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In this study, we sought to investigate the mechanism by
which heterogeneous nuclear ribonucleoprotein (hnRNP) H
and F regulate proteolipid protein (PLP)/DM20 alternative
splicing. G-rich sequences in exon 3B, G1 and M2, are required
for hnRNPH- and F-mediated regulation of the PLP/DM20 ratio
and, when placed between competing 5’ splice sites in an a-glo-
bin minigene, direct hnRNPH/F-regulated alternative splicing.
In contrast, the activity of the intronic splicing enhancer, which
is necessary for PLP splicing, is only modestly reduced by
removal of hnRNPH/F both in PLP and a-globin gene context.
In vivo, hnRNPH reversed reduction of DM20 splicing induced
by hnRNPH/F removal, whereas hnRNPF had little effect. Teth-
ering of the MS2-hnRNPH fusion protein downstream of the
DM20 5’ splice site increased DM20 splicing, whereas MS2-
hnRNPF did not. Binding of U1 small nuclear ribonucleoprotein
(U1snRNP) to DM20 is greatly impaired by mutation of G1 and
M2 and depletion of hnRNPH and F. Reconstitution of
hnRNPH/F-depleted extracts with either hnRNPH or F restored
U1snRNP binding. We conclude that hnRNPH and F regulate
DM20 splicing by recruiting UlsnRNP and that hnRNPH plays a
primary role in DM20 splice site selection in vivo. Decreased
expression of hnRNPH/F in differentiated oligodendrocytes
may regulate the PLP/DM20 ratio by reducing DM20 5’ splice
site recognition by UlsnRNP.

Alternative splicing of a single transcript is widely utilized to
generate proteomic diversity in response to developmental, cell
specific, and external signals (1). Typically, alternatively spliced
sites are weak and the final splicing selection depends on the
interplay of enhancers and silencers and the relative abundance
and/or affinity of the RNA binding factors (2, 3). Early recogni-
tion of the 5’ splice sites is mediated by the U1snRNP? through
direct base pairing of the single-stranded 5'-end of UlsnRNA
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with six conserved nucleotides at the 5’ splice site. Binding of
U1snRNP and base pairing of the UlsnRNA to the template is
required for spliceosome assembly (4, 5).

A number of splicing factors that bind to either enhancers or
silencers have been identified and shown to influence the effi-
ciency of splice site recognition and spliceosome assembly (6).
The hnRNPs are a large family of ubiquitously expressed RNA
binding factors, which, in addition to regulating constitutive
splicing, play an important role in alternative splicing (7, 8).
hnRNPH and F are highly homologous proteins that bind to
G-rich sequences present in exons, in introns, and in close
proximity to the polyadenylation site (8 —12). Depending on the
gene context, these splicing factors have different affinity for
their cognate sequences and appear to act in concert to regulate
splicing of a number of genes (13, 14). Although they are most
often inhibitors of alternatively spliced exons, they can also
function as enhancers (14-18). G-rich sequences are highly
conserved within introns in close proximity to splice sites (7, 10,
19-21). In genes containing short introns, these G-rich
sequences allow splice site recognition through an intron-def-
inition mechanism (22, 23). In an artificial a-globin gene con-
struct containing duplicated 5’ splice sites flanked by identical
G triplets, the G-rich sequences favor selection of the distal 5
splice site through binding of U1snRNA to the G-rich sequence
by direct base pairing (24).

The proteolipid protein (PLP) gene gives rise to two iso-
forms, PLP and DM20, through alternative splicing of compet-
ing 5" splice sites resulting in either inclusion or exclusion of
exon 3B. G-rich enhancers, named M2 and ISE, flank the DM20
and PLP 5’ splice sites, respectively (25-27). In addition, there
are other G-rich sequences in exon 3B, and all are potential
hnRNPH/F binding motifs (27, 28). The PLP/DM20 ratio
increases in postnatal brain development and in differentiated
oligodendrocytes, and this is temporally related to reduced
expression of hnRNPH and F (27, 29). The DM20 isoform is
preferentially expressed in embryonic brain and non-glial cells
(30). Knockdown of hnRNPH and F synergistically increased
the PLP/DM20 ratio, and this effect was mediated by M2 in
concert with some or all of the G runs present in PLP exon 3B,
whereas the ISE had little contribution to this regulation (27).
hnRNPH and F have been shown to serve redundant functions
in regulating alternative splicing and to cooperatively regulate
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other genes (17, 31, 32); however, to the best of our knowledge,
a synergistic effect such as that observed with PLP alternative
splicing was not previously reported.

In this study, we sought to investigate further the mechanism
by which hnRNPH and F regulate the PLP/DM20 ratio. A prox-
imal G-rich sequence (G1) and M2 are required for hnRNPH-
and F-mediated regulation of the PLP/DM20 ratio. In contrast,
the ISE enhancer’s activity is only modestly reduced by removal
of hnRNPH/F. In vivo, hnRNPH and F are not functionally
redundant, and hnRNPH plays a primary role in regulating the
PLP/DM20 ratio. In vitro, hrnRNPH and hnRNPF were able to
restore binding of UlsnRNP, which was greatly reduced by
removal of hnRNPH/F. The data show that both hnRNPH and
F regulate DM20 splicing by recruiting UlsnRNP and suggest
that hnRNPH may have additional functions in regulating the
splicing machinery.

EXPERIMENTAL PROCEDURES

Plasmids—The pcDNA-MS2-H and pcDNA-MS2-F plas-
mids expressing MS2 coat protein fused in-frame to Myc-hisA-
tagged hnRNPH and F, respectively, were a generous gift of Dr.
Mark McNally (33). The pFLAG-hnRNPH and pFLAG-
hnRNPF plasmids were a generous gift of Dr. Mariano Garcia-
Blanco (32). These plasmids were used in transfections into
Oli-neu cells treated with siF/H, which targets a sequence com-
mon to mouse hnRNPH and F. The human hnRNPF has a two-
nucleotide mismatch with the mouse sequence targeted by the
siF/H, thus it is resistant to siRNAs-mediated degradation. The
siF/H-targeted sequence is identical between the human and
mouse hnRNPH transcripts, and the FLAG-hnRNPH tran-
script is targeted by siF/H and degraded (data not shown). To
make FLAG-hnRNPH resistant to siF/H degradation, we
changed two nucleotides (supplemental Table S1). The SRp40
was a kind gift of Dr. Stefan Stamm. The wild-type a-globin
splicing construct was a kind gift of Dr. Andrew McCullough
(23). Mutant PLP-neo (Figs. 1, 24, and 5) and «a-globin con-
structs (Figs. 2B and 3A) were generated by site-directed
mutagenesis using the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA). In the PLP-neo, the G runs were
replaced by polyTs, as previously described (27). In the a-globin
construct, the G runs were mutated as previously described (23)
or replaced by G1M2 or ISE sequences from the PLP exon 3B as
indicated in Fig. 3. The distance of the ISE and G1M2 sequences
relative to the a-globin 5’ splice sites was the same as that in
their endogenous position in the PLP gene. The SaGLO-ISE
was generated by deleting the duplicated sequence containing
the G1M2 in the a-glo-G1M2-ISE, thus leaving a single a-glo-
bin 5" splice site and the downstream intron containing ISE
(Fig. 2B). The SaGLO-ISEMT1, -MT2, and -MT3 were gener-
ated by site-directed mutagenesis of the S«GLO-ISE (Fig. 2B).
The PLPneo-MS1 and PLPneo-NR were made by replacing
twenty-two nucleotides spanning G1, M2, and the intervening
five nucleotides with twenty-two nucleotides containing the
MS2 protein binding motif or an unrelated sequence (Fig. 5).
The PLP-neo-MS2 (data not shown) and -MS3 were made by
replacing twenty-two nucleotides spanning M4-M6 and
M3-M5 with the MS2 protein binding motif, respectively, in
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the PLP-neo-MS1 (Fig. 5). The Bcl-x minigene construct was a
kind gift of Dr. Charles Chalfant (34).

siRNAs, Cell Cultures, and Transfections—Pre-designed
double-stranded siRNAs targeting hnRNPF (ID# 175722
(siF3)), hnRNPH (ID# 75775 (siH3)), the custom-made double-
stranded siRNA, siF/H (27), and Silencer® Negative Control #1
siRNA were purchased from Ambion (Austin, TX). Oli-neu
cells were cultured in SATO medium (Dulbecco’s modified
Eagle’s medium containing 10 ng/ml biotin, 10 ng/ml apo-
transferrin, 100 puM putrescine, 2 uMm progesterone, 2 UM
sodium selenite, 2.5 pg/ml insulin) with 1% horse serum (27).
Fibroblast L cells and the neuronal Neuro2A cells (ATCC) were
grown in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum. Cells were co-transfected with plasmid
DNAs (0.5 ug, unless otherwise indicated) and siRNAs (80 nm)
using the siPORT amine transfection reagent according to the
Neofection protocol (Ambion) (27). Western blot analysis
showed that expression of hnRNPF was not affected by treat-
ment with siH3, and expression of hnRNPH was not affected by
treatment with siF3, thus excluding compensation effects (data
not shown). In overexpression studies, 0.5 ug of DNA of the
splicing construct was co-transfected with 0.5, 1, and 1.5 ug of
the expression plasmid DNA or 0.5 ug of the empty vector
pcDNA3 using the siPORT amine transfection reagent.

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)
according to the manufacturer’s instructions. Reverse tran-
scription was performed with 1 ug of total RNA using random
hexamer primer mixture according to the manufacturer’s
instructions (BD Biosciences). The PCR products derived from
the wild-type and mutated PLP-neo constructs were amplified
by RT-PCR using a primer set previously described (Fig. 1) (27,
35). The proximal and distal splice products derived from the
wild-type and mutated «-globin constructs were amplified by
RT-PCR with a forward primer (5'-TGGTACCGAGCTCGG-
ATCCGATGT-3’) and a reverse primer (5'-GATGGATATC-
TGCAGAATTCGGGA-3') complementary to sequences in
pcDNA3 vector (Figs. 2B and 3). The X; and Xg products
derived from the Bcl-x minigene construct were amplified by
RT-PCR with primers described previously (36).

Nuclear Extracts, Recombinant Proteins, and RNA Affinity
Precipitations—Nuclear extracts were prepared from Oli-neu
differentiated in SATO medium containing 1 mm Bt,cAMP for
7 days or from Oli-neu treated with siF/H for 72 h in SATO
medium without Bt,cAMP using the NEP kit (Pierce) accord-
ing to the manufacturer’s instructions (27). Poly(G) affinity col-
umn (Sigma)-mediated removal of hnRNPH and F from
nuclear extracts was performed as described (37) Recombinant
His-tagged hnRNPF and H proteins were generated in Esche-
richia coli and purified as described before (16). The wild-type
RNA template spans 10 nucleotides upstream and 35 nucleo-
tides downstream of the DM20 5’ splice site and contains the
DM20 5’ splice site and the G-rich enhancers, G1 and M2
(DM20-G1M2-WT, Fig. 6). The mutated RNA template is
identical to the wild-type except that G1 and M2 sequences
were replaced by polyUs (DM20-G1M2-MT, Fig. 6). RNA tem-
plates were synthesized by Integrated DNA Technologies, Inc.

JOURNAL OF BIOLOGICAL CHEMISTRY 11195


http://www.jbc.org/cgi/content/full/M809373200/DC1

G Runs and hnRNPH/F Regulate PLP/DM20 by Recruiting U1snRNP

A.

e0
[ZAT 3BT 1 PLP
T 1] I— DM20

DM20 5'ss Gl M2

G5

PLP 5'ss

WT 5 ChCGG’TMCAGGGGGCCRGMGGGGkGGGGTTCCMAGGCCAACRTCMGQTCRTTCTTTGGRGCGGGTGTGTG&TTGTTTGGGMTGGCTMC&TCCCGACMGg t gatcatccte

TTTTT TTTTTTTTTT TTT TTT
ISE
aggattttgtggcaataacaaggggtgggggaaaattg-3’
DEL
0
™~
B_ f ~ (4] r
C. A A A A ;f :\?"- :‘Eh r‘ﬁg“?
& 23 F 5§ § &5 5338
G1M2 G4 G5 ISE o £ 3 & <] e og O
W ——Qowr 0 wr mock N S — W e wess  PLP
0 v — e G SR e a—" e e DM20
—=——actwr 0 Ise
L — PLP
SiF/H e— D D S~ O R R P

H———amzwr
M———TOcswmr

M———Acswr D.
= ——0cmzmr 1
7 4
) =—=%b—1— cimz-mm/ 64 e
ISEdel _—_—
o
N ={H==—10 c1m264G5 2 a4
-MT o
o 3 1
= ==|a === G1M2G4G5-MT/
ISEdel 2 -
1
0 -

e

ke

H  mock
3 siFH

FIGURE 1. G1 and M2 are required for hnRNPH- and F-mediated regulation of PLP/DM20 ratio. A, the PLP-neo splicing construct is shown. The arrows
indicate the position of the PCR primers. The PLP and DM20 PCR products are shown. Partial sequences of PLP exon 3B (uppercase) and intron 3 (lowercase) in
PLP-neo (WT) are shown, DM20 and PLP 5’ splice site are enlarged and in bold, G1, M2, G4, G5, and ISE are underlined, and the mutations are shown below the
WT sequences. B, schematic representation of exon 3B and proximal intron 3 in all constructs is shown. C, representative RT-PCR analysis of WT-, G1-MT-,
M2-MT-, G4-MT-, G5-MT-, G1IM2-MT-, G1M2-MT/ISEdel-, G1M2G4G5-MT-, and G1M2G4G5-MT/ISEdel-derived PLP and DM20 products amplified from RNA
isolated from Oli-neu cells treated with siF/H (n = 4) (30 PCR cycles). Mock are cells transfected with the same plasmids and treated with scrambled siRNA (30
PCR cycles). D, the bar graph shows the PLP/DM20 ratios = S.E. (n = 4).*, p < 0.05 and **, p < 0.01, ns = non significant.

(Coralville, TA). RNA affinity precipitations were performed
with biotinylated RNA templates, as previously described (27)
except that the complexes were not UV-cross-linked.

Protein Isolation and Identification by Liquid Chromatogra-
phy-MS/MS and Western Blot Analysis—Proteins were eluted
from the streptavidin beads in 100 ul of SDS-PAGE loading
buffer at 95 °C for 5 min, and one-third of the mixtures were
separated by 10% SDS-PAGE and either visualized by sypro-
ruby staining (Invitrogen) or blotted to nitrocellulose mem-
brane. Selected bands were excised from the gel and analyzed
by matrix-assisted laser desorption ionization-MS/MS and liq-
uid chromatography-MS/MS (27) (Proteomics and Mass Spec-
trometry Core Facility, University of Kentucky). Nitrocellulose
membranes were reacted with antibodies to: Ul 70K (Aviva
Systems Biology, San Diego, CA), U1A (Aviva Systems Biology),
hnRNPH (Bethyl Laboratories) and hnRNPHF (rabbit poly-
clonal, generous gift of Dr. Douglas Black), A1 and L (Abcam),
SRp40 (Santa Cruz Biotechnology), Myc tag (Invitrogen), and
FLAG tag (Sigma) diluted 1:2000, horseradish peroxidase-con-
jugated secondary antibody (Jackson ImmunoResearch Labo-
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ratories) diluted 1:2000, and developed with enhanced chemi-
luminescence (ECL, Amersham Biosciences). Blots were
visualized with a Kodak 440CF Digital Image Station using one-
dimensional analysis software.

RESULTS

The Synergistic Effect of hnRNPH/F Is Mediated by G1 and
M2—We have shown previously that siRNA-mediated knock-
down of hnRNPH and F synergistically increased the PLP/DM?20
ratio in oligodendrocytes, and this effect was in large part depend-
ent on M2 and G runs in exon 3B, named G1, G4, and G5.

To determine the G runs that are necessary for the
hnRNPH/F synergism in addition to M2, we tested the impact
of individual mutations of G1, G4, and G5 on the hnRNPH/F-
mediated increase in PLP/DM20 ratio (Fig. 1, A and B). Oli-neu
cells were transfected with the G1-MT, G4-MT, and G5-MT
constructs and the plasmid-derived PLP and DM20 products
were amplified by RT-PCR in RNA isolated from cells cultured
for 72 h in growth medium. Although the PLP/DM20 ratio
derived from G4-MT and G5-MT was 0.15 = 0.02 and 0.1 =
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0.03, respectively, compared with 0.38 = 0.02 with the WT
construct, the PLP/DM20 ratio derived from G1-MT was
3.06 = 0.4 (Fig. 1, C (upper panel) and D). The data suggest that
G1 is an enhancer of the DM20 5’ splice site, whereas G4 and
G5 appear to enhance PLP 5’ splice site selection, in keeping
with the results obtained previously with M6-MT and M8-MT,
mutations that encompass G4 and G5, respectively (27).
G1-MT increased the PLP/DM20 ratio by 8-fold compared
with ~5-fold induced by M2-MT (3.06 = 0.40 versus 2.05 *
0.20) (Fig. 1, C (upper panel) and D (27)), suggesting that G1 is
a stronger enhancer of DM20 5’ splice site than M2. For muta-
tions of G1 and M2, GIM2-MT increased the PLP/DM?20 ratio
to 3.61 * 0.8 (Fig. 1, C (upper panel) and D). Mutations of G1
and M2 combined with the ISE deletion, GIM2-MT/ISEdel,
resulted in a PLP/DM20 ratio of 0.44 = 0.06 (Fig. 1, C (upper
panel) and D). This is higher than the wild-type ratio, but lower
than the G1M2 mutation alone and reflects the loss of both the
PLP 5’ splice site-enhancing ISE and the DM20 5’ splice site-
enhancing G1 and M2 sequences. Likewise, the PLP/DM20
ratio derived from constructs in which G1M2, G4, and G5 are
all mutated and the ISE is present, is 0.7 = 0.1 and is higher than
that derived from M2G1G4G5-MT/ISEdel (0.21 = 0.01 (27)),
reflecting the loss of the PLP-enhancing function of G4, G5, and
the ISE (see next section) (Fig. 1, C (upper panel) and D). The
data indicate that, in addition to M2, G1 is an enhancer of
DM20 5’ splice site selection.

We next assessed whether siRNA-mediated knock-down of
hnRNPH and F (siH/F) affected the PLP/DM20 ratio derived
from G1-MT, G4-MT, G5-MT, and G1M2-MT in Oli-neu cells
(Fig. 1C, lower panel). In keeping with published data, knock-
down of hnRNPH and F caused a >9-fold increase in the PLP/
DM20 ratio derived from the WT construct versus mock
treated cells (3.57 = 0.18 versus 0.38 = 0.02). Knockdown of
hnRNPH and F caused a >12-fold increase in PLP/DM?20 ratio
derived from G4-MT (1.9 = 0.28 versus 0.15 * 0.02) and an
8-fold increase from G5-MT (0.82 = 0.05 versus 0.1 * 0.03)
compared with mock treated cells, indicating that these
sequences are not required for hnRNPH/F-mediated regula-
tion of PLP/DM20 ratio (Fig. 1, C (lower panel) and D). In con-
trast, knockdown of hnRNPH/F increased the PLP/DM?20 ratio
derived from G1-MT only by ~2-fold compared with mock
treated cells (6.18 = 0.8 versus 3.06 = 0.4) (Fig. 1, C (lower
panel) and D). The PLP/DM20 ratio derived from M2-MT was
increased >3-fold by knockdown of hnRNPH/F (6.91 *+ 0.32
versus 2.05 * 0.2) (Fig. 1, C (lower panel) and D) (27). The
increase in the PLP/DM20 ratio derived from G1-MT and
M2-MT is statistically significant. In contrast, removal of
hnRNPH/F did not increase the PLP/DM20 ratio derived from
G1M2-MT compared with mock treated cells (3.45 = 0.12 ver-
sus 3.61 = 0.8) and from G1M2MT/ISEdel compared with
mock treated (0.58 = 0.05 versus 0.44 *+ 0.06) (Fig. 1, C (lower
panel) and D). These data show that G1 and M2 are the primary
cis-elements that mediate the hnRNPH/F synergistic regula-
tion of the PLP/DM20 ratio.

The ISE Is Partially Regulated by hnRNPH and F—The pres-
ence of the ISE did not affect the hnRNPH/F-mediated regula-
tion of the PLP/DM20 ratio in any of the mutants tested above,
however, the PLP/DM20 ratio derived from M2G1G4G5-MT,
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in which all G runs are mutated and the ISE is present, was
2.3-fold lower in cells treated with siF/H compared with mock
treated cells (0.3 versus 0.7) (Fig. 1, Cand D). These data suggest
that hnRNPH/F partially regulate the selection of PLP 5’ splice
site through the ISE. Because removal of hnRNPH/F has a mod-
est effect on the function of the ISE, we reasoned that other
sequences, and consequently splicing factors, may contribute
to the function of the ISE. The 5’ sequences adjacent to the G
runs contain a putative SRp40 binding motif identified by
ESEfinder (38, 39), thus we tested whether this motif is func-
tionally important for the regulation of the PLP/DM20 ratio.
We have introduced mutations that disrupt the SRp40 motif
(Fig. 2A) either alone (ISEMT1, construct 2) or in combination
with disruption of the first G run (ISEMT2, construct 3) or both
G runs (ISEMTS3, construct 4) in PLP-neo and in M2MT (con-
struct 1). Because the PLP/DM20 ratio derived from M2MT is
higher than that derived from PLP-neo, reduction in the PLP
product is more easily quantified with this plasmid, and here we
show these data. Oli-neu cells were transfected with the M2MT
constructs, and the plasmid-derived PLP and DM20 products
were amplified by RT-PCR in RNA isolated from cells cultured
for 72 h in growth medium. We found that the PLP/DM20 ratio
derived from ISEMT1 is ~2-fold lower (1.04 * 0.06 versus
1.84 * 0.15), from ISEMT2 is ~4-fold lower (0.56 = 0.08 versus
1.84 = 0.15), and from ISEMT3 is 6-fold lower (0.30 = 0.06
versus 1.84 = 0.15) than the PLP/DM20 ratio derived from the
M2MT. Similar results were obtained with the PLP-neo
mutated constructs (data not shown). These data suggest that
the 5" sequences of the ISE contribute to its enhancer’s activity
possibly through SRp40. To determine whether SRp40 regu-
lates the PLP/DM?20 ratio through the ISE motif, we have over-
expressed SRp40 in Oli-neu transfected with PLP-neo and PLP-
neo-ISE-MT2. The SRp40 increased the PLP/DM20 ratio
derived from both constructs (supplemental Fig. S1), suggest-
ing that the activity of the enhancer is not mediated by SRp40.

Next, we sought to investigate the function of the ISE in the
selection of a 5’ splice site in the a-globin heterologous gene
context. We made constructs in which the endogenous G1 and
G2 triplets downstream of the a-globin 5’ splice site (23) were
replaced by ISE (Fig. 2B, construct 1, Sa«GLO-ISE), ISEMT1
(Fig. 2B, construct 2, SaGLO-ISEMT1), ISEMT?2 (Fig. 2B, con-
struct 3, Sa«GLO-ISEMT3), and ISEMT3 (Fig. 2B, construct 4,
SaGLO-ISEMT3). The plasmids were transfected into Oli-neu
cells, and the a-globin spliced and unspliced products were
amplified by RT-PCR in RNA isolated from cells cultured for
72 h in growth medium. The data are expressed as the ratio of
unspliced versus spliced product (Fig. 2B). The a-globin was
fully spliced with the S« GLO-ISE similarly to the endogenous G
triplets (23), and a small increase in the unspliced product was
induced by removal of hnRNPH/F (Fig. 2B), in keeping with
results obtained in the PLP gene context. The amount of
unspliced product was increased 5-fold with SeGLO-ISEMT?2
and 7-fold with S&«GLO-ISEMT3, whereas no increase was
detected with S«GLO-ISEMT1 (Fig. 2B). The data indicate that
the G runs of the ISE regulate 5’ splice site selection in the
a-globin gene context. Mutations in these sequences have a
greater effect on splicing efficiency than that induced by
removal of hnRNPH/F, suggesting that other factors binding to
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FIGURE 2. Analysis of the ISE function in PLP and a-globin gene. A, the PLP-neo splicing construct is shown. The arrows indicate the position of the PCR
primers. Partial sequences of PLP exon 3B (uppercase) and intron 3 (lowercase) in the PLP-neo are shown, DM20 and PLP 5’ splice sites are in bold, M2MT and ISE
are underlined, and the putative SRp40 motif in the ISE is italicized and in bold. The mutations are shown below the ISE sequences. Representative RT-PCR
analysis of M2MT-, M2MT-ISEMT1-, M2MT-ISEMT2-, and M2MT-ISEMT3-derived PLP and DM20 products amplified from RNA isolated from Oli-neu cells (n = 3)
(30 PCR cycles). B, schematic of SaGLO-ISE construct is shown. The arrowheads indicate the position of primers used for PCR amplification. Partial sequences of
the a-globin construct spanning the 5’ splice site, the intron, and the 3’ splice site. The ISE is underlined, and the putative SRp40 motif in the ISE is italicized and
in bold. The nucleotides that replace the endogenous a-globin G4 sequence are shown in bold. The mutations are shown below the ISE. Representative RT-PCR
analysis of SaGLO-ISE derived spliced and unspliced products amplified from RNA isolated from Oli-neu cells either treated with control siRNA (mock) or with
siF/H (n = 2) (30 PCR cycles). Representative RT-PCR analysis of SaGLO-ISE-, SaGLO-ISEMT1-, SaGLO-ISEMT2-, and SaGLO-ISEMT3-derived spliced and

unspliced products (n = 2). The ratio of unspliced/spliced products is shown.

these sequences may have a regulatory function. The sequences
5’ of the G runs are not sufficient to regulate the a-globin 5’
splice site. This finding is in contrast with the results obtained
in the PLP gene context, suggesting that either these sequence
are a weak enhancer or that they are part of a regulatory ele-
ment that extends upstream in PLP intron 3 and is therefore
absent in the a-globin construct. The latter interpretation is in
keeping with the data showing that the SRp40 motif is not
responsible for the function of the enhancer of the 5’ sequences
(supplemental Fig. S1). Together, the data indicate that the
function of the ISE is only partially regulated by hanRNPH/F in
the PLP and a-globin context and is likely to be regulated by
additional splicing factors that remain to be identified.
hnRNPH and F Cooperatively Regulate Selection of Compet-
ing 5’ Splice Sites in an a-Globin Minigene—We next asked
whether the hnRNPH and F cooperation represents a more
general mechanism that regulates competing 5’ splice sites
flanked by G-rich sequences. To this end, we have used an
a-globin construct with duplicated 5’ splice sites flanked by
identical G runs (Fig. 3, A and B, construct 1), which closely
resembles the configuration of PLP and DM20 5’ splice sites.
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The distal 5" splice site is favored in HeLa cells (23). We have
examined whether knockdown of hnRNPH, F, and H/F changes
the ratio of spliced products derived from the a-globin con-
struct. We determined the ratio of PCR products derived from
proximal and distal 5’ splice sites in Oli-neu cells transfected
with a-globin and treated with siH3, siF3, siF3+siH3, and
siF/H. In cells treated with siH3, the ratio of proximal to distal
product increased by 0.5-fold versus mock treated cells (0.51 *
0.03 versus 0.37 = 0.05), whereas in cells treated with either
siH3+siF3 (0.91 = 0.07) or siF/H (0.77 % 0.09), the ratio
increased 2-fold versus mock treated cells (Fig. 3C). In contrast,
removal of hnRNPF did not significantly alter the ratio (0.31 *
0.08 versus 0.37 = 0.05) (Fig. 3C). These data show that selec-
tion of competing 5’ splice sites flanked by G-rich enhancers in
a gene other than PLP is cooperatively regulated by hnRNPH
and F, although not as efficiently as in the PLP gene. To dem-
onstrate that the G runs are required for the hnRNPH/F regu-
lation of a-globin gene splicing, we have mutated distal and
proximal G runs by replacing 10 nucleotides spanning the G
runs, as previously described (Fig. 3B, construct 2, and “Exper-
imental Procedures”) (23). Mutation of all G runs led to a dra-
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FIGURE 3. hnRNPH and F regulate the proximal/distal 5’ splice site ratio of a-globin. A, partial sequences of the a-globin construct spanning the
duplicated 5’ splice sites, the intron, and the 3’ acceptor splice site. The sequences introduced to generate the mutated constructs are shown below the
wild-type sequences. B, schematic of all a-globin constructs is shown. The filled circles represent wild-type a-globin sequences and the open circles represent
the mutated sequences. The arrowheads indicate the position of primers used for PCR amplification. C, representative RT-PCR analysis of proximal (P) and distal
(D) a-globin products amplified from RNA isolated from Oli-neu cells treated with siH3, siF3, siH3+siF3, and siF/H (30 PCR cycles). Mock are cells treated with
scrambled siRNA. The bar graph shows the P/D ratios = S.E. (n = 4).*, p < 0.05 and **, p < 0.01. D, representative RT-PCR analysis of proximal (P) and distal (D)
products derived from all G run mutated a-globin construct amplified from RNA isolated from Oli-neu cells treated with siF/H (30 PCR cycles). Mock are cells
treated with control siRNA. The bar graph shows the P/Dratios = S.E. (n = 4).**,p < 0.01.E, representative RT-PCR analysis of proximal (P) and distal (D) a-globin
products derived from G1M2-ISE and G1M2-G1M2 a-globin constructs amplified from RNA isolated from Oli-neu cells treated with siF/H (30 PCR cycles). Mock
are cells treated with scrambled siRNA. The wild-type a-globin is used as control. The bar graph shows the P/D ratios = S.E. (n = 4).*, p < 0.05; **,p < 0.01;ns =

non significant.

matic increase in the ratio of proximal to distal product 4.34 *
0.55 versus 0.37 = 0.02 for the a-globin (Fig. 3D) and abolished
the regulation mediated by knockdown of hnRNPH/F (5.05 =
0.89 versus 4.34 *= 0.55) (Fig. 3D). These data indicate that
hnRNPH/F regulate competing 5" splice sites through G-rich
enhancers in the a-globin minigene and support the interpre-
tation that the hnRNPH/F synergistic effect is not limited to
PLP/DM20 splicing.

Next, we have tested whether the cell-specific context influ-
ences the hnRNPH/F-dependent regulation of the PLP/DM20
ratio. We knocked down hnRNPH, hnRNPF, and hnRNPH/F in
the fibroblast L cells and in the neuronal cell line, Neuro2A cells
transfected with PLP-neo (supplemental Fig. S2). Knockdown
with either siF3 or siH3 was specific for the targeted protein and
was not accompanied by a compensatory increase in the non-
targeted hnRNP (data not shown), in keeping with published
results (27). In both cell types, removal of hnRNPH, but not
hnRNPF increased the PLP/DM20 ratio. Removal of both
hnRNPH/F resulted in a greater increase in PLP/DM20 ratio.
The data suggest that cell-specific factors do not contribute to
the hnRNPH/F synergism.
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G1M?2 Regulate Selection of Competing 5’ Splice Sites in a
Heterologous Gene—We next sought to determine whether
G1M2 is able to regulate 5 splice site selection in the heterol-
ogous a-globin gene context and mediate the hnRNPH/F syn-
ergistic regulation of proximal versus distal products. We gen-
erated an a-globin construct, in which the distal G runs are
replaced with G1M2 and the proximal G runs by ISE, thus rep-
licating the DM20 and PLP configuration (Fig. 3B, construct 4).
In addition, we have made a construct in which G1M2 replaces
both proximal and distal G groups, thus resembling the G runs
configuration of the a-globin construct (Fig. 3B, construct 3).
The ratio of the PCR products derived from a-glo-G1M2-
G1M2 and a-glo-G1M2-ISE was 0.118 * 0.012 and 0.122 =
0.022, respectively, versus 0.372 + 0.018 derived from a-globin
(Fig. 3E). Knockdown of hnRNPH/F caused >2-fold increase in
the ratio of the PCR products derived from a-glo-G1M2-G1M2
(0.275 % 0.033) and a-glo-G1M2-ISE (0.283 = 0.059) (Fig. 3E).
These data support the interpretation that GIM2 enhances the
distal 5’ splice site and mediates the hnRNPH/F regulation of
proximal to distal splice site selection in a heterologous gene
context. Notably, the ratio of splice products and the magni-
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FIGURE 4. hnRNPH rescues DM20 splice site selection after siF/H treat-
ment. Representative RT-PCR analysis of PLP-neo derived PLP and DM20
products amplified from RNA isolated from Oli-neu cells untreated (lane 1),
treated with siF/H (lanes 2- 8) and transfected with increasing amount (0.5, 1,
and 1.5 pg) of pFLAG-hnRNPH DNA (lanes 2-4, respectively) or of pFLAG-
hnRNPF DNA (lanes 5-7, respectively) or pcDNA (0.5 ug) (lane 8) (30 PCR
cycles) (n = 2). The data are expressed as percent of DM20 product over the
total PLP+DM20. The amount of FLAG-hnRNPH and FLAG-hnRNPF protein
expressed is shown in the Western blot probed with FLAG antibody.

tude of increase in the ratio are lower in these constructs than in
the PLP-neo, suggesting that other variables, such as the splice
site strength and length of the intron, may influence G1M2
function and its ability to mediate hnRNPH and F regulation of
competing 5’ splice sites.

hnRNPH Is Primarily Responsible for the Regulation of DM20
Splicing in Vivo—To more directly investigate the function of
hnRNPH and F in regulating DM20 splice site selection in vivo,
we have taken two approaches. First, we have determined the
effect of overexpressed FLAG-hnRNPH or FLAG-hnRNPF on
the PLP/DM20 ratio derived from PLP-neo in Oli-neu cells
treated with siF/H. FLAG-hnRNPH and FLAG-hnRNPF tran-
scripts are resistant to siF/H-mediated degradation (see
“Experimental Procedures” for details). The expression of each
fusion protein was verified by Western blot with a FLAG anti-
body (Fig. 4). The plasmid-derived PLP and DM20 products
were amplified by RT-PCR in RNA isolated from cells cultured
for 72 h in growth medium, and the data are expressed as a
percent of DM20 product over the total PLP+DM?20 (Fig. 4). In
Oli-neu cells treated with siF/H, the DM20 product is 11% (lane
8) versus 80% (lane 1) in cells treated with control siRNA. Over-
expression of FLAG-hnRNPH induced a dose-dependent
increase in the DM20 product (lanes 2—4) and increased the
DM20 product up to 43%, whereas overexpression of FLAG-
hnRNPF induced a smaller increase in the DM20 product
(lanes 5-7), which was up to 25%. To demonstrate that the
small increase in DM20 is not the result of a poorly functional
hnRNPF protein, we have overexpressed FLAG-hnRNPF with a
Bcl-x minigene into Oli-neu cells treated with siF/H. The X;
and X, products are regulated by hnRNPH and F (Ref. 17 and
supplemental Fig. S3). The plasmid-derived X; /Xy ratio was
4-fold higher after treatment with siF/H than in untreated cells
(8.47 versus 1.84, supplemental Fig. S3). Overexpressed FLAG-
hnRNPF restored the X; /X ratio to the control level (1.55 ver-
sus 1.89, supplemental Fig. S3). These data are consistent with
the hnRNPF-dependent regulation of X;/Xg ratio (17) and
demonstrate that recombinant FLAG-hnRNPF is fully compe-
tent to regulate splicing. The results suggest that hnRNPH is a
stronger regulator of DM20 splicing than hnRNPF.
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Next, we replaced the GIM2 sequences in PLP-neo with an
MS2 coat protein binding motif (MS) or a non-related sequence
(NR) (Fig. 5A) and expressed these genes in Oli-neu cells alone
or with MS2-HMyc or MS2-FMyc fusion proteins, which will
tether each protein to the same location in exon 3B. The PLP
and DM20 splice products were determined by RT-PCR (Fig.
5B). The expression of MS2-HMyc and MS2-FMyc fusion pro-
teins was assessed by Western blot of Oli-neu cell lysates with
an antibody to the Myc tag (supplemental Fig. S4). Replacing
G1M2 with the MS2 hairpin or with an unrelated sequence
resulted in complete loss of the DM20 splice product, and only
the PLP product was amplified by RT-PCR (Fig. 5B, lanes 7 and
3). Significantly, expression of MS2-HMyc caused a dose-de-
pendent increase in the DM20 product from PLP-neo-MS1,
whereas expression of MS2-FMyc had no effect (Fig. 5B, com-
pare lanes 1 and 2 to lanes 5 and 6). We next asked whether
enhancing tethering by increasing the number of MS motifs
would result in greater DM20 splicing and potentially allow
detection of an effect induced by MS2-FMyc. We co-trans-
fected Oli-neu cells with a PLP-neo construct containing two
MS motifs cloned one adjacent to the other (PLP-neo-MS3)
with either MS2-HMyc or MS2-FMyc. The DM20 product
derived from PLP-neo-MS3 was increased by MS2-HMyc to
the same extent as the product derived from PLP-neo-MS1
(Fig. 5C, lane 3), the MS2-FMyc had no effect (Fig. 5C, lane 2).
Similar results were obtained from PLP-neo-MS2, in which the
two MS motifs are separated by a longer stretch of PLP
sequences (data not shown). Neither MS2-HMyc nor MS2-
FMyc increased the DM20 splice product derived from a PLP-
neo construct in which GIM2 were replaced with unrelated
sequences (Fig. 5B, lanes 3 and 4). The data indicate that
hnRNPH directly regulates selection of the DM20 5’ splice site,
while tethering of hnRNPF does not, suggesting that hnRNPF
alone is not sufficient to direct selection of the 5" splice site.
Collectively, the results of these studies support the notion that
hnRNPH plays a primary function in the regulation of DM20
splicing.

hnRNPH and F Recruit UIsnRNP to the DM20 5' Splice Site—
To further elucidate the molecular basis of the functional dif-
ference between hnRNPH and F in regulating DM20 splicing;
we have examined the biochemical interaction of hnRNPH and
F with other components of the splicing machinery. We have
determined whether GIM2 and hnRNPH and F regulate bind-
ing of UlsnRNP to the DM20 template. We have performed
RNA affinity precipitations with a biotinylated RNA template
that contains the DM20 5’ splice site and exon 3B sequences
encompassing G1 and M2 (DM20-G1M2, Fig. 6A and “Experi-
mental Procedures”). Oli-neu nuclear extracts were incubated
with either the DM20-G1M2 RNA template (WT) or an RNA
template in which the G1 and M2 are replaced by polyUs (MT).
The proteins bound to the templates were separated by SDS-
PAGE and analyzed by liquid chromatography/MS/MS and by
Western blot. Fifteen distinct bands were detected in the pre-
cipitates with the DM20-G1M2-WT template (Fig. 6B). Muta-
tion of G1 and M2 resulted in disappearance or strong reduc-
tion of several specific protein bands: the ~30-kDa band was
identified as U1A, the 55- to 58-kDa bands were identified as
hnRNPF and H, respectively, a 70-kDa band was identified as
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PLP-neo GGGGGCCAGAAGGGGAGGGGTTCCAGAGGCCAACATCAAGCTCATTCTTTGGAGCGGGTG...
PLP-neo-MS1 .GAAAACATGAGGATCACCCATGICAGAGGCCAACATCAAGCTCATTCTTTGGAGCGGGTG...
PLP-neo-MS3 .GAAAACATGAGGATCACCCATGTCAGAGAAAACATGAGGATCACCCATGTGGAGCGGGTG...
PLP-neo-NR ..GGATATCGATCGATGATCTCGAGCAGAGGCCAACATCAAGCTCATTCTTTGGAGCGGGTG...

B. C.

pcDNA-MS2-H - - +
pPcDNA-MS2-H + ++ + - - - - = DPCDNA-MS2-F _ Z _
pPCcDNA-MS2-F - - - + o+ ++ - - LB s Al S 5 s -
PLP-neo-MS1 + - = + + + & 1 2 3
PLP-neo-NR - - + + - - = -

PLP-neo-WT - - = - - - + PLP
1 2 3 4 5 6 7 8 DM20
PLP DM20 <1 <1 74
X DM20 (% of total)
DM20 65 115 <1 <1 <« <1 <1 761

(% of total)

FIGURE 5. h\nRNPH directly promotes DM20 splicing in vivo. A, schematic of PLP-neo-WT and constructs in which sequences spanning G1 and M2 have been
replaced with MS2 coat protein binding motif (PLP-neo-MS1) or an unrelated sequence (PLP-neo-NR). PLP-neo-MS3 was derived from PLP-neo-MS1 by
replacing sequences spanning M3-M5 with the MS2 motif (see “Experimental Procedures”). The sequences are shown. The stem-loop represents the binding
site for the MS2 coat protein. B, RT-PCR analysis of PLP and DM20 products derived from the minigenes. Oli-neu cells were transfected with 0.5 u.g (+) and 1.0
g (++) of the indicated plasmids and RNA was subjected to RT-PCR (30 PCR cycles). A representative experiment is shown (n = 2). The data are expressed as
percent of the DM20 product versus the total PLP+DM20 product. C, RT-PCR analysis of PLP and DM20 products derived from PLP-neo-MS3. Oli-neu cells were
transfected with 0.5 ug (+) of the indicated plasmids, and RNA was subjected to RT-PCR (30 PCR cycles). A representative experiment is shown (n = 2). The data

are expressed as percent of the DM20 product versus the total PLP+DM20 product.

A. DM20 5'SS Gl M2
DM20-GIM2-WT: 5'-GAGCGCAACGGUAACAGGGGGCCAGAAGGGGAGGGGUUCCAGAGG-3"

DM20-G1M2-MT: 5'-GAGCGCAACGGUAACAUUUUUCCAGAAUUUUUUUUUUUCCAGAGG-3"

&

U170K

H = hnRNP H

FIGURE 6. Mutations of G1 and M2 interfere with binding of U1 70K and U1A in RNA affinity precipitates.
A, RNA templates used in RNA affinity precipitations. The DM20 5’ splice site is in bold italics, and the natural G1
and M2 and the mutated poly-U sequences are underlined. B, representative sypro-ruby stained gel of RNA
affinity precipitates with biotinylated RNA templates containing wild-type (WT) or poly-U mutated G1M2 (MT)
and Oli-neu extracts (n = 3) (“Experimental Procedures”). M = protein markers. We have analyzed by liquid
chromatography-MS/MS bands that are absent and one band that is more prominent in precipitates with the
G1M2 mutated template. The protein’s identity is shown. C, Western blot analysis of U1 70K, UTA, hnRNPAT, F,
H, and L in the RNA affinity precipitates with Oli-neu extracts and either WT or MT template. The data were
repeated in three separate experiments.

U1 70K, and a band of 100 kDa was
identified as containing PTB-asso-
ciated splicing factor and nucleolin
(Fig. 6B). Western blot analysis of
RNA precipitates with the G1- and
M2-mutated template confirmed
that Ul 70K and UlA were signifi-
cantly reduced, whereas hnRNPH
and F were almost completely
absent, compared with precipitates
with the wild-type template (Fig.
6C). In contrast, Western analysis
showed that binding of hnRNPL
and hnRNPA1 was not affected by
mutation of G1 and M2. The data
suggest that the absence of G1 and
M2 abolishes binding of hnRNPH
and F, which in turn greatly reduces
recruitment of components of the
U1snRNP to the template.

To demonstrate that removal of
hnRNPH and F is responsible for
loss of UlsnRNP binding, RNA
affinity precipitations were carried
out with the DM20-GIM2-WT
template and Oli-neu nuclear
extracts that had been depleted of
hnRNPH and F with poly-G affinity
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FIGURE 7. Binding of U1 70K and U1A is reconstituted by recombinant hnRNPH and F. A, representative Western blot analysis of the input (one-tenth of
nuclear extracts used in RNA affinity precipitations) (n = 3). hnRNPH and F are almost completely removed from Oli-neu extracts run through poly-G affinity
column (ANE), whereas U1 70K and U1A as well as hnRNPL are present in similar amount as in the natural extracts (NE). Western blot analysis of RNA affinity
precipitates with either natural Oli-neu nuclear extracts (NE) or poly-G depleted extracts (ANE) (n = 3). Binding of U1 70K and U1A to the template is almost
completely abolished by depletion of hnRNPH and F. Binding of hnRNPHL is not affected by depletion of hnRNPH/F. B, representative Western blot analysis of
RNA affinity precipitates with the natural nuclear extracts (NE), poly-G depleted extracts (ANE) and ANE supplemented with either recombinant hnRNPH or
hnRNPF (n = 3).Binding of UT 70K and U1A to the template is reconstituted by hnRNPH and F. C, Coomassie Blue-stained SDS gel showing the homogeneous
preparation of recombinant hnRNPH and hnRNPF. D, representative Western blot analysis of the input (one-tenth of nuclear extracts used in RNA affinity
precipitations) (n = 2). hnRNPH and F are almost completely removed from Oli-neu extracts prepared from cells treated with siF/H (NE-siF/H), whereas U1 70K
is present in similar amount as in the extract prepared from mock treated cells (NE-mock). E, representative Western blot analysis of RNA affinity precipitates
with NE, siF/H-NE, and siF/H NE supplemented with either recombinant hnRNPH or hnRNPF (n = 2). Binding of U1 70K and U1A to the RNA template is

reconstituted by either hnRNPH or F.

columns (37). As shown in Fig. 7A, hnRNPH and F were specif-
ically and almost completely removed, whereas the U1 70K and
U1A and hnRNPL were not affected. RNA affinity precipita-
tions were carried out with the DM20-G1M2-WT template and
either the natural or poly-G-depleted Oli-neu nuclear extracts
and subjected to Western blot. Binding of U1 70K and U1A to
the DM20-G1M2 template was almost completely abolished
with the hnRNPH and F depleted extracts. The reduction of
binding is specific, because binding of hnRNPL was not affected
by depletion of hnRNPH and F (Fig. 7A). Similar results were
obtained in RNA affinity precipitations with nuclear extracts
prepared from Oli-neu cells treated with siF/H to remove
endogenous hnRNPH and F (Fig. 7D). These results demon-
strate that, in the absence of hnRNPH and F, U1snRNP does not
bind to the DM20 template.

Next, we sought to determine whether hnRNPH and
hnRNPF differ in their ability to recruit U170K and U1A to
DM20-G1M2-WT. To this end, we have added either bacteri-
ally expressed purified His-hnRNPH or His-hnRNPF (Fig. 7C)
to Oli-neu nuclear extracts that were depleted of hnRNPH/F
with polyG (Fig. 7B) or by siF/H treatment in vivo (Fig. 7E) and
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examined Ul 70K and U1A binding to the DM20-G1M2 tem-
plate. Reconstitution of the extract with either hnRNPH or
hnRNPF restored binding of U170K and U1A to the RNA tem-
plate (Fig. 7, B and E), indicating that both are effective in
recruiting UlsnRNP to the DM20. Addition of His-hnRNPH
and F together did not increase recruitment of U1 70K and UTA
to the DM20 template compared with the individual protein
(data not shown). These data show that hnRNPH and F are
equally effective in recruiting UlsnRNP, suggesting a redun-
dant function of hnRNPH and F in stabilizing the assembly of
UlsnRNP.

DISCUSSION

In this work, we have characterized the molecular mecha-
nisms underlying the regulation of PLP exon 3B inclusion/ex-
clusion mediated by hnRNPH/F and G-rich enhancers in exon
3B. Notably, exon 3B is almost 100% conserved at the nucleo-
tide level across species (40), suggesting a strong role of these
sequences in RNA-processing regulation. Exon 3B harbors five
distinct G runs of which G1 and M2 are clustered in close prox-
imity to the DM20 5’ splice site and act as enhancers of the
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DM20 splice site. G1 is a stronger enhancer than M2, possibly
because it contains a longer stretch of five uninterrupted Gs. In
contrast, G4 and G5, although they represent consensus bind-
ing motifs for hnRNPH family of splicing factors (28), do not
participate in the hnRNPH/F mediated regulation of PLP/
DM20 ratio. The clustering of enhancers close to the DM20 5’
splice site supports the notion that an active mechanism, cen-
tered on these G-rich sequences, has evolved to select DM20
over the PLP 5’ splice site in cells in which the DM20 isoform is
preferentially expressed such as oligodendrocyte progenitor
cells in the embryonic brain, Schwann cells and non-glial cells
(41). This regulation is mediated by hnRNPH and F through
G1M2 enhancers and is not dependent on cell type, consistent
with a proposed function in the selection of DM20 in immature
glial cells and in non-glial cells.

G1 and M2 form a functional unit and mediate hnRNPH and
F regulation of competing 5’ splice sites in the PLP gene and in
a heterologous a-globin, suggesting that their function is in
large part independent from the gene context. In addition,
hnRNPH and F cooperatively regulate the distal of two a-globin
5’ splice sites through the natural G triplets present in this gene,
indicating that the synergism of hnRNPH and F may represent
a more general mechanism by which competing 5’ splice sites
flanked by G-rich enhancers are regulated. However, removal
of hnRNPH/F induces a relatively small change in the a-globin
distal to proximal transcript ratio compared with the effect on
the PLP/DM20 ratio, suggesting that other factors, such as
splice site strength or intron length, may play a role. Previously,
a-globin G runs were shown to directly recruit UlsnRNP
through base-pairing of G-rich sequences with UlsnRNA
nucleotides not involved in 5’ splice site interaction and to help
position the UlsnRNA on to the 5’ splice site (24). In the PLP
gene, hnRNPH and F regulate the PLP/DM?20 ratio by recruit-
ing and/or stabilizing the U1snRNP binding likely through pro-
tein-protein interactions. Whether direct base pairing also
occurs between the G1IM2 and UlsnRNA, similarly to the G
runs of the a-globin, and whether this mechanism contributes
to selection of DM20 5’ splice site remain to be determined.

Unlike other genes in which hnRNPH and F have redundant
functions in vivo (17, 31, 32), we demonstrate that hnRNPH and
F are not functionally redundant in regulating DM20 splicing.
Expression of hnRNPH alone is able to regulate selection of the
DM20 splice site after removal of hnRNPH/F in vivo, whereas
hnRNPF only weakly regulates DM20 splicing, although the
transfected hnRNPH and F proteins are expressed in an equiv-
alent amount. Furthermore, tethering of hnRNPF directly
downstream of the DM20 5’ splice site, even in the presence of
two binding motifs, did not have an effect on DM20 splicing,
whereas tethering of hnRNPH induced a dose-dependent
increase in DM20 splicing. These data suggest that hnRNPF
alone is not sufficient to directly regulate the DM20 splicing.

The ability of FLAG-hnRNPF to exert a modest regulation on
the DM20 splicing in the PLP gene context may depend on the
presence of G1M2 and flanking sequences, which would allow
binding of other factors to these sequences. A number of pro-
teins, including hnRNPA1 and L, bind to the DM20-G1M2
template (Fig. 6) and to M2 (27) and may interact with hnRNPH
and F and participate in the regulation of splicing. Nucleolin
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and PTB-associated splicing factor bind to DM20-G1M2 and
depend on G1M2. Both nucleolin and PTB-associated splicing
factor are ubiquitously expressed polyfunctional proteins,
which participate in several aspects of RNA metabolism and
processing (42, 43). Interestingly, PTB-associated splicing fac-
tor forms a complex with the non-snRNP-associated U1A (44),
and this complex may interact with hnRNPH/F.

In this study, we show that GIM2 and hnRNPH/F are critical
for the recruitment of components of UlsnRNP to the DM20
template, suggesting that this represents a major mechanism,
which regulates the increase in PLP/DM20 ratio in differenti-
ated oligodendrocytes where the abundance of hnRNPH and F
isreduced (27). Although the effect of hnRNPH/F on UlsnRNP
recruitment is clearly demonstrated by our studies, the mech-
anism whereby hnRNPH and F recruit U1snRNP remains to be
elucidated. It is tempting to speculate that hnRNPH/F may
either antagonize a repressor or associate with an activator
leading to recruitment of UlsnRNP to the DM20 5’ splice site.
Some of the splicing factors identified in the proteomics analy-
sis and shown to be differentially affected by mutations in
G1M2 and loss of hnRNPH/F binding are potential candidates
for such interactions. Importantly, hnRNPH and F are equally
effective in recruiting U1snRNP, thus excluding the possibility
that differences in assembly of the E complex account for the
functional role of hnRNPH. It is tempting to speculate that
hnRNPH plays a unique role in later steps of spliceosome
assembly, such as formation of ATP-dependent splicing com-
plexes, because it was shown to occur in the HIV splicing (28) or
that binding of hnRNPH modifies the RNA structure, especially
through a predicted quadruplex G run structure formed by G1
and M2 (45, 46), leading to greater accessibility to other splicing
factors or that hnRNPH selectively inhibits a repressor of the
DM20 splice site.

The ISE downstream of the PLP 5’ splice site regulates the
increase in PLP/DM20 in the developing brain in vivo, and
absence of the ISE leads to predominance of DM20 product,
demonstrating its antagonistic effect on the GIM2 (29). Unlike
G1M2, ISE is only partially and weakly regulated by hanRNPH/F
both in the PLP and the a-globin gene contexts. Importantly,
mutations of the G runs of the ISE have a stronger effect on the
PLP/DM20 ratio than removal of hnRNPH/F, suggesting that
other splicing factors play a critical role in the ISE function.
hnRNPA1 and L bind to the G runs of the ISE (27), thus these
splicing factors may contribute to the function of the ISE. Fur-
thermore, sequences 5’ of the G runs in the PLP gene context
have an enhancing function on PLP 5’ splice site selection, how-
ever, a putative SRp40 binding motif does not appear to mediate
this enhancer’s function, supporting the notion that other splic-
ing factors may participate in the regulation. These factors
remain to be identified.

In summary, we have shown that hnRNPH and F regulate the
PLP/DM20 ratio through G1M2 and recruit UlsnRNP to the
DM20 5’ splice site. Because both hnRNPH and F are equally
effective in recruiting UlsnRNP, the functional difference
between hnRNPH and hnRNPF ix vivo may be dependent on
other steps of splicing. On the basis of the data, we propose that
reduced abundance of hnRNPH/F in differentiated oligoden-
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drocytes regulates the PLP/DM20 ratio by decreasing the over-
all efficiency of DM20 5’ splice site recognition by UlsnRNP.
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