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SUMMARY

The mechanisms that regulate alternative precursor

mRNA (pre-mRNA) splicing are largely unknown.

Here, we perform an RNAi screen to identify factors

required for alternative splicing regulation by

RBFOX2, an RNA-binding protein that promotes

either exon inclusion or exclusion. Unexpectedly,

we find that two mRNA 30 end formation factors,

cleavage and polyadenylation specificity factor

(CPSF) and SYMPK, are RBFOX2 cofactors for both

inclusion and exclusion of internal exons. RBFOX2

interacts with CPSF/SYMPK and recruits it to the

pre-mRNA. RBFOX2 and CPSF/SYMPK then func-

tion together to regulate binding of the early intron

recognition factors U2AF and U1 small nuclear ribo-

nucleoprotein particle (snRNP). Genome-wide anal-

ysis reveals that CPSF also mediates alternative

splicing of many internal exons in the absence of

RBFOX2. Accordingly, we show that CPSF/SYMPK

is also a cofactor of NOVA2 and heterologous nuclear

ribonucleoprotein A1 (HNRNPA1), RNA-binding pro-

teins that also regulate alternative splicing. Collec-

tively, our results reveal an unanticipated role for

mRNA 30 end formation factors in global promotion

of alternative splicing.

INTRODUCTION

The vastmajority of structural genes in higher eukaryotes contain

intervening sequences (introns) that are removed from the pre-

cursor mRNAs (pre-mRNAs) by splicing. In �95% of human

genes, splice sites can be differentially selected to produce

distinct mRNA and protein isoforms from the same pre-mRNA,

a process called alternative splicing. Alternative splicing plays

important roles in diversifying the proteome and controlling

gene expression (Keren et al., 2010; Kornblihtt et al., 2013; Nilsen

and Graveley, 2010). The importance of understanding alterna-

tive splicing regulation is underscored by its well-established

roles in multiple biological processes (Irimia and Blencowe,

2012; Kalsotra and Cooper, 2011). For example, differential

expression of mRNA isoforms is important for development (Kal-

sotra and Cooper, 2011), and alterations in alternative splicing

can contribute to the initiation or progression of cancer and other

diseases (Cooper et al., 2009).

The mechanisms that regulate alternative splicing, particularly

on a genome-wide level, remain largely unknown. Regulation of

splice site selection is thought to primarily occur at the earliest

stages of the assembly pathway by RNA-binding proteins that

either promote or repress the use of core splicing signals

(Chen and Manley, 2009). RBFOX2 (also called FOX-2) is an

RNA-binding protein that is conserved from worms to humans

and specifically recognizes the RNA element UGCAUG (Under-

wood et al., 2005; Zhang et al., 2008). Binding of RBFOX2 within

or 50 to the alternative exon causes exclusion (or skipping),

whereas binding to the 30 intron promotes inclusion (Chen and

Manley, 2009; Huh and Hynes, 1994; Venables et al., 2009;

Yeo et al., 2009; Zhang et al., 2008). The basis of this differential,

location-dependent regulation remains to be determined.

In addition to pre-mRNA splicing, RNA-binding proteins also

function atmultiple steps during gene expression, including tran-

scriptional elongation (Lin et al., 2008), mRNA 30 end formation

(Chan et al., 2011), and mRNA nuclear export (Blanchette

et al., 2004). Here, we describe a large-scale RNAi screen to

identify factors required for splicing regulation by RBFOX2. Our

results reveal an unanticipated role for mRNA 30 end formation

factors in global promotion of alternative splicing.

RESULTS

A Large-Scale shRNA Screen Reveals CPSF as an

RBFOX2 Cofactor

To identify possible cofactors required for RBFOX2 to repress

splicing, we performed a large-scale small hairpin RNA (shRNA)

screen (Figure 1A) based upon a previously described three-

exon mini-gene reporter for exon exclusion (Wang et al., 2004).

Exons 1 and 3 form a complete mRNA encoding GFP. Exon 2

is normally included to form an mRNA that does not encode

functional GFP (GFP�). However, insertion of a binding site for

a splicing repressor into exon 2 causes skipping of this exon,

producing an mRNA encoding functional GFP (GFP+). We in-

serted an RBFOX2-binding site (Lim and Sharp, 1998; Venables

et al., 2009; Yeo et al., 2009; Zhang et al., 2008) into exon 2

and derived a Flp-In-293 cell line in which this reporter construct

was integrated at a single site (GFP/Flp-In-293 cells).
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Figure 1. A Large-Scale shRNA Screen Reveals CPSF as an RBFOX2 Cofactor

(A) Schematic of the screen.

(B) FACS analysis showing the percentage of GFP� cells in GFP/Flp-In-293 cells expressing an NS, RBFOX2, or CPSF2 shRNA.

(C) RT-PCR analysis of GFP splicing in parental (FACS-sorted) GFP/Flp-In-293 cells, and cells expressing an NS, RBFOX2, or CPSF2 shRNA. The positions of

mRNAs in which exon 2 is included (E2-I) or excluded (E2-E) are shown. The percentage of the signal corresponding to exon inclusion is shown.

(legend continued on next page)
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Fluorescence-activated cell sorting (FACS) was used to derive a

population of cells that was >95% GFP+ (Figure S1A).

GFP/Flp-In-293 cells were transduced with lentiviral shRNA

pools from the RNAi Consortium (TRC)-Hs1.0 human shRNA li-

brary, GFP� cells were isolated by two rounds of FACS selection

and expanded, and shRNA candidates were identified by DNA

sequencing. To avoid indirect effects, we prioritized candidates

that were implicated in RNA-related processes and nuclear

localized (Table S1). Unexpectedly, one of the candidates was

cleavage and polyadenylation specificity factor 2 (CPSF2) (also

called CPSF100), a component of the multi-subunit CPSF com-

plex that catalyzes the cleavage step of mRNA 30 end formation

(Chan et al., 2011; Colgan and Manley, 1997; Mandel et al.,

2008). Because of the well-established role of CPSF in pre-

mRNA processing, we elected to focus on CPSF2. Validation ex-

periments confirmed that knockdown of RBFOX2 or CPSF2 in

the GFP/Flp-In-293 reporter cell line resulted in a substantially

increased percentage of GFP� cells (Figure 1B) and increased

exon 2 inclusion (Figure 1C) relative to that obtained using a

control non-silencing (NS) shRNA. Notably, knockdown of

CPSF2 did not affect RBFOX2 levels and vice versa (Figures

S1B and S1C).

We next tested the role of the three other CPSF subunits as

well as additional mRNA 30 end formation factors. Figure 1D

shows that CPSF1 (also called CPSF160), CPSF3 (also called

CPSF73), and CPSF4 (also called CPSF30) and SYMPK, a pro-

tein that can stably associate with CPSF subunits (Sullivan

et al., 2009), were required for efficient RBFOX2-directed alter-

native splicing of the GFP reporter. By contrast, knockdown of

other known mRNA 30 end formation factors, including cleav-

age and stimulation factors CSTF1–3, NUDT21 (also called

CPSF5), CPSF6, and the poly(A)-binding protein PABPN1,

had no effect on splicing. Similar results were obtained using

a second, unrelated shRNA to CPSF1–4 and SYMPK (Fig-

ure S1D). Knockdown efficiency of each shRNA was confirmed

by qRT-PCR (Figure S1E) and immunoblot analyses (Fig-

ure S1F). Notably, like CPSF2, knockdown of CPSF1, 3, or 4

or SYMPK did not affect RBFOX2 levels (Figures S1C

and S1F). In addition, knockdown of either CPSF2 or RBFOX2

did not affect expression of CPSF1, 3, or 4 or SYMPK

(Figure S1G).

To confirm the role of CPSF and SYMPK (CPSF/SYMPK) on

RBFOX2-directed splicing repression, we analyzed splicing of

an endogenous pre-mRNA, MBNL1 exon 8, whose exclusion is

promoted by RBFOX2 (Venables et al., 2009; Zhang et al.,

2008). Knockdown of RBFOX2, CPSF1–4, or SYMPK, but not

other mRNA 30 end formation factors, substantially increased

MBNL1 exon 8 inclusion (Figures 1E and S1H).

We next asked whether CPSF was bound to the pre-mRNA

using a UV crosslinking/immunoprecipitation (CLIP) assay (Jen-

sen and Darnell, 2008). For this CLIP experiment and those

described below, following immunoprecipitation, RNA was size

selected to �200–250 base pairs (bp) followed by qRT-PCR

using primers designed to amplify a region within 200 bp up-

stream (for an exclusion event) or downstream (for an inclusion

event) of the alternatively spliced exon. In this particular experi-

ment, primers were designed to amplify the intron upstream of

MBNL1 exon 8, which contains an RBFOX2-binding site (Ven-

ables et al., 2009; Zhang et al., 2008). Figure 1F shows that

RBFOX2, CPSF1–4, and SYMPK were bound to the intron

upstream ofMBNL1 exon 8. By contrast, other mRNA 30 end for-

mation factors were not associated with this same MBNL1 pre-

mRNA region, although, as expected, they were associated with

the MBNL1 cleavage and polyadenylation site (Figure S1I).

Knockdown of RBFOX2 resulted in complete loss of CPSF1–4

and SYMPK binding (Figure 1G). Notably, binding of RBFOX2

was reduced �50%–60% following knockdown of CPSF1–4 or

SYMPK. Interestingly, depletion of any CPSF subunit or SYMPK

resulted in loss of binding of all other factors, which may be ex-

plained by disruption of a CPSF/SYMPK complex.

To confirm the CLIP results, we performed an in vitro RNA pull-

down assay. Briefly, a biotinylated RNA substrate containing

MBNL1 exon 8 plus �100 bp of flanking intron sequence was

bound to streptavidin beads and incubated in Flp-In-293 nuclear

extract. Proteins retained after stringent washing were eluted

and analyzed by immunoblotting. Figure 1H shows that the

RNA substrate was bound by RBFOX2, CPSF1–4, and SYMPK,

but not other mRNA 30 end formation factors. Notably, there was

no detectable binding of RBFOX2, CPSF1–4, and SYMPK to a

biotinylated RNA substrate that contained constitutively spliced

MBNL1 exon 6 or an MBNL1 exon 8 derivative in which the

RBFOX2-binding site was mutated.

To delineate the region of the CPSF2 protein that was required

for its RNA-binding activity, we constructed a series of CPSF2

truncation mutants and tested them for RNA binding in an

in vitro RNA pull-down assay. The results show that the RNA-

binding activity of CPSF2 requires the metallo-b-lactamase

(MbL) and b-CASP motifs, but not the C-terminal domain

(Figure S1J).

The above-mentioned results raised the possibility that CPSF/

SYMPK was associated with the pre-mRNA due to a direct

interaction with RBFOX2. Consistent with this possibility,

(D and E) RT-PCR analysis of GFP splicing in GFP/Flp-In-293 cells (D) and of endogenous MBNL1 in Flip-In-293 cells (E) expressing a control NS shRNA, or an

shRNA targeting an mRNA 30 end formation factor.

(F) CLIP analysis monitoring binding of RBFOX2, CPSF1–4, SYMPK, and other mRNA 30 end formation factors to MBNL1 exon 8. Data are represented as

mean ± SD.

(G) CLIP analysismonitoring binding of RBFOX2, CPSF1–4, and SYMPK toMBNL1 exon 8 in cells expressing an NS, RBFOX2, CPSF1–4, or SYMPK shRNA. Data

are represented as mean ± SD.

(H) RNA pull-down assay. A biotinylated RNA containingMBNL1 regulated exon 8 (E8-WT), an exon 8 derivative containing amutation in the RBFOX2-binding site

(E8-mut) or, as a control, constitutively spliced exon 6 (E6 [ctrl]) as well as 100 bp of upstream and downstream intron sequenceswas incubated in nuclear extract

and analyzed for bound proteins by immunoblotting.

(I) Co-immunoprecipitation analysis. Cell extracts were immunoprecipitated in the presence of RNase with an RBFOX2, CPSF1–4, or SYMPK antibody, or as a

control with IgG, and immunoblotted for each protein.

See also Figure S1.
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co-immunoprecipitation from nuclear extract shows that

RBFOX2, CPSF1–4, and SYMPK are stably associated with

one another (Figure 1I). In this and the co-immunoprecipitation

experiments presented below, co-immunoprecipitations were

performed in the presence of RNase to rule out the possibility

that the apparent protein-protein interactions were mediated

by RNA. We could also demonstrate co-immunoprecipitation

of in vitro translated CPSF1–4 and SYMPK (Figure S1K), ruling

out the possibility of a ‘‘bridging’’ interaction by some other nu-

clear protein.

Genome-wide Analysis of RBFOX2- and

CPSF2-Mediated Changes in Alternative Splicing of

Internal Exons

To determine the role of CPSF in alternative splicing on a

genome-wide level, we performed paired end RNA sequencing

(RNA-seq) to compare splicing events in control and CPSF2

knockdown cells. RBFOX2 knockdown cells were analyzed in

parallel. The RNA-seq experiments were performed using two

biological replicates. Each sample produced 78–110 million

paired-end reads, >85%ofwhichmapped uniquely to the human

genome. RNA-seq analysis was performed using DEXSeq, a sta-

tistical method to test for differential exon usage in RNA-seq

(Anders et al., 2012). The biological replicates demonstrated a

high level of reproducibility for both differential gene expression,

as determined by reads per kilobase of transcript per million

mapped reads (RPKM) (R2 > 0.99) (Figure S2A), and alternative

splicing (R2 > 0.97) (Figure S2B). Also, comparison of RPKM be-

tween knockdown cell lines showed comparable gene expres-

sion (R2>0.96) (Figure S2C).Weexcluded terminal exons,whose

splicing could be altered due to defectivemRNA30 end formation

(Kyburz et al., 2006; Martinson, 2011) following RBFOX2 or

CPSF2 knockdown. We also used Cufflinks, a software program

that tests for differential expression and regulation in RNA-seq

samples (Trapnell et al., 2013), to eliminate genes whose expres-

sion levels were altered by RBFOX2 or CPSF2 knockdown.

The RNA-seq results show, as expected, that RBFOX2 pro-

moted exclusion of some internal exons (5,106) and inclusion

of other internal exons (754) (Figure 2A; Table S2). Likewise,

CPSF2 also promoted both internal exon exclusion (9,081) and

inclusion (2,326) (Figure 2A; Table S3). Notably, �67% of the

splicing events that were altered following RBFOX2 knockdown

were comparably affected by CPSF2 knockdown (Figure 2A;

Table S4). In addition to these RBFOX2-regulated, CPSF2-regu-

lated events, the RNA-seq results revealed two additional

categories of alternative splicing events: RBFOX2-regulated,

CPSF2-independent and RBFOX2-independent, CPSF2-regu-

lated, which are analyzed in greater detail below.

Identification ofGenome-wideBinding Sites for RBFOX2

and CPSF2

To identify the direct genome-wide targets of RBFOX2 and

CPSF2, we performed genome-wide individual-nucleotide reso-

lutionUVcrosslinking/immunoprecipitation (iCLIP) assays (König

et al., 2010) in Flp-In-293 cells. For each factor, two independent

replicate iCLIP experiments were performed (Figure S2D).

Unexpectedly, only �18% of the CPSF2 iCLIP tags are

located in the 30 UTR (Figure 2B), suggesting that CPSF2 has a

major role in RNA processing events other thanmRNA 30 end for-

mation. Consistent with this idea, analysis of the iCLIP data also

revealed that CPSF2 does not have a distinct binding peak near

the cleavage and polyadenylation site (Figures S2E and S2F).

Notably, there was a significant correlation between our

CPSF2 results and a published CPSF1 CLIP-seq dataset (Martin

et al., 2012) (Figure S2G).

To identify the sequence motifs that are enriched in RBFOX2

and CPSF2 clusters, we used the motif analysis program

HOMER (Heinz et al., 2010). As expected, the top motif based

on p value for RBFOX2 was the well-known RBFOX2 motif

UGCAUG (p = 1e-265), whereas the top motif for CPSF2 was

AGGUAG (p = 1e-232) (Figure 2C). Bioinformatic analysis re-

vealed that there was no substantial enrichment of the CPSF2

motif near cleavage and polyadenylation sites (Figure S2H).

To determine whether a CPSF subunit or SYMPK binds to the

AGGUAG motif, we performed RNA pull-down assays using a

biotinylated RNA substrate and in vitro translated proteins. In

this assay, the biotinylated substrate was a b-globin exon 2

derivative containing two inserted AGGUAG motifs. The results

of Figure 2D show that CPSF2, but not CPSF1, 3, or 4 or

SYMPK, bound to the AGGUAG-containing RNA substrate, but

not to a control biotinylated b-globin exon 2 RNA that lacked

the motif.

Validation of the RNA-Seq Results

To validate these RNA-seq results, we analyzed by RT-PCR

several representative alternatively spliced exons whose inclu-

sion or exclusion was promoted by both RBFOX2 and CPSF2.

For all RBFOX2-regulated, CPSF2-regulated exons analyzed,

knockdown of RBFOX2, CPSF1–4, or SYMPK had a comparable

effect on alternative splicing (Figures 3A, 3B, S3A, and S3B). By

contrast, knockdown of CSTF3, an essential cleavage and poly-

adenylation factor that is not a CPSF/SYMPK subunit, had no ef-

fect on splicing of these pre-mRNAs (Figures S3A and S3B) or

any of the other pre-mRNAs analyzed below. The corresponding

iCLIP tracks revealed multiple RBFOX2- and CPSF2-binding

peaks in or adjacent to the alternatively spliced exon (Figures

S3A and S3B). CLIP analysis showed that binding of RBFOX2

and CPSF2 was substantially enriched within 200 bp down-

stream (Figure 3C) or upstream (Figure 3D) of the alternatively

spliced exon. For other components of the CPSF/SYMPK com-

plex, CLIP analysis revealed that they were also bound to the

same region of the pre-mRNA (Figures 3C and 3D). Analysis of

a representative RBFOX2-regulated, CPSF2-regulated exon,

MEF2A exon 8, revealed that knockdown of RBFOX2 resulted

in complete loss of CPSF1–4 and SYMPK binding (Figure 3E).

Notably, binding of RBFOX2 was reduced�50%–60% following

depletion of CPSF/SYMPK.

In addition to the alternatively spliced exons that were regu-

lated by both RBFOX2 and CPSF2, the RNA-seq results identi-

fied a large number of CPSF2-regulated exons (11,407), �66%

of which appeared to be RBFOX2 independent (see Figure 2A).

RT-PCR analysis of several of these alternatively spliced exons

confirmed in all cases that knockdown of CPSF1–4 or SYMPK

had the expected effect on exon inclusion or exclusion, whereas

RBFOX2 knockdown had no effect (Figures 4A, 4B, S4A, and

S4B). Consistent with these results, CLIP analysis showed that

822 Molecular Cell 58, 819–831, June 4, 2015 ª2015 Elsevier Inc.



CPSF1–4 and SYMPK were bound near the regulated exons,

whereas RBFOX2 binding was not detected (Figures 4C and 4D).

Finally, the RNA-seq results also revealed that �33% of

RBFOX2-regulated exons were CPSF2 independent (see Fig-

ure 2A). Analysis of representative alternatively spliced exons

revealed that in all cases, knockdown of RBFOX2 had the pre-

dicted effect on exon inclusion or exclusion, whereas knock-

down of CPSF1–4 or SYMPK had no effect (Figures S4C and

S4D). CLIP assays revealed that RBFOX2, but not CPSF1–4 or

SYMPK,were bound adjacent to the regulated exon (Figure S4E).

Furthermore, in contrast to what we found for RBFOX2-regu-

lated, CPSF/SYMPK-regulated exons, RBFOX2 binding was un-

affected by depletion of CPSF1–4 or SYMPK (Figure S4F).

RBFOX2 and CPSF/SYMPK Promote Exon Exclusion and

Inclusion by Regulating Binding of U2AF and U1 snRNP

One mechanism to promote alternative splicing is by regulating

binding of the early intron recognition factors U2AF, which binds

to the Py tract/30 splice site, and U1 small nuclear ribonucleopro-

tein particle (snRNP), which binds to the 50 splice site (Chen and

Manley, 2009). To gain insight into how CPSF functions with

RBFOX2 to modulate splicing, we used a CLIP assay to measure

binding of the U2AF subunit U2AF65 and the U1 snRNP

subunit U1 70K in the upstream intron or the downstream intron,

respectively, relative to the alternatively spliced exon. We first

measured U2AF65 and U1 70K binding to exon 8 of the

MEF2A pre-mRNA, whose inclusion is promoted by RBFOX2

A

B

C D

Figure 2. Genome-wide Analysis of RBFOX2- and CPSF2-Mediated Changes in Alternative Splicing of Internal Exons

(A) Venn diagrams showing the overlap between total (left), exon exclusion (middle), and exon inclusion (right) RBFOX2-regulated and CPSF2-regulated internal

splicing events.

(B) Distribution of RBFOX2 and CPSF2 iCLIP tags.

(C) Top binding motifs, based on p values, from RBFOX2 and CPSF2 iCLIP analysis.

(D) RNA pull-down assay. A biotinylated RNA substrate containing b-globin exon 2 harboring (E2+CPSF2) or lacking (E2-WT; control) two AGGUAG motifs was

incubated with in vitro translated proteins and analyzed for bound proteins by immunoblotting.

See also Figures S2 and S7.
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and CPSF (see Figure 3A). Figure 5A shows that in control cells

expressing an NS shRNA, binding of U2AF65 and U1 70K could

be detected at the introns adjacent to both the regulated exon 8

and the constitutively spliced exon 5. Knockdown of either

RBFOX2 or CPSF2 resulted in decreased binding of U2AF65

and U1 70K at the intron adjacent to MEF2A exon 8, but had

no effect on binding at the intron adjacent to the constitutive

exon 5. Similar results were obtained for nine other pre-mRNAs

whose inclusion is promoted by RBFOX2 and CPSF (Figure S5A;

Table S4).

We performed a comparable analysis on MBNL1 exon 8,

whose exclusion is promoted by RBFOX2 and CPSF (see Fig-

ure 1E). Figure 5B shows that in control NS shRNA cells,

U2AF65 binding was not detected at the upstream intron adja-

cent to regulated MBNL1 exon 8, but was readily detected at

the intron upstream of constitutively spliced exon 6. Notably,

knockdown of either RBFOX2 or CPSF2 substantially increased

binding of U2AF65 to the intron upstream of regulated exon 8. By

contrast, U1 70K binding was detected at both the downstream

intron adjacent to regulated exon 8 and the intron upstream of

constitutively spliced exon 6, and was not affected by RBFOX2

or CPSF2 knockdown. Similar results were obtained for nine

other pre-mRNAs whose exclusion is promoted by RBFOX2

and CPSF (Figure S5B; Table S4).

We also analyzed U2AF65 and U1 70K binding for two

RBFOX2-regulated, CPSF/SYMPK-independent pre-mRNAs.
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Figure 3. Validation of RNA-Seq Results for

RBFOX2-Regulated, CPSF/SYMPK-Regu-

lated Exons

(A and B) RT-PCR analysis monitoring inclusion (A)

or exclusion (B) of representative exons in cells

expressing an NS, RBFOX2, CPSF1–4, or SYMPK

shRNA.

(C and D) CLIP analysis monitoring binding of

RBFOX2, CPSF1–4, and SYMPK to the regulated

exons of the indicated pre-mRNAs. Data are rep-

resented as mean ± SD.

(E) CLIP analysis monitoring binding of RBFOX2,

CPSF1–4, and SYMPK to MEF2A exon 8 in cells

expressing an NS, RBFOX2, CPSF1–4, or SYMPK

shRNA. Data are represented as mean ± SD.

See also Figure S3.

Figure S5C shows that knockdown of

RBFOX2 substantially decreased binding

of U2AF65 and U1 70K atDIAPH1 exon 2,

whose inclusion is promoted by RBFOX2

(see Figure S4C). By contrast, Figure S5D

shows that RBFOX2 knockdown

increased binding of U2AF65, but had

no effect on U1 70K binding at AGRN

exon 7, whose exclusion is promoted by

RBFOX2 (see Figure S4D). As expected,

for both exons, knockdown of CPSF2

had no effect (Figures S5C and S5D).

Finally, we analyzed U2AF65 and U1

70K binding for two CPSF/SYMPK-regu-

lated, RBFOX2-independent pre-mRNAs.

Figure S5E shows that knockdown of CPSF2 decreased bind-

ing of U2AF65 and U1 70K at the intron adjacent to PDHX exon

11, whose inclusion is promoted by CPSF/SYMPK (see Fig-

ure 4A). By contrast, Figure S5F shows that CPSF2 knock-

down substantially increased binding of U2AF65 to the

intron upstream of RALGAPA1 exon 4, whose exclusion is

promoted by CPSF/SYMPK (see Figure 4B). As expected, for

both exons, knockdown of RBFOX2 had no effect (Figures S5E

and S5F).

RBFOX2 and CPSF/SYMPK Promote Recruitment of U1

snRNP to the 50 Splice Site, Leading to Exon Inclusion

We next performed several experiments to understand how

RBFOX2 and the CPSF/SYMPK complex promote exon

inclusion. The co-immunoprecipitation results show that

RBFOX2 and CPSF2 are stably associated with U1 70K,

but not U2AF65 (Figure 5C). To determine whether RBFOX2

and CPSF/SYMPK affected recruitment of U1 snRNP or

U2AF to the pre-mRNA, a biotinylated RNA substrate con-

taining MEF2A exon 8 was bound to streptavidin beads and

incubated with nuclear extracts derived from RBFOX2 or

CPSF2 knockdown Flp-In-293 cells. Proteins retained after

stringent washing were eluted and analyzed by immunoblot-

ting. The results show that knockdown of RBFOX2 or CPSF2

reduced association of U2AF65 and U1 70K with the RNA

(Figure 5D).
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To confirm and extend these results, we performed RNA pull-

down assays on a control wild-type MEF2A exon 8 pre-mRNA

substrate and mutant MEF2A exon 8 pre-mRNA substrates

that lacked either the RBFOX2-binding site, the CPSF2-binding

site, the 50 splice site, or the Py tract/30 splice site. Figure 5E

shows that mutation of the RBFOX2-binding site reduced bind-

ing of RBFOX2, as expected, and also substantially decreased

binding of CPSF2. Mutation of the CPSF2-binding site led to

reduced binding of CPSF2 as well as RBFOX2, consistent with

the results of our CLIP experiments (Figure 3E). Mutation of the

RBFOX2- or CPSF2-binding site also resulted in decreased

binding of U1 70K and U2AF65, consistent with our CLIP results

(Figure 5A). Binding of U1 70K was lost following mutation of the

50 splice site, whereas mutation of the Py tract/30 splice site had

little effect. Notably, however, binding of U2AF65 was abolished

by mutation of either the 50 splice site or Py tract/30 splice site.

Collectively, these results suggest a model in which RBFOX2,

in conjunction with CPSF/SYMPK, mediates recruitment of U1

snRNP, which in turn promotes the recruitment of U2AF, result-

ing in exon inclusion.

RBFOX2 and CPSF/SYMPK Sterically Interfere with

U2AF65 Binding, Leading to Exon Exclusion

Wenext studied the role of RBFOX2 and the CPSF/SYMPK com-

plex in exon exclusion. The RNA pull-down assay of Figure 5D

shows that in control nuclear extracts, there was no detectable

binding of U2AF65 to the intron preceding excluded MBNL1

exon 8. By contrast, in nuclear extracts derived from RBFOX2

or CPSF2 knockdown cells, binding of U2AF65 was readily

detectable.

To confirm and extend these results, we performed RNA pull-

down assays on a control wild-type MBNL1 exon 8 pre-RNA

substrate and mutant MBNL1 exon 8 RNA substrates that

lacked either the RBFOX2-binding site, the CPSF2-binding

site, the 50 splice site, or the Py tract/30 splice site. Figure 5F
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Figure 4. Validation of RNA-Seq Results for

CPSF/SYMPK-Regulated, RBFOX2-Inde-

pendent Exons

(A and B) RT-PCR analysis monitoring inclusion (A)

or exclusion (B) of representative exons in cells

expressing an NS, RBFOX2, CPSF1–4, or SYMPK

shRNA.

(C and D) CLIP analysis monitoring binding of

RBFOX2, CPSF1–4, and SYMPK to the regulated

exons of the indicated pre-mRNAs. Data are rep-

resented as mean ± SD.

See also Figure S4.

shows that mutation of the RBFOX2-

binding site eliminated binding of

RBFOX2, as expected, and also reduced

binding of CPSF2. Mutation of the

CPSF2-binding site eliminated CPSF2

binding and also reduced binding of

RBFOX2. Notably, mutation of either

the RBFOX2- or CPSF2-binding site re-

sulted in increased binding of U2AF65.

Binding of U1 70K was substantially decreased by mutation

of the 50 splice site, but relatively unaffected by mutation of

the 30 splice site. However, binding of U2AF65 was abolished

by mutation of either the 50 splice site or Py tract/30 splice

site. These results suggest that RBFOX2 and the CPSF/SYMPK

complex interfere with binding of U2AF to the intron preceding

an excluded exon.

CPSF/SYMPK Is Also a Cofactor for the Splicing

Regulators NOVA2 and HNRNPA1

We hypothesized that for CPSF/SYMPK-regulated, RBFOX2-in-

dependent exons there were other factors that functionally

substituted for RBFOX2. To identify such candidate splicing fac-

tors, we used SFmap, which predicts and maps known splicing

factor-binding sites on RNA sequences (Paz et al., 2010), to

analyze the occurrence of motifs in CPSF2-regulated exons.

This analysis identified several motifs, including those for the

well-studied splicing regulators NOVA2 and heterologous nu-

clear ribonucleoprotein A1 (HNRNPA1), that were enriched in

exons or flanking introns as compared to control constitutively

spliced introns or exons (Figure S6A).

Analysis of the list of CPSF/SYMPK-regulated, RBFOX2-in-

dependent exons revealed several genes that are known tar-

gets of NOVA2 (Tollervey et al., 2011; Ule et al., 2006) or

HNRNPA1 (Huelga et al., 2012). For two of the NOVA2-regu-

lated pre-mRNAs, knockdown of NOVA2 (Figure S6B),

CPSF1–4, or SYMPK affected splicing of the regulated exon

comparably (Figures 6A and S6C). Knockdown of CPSF1–4

or SYMPK did not affect NOVA2 expression (Figure S6D).

CLIP analysis confirmed that NOVA2, CPSF1–4, and SYMPK

were substantially enriched near the alternatively spliced exons

(Figure 6B). Furthermore, recruitment of CPSF/SYMPK was

dependent on NOVA2, and NOVA2 binding was reduced

by depletion of CPSF/SYMPK (Figure 6C), similar to what

we found for RBFOX2 (Figure 1G). Analogous results were
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obtained for two pre-mRNAs that were regulated by HNRNPA1

(Figures 6D–6F and S6E–S6G).

NOVA2 and HNRNPA1 Promote Exon Inclusion and

Exclusion by a Mechanism Similar to That of RBFOX2

The finding that CPSF/SYMPK was a cofactor for RBFOX2,

NOVA2, and HNRNPA1 suggested that the three proteins

might promote exon exclusion by a common mechanism. In

support of this possibility, the RNA pull-down experiments of

Figure 7A show that, like RBFOX2 (see Figure 1I), NOVA2 and

HNRNPA1 could recruit CPSF/SYMPK to a regulated exon,

consistent with the CLIP results described above (see Figures

6D and 6G). Moreover, the co-immunoprecipitation results of

Figures 7B and 7C show that both NOVA2 and HNRNPA1 sta-

bly associate with CPSF/SYMPK in the absence of RNA.

Finally, the CLIP results of Figures 7D and 7E show that

NOVA2 and HNRNPA1, in conjunction with CPSF, promote

binding of U1 70K and U2AF65 on included exons, and inter-

fere with binding of U2AF65 to excluded exons (see also Fig-

ures S6H–S6K). Collectively, these results indicate that

RBFOX2, NOVA2, and HNRNPA1 regulate splicing by a com-

mon mechanism.
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Figure 5. RBFOX2 and CPSF/SYMPK Pro-

mote Exon Exclusion and Inclusion by

Regulating Binding of U2AF and U1 snRNP

(A and B) CLIP analysis monitoring binding of

U2AF65 and U1 70K to regulated and constitutive

exons in MEF2A (A) and MBNL1 (B) in cells ex-

pressing an NS, RBFOX2, or CPSF2 shRNA. Data

are represented as mean ± SD.

(C) Co-immunoprecipitation analysis. Cell extracts

were immunoprecipitated in the presence of

RNase with an RBFOX2 or CPSF2 antibody, or as

a control with IgG, and immunoblotted for

RBFOX2, CPSF2, U2AF65, or U1 70K.

(D) RNA pull-down assays monitoring binding of

RBFOX2, CPSF2, U2AF65, and U1 70K to a bio-

tinylated RNA substrate containingMEF2A exon 8

(inclusion) orMBNL1 exon 8 (exclusion) in extracts

prepared from Flp-In-293 cells expressing an NS,

RBFOX2, or CPSF2 shRNA.

(E and F) RNA pull-down assays monitoring bind-

ing of RBFOX2, CPSF2, U2AF65, and U1 70K to a

biotinylated RNA substrate containing a wild-type

MEF2A exon 8 (E) or MBNL1 exon 8 (F) or mutant

derivative in which the RBFOX2-binding site,

CPSF2-binding site, Py tract/30 splice site, or 50

splice site was mutated.

See also Figure S5.

DISCUSSION

In this study, we find that in addition

to their well-established role in mRNA

30 end formation, CPSF and SYMPK,

but not other mRNA 30 end formation

factors, are involved in alternative

splicing of �11,400 internal human

exons. Functional and physical interac-

tions between factors involved in splicing and mRNA 30 end

formation have been previously demonstrated (reviewed in

Martinson, 2011). However, these interactions have been

thought to be important for either splicing of terminal introns

or mRNA 30 end formation, but not for promoting alternative

internal exon usage as we show here. To our knowledge, inter-

actions between mRNA 30 end formation factors and the

splicing regulators analyzed here have not been previously

reported.

Two Classes of RBFOX2-Regulated Exons

Our RNA-seq, iCLIP, and directed CLIP results have revealed

two classes of RBFOX2-regulated exons that differ in their

requirement for CPSF/SYMPK. At RBFOX2-regulated, CPSF/

SYMPK-regulated exons, CPSF/SYMPK is required for alterna-

tive splicing and is either recruited by pre-mRNA-bound

RBFOX2 or associates with the pre-mRNA as an RBFOX2/

CPSF/SYMPK complex. By contrast, at RBFOX2-regulated,

CPSF/SYMPK-independent exons, CPSF/SYMPK is neither

required for alternative splicing nor bound nearby. These find-

ings raise the possibility that there are two forms of RBFOX2

that are either free or associated with CPSF/SYMPK.
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Notably, CPSF/SYMPK enhances RBFOX2 binding at

CPSF/SYMPK-regulated exons, but not at CPSF/SYMPK-

independent exons (see Figures 1G, 3E, and S4F). Thus,

the distinction between CPSF/SYMPK-dependent and -inde-

pendent exons may be related, at least in part, to dif-

ferences in the intrinsic strength of the RBFOX2-binding

sites between the two classes. For example, free RBFOX2

may be able to bind to strong RBFOX2-binding sites,

whereas association of RBFOX2 with weak sites may require

the additional binding enhancement provided by CPSF/

SYMPK.
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Figure 6. CPSF/SYMPK Is Also a Cofactor

for the Splicing Regulators NOVA2 and

HNRNPA1

(A) RT-PCR analysis monitoring exon inclusion

(TRIO) or exclusion (TNRC6A) in cells expressing

an NS, NOVA2, CPSF1–4, or SYMPK shRNA.

(B) CLIP analysis monitoring binding of NOVA2,

CPSF1–4, and SYMPK to the regulated exons of

the indicated pre-mRNAs. Data are represented as

mean ± SD.

(C) CLIP analysis monitoring binding of NOVA2,

CPSF1–4, and SYMPK to TRIO exon 36 in cells

expressing an NS, NOVA2, CPSF1–4, or SYMPK

shRNA. Data are represented as mean ± SD.

(D) RT-PCR analysis monitoring exon inclusion

(MAPK45) or exclusion (UFL1) in cells express-

ing an NS, HNRNPA1, CPSF1–4, or SYMPK

shRNA.

(E) CLIP analysis monitoring binding of

HNRNPA1, CPSF1–4, and SYMPK to the regu-

lated exons of the indicated pre-mRNAs. Data

are represented as mean ± SD.

(F) CLIP analysis monitoring binding of

HNRNPA1, CPSF1–4, and SYMPK to UFL1

exon 12 in cells expressing an NS, HNRNPA1,

CPSF1–4, or SYMPK shRNA. Data are repre-

sented as mean ± SD.

See also Figure S6.

CPSF/SYMPK Functions as a

Cofactor by Regulating Binding of

the Early Intron Recognition

Factors U1 snRNP and U2AF

The CPSF/SYMPK complex is recruited

to the alternatively spliced exon by a

sequence-specific RNA-binding protein,

such as RBFOX2, NOVA2, or HNRNPA1.

CPSF/SYMPK then functions as a

cofactor by facilitating the ability of

RBFOX2, NOVA2, or HNRNPA1 to regu-

late binding of the early intron recognition

factors U2AF and U1 snRNP. Notably,

previous bioinformatic, biochemical, and

genetic studies have shown that NOVA2

regulates early spliceosome assembly

(Chen and Manley, 2009; Ule et al.,

2006). Our findings are consistent with

the general notion that frequently it is

the earliest events in spliceosome assembly that are modulated

to regulate alternative splicing (Chen and Manley, 2009). For

RBFOX2, NOVA2, and HNRNPA1, binding upstream of the alter-

native exon causes exclusion, whereas binding to the down-

stream intron promotes inclusion (Chen and Manley, 2009;

Venables et al., 2009; Yeo et al., 2009; Zhang et al., 2008). We

have shown that CPSF/SYMPK can also function to promote

either inclusion or exclusion, reinforcing the role of CPSF/

SYMPK as a cofactor of RBFOX2, NOVA2, and HNRNPA1.

At included exons, binding of RBFOX2 and CPSF/SYMPK

leads to recruitment of U1 70K and U2AF65 to the 50 splice site
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and 30 splice site, respectively (Figure 7F, top). The finding that

RBFOX2, CPSF2, and U1 70K interact in an RNA-independent

manner (Figure 5C) supports our conclusion that RBFOX2 and

CPSF/SYMPK facilitate the recruitment of U1 snRNP to the

pre-mRNA. Notably, mutational analysis of the 30 splice site

demonstrates that U2AF recruitment occurs subsequent to as-

sociation of U1 snRNP with the 50 splice site (Figure 5E). Similar

results have been shown for NOVA2 and HNRNPA1, whose

binding to the intron is known to promote spliceosome assembly

(Black and Graveley, 2006; Ule et al., 2006).

Integration of our genome-wide iCLIP data with alternative

splicing profiles reveals that at included exons, RBFOX2

and CPSF2 binding is significantly enriched inside the alterna-

tively spliced exon and at the 50 splice site (Figures S7A

and S7B), consistent with the role of these proteins in facilitating

50 splice site recognition. Furthermore, RBFOX2-regulated,
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Figure 7. NOVA2 and HNRNPA1 Promote Exon Inclusion and Exclusion by a Mechanism Similar to That of RBFOX2

(A) RNA pull-down assay. A biotinylated RNA containing TRIO regulated exon 36 (left) or UFL1 regulated exon 12 (right), derivatives containing a mutation in the

NOVA2- or HNRNPA1-binding site or, as a control, a constitutively spliced exon (exon 34 of TRIO or exon 6 of UFL1) as well as 100 bp of upstream and

downstream intron sequences was incubated in nuclear extract and analyzed for bound proteins by immunoblotting.

(B and C) Co-immunopreciptation analysis. Cell extracts were immunoprecipitated in the presence of RNase with a NOVA2 (B) or HNRNPA1 (C) antibody, or

CPSF1–4 or SYMPK antibody, or an IgG control, and immunoblotted for each protein.

(D) CLIP analysis monitoring binding of U2AF65 and U1 70K to regulated and constitutive exons in TRIO (top) and TNRC6A (bottom) in cells expressing an NS,

NOVA2, or CPSF2 shRNA. Data are represented as mean ± SD.

(E) CLIP analysis monitoring binding of U2AF65 and U1 70K to regulated and constitutive exons in MAP4K5 (top) and UFL1 (bottom) in cells expressing an NS,

HNRNPA1, or CPSF2 shRNA. Data are represented as mean ± SD.

(F) Model for CPSF/SYMPK-mediated regulation of alternative splicing of internal exons.

See also Figure S6.
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CPSF2-regulated exons show significant RBFOX2 enrichment at

the exon-downstream intron junction (i.e., 50 splice site), whereas

CPSF2 shows significant enrichment within the exon aswell as in

the upstream and downstream introns (Figure S7C). It has been

previously reported that the majority of alternative splicing

events show combinatorial regulation, whereby the choice of

splice site is governed by multiple RNA-binding proteins (Black,

2003;Matlin et al., 2005). In this regard, one reasonwhy there are

multiple CPSF2-binding peaks adjacent to the alternatively

spliced exon is that CPSF2 is a cofactor for other factors such

as NOVA2 and HNRNPA1, which are bound adjacent to

RBFOX2-regulated, CPSF/SYMPK-regulated exons.

At excluded exons, depletion of RBFOX2 or CPSF2 results in

increased U2AF65 binding to the pre-mRNA (Figure 5D), sug-

gesting that binding of RBFOX2 and CPSF/SYMPK interferes

with recruitment of U2AF to the 30 splice site upstream of the

excluded exon (Figure 7F, bottom). Consistent with this model,

a previous study showed the RBFOX2 could block pre-spliceo-

some formation in vitro (Zhou and Lou, 2008). Interestingly, we

found that RBFOX2-regulated, CPSF/SYMPK-independent

exons have significantly weaker 30 splice sites compared to

exons that are modulated by both RBFOX2 and CPSF/SYMPK

(Figure S7D). Perhaps both RBFOX2 and CPSF/SYMPK are

required to block U2AF binding at strong 30 splice sites, whereas

at weaker 30 splice sites RBFOX2 alone is sufficient.

Integration of our iCLIP data with alternative splicing profiles

into an RNA map reveals a significant enrichment of RBFOX2

and CPSF2 immediately upstream of the 30 splice site (Fig-

ure S7E). These results suggest that RBFOX2 and the CPSF/

SYMPK complex sterically interfere with access of U2AF to the

30 splice site. However, these findings do not rule out the possi-

bility that at least on some excluded exons the repressive com-

plex functions by interfering with exon definition by, for example,

blocking communication between U1 snRNP and U2AF. This

possibility is consistent with the observation that some U2AF

binding is detectable. Such an indirectmechanism has been pre-

viously proposed for Py tract binding protein (PTB) acting

through an exonic silencer in alternative splicing of Fas exon 6

(Izquierdo et al., 2005). In addition to RBFOX2, our results indi-

cate that other RNA-binding proteins, such as NOVA2 and

HNRNPA1, function through a similar mechanism (Figures 7D

and 7E), and previous studies have also suggested that

HNRNPA1 and NOVA block recruitment of U2AF and U1 snRNP,

leading to exon exclusion (Del Gatto-Konczak et al., 1999; Ule

et al., 2006; Zhu et al., 2001).

In contrast to included exons, where knockdown of RBFOX2

or CPSF2 results in reduced binding of both U1 70K and

U2AF65, at excluded exons binding of U1 70K is unaffected by

depletion of RBFOX2 or CPSF2 (Figure 5D). Thus, at excluded

exons stable association of U1 snRNP with the 50 splice is

not dependent on RBFOX2 and CPSF/SYMPK, presumably

because complementarity between U1 small nuclear RNA

(snRNA) and the 50 splice site is sufficient (Séraphin et al.,

1988; Siliciano and Guthrie, 1988).

Collectively, our results reveal a new paradigm for CPSF/

SYMPK function in promoting alternative splicing and provide

mechanistic insights into communication between mRNA 30

end formation factors and the spliceosome. Previous studies

have identified a subcomplex containing CPSF2, CPSF3, and

SYMPK, but not other mRNA 30 end formation factors, that is

involved in histone mRNA 30 end formation (Sullivan et al.,

2009). Notably, the CPSF/SYMPK subcomplex we identified in-

cludes CPSF3, which is the cleavage and polyadenylation site

endonuclease (Mandel et al., 2006). Furthermore, although

CPSF1, 3, and 4 have been previously shown to bind RNA (Bar-

abino et al., 1997; Keller et al., 1991; Murthy and Manley, 1995),

in the CPSF/SYMPK subcomplex the primary RNA-binding fac-

tor is CPSF2. It will be important to determine whether the CPSF/

SYMPK subcomplex also has a more general role in mRNA 30

end formation. Consistent with this idea, genome-wide studies

have identified a large number of RBFOX- and NOVA-binding

sites in 30 UTRs, implicating these proteins as regulators of alter-

native polyadenylation (Licatalosi et al., 2008; Wang et al., 2008).

Our results raise the possibility that the CPSF/SYMPK subcom-

plex may facilitate RBFOX- and NOVA-directed alternative

polyadenylation.

EXPERIMENTAL PROCEDURES

Reporter Cell Line Construction

The parental GFP reporter construct (Wang et al., 2004) was kindly provided by

Christopher Burge (Massachusetts Institute of Technology). Oligonucleotides

containing an RBFOX2-binding site were annealed and inserted into the re-

porter construct using XhoI and ApaI sites. The construct was transfected

into Flp-In-293 cells (Invitrogen), which were selected for 10 days with

150 mg/ml hygromycin. Individual hygromycin-resistant clones were isolated

and analyzed by FACS. Cells with the maximum GFP fluorescence intensity

(FL1-H) were used for the RNAi screen.

RNAi Screening

The Open Biosystems/Thermo Scientific TRC-Hs1.0 lentiviral human shRNA

library was obtained through the University of Massachusetts (UMass) Medical

School RNAi Core Facility. GFP/Flp-In-293cells were transduced with lentiviral

pools and puromycin-selected for 2 days. GFP� cells were FACS sorted

10 days after infection, grown, and sorted again after 7 days, at which point

cells were pooled, genomic DNA was isolated, and shRNAs were identified.

Subsequent directed RNAi-mediated knockdown experiments used shRNAs

listed in Supplemental Experimental Procedures.

FACS Analysis

Individual knockdown cells were FACS sorted, using a Becton Dickinson

FACSCalibur flow cytometer, 10 days after lentiviral transduction and puromy-

cin selection. Greater than 1 3 105 cells were analyzed for each sample. Data

were processed and analyzed using FlowJo software.

Splicing Assays

Splicing assays were carried out in Flp-In-293 cells. Total RNA was extracted

from knockdown cell lines using an RNeasy Kit (QIAGEN). Reverse transcrip-

tion was carried out using SuperScript II reverse transcriptase (Invitrogen).

Semiquantitative PCR using exon-specific primers (listed in Supplemental

Experimental Procedures) was performed to obtain alternatively spliced

products. Quantitative information of PCR products was obtained by staining

the agarose gels using ethidium bromide and quantifying the signal using

ImageJ software (NIH). Exon numbers were assigned according to Refseq

nomenclature.

CLIP Assays

CLIP experiments were carried out essentially as previously described (König

et al., 2010), with modifications as described in Supplemental Experimental

Procedures and with gene-specific primers listed in Table S5. The qRT-PCR

results were normalized to that obtained with an immunoglobulin G (IgG) iso-

type control, which was set to 1.

Molecular Cell 58, 819–831, June 4, 2015 ª2015 Elsevier Inc. 829



RNA Pull-Down Assays

RNA substrates were PCR amplified from Flp-In-293 cell genomic DNA using

gene-specific primers listed in Supplemental Experimental Procedures. The

PCR products were cloned into pGEM-T Easy (Promega), and mutations

were introduced by full vector amplification. In vitro biotin-RNA synthesis

was performed using an AmpliScribe T7-Flash Biotin-RNA Transcription Kit

(Epicenter Biotechnologies). Synthesized RNAs were analyzed qualitatively

and quantitatively by electrophoresis and UV spectrometry. RNA pull-down

assays were performed as previously described (Iioka et al., 2011).

Co-immunoprecipitation Assays

Flp-In-293 cells were washed two times with cold PBS and lysed in 1 ml of

immunoprecipitation (IP) lysis buffer (50 mM Tris-Cl [pH 7.4], 250 mM NaCl,

5 mM EDTA, 0.5% Triton X-100, 0.5 mM DTT, 13 complete protease inhibitor

[Roche]) on ice. The lysate was cleared by centrifugation at 16,000 3 g for

30 min at 4�C. Whole-cell lysate (2 mg per sample) was incubated with various

antibodies (listed in Supplemental Experimental Procedures) overnight at 4�C.

Protein G-coated Dynabeads (50 ml; Life Technologies) were added to each

lysate-antibody complex, incubated for 2 hr, spun, and washed three times

with IP lysis buffer. Protein complexes were eluted by boiling with Laemmli

buffer. Blots were probed with the same antibodies listed in Supplemental

Experimental Procedures. In preliminary experiments, the amount of antibody

used for each immunoprecipitation was adjusted so that near-equivalent sig-

nals were obtained in the final immunoblot.

RNA-Seq

Samples were prepared using a TruSeq RNA Sample Preparation Kit (Illumina)

according to manufacturer’s instructions. The raw sequencing data have been

deposited in NCBI’s GEO and are accessible through GEO Series accession

number GSE60392.

Genomic iCLIP Assays

iCLIP experiments were carried out essentially as previously described (König

et al., 2010), with some modifications (see Supplemental Experimental Proce-

dures). The raw data have been deposited in NCBI’s GEO and are accessible

through GEO Series accession number GSE60392.

iCLIP Motif Analysis

The human genome was partitioned by a window size of 40 nt. Genomic

regions with one or more hits by the 50 end of the iCLIP data were selected

for motif search. Parameters supplied for motif finding with HOMER’s

findMotifsGenome program (Heinz et al., 2010) were -size 40 -len

5,6,7,8 -rna -local 4 -S 10 -gc.
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