 34, lanes 3 and 9). The intensity of the extension
product from G1M2 is slightly lower than that of WT, con-
sistent with base pairing of the UlsnRNA with the DM20 5'ss
in WT (Fig. 3A, compare lane 3 with lane 1). Mutations of
either G1 (GIMT) or M2 (M2MT) nearly abolished the asso-
ciation of cleaved and uncleaved UlsnRNA with the RNA
(Fig. 3A, compare lanes 4 and 5 with lane 3, and lanes 10 and
11 with lane 9). The fairly equal contribution of G1 and M2 to
U1lsnRNA binding is in keeping with in vivo splicing results,
which showed equal contribution of G1 and M2 to the regula-
tion of the PLP/DM20 ratio (27).

Next, we examined the assembly of hnRNPH/F and specific
spliceosomal proteins onto GIMT, M2MT, and DM20ss
compared with WT and G1M2 (Fig. 3B). U1A and U1 70K
were detected in affinity precipitates with G1M2 similarly to
WT (Fig. 3B, lanes 1 and 2), whereas they were hardly de-
tected in precipitates with DM20ss and M2MT and were
greatly reduced with GIMT (Fig. 3B, compare lane 5 with
lane 1 and lanes 3 and 4 with lane 2), in keeping with the
primer extension data. hnRNPH and hnRNPF were decreased
by ~50% in precipitates with GIMT and M2MT compared
with G1M2, suggesting that hnRNPH/F interact with each G
run with similar affinity. Interestingly, SF2/ASF was greatly
reduced in precipitates with M2MT compared with GIMT
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FIGURE 4. Functional relationship of G1M2 with the strength of the 5’ splice site. A and B, representative primer extension analysis of UT1snRNA bound
by RNAs in which the DM20 5'ss is replaced by strong 5'ss. Untreated (A, lanes 1-3, and B, lanes 1-4) and RNase H-treated (A, lanes 4-6, and B, lanes 5-8)
Hela splicing extracts were incubated with the biotinylated RNA templates indicated (sequences in Table 1). The RNA was extracted from the streptavidin
bead precipitates and assayed by reverse transcription with a primer complementary to loop 2 of the UTsnRNA. The extension products from cleaved and
uncleaved U1snRNA are shown (n = 2). C, schematic representation of the constructs. The sequences of the 5'ss: AU, C — A, and GLO that replace the natu-
ral DM20 5'ss are shown. The GT is indicated in bold type. Representative RT-PCR analysis of PLP and DM20 products amplified in RNA isolated from Oli-neu
cells transfected with WT, AU, MT, AU-MT, GLO-MT, and C — A-MT (n = 2) (30 PCR cycles).

and correlated with the near absence of U1A and U170K (Fig.
3B, compare lane 4 with [ane 3). The data indicate that G1
and M2 are both required for recruitment of UlsnRNA; how-
ever, M2 may have a greater impact on the assembly of U1-
specific spliceosomal proteins, possibly through binding of
SF2/ASE.

Relationship between GIM2 and 5" Splice Site Strength—
The G run class of enhancers is highly conserved downstream
of 5' splice sites, and their activity is highest for splice sites of
intermediate strength (4 — 8 bits), suggesting functional con-
servation (19). Consistent with these findings, the DM20 and
the PLP 5'ss are of intermediate strength, 5.4 and 6.8 bits,
respectively (28). Importantly, PLP and DM20 5'ss strength
contributes to the PLP/DM?20 ratio in vivo, and a disease-as-
sociated mutation, predicted to strengthen the DM20 5'ss,
increases DM20 splicing (28). Thus, we sought to determine
whether increasing the strength of the DM20 5'ss reduces its
dependence on G1M2. To test this, we have: 1) replaced the
DM20 5'ss in WT with two strong 5’ss (>8 bits): the a-globin
exon 2 (11) (GLO) and a canonical 5'ss (AU) (38) (Table 1)
and 2) changed C — A at —2 in the DM20 5’ss (Table 1)

(C — A), predicted to increase the strength of the splice site
to 7.4 bits (28). UlsnRNA bound to each template with simi-
lar intensity in uncleaved and cleaved extracts (Fig. 44, com-
pare lanes 1-3 with lanes 4 - 6), indicating that, in the pres-
ence of G1M2, recruitment of UlsnRNA to the strengthened
5'ss is independent of UlsnRNA base pairing with the splice
site. The association of uncleaved UlsnRNA to templates
containing only the AUss and C — Ass or AU and C — A in
the MT RNA (AU-MT and C — A-MT) (Table 1) (Fig. 4B,
compare lane 2 with lane 1 and lane 4 with lane 3) was pro-
portional to the predicted strength of the 5'ss. Cleaved
U1lsnRNA was drastically reduced (Fig. 4B, lanes 5-8), con-
sistent with base pairing of the 5" end of UlsnRNA with the
5'ss in these RNAs. Together, these data show that, in the
presence of GIM2, recruitment of UlsnRNA is largely inde-
pendent of the 5'ss strength.
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To directly test the functional relationship of GIM2 and
the 5'ss strength in vivo, we have replaced the DM20 5’ss with
the AUss (AU) (Figs. 1 and 4C) in the PLP-neo minigene. In
addition, we have replaced the DM20 5'ss with AU, GLO, and
C — A in the MT minigene construct, in which both GIM2
are replaced by polyT (27) (Figs. 1 and 4C). The PLP/DM20
ratio derived from the AU is much lower (<0.01) than from
WT (0.34), consistent with the increased 5’ss strength (Fig.
4C). The C — A was previously shown to decrease the PLP/
DM20 ratio, consistent with the predicted greater 5'ss
strength (28). The PLP/DM20 ratio derived from AU-MT,
GLO-MT, and C — A-MT is very low (<0.01) compared with
MT (3.99 * 0.98), reflecting the increased strength of the 5’ss
(Fig. 4C). The data suggest that, although recruitment of the
UlsnRNA by G1M2 is largely independent of the 5" splice site
strength, DM20 splicing in vivo is strongly influenced by the
5'ss strength and is rescued by a strong 5'ss in the absence of
G1M2, possibly through spliceosomal interactions at later
stages of the splicing reaction rather than the initial recruit-
ment of UlsnRNA.

Spliceosomal Complex Assembly and in Vitro Splicing with
DM20 WT and DM20 MT Pre-mRNAs—To better under-
stand the mechanism by which G1M2 recruits UIsnRNA to
regulate DM20 splicing and to evaluate which step during
spliceosomal assembly is targeted by the enhancer of the
DM20 5'ss, we have analyzed spliceosomal complex assembly
using in vitro splicing reactions. To this end, we have gener-
ated constructs in the PY7NS minigene (33-34), in which PLP
sequences that span the last 10 nucleotides of PLP exon 3A,
exon 3B, and the first 100 nucleotides of intron 3 are cloned
between tropomyosin exon 2 and exon 3 (Figs. 1 and 5A4). The
5'ss of tropomyosin exon 2 and the PLP 5'ss were mutated so
that only one splicing event at the DM20 5'ss can take place.
The minigene constructs carried either the natural GIM2
enhancer (DM20 WT) or the mutant GIM2-MT enhancer
(DM20 MT) (Figs. 1 and 5A). Spliceosomal complex assembly
was analyzed by native gel electrophoresis using radiolabeled
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FIGURE 5. In vitro splicing and spliceosome complex assembly formation. A, schematics and sequence of the PY7 constructs generated for in vitro splic-

ing and spliceosomal assembly (see “Experimental Procedures” for details). PLP

exon 3A last 10 nucleotides, exon 3B, and intron 3 are cloned into the tropo-

myosin (Tropo) gene. The X indicates that the 5’ss of tropomyosin exon 2 and PLP 5’ss are mutated. DM20 WT contains the natural exon 3B sequences,
whereas DM20 MT contains G1M2 mutated to poly Ts. SP6 refers to the promoter that drives in vitro transcription. B, representative autoradiogram compar-
ing E complex formation efficiency between DM20 WT (left panel) and an isogenic mutant of the G1M2 enhancer (DM20 MT, right panel). E and H refer to E
and H complexes, respectively. Time points are defined by the numbers above the gel. G, in vitro splicing of DM20 WT (left panel) and B-globin (right panel)
in control or U1 snRNA depleted nuclear extracts. The numbers below the B-globin profile represent the percentage spliced. Time points are defined by the
numbers above the gel. The migration of unspliced and spliced RNA species is indicated between the gels. D, quantitation of the data presented in B. The
observed rates of complex formation are 0.2/min for DM20 WT and 0.06/min for DM20 MT. E, quantitation of the time course experiment in C. Within error,
the observed rates of splicing are 0.3/h for the control and the U1 snRNA depleted extract conditions.

transcripts. A prediction from our data was that, in the ab-
sence of G1M2, there would be a reduction in E complex for-
mation. To this end, we have carried out reactions in which
HeLa extract was depleted of ATP, which stalls spliceosomal
assembly at E complex. Time-dependent E complex forma-
tion was then analyzed by separating H and E complexes us-
ing native gel analysis (Fig. 5B). E complex with the DM20
WT pre-mRNA is first detected at 2 min, increases at 5 and
10 min, and is complete at 30 min (Fig. 5B). By contrast, the
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formation of the E complex with the DM20 MT pre-mRNA is
markedly reduced (greater than 3-fold), highlighted by the
slowed accumulation of E complex at 2, 5, and 10 min (Fig. 5,
B and D). The data show that the efficiency of E complex for-
mation is reduced when the G1M2 sequences are mutated. As
expected from these results, a delay in the ATP-dependent
formation of subsequent spliceosomal complexes (A, B, and C
complexes) was also observed for DM20 MT when compared
with DM20 WT in assays using HeLa cell extracts in the pres-
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ence of ATP (data not shown). We conclude that the G1IM2
sequence enhances DM20 splicing by aiding initial splice site
recognition.

To take our primer extension data showing that the associ-
ation of UlsnRNA to the DM20 5’ss is largely independent of
base pairing with the 5ss one step further, we sought to dem-
onstrate that the 5" end of the UlsnRNA is largely dispensable
for DM20 splicing. To this end, we have performed in vitro
splicing reactions with the DM20 WT pre-mRNA using HeLa
cell nuclear extracts containing uncleaved and cleaved Ul
snRNA and fractionated the products by denaturing PAGE
(Fig. 5C). Splicing rates were determined through time course
analysis as described under “Experimental Procedures” (Fig. 5,
Cand E). As a control, we have used the highly efficient
B-globin splicing substrate, which depends on the base pair-
ing of the UlsnRNA for splicing (Fig. 5C). The rate constant
of splicing of the DM20 WT pre-mRNA was nearly identical
in uncleaved and UlsnRNA-cleaved extracts and was calcu-
lated to be ~0.3 mol/h (Fig. 5D). By contrast, the overall splic-
ing kinetics of the B-globin pre-mRNA were severely reduced
in the cleaved UlsnRNA extract (Fig. 5C). These results
clearly demonstrate that the 5’ end of UlsnRNA is dispensa-
ble for DM20 splicing and further support the conclusion that
recruitment of UlsnRNA is mediated by G1IM2 indepen-
dently from base pairing with the DM20 5'ss.

Recruitment of UlsnRNA to PLP 5'ss Does Not Depend on
Its Association with the ISE—The ISE is a critical enhancer of
PLP splicing and spans G runs that are essential for its en-
hancer function and are similar in configuration to M2 (26,
27, 30). Deletion of the ISE causes a neurological disorder in
humans and in a knockin mouse (26, 30). To elucidate the
ISE-mediated regulation of PLP and gain insight into disease
mechanisms, we tested the role of the ISE in the recruitment
of UlsnRNA to the PLP 5'ss. Untreated and RNase-treated
HeLa nuclear extracts were incubated with biotinylated
PLPISE (WT), PLP splice site (PLPss), ISE and a PLP template
in which the ISE is deleted (ISEdel) (Table 1) and measured
the associated ULsnRNA by primer extension. Uncleaved
U1snRNA bound similarly to ISE, PLPss, and WT (Fig. 64,
lanes 1, 3, and 4), whereas more UlsnRNA was associated
with ISEdel (Fig. 64, lane 2). Cleaved UlsnRNA associated
with WT, ISEdel, PLPss, and ISE was ~50-70% lower than
the uncleaved UlsnRNA (Fig. 6A, compare lanes 6 -9 with
lanes 1-4). The data indicate that base pairing of the 5" end of
the UlsnRNA contributes substantially to its association with
both PLP 5'ss and ISE. In the absence of the ISE, we detected
a greater association of UlsnRNA to the PLP 5’ splice site,
suggesting that the ISE and PLP 5’ss may compete for
U1lsnRNA binding (see “Discussion”).

The ISE is a complex enhancer, in which G runs and flank-
ing sequences contribute to its activity (26, 27). Mutations
that disrupt the G runs and the 5’-flanking sequences of the
ISE (ISEMT3) drastically reduced PLP splicing in vivo (27). To
examine the role of G runs and flanking sequences in recruit-
ing UlsnRNA, we have measured uncleaved and cleaved
U1lsnRNA associated with ISEMT3 RNA (Table 1). Compared
with the ISE, uncleaved UlsnRNA bound to ISEMT3 is
greatly reduced (>10-fold), demonstrating that these se-
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FIGURE 6. The PLP U1snRNP-pre-mRNA complex does not require the
ISE. A, representative primer extension analysis of UTsnRNA bound to PLP
RNAs. Untreated (lanes 1-5) and RNase H-treated (lanes 6-10). HeLa nuclear
extracts were incubated with the biotinylated RNA templates indicated (se-
quences in Table 1). The RNA was extracted from the streptavidin bead pre-
cipitates and assayed by reverse transcription with a primer complementary
to loop 2 of the U1sn RNA (n = 3). The extension products from cleaved and
uncleaved U1snRNA are shown. B, representative Western blot analysis of
RNA affinity precipitates of the indicated RNA templates (sequences in Ta-
ble 1) incubated with untreated Hela nuclear extracts (n = 2). The precipi-
tates were separated by SDS-PAGE, blotted, and probed with antibodies to
U1A, U170K, SF2/ASF, hnRNPH, hnRNPF, and hnRNPL.

quences are required for the association of UIlsnRNA with the
ISE (Fig. 6A, compare lane 5 with lane 4). Cleaved UlsnRNA
did not bind to ISEMT3, indicating that the 5’ end of the U1
snRNA is required for the association with the ISEMT3 (Fig.
6A, lane 10).

Next, we characterized spliceosomal and nonspliceosomal
proteins assembled onto WT, PLPss, ISEdel, and ISE tem-
plates by RNA affinity precipitations (Fig. 6B). Similar
amounts of ULA, U1l 70K were present in precipitates with
WT, ISE, PLPss, and ISEdel RNAs (Fig. 6B, lanes 2-5).
hnRNPH and hnRNPF were detected only on WT and ISE
RNAs, in keeping with their binding to the G runs (Fig. 6B,
lanes 2 and 3). SF2/ASF and hnRNPL were also present, in
varying amounts, in the complexes assembled onto the vari-
ous templates (Fig. 6B). hnRNPL was present in precipitates
with WT and ISE but was greatly reduced in precipitates with
ISEdel and PLPss, consistent with its association with the G
runs of the ISE (25) (Fig. 6B). SF2/ASF was present in similar
amount in precipitates with PLPss and WT, whereas it was
greatly reduced with ISEdel and nearly absent with ISE (Fig.
6B). These data show that assembly of spliceosomal-specific
proteins is similar with all templates in keeping with the
primer extension data; however, there are differences among
the nonspliceosomal proteins assembled in the UlsnRNP
complex. The significance of the latter observation is not yet
clear.
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FIGURE 7. The ISE recruits UTsnRNA to the DM20 5’ splice site and is a
strong enhancer of DM20 splicing. A, representative primer extension
analysis of UTsnRNA bound to the RNAs. Untreated (lanes 7-3) and RNase
H-treated (lanes 4-6) Hela nuclear extracts were incubated with the biotin-
ylated RNA templates indicated (sequences in Table 1). The RNA was ex-
tracted from the streptavidin bead precipitates and assayed by reverse tran-
scription with a primer complementary to loop 2 of the UTsn RNA (n = 3).
The extension products from cleaved and uncleaved U1snRNA are shown.
B, schematic representation of minigene constructs (see also Fig. 1). C, rep-
resentative RT-PCR analysis of PLP and DM20 products amplified in RNA
isolated from Oli-neu cells transfected with WT, ISE-ISE, G1MT/ISE-ISE, and
treated with siF/H (n = 3) (30 PCR cycles). Mock are cells transfected with
the same plasmids and treated with scrambled siRNA (30 PCR cycles).

D, representative Western blot analysis of RNA affinity precipitates of WT
(lane 1), G1ISE (lane 2), and G1MTISE (/ane 3) RNAs (sequence is shown in
Table 1) incubated with untreated Hela nuclear extract (n = 2). The precipi-
tates were separated by SDS-PAGE, blotted, and probed with antibodies to
U1A, U170K, SF2/ASF, SRp40, hnRNPL, hnRNPH, and hnRNPF.
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Together, these data show that U1snRNA binds to the ISE
as efficiently as to the PLP 5'ss and suggest that the ISE does
not contribute significantly to the initial recruitment of
U1snRNA to the PLP 5’ss. Furthermore, the interaction of the
ISE with the UlsnRNA is sensitive to the loss of UlsnRNA 5’
end, and this may result from the presence of a 5'ss-like se-
quence in the ISE (see “Discussion”).

The Function of the ISE Is Dependent on Position and Dis-
tance from the 5' Splice Site—The absence of a role of the ISE
in the initial recruitment of UlsnRNA to the PLP 5'ss is in
sharp contrast with the critical role that G1M2 has in recruit-
ing UlsnRNA to the DM20 5'ss. Because G1M2 is closer to
the DM20 5'ss than the ISE is to the PLP 5'ss, we considered
whether context sequences and distance of the ISE from the
upstream 5'ss control the mechanism of UlsnRNA recruit-
ment by the ISE. To test this possibility, we have replaced M2
and flanking sequences with the ISE either in the presence of
G1 (G1-ISE) or G1 mutated to polyU (G1MT-ISE) (Table 1).
Cleaved and uncleaved U1snRNA associated with each tem-
plate, indicating that the ISE-mediated recruitment of
UlsnRNA to the DM20 5'ss is not sensitive to the loss of the
5’ end of the UlsnRNA similarly to the recruitment mediated
by G1M2 (Fig. 7A). We consistently found that the amount of
cleaved and uncleaved UlsnRNA bound to G1ISE was lower
than with the other RNAs (Fig. 7A). Interestingly, mutation of
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G1 did not affect recruitment of UlsnRNA, in contrast to the
severe decrease in UlsnRNA recruitment with GIMT-M2
(compare Fig. 7A, lanes 2 and 3 with Fig. 34, lanes 3 and 4),
suggesting that, in this position, the ISE alone may be suffi-
cient to recruit UlsnRNA to the DM20 5’ss.

To take this finding further, we have asked whether the ISE
enhances the DM20 5'ss independently from G1 by in vivo
splicing assays. We have measured the PLP/DM20 ratio de-
rived from minigene constructs in which the ISE replaces M2
and flanking sequences with the natural G1 (ISE-ISE) or G1
mutated to polyT (G1MT/ISE-ISE) (Figs. 1 and 7B). The PLP/
DM20 ratio derived from ISE-ISE is 0.013 = 0.003 and that
from GIMT/ISE-ISE is 0.04 = 0.01 compared with 0.34 =
0.02 from the WT, suggesting that the ISE strongly enhances
DM20 splicing even in the absence of G1 (Fig. 7C). Next, we
have assessed whether knockdown of hnRNPH/F reduce the
ISE-mediated enhancement of DM20 splicing. hnRNPH/F are
the major transacting factors that mediate G1M2 regulation
of DM20 splicing (27). The PLP/DM20 ratio derived from
ISE-ISE was increased 15-fold (0.2 = 0.06 versus 0.013 +
0.003) and that from GIMT/ISE-ISE was increased 60-fold
(2.53 = 0.05 versus 0.04 = 0.01) in siF/H-treated Oli-neu cells
versus untreated cells (Fig. 7C). The data indicate that
hnRNPH/F regulate the ISE-dependent splicing of DM20 5'ss
and have a greater impact when G1 is mutated.

To determine whether differences in spliceosomal complex
proteins may account for the extension and splicing data, we
have examined proteins assembled onto the G1ISE,
G1MTISE, and WT by RNA affinity precipitations (Fig. 7D).
More SRp40 and ASF/SF2 were detected in G1ISE precipi-
tates compared with GLMTISE (Fig. 7D, compare lane 2 with
lane 3). The amount of SRp40 pulled down with G1ISE was
also greater than with WT (Fig. 7D, compare lane 2 with lane
1). By contrast, hnRNPH/F and hnRNPL were detected in
similar amounts with all templates (Fig. 7D). The stronger
presence of SR proteins in complexes associated with G1ISE
may account for the greater DM20 splicing induced by the
ISE compared with M2 and the lower impact that the
hnRNPH/F knockdown has on the PLP/DM20 ratio derived
from the ISE-ISE compared with GIM2.

Next, we have asked whether the ISE close to the PLP 5’ss
also recruits UlsnRNA independently from the 5" end. The
ISE G runs, normally located 32 nucleotides downstream of
the PLP 5'ss, were positioned 6 nucleotides (PLPISE+6) and
12 nucleotides (PLPISE+12) downstream of the PLP 5’ss (Ta-
ble 1), the distances of G1 and M2 from the DM20 5'ss, re-
spectively. The amount of uncleaved and cleaved UlsnRNA
bound to the PLPISE+6 and PLPISE+12 was similar, indicat-
ing that recruitment of UlsnRNA is independent from the 5’
end of the UlsnRNA (Fig. 84, compare lanes 3 and 4 with
lanes I and 2). The data support the interpretation that the
distance from the 5'ss plays a critical role in the G run-medi-
ated recruitment of the UIsnRNA.

Next, we examined the function of the ISE by in vivo splicing
assays with PLP-neo constructs carrying the ISE G runs at +6
(PLPISE+6) and +12 (PLPISE+12) relative to the PLP 5’ss (Figs.
1 and 8B). The PLP/DM?20 ratio derived from PLPISE+6 was
0.01 = 0 and that from PLPISE+12 was 0.04 = 0.01 versus
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FIGURE 8. The function of the ISE is dependent on context and distance from the PLP 5’ splice site. A, representative primer extension analysis of
U1snRNA bound to the PLP RNAs. Untreated (lanes 7 and 2) and RNase H-treated (lanes 3 and 4) HeLa nuclear extracts were incubated with the biotinylated
RNA templates indicated (sequences in Table 1). The RNA was extracted from the streptavidin bead precipitates and assayed by reverse transcription with a
primer complementary to loop 2 of the UTsn RNA (n = 2). The extension products from cleaved and uncleaved U1snRNA are shown. B, schematic represen-
tation of all constructs (see also Fig. 1). C, representative RT-PCR analysis of PLP and DM20 products amplified in RNA isolated from Oli-neu cells transfected
with WT, PLPISE+6, PLPISE+12, MT, MT/PLPISE+6, and MT/PLPISE+12 and treated with siF/H (n = 3) (30 PCR cycles). Mock are cells transfected with the
same plasmids and treated with scrambled siRNA (30 PCR cycles). D, representative Western blot analysis of RNA affinity precipitates of PLPISE+6 and
PLPISE+12 (lanes 1 and 2, respectively) (sequences in Table 1) incubated with untreated Hela nuclear extract (n = 2). Lane 3 is the HelLa nuclear extract. The
precipitates were separated by SDS-PAGE, blotted, and probed with antibodies to UTA, U170K, SF2/ASF, SRp40, hnRNPL, hnRNPH, and hnRNPF.

0.34 = 0.02 from the WT, suggesting that PLP splicing is severely
reduced (Fig. 8C, compare lanes 2 and 3 with lane I). To de-
termine whether the dramatic decrease in PLP splicing is due
to the loss of ISE function versus a gain of silencing function,
we mutated GIM2 (MT) in the PLPISE+6 and +12 con-
structs (MT/PLPISE+6 and MT/PLPISE+12). The PLP/
DM20 ratio derived from MT/PLPISE+6 was 0.02 = 0.005
and that from MT/PLPISE+12 was 0.17 *+ 0.03 compared
with 4 = 1 from the MT (Fig. 8C, lanes 5 and 6 versus lane 4).
These data suggest that the ISE G runs positioned close to the
PLP 5'ss function as silencers.

We have shown that hnRNPH/F bind to the ISE, and their
knockdown affects the ISE enhancer function in its natural
position, albeit modestly (27). Here, we asked whether
hnRNPH/F knockdown affects the PLP/DM20 ratio derived
from PLPISE+6 and PLPISE+12 (Fig. 8C). The PLP/DM20
ratio derived from PLPISE+6 was increased by 70-fold
(0.74 = 0.15 versus 0.01 * 0) and that from PLPISE+12 was
increased 45-fold (1.8 * 0.12 versus 0.04 * 0.01) in siF/H-
treated versus untreated Oli-neu cells (Fig. 8C, lanes 2 and 3)
compared with 10-fold increase with WT (3.59 £ 0.23 versus
0.34 = 0.02) (Fig. 6C, lane 1) (27). The PLP/DM20 ratio de-
rived from MT/PLPISE+6 was increased by 10-fold (0.21 =
0.1 versus 0.02 = 0.005) and MT/PLPISE+12 was increased
by ~3-fold (0.48 = 0.06 versus 0.17 £ 0.03) in siF/H-treated
compared with untreated Oli-neu cells (Fig. 8C, lanes 5 and
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6). The PLP/DM20 ratio derived from MT decreased after
knockdown of hnRNPH/F (3.33 = 0.01 versus 4 * 1), reflect-
ing the weak enhancer function of the ISE in its natural posi-
tion (Fig. 8C, lane 4) (27). The fold changes in the PLP/DM20
ratio are higher with the PLPISE+6 and +12 than with the
MT/ISE+6 and +12 and reflect the G1IM2-dependent regula-
tion of DM20 5’ss by hnRNPH/F (27). Together, these data
support the interpretation that, in close proximity to the PLP
5'ss, the ISE G runs act as silencers, and hnRNPH/F mediate
the silencing effect. Interestingly, the G runs are stronger si-
lencers when are placed within the first 10 nucleotides from
the 5’ss (see “Discussion”).

Collectively, the data show that the ISE, close to both
DM20 and PLP 5'ss, recruits UlsnRNA independently of the
5’ end of the UIsnRNA. However, it has the opposite func-
tional effect on splicing outcome, enhancing the DM20 5'ss
but repressing the PLP 5'ss.

To determine whether differences in spliceosomal complex
proteins may account for the silencing function, we have ex-
amined proteins assembled onto the PLPISE+6 and +12 and
compared with WT by RNA affinity precipitations (Fig. 8D).
U1A, U170K, hnRNPH, hnRNPF, hnRNPL, SF2/ASF, and
SRp40 are detected in similar amounts with the PLPISE+6
and +12 (Fig. 8D, lanes 1 and 2) and do not appear to be sig-
nificantly different from those assembled onto WT, except for
U1 70K, which associated in greater amount with the WT
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(compare Fig. 8D with Fig. 6B, lane 2). Thus, differences in
the composition of the UIsnRNP complexes assembled onto
the PLP substrates do not seem to account for the ISE-medi-
ated silencing of PLP 5'ss.

DISCUSSION

The G-rich enhancers, GIM2 and ISE, play a critical role in
the selection of the DM20 and PLP 5’ splice sites, respectively,
and regulate the developmental increase in the PLP/DM20
ratio and the abundance of these major central nervous sys-
tem myelin proteins (25, 27, 30). Tight regulation of the PLP/
DM20 ratio is critical for brain development and function (26,
28, 29). Deletion of the ISE impairs the developmental in-
crease in the PLP/DM20 ratio in vivo, resulting in reduction
of the PLP product, which causes a neurological disorder in
humans, known as Pelizaeus-Merzbacher disease, and in mice
(26, 30). To date, mutations of G1 and/or M2 have not been
identified in Pelizaeus-Merzbacher disease patients, suggest-
ing that loss of these enhancers may have deleterious conse-
quences incompatible with brain development. Understand-
ing the mechanisms by which G1M2 and ISE regulate the
PLP/DM20 ratio has important implications for human
disease.

In the current study, we have identified significant differ-
ences in the roles that G1M2 and ISE play in the initial steps
of DM20 and PLP 5’ splice site recognition. G1M2 binds di-
rectly to the UlsnRNA,; this interaction is largely independent
of the UIsnRNA 5’ end and accounts almost entirely for re-
cruitment of the UlsnRNA to the DM20 5’ss. G1M2 pro-
motes the ATP-independent formation of E complex, and its
absence significantly impairs E complex formation, delays the
ATP-dependent formation of subsequent spliceosomal com-
plexes, and dramatically reduces overall splicing efficiency.
Interestingly, the G1IM2-mediated mechanism is distinct from
that of G runs of the HIV tat gene, which regulate ATP-de-
pendent spliceosomal complex formation but have no effect
on the formation of E complex (39). The data indicate that
multiple mechanisms underlie G run-mediated splicing regu-
lation and spliceosomal assembly.

Direct base pairing between the 5’ end of UlsnRNA and
the DM20 5'ss plays a limited role during the initial recogni-
tion of the DM20 5’ splice site, supporting the notion that
G1M2 is critical for UlsnRNA recruitment and subsequent
DM20 splicing. In addition, we directly demonstrate that
G1M2 is sufficient to support DM20 splicing even when the
U1snRNA is cleaved. Collectively, these data support a model
in which G1M2 directly recruits UlsnRNA, regulates the effi-
ciency of E complex formation, and promotes DM20 splicing.
The mechanism by which GIM2 recruits U1snRNA directly
remains to be elucidated. Mutations of either G1 or M2 abol-
ish recruitment of UlsnRNA, supporting the notion that both
G runs are required. It is possible that G1 and M2 interact
with each other, forming G stacks and a secondary structure
that permit interactions with UlsnRNA. Furthermore,
hnRNPH/F are similarly reduced in the complexes assembled
on either GIMT or M2MT, but the impact on UlsnRNA re-
cruitment is greater with M2MT, which also reduces ASF/SF2
binding. The latter suggests that the association of UlsnRNP
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with GIM2 may involve a complex interaction, possibly
through direct UlsnRNA binding to G stacks, and splicing
factor-mediated recruitment. Collectively, the data suggest
that multimeric complexes formed by hnRNPH/F and SR pro-
teins on G1 and M2 may recruit UIsnRNP and that the two G
runs interact cooperatively. Another important finding is that
mutations that increase the strength of the DM20 5'ss do not
affect the initial recruitment of UlsnRNA, whose association
with G1M2 remains independent of the UlsnRNA 5" end
(Fig. 4A). However, the strength of the 5’ splice site appears to
be an important determinant of DM20 splicing efficiency (Fig.
4C), possibly through mechanisms that involve later stages of
spliceosomal assembly rather than the initial recognition of
the 5’ splice site. GIM2 regulates the efficiency of E complex
formation; thus, it is conceivable that the strength of the 5’
splice site plays a role in subsequent ATP-dependent stages of
spliceosomal assembly.

The ISE, on the other hand, does not appear to contribute
significantly to the initial recognition of the PLP 5'ss by the
U1snRNA nor to the assembly of the spliceosomal proteins.
U1snRNA associates with the PLP 5'ss in the presence or ab-
sence of the ISE mostly through the 5’ end of UIsnRNA con-
sistent with direct base pairing. These data show that recruit-
ment of the UIsnRNA to the PLP 5’ss depends on base
pairing interactions and that the ISE is dispensable for this
initial step in 5’ splice site recognition. Interestingly, the
U1snRNA associates with the ISE largely through base pairing
of its 5" end with the ISE, and when this interaction is abol-
ished by deletion of the ISE, more UlsnRNA is recruited to
the PLPISEdel template (Fig. 6A). Although the greater
amount of UlsnRNA bound to this RNA could reflect differ-
ences in RNA sequences and secondary structure, it is tempt-
ing to speculate that a competition for UIsnRNA binding
takes place between the ISE and the PLP 5'ss. The ISE con-
tains a 5 splice site-like sequence, which may participate in
the interaction of the UlsnRNA and may serve regulatory
functions on PLP splicing regulation during brain develop-
ment. In other genes, pseudo 5’ splice sites embedded within
regulatory sequences play a critical role in alternative splicing
regulation (24, 34, 40). The 5’ splice site-like sequence in the
ISE does not lead to a productive splicing reaction either in
the normal gene context iz vivo® or in the case of mutations
that abolish or severely reduce the PLP 5'ss strength (28). In-
terestingly, accumulation of an intermediate PLP transcript in
which intron 3 is retained was detected in the developing
brain, suggesting that intron 3 splicing may be temporally
regulated (41). It is tempting to speculate that the ISE may
serve a function in the temporal regulation of intron 3 splicing
of the PLP transcript, possibly by stalling the UlsnRNA. Bind-
ing of splicing factors to the ISE during brain development
may help displace the UlsnRNA from the ISE and shift it to
the PLP 5'ss, leading to increased PLP splicing in the mature
brain. Alternatively, the interaction of the UlsnRNA with the
ISE may create a “balance system” that regulates later stages
of spliceosomal assembly when U5/U6 replaces UlsnRNP.

3 E. Wang, unpublished observations.
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In close proximity to either the PLP or the DM20 5'ss, the
ISE recruits the UlsnRNA independently of the UlsnRNA 5’
end, suggesting that distance is of critical importance for this
interaction. Functionally, however, the ISE acts as an en-
hancer for the DM20 5’ splice site, whereas it acts as a si-
lencer of PLP splicing. This functional difference could be
explained by the intronic position of the G runs. It was previ-
ously shown that intronic GGGG motifs positioned between 6
and 10 nucleotides downstream of the 5’ss act as silencer by
forming a complex with exonic sequences (23). In keeping
with these data, we observe a stronger silencing effect from
the G runs positioned at +6 compared with +12 (Fig. 8C).
The mechanism by which the G runs act as silencers of PLP
remains to be elucidated. We did not detect significant differ-
ences in proteins and splicing factors in the UlsnRNP com-
plex assembled by the ISE in close proximity to DM20 and
PLP 5’ splice sites compared with its natural position. Al-
though it is possible that changes may occur in proteins not
examined in this study, the current data suggest that differ-
ences in the complex proteins are not likely to explain the
dramatic change in functional outcome. An intriguing possi-
bility is that the 5" end-independent recruitment of UlsnRNA
by the ISE creates a more stable association of UlsnRNA,
which may block splicing of the 5’ splice site. A mechanism
similar to that caused by hyperstabilization of UlsnRNA
shown to inhibit splicing in yeast could explain the inhibition
of PLP splicing (42). Finally, hnRNPH/F mediate the silencing
effect of the ISE positioned close to the PLP 5'ss. Interest-
ingly, although knockdown of hnRNPH/F has only a modest
effect on the enhancer function of the ISE (27), it has a tre-
mendous impact on the silencing effect of the ISE. These data
suggest that in close proximity to the PLP 5’ss, hnRNPH/F
directly recruit UlsnRNP and may help to stabilize its interac-
tion with the 5’ss.

In close proximity to the DM20 5'ss, the ISE directly re-
cruits the UlsnRNA to the DM20 splice site, indicating that
the position and distance of the G runs from the splice site are
major determinants of UlsnRNA recruitment by G runs. In
this context, the ISE acts as an enhancer, similar to but stron-
ger than M2, and its enhancer effect correlates with binding
of SRp40. These data suggest that binding of SRp40, in addi-
tion to SF2/ASF, which is normally present in the complex
assembled on G1M2, might enhance the SR protein-mediated
regulation of DM20 splicing, resulting in a lower PLP/DM20
ratio both in basal conditions and after knockdown of
hnRNPH/F. Interestingly, G1 and M2 are both necessary for
DM20 splicing, and a mutation in either sequence has a
strong effect on the PLP/DM?20 ratio. By contrast, G1 and ISE
appear to be independent from each other. Mutation of G1
has minimal impact on the UlsnRNA recruitment and on the
PLP/DM20 ratio when the ISE is in place of M2. To identify
features of G1M2 and ISE that would help in predicting dif-
ferences in function, we have analyzed the sequences using
the G-rich sequences database, which predicts the unimolecu-
lar formation of G quadruplex (43). The G runs of ISE are
predicted to form a quadruplex without any interaction with
an additional downstream G triplet, whereas the G1 and M2
engage a downstream G group. As part of the same paired
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structure, it is not surprising that both G1 and M2 are neces-
sary for the recognition of the splice site.

Collectively, the data support the conclusion that the dis-
tance from the 5’ splice site is an important determinant of
the mechanism of UlsnRNA recruitment by G runs and point
to a complex relationship of G runs with context sequences in
determining the functional outcome on splicing. If our find-
ings can be extended to other G runs, our data may also have
a general relevance for G run-mediated recognition of 5’
splice sites.
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