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SUMMARY

Networks of coordinated alternative splicing (AS)
events play critical roles in development and disease.
However, a comprehensive knowledge of the factors
that regulate thesenetworks is lacking.Wedescribea
high-throughput system for systematically linking
trans-acting factors to endogenous RNA regulatory
events. Using this system, we identify hundreds
of factors associated with diverse regulatory layers
that positively or negatively control AS events linked
to cell fate. Remarkably, more than one-third of
the regulators are transcription factors. Further ana-
lyses of the zinc finger protein Zfp871 and BTB/POZ
domain transcription factor Nacc1, which regulate
neural and stem cell AS programs, respectively,
reveal roles in controlling the expression of specific
splicing regulators. Surprisingly, these proteins also
appear to regulate target AS programs via binding
RNA. Our results thus uncover a large ‘‘missing
cache’’ of splicing regulators among annotated tran-
scription factors, some of which dually regulate AS
through direct and indirect mechanisms.

INTRODUCTION

Alternative splicing (AS) is the process by which different

combinations of splice sites in precursor mRNA (pre-mRNA)

are selected to generate structurally and functionally distinct

mRNA and protein variants. It acts widely to expand the func-

tional and regulatory capacity of metazoan genomes (Irimia

and Blencowe, 2012; Licatalosi and Darnell, 2010; Nilsen and

Graveley, 2010). For example, nearly all transcripts from human

multi-exon genes are alternatively spliced, and a substantial

fraction of these splice variants are differentially expressed in a
Mol
cell- and tissue-specific manner (Pan et al., 2008; Wang et al.,

2008). AS has critical roles in diverse biological processes,

including cell-fate determination, and misregulation of AS is

associatedwith numerous diseases (Daguenet et al., 2015; Jangi

and Sharp, 2014; Kalsotra and Cooper, 2011). An important

challenge is to understand how networks of AS events are

coordinately regulated to impart their biological roles in different

cellular contexts.

The spatiotemporal specificity of AS is governed by combina-

tions of cis-regulatory elements and cognate trans-acting fac-

tors, which promote or inhibit spliceosome assembly (Chen

and Manley, 2009; Fu and Ares, 2014; Wahl et al., 2009). AS is

also controlled by coordinated interactions with other regulatory

layers, including transcription and chromatin (Braunschweig

et al., 2013). Moreover, post-translational and signaling path-

ways influence AS through different mechanisms, such as by

altering the function and/or localization of key splicing regulators

(Heyd and Lynch, 2011). However, the full repertoires of splicing

regulators and associated mechanisms in different cell types are

not known. This question is especially relevant to cell types with

relatively complex AS patterns, such as embryonic stem (ES)

cells and neural cells.

Considerable progress has been made in the development of

strategies for large-scale investigations of AS. Fluorescent- or

luciferase-based splicing minigene reporters have been utilized

in high-throughput RNA interference (RNAi), small molecule,

and cDNA overexpression screens to discover factors that con-

trol individual AS events (Moore et al., 2010; Stoilov et al., 2008;

Warzecha et al., 2009; Zheng et al., 2013). However, since

splicing reporters often do not recapitulate important aspects

of AS regulation, such as crosstalk with chromatin and transcrip-

tion components, high-throughput methodologies that monitor

endogenous AS changes are required. Progress in this direction

has included the employment of a high-throughput quantitative

PCR (qPCR) assay to screen mutant strains of budding yeast

for splicing regulators (Albulescu et al., 2012) and an automated

RT-PCR platform coupled to capillary gel electrophoresis or

sequencing to monitor effects of knockdown of candidate
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regulators on apoptosis- and proliferation-related AS events (Pa-

pasaikas et al., 2015; Tejedor et al., 2015; Venables et al., 2008).

These studies have illuminated interesting and important func-

tional relationships within and between core and ancillary

splicing regulators, as well as other factors, that control specific

AS events.

In this study, we describe ‘‘Systematic Parallel Analysis

of Endogenous RNA Regulation Coupled to Barcode

Sequencing’’ (SPAR-seq), a multiplexed and quantitative func-

tional genomics screening platform coupled to a sequencing

output that is capable of comprehensively linking trans-acting

factors to dozens of endogenous gene regulation events of in-

terest. We use SPAR-seq to elucidate regulatory networks

that control conserved, endogenous AS events linked to ES

cell pluripotency, neural differentiation, and somatic cell re-

programming. Our results reveal hundreds of previously un-

known splicing regulators associated with different regulatory

layers that impact distinct subsets of these AS events in ES

and neural cells. Surprisingly, in neural cells, annotated tran-

scription and DNA-binding factors affect AS events at a com-

parable frequency as defined splicing regulators. Further char-

acterization of Zfp871 and Nacc1 provides evidence that

these factors directly and indirectly regulate neural and

ES-cell-differential AS networks, respectively. This study

thus introduces a versatile technology for elucidating endoge-

nous RNA regulatory networks and highlights its application

in revealing trans-acting regulators and associated multilay-

ered mechanisms that impact AS events with key roles in

cell-fate decisions.

RESULTS

A High-Throughput System for Linking trans-Acting
Factors to Endogenous AS Events
To systematically discover factors that control endogenous AS

networks that impact cell fate, we employed SPAR-seq to inter-

rogate 1,536 small interfering RNA (siRNA) knockdown and con-

trol treatments for effects on 52 evolutionarily conserved (i.e., be-

tween human and mouse) AS events that are associated with ES

cell pluripotency, neural differentiation, and somatic cell reprog-

ramming (Figure 1A; Table S1; STAR Methods). The 52 priori-

tized AS events were simultaneously amplified by multiplex

RT-PCR in 96-well plates, following well-specific siRNA knock-

downs. Unique, dual-index barcodes were added to the RT-PCR
Figure 1. Systematic Parallel Analysis of Endogenous RNA Regulation

(A) Schematic outline of Systematic Parallel Analysis of Endogenous RNA Regu

1,536 siRNA knockdown and control treatments applied to CGR8 and N2A cells w

indexing protocol generated multiplexed barcoded libraries, monitoring >50 end

(B) Functional categories andGeneOntology (GO) annotations associated with ge

and post-translational factors.

(C) Flowchart of pipeline for analysis of SPAR-seq data.

(D) SSMD scores for representative screen results. Positive (siMbnl) and negat

splicing factorsMbnl1, Mbnl2, and Srrm4, are shown. Endogenous AS eventsmon

high and ESC-low refer to exons that are preferentially included and skipped in ES

AS events detected by de novo alignment are shown at the bottom. Multiple even

controls are clustered in the same way for CGR8 and N2A, and rows (events) are

numbers of knockdowns leading to a significant increase (yellow) or decrease (blu

S1 and S2, Tables S1, S2, S3, and S4, and STAR Methods.
amplicons to mark each well. Subsequent pooling and high-

throughput sequencing analysis of the barcoded amplicons

were then used to link well-specific knockdowns to changes in

AS (Figure 1A; Figure S1A).

AS events that were analyzed comprised 35 cassette alterna-

tive exons, including eight microexons (3–27 nt), 15 alternative

exons from eight genes with more complex AS patterns, and

two previously unannotated alternative 30 splice site events in

Foxm1 that were identified through de novo splice-junctionmap-

ping. The screen was performed in mouse ES (CGR8) and neu-

roblastoma (N2A) cells to identify positive and negative regula-

tors of the assayed AS events. Genes subject to knockdown

included 654 known and putative splicing/RNA-associated

factors, encompassing all annotated spliceosomal-associated

proteins, and all known and predicted RNA binding proteins

(RBPs) (Figure 1B; Table S2). We also interrogated 858 genes

with annotations linked to chromatin and transcription that are

expressed in CGR8 or N2A cells, 161 of which overlap those

linked to splicing and RNA binding. Additionally, we assayed

65 signaling-related and post-translational factors with links to

AS regulation (Figure 1B; Table S2).

Total RNA was harvested 48 hr post-transfection of siRNAs

and subject to SPAR-seq. An analysis pipeline was designed

to extract data, quantify AS levels by calculating percentage

of transcripts with the exon spliced in (‘‘PSI’’) values, and prior-

itize detected PSI changes for further analysis using the

‘‘strictly standardized mean difference’’ (SSMD; Zhang, 2007)

metric (Figure 1C; Figures S1B and S1C; Table S3; STAR

Methods). SSMD measures effect size while taking the variance

between replicates into account. In total, 316,863 AS measure-

ments were analyzed across two biological replicate screens.

The SPAR-seq data were additionally used to monitor mRNA

expression levels for all genes assayed for splicing changes,

as well as for a representative set of splicing factors (Figure 1C;

Table S4; STAR Methods). These data indicated >60% deple-

tion of all monitored genes for which knockdowns were carried

out (Figure S1D). (q)RT-PCR experiments using independent

samples from CGR8 and N2A cells validated SPAR-seq-de-

tected changes for nearly all analyzed AS and mRNA expres-

sion events (Figure S1E). Furthermore, the magnitude of

screen-detected PSI changes correlated well with changes

measured using independent RT-PCR (r = 0.77, n = 335) and

RNA sequencing (RNA-seq) (r = 0.89, n = 224) (Figures S1E

and S1F).
Coupled to Barcode Sequencing

lation Coupled to Barcode Sequencing (SPAR-seq) strategy. Total RNA from

as prepared in biological replicate. A two-step, PCR-based amplification and

ogenous AS and gene expression events.

nes analyzed by SPAR-seq. Number of targeted genes is indicated. S, signaling

ive (siNT, mock, and untreated) control treatments, as well as knockdown of

itored are grouped into ESC-high, ESC-low, neural-enriched, and others. ESC-

cells relative to other cell and tissue types, respectively (Han et al., 2013). Two

ts within the same gene are denoted as A1 up to A3. Columns (treatments) for

clustered within each group. See Figure S2A for full results. Bar graphs show

e) in the inclusion level of each exon above negative controls. See also Figures
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Negative controls (32 siNTs, non-targeting siRNA; 32 mock

controls; 24 untreated samples) uniformly resulted in little to no

change in PSI levels, whereas positive controls (32 siMbnl, simul-

taneous knockdown of Mbnl1 and Mbnl2) resulted in significant

changes for many ES-cell-differential AS events toward an ES-

like pattern, without substantially affecting neural-enriched AS

events, consistent with our previous results (Figure 1D; Fig-

ure S2A) (Han et al., 2013). Individual knockdown of Mbnl pro-

teins and additional regulators previously linked to pluripotency

and reprogramming, including Rbfox2, Son, Srsf2, Srsf3, and

U2af1 (Lu et al., 2013; Lu et al., 2014; Ohta et al., 2013; Venables

et al., 2013), also affected ES-cell-differential AS events (Fig-

ure 1D; Table S3). Conversely, knockdown of the neuronal-spe-

cific splicing regulator nSR100/Srrm4 (Calarco et al., 2009) in

N2A cells affected neural-enriched AS events without substan-

tially affecting ES-cell-differential AS events (Figure 1D). Addi-

tional analyses further demonstrated the specificity and repro-

ducibility of the screen data, both within and between replicate

experiments (Figure S2B; STAR Methods). In total, knockdown

of 220 and 416 factors in CGR8 and N2A cells, respectively, re-

sulted in significant changes in one or more endogenous AS

events (Figure 1D, bar graphs).

Correlated AS Changes Reveal Multilayered Regulatory
Pathways and Complexes
To investigate functional relationships between factors that

impact AS, we determined overall correlations between the

changes in PSI values of the 52 AS events from all pairwise com-

parisons of knockdowns in CGR8 and N2A cells. Clustering of

the resulting data based on the degree of pairwise correlation

similarity revealed groups of factors that positively or negatively

regulate specific subsets of AS events in a similar manner (Fig-

ures 2A and 2B; Table S5; STAR Methods). Consistent with pre-

vious results (Papasaikas et al., 2015; Tejedor et al., 2015), these

groups are often significantly enriched in factors that function in

distinct biological processes and pathways and, in many cases,

are known to interact within complexes. Complementing this

approach, we systematically surveyed factors in experimentally

defined complexes (from CORUM; Ruepp et al., 2010) for

coordinated AS changes by scoring mean pairwise correlations

between complex members (Figure 3A; Table S6). Remarkably,

of 316 complexes represented by at least three factors in our

screen, 38 (12%) in CGR8 and 187 (59%) in N2A cells displayed

significant correlations above background (false discovery rate

[FDR] < 0.05, Mann-Whitney U test). SPAR-seq data thus links

protein complexes to the control of specific subsets of AS events

associated with cell fate and, as such, provides insight into phys-

ical and functional interactions between trans-acting factors.

One of the largest groups of correlated knockdowns in CGR8

cells involves factors associated with the 17S U2 small nuclear

ribonucleoprotein particle (snRNP) (Figure 2A, cluster 8), which

binds the pre-mRNA branch site during spliceosome formation

(Wahl et al., 2009). Remarkably, the degree of correlation reflects

physical relationships among these components (Papasaikas

et al., 2015): members of the heptameric Sm complex form a

central, highly correlated module adjacent to additional (i.e.,

SF3a/b) U2 snRNP components. In contrast, auxiliary factors

that facilitate U2 snRNP recruitment to pre-mRNA, such as
542 Molecular Cell 65, 539–553, February 2, 2017
U2af1 and U2af2 (Wahl et al., 2009), and the intron binding com-

plex (IBC) components Aqr and Isy1 (De et al., 2015), are less

well correlated with core U2 snRNP proteins and form a distinct

cluster (Figure 3B). Another distinct sub-cluster comprises

Rbm17, Cherp, U2surp, and Dhx15. Rbm17 controls splice site

selection by interacting with U2 snRNP and by recognizing the

30 splice site AG during the second catalytic step of splicing (Cor-

sini et al., 2007; Lallena et al., 2002) and interacts with U2surp

and Dhx15 (Hegele et al., 2012). The correlated effects of knock-

down of these factors suggest that theymay have closely related

functions in regulating a subset of AS events linked to cell fate.

Interestingly, U2 snRNP-associated factors are more highly

expressed in ES and reprogramming cells than in differentiated

cells or tissues (Figure S3A) (Han et al., 2013; Hirsch et al.,

2015), and knockdown of these factors shifted a sub-network

of ES-cell-differential AS events toward a differentiated cell-like

pattern (Figure 2A; Tables S3 and S5). Collectively, these results

suggest that increased levels of U2 snRNP-associated compo-

nents may be important for maintaining AS patterns specific to

ES cells, whereas reduced levels are associated with differenti-

ated cells.

Positive and Negative Roles of Different Gene
Regulatory Layers in Controlling AS
Other clusters of significantly correlated knockdowns in our

screen data include factors that form additional sub-complexes

involved in splicing but also complexes and pathways associ-

ated with RNA polymerase II (pol II) transcription, chromatin

modification, DNA-binding/transcription factor activity, mRNA

surveillance, turnover, transport, and translation (Figures 2 and

3A). Many of the factors in these clusters have not been previ-

ously linked to splicing control.

One such cluster comprises multiple factors associated with

the exon junction complex (EJC), which controls splicing-depen-

dent mRNA export and turnover via the nonsense-mediated

mRNA decay (NMD) pathway (Tange et al., 2004). Knockdown

of ‘‘core’’ EJC components (i.e., Eif4a3, Magoh, Rbm8a, and

Casc3) resulted in more highly correlated effects on AS patterns

than knockdown of ‘‘non-core’’ EJC factors (i.e., Ddx39b, Alyref,

Srrm1, and Rnps1) (Figure 3C). While the peripheral EJC factors

Srrm1 and Rnps1 have reported functions in splicing regulation

(Eldridge et al., 1999; Sakashita et al., 2004), the present data

are consistent with emerging evidence that core EJC-associated

components also regulate AS (Ashton-Beaucage et al., 2010;

Michelle et al., 2012; Papasaikas et al., 2015). Moreover, our

results link these factors to the control of a subset of AS events

associated with cell fate.

Our data also revealed anti-correlated (i.e., antagonistic) ef-

fects on AS (Figure 2). For example, knockdown of factors asso-

ciated with transcription/DNA-binding activity (e.g., Nfyb, Tbx1,

and Tfdp1) (Figure 2A, cluster 10) resulted in Foxm1 AS changes

that are anti-correlated with the knockdown of a subset of

splicing-associated factors (e.g., Snrnp200, Bcas2, Rbfox2,

and Mbnl proteins) (Figure 2A, cluster 3) (p < 0.01, one-sided

binomial tests). Antagonistic (and positive) effects were also

observed between Arg/Ser-repeat (RS) domain proteins and

other factors (Figure 2A, e.g., clusters 2 and 5). As an example,

knockdown of a previously uncharacterized splicing regulator,
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Figure 2. Correlations of AS Changes Reveal Protein Complexes and Pathways

(A and B) Symmetrical heatmaps of pairwise correlation of AS changes in CGR8 (A) and N2A (B) cells. Knockdowns were clustered by affinity propagation and

subsequent hierarchical clustering. Sub-clusters are annotated with the most significant terms from GO, CORUM, REACTOME, and KEGG. Numbers of genes

annotated with each term and associated enrichment p value are indicated, and individual genes are listed on the right. Colored boxes (right) indicate types of

events (see Figure 1D) that are differential for each cluster. Additional details in Table S5 and STAR Methods.
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Figure 3. Factors Associated with Different Gene Regulatory Layers Positively or Negatively Control AS
(A) Mean pairwise correlations of AS changes upon knockdown of components of CORUM complexes, where correlations represent averages for at least three

components of a complex. Complexes are sorted according to the highest correlation after averaging values between CGR8 and N2A cell lines. FDR reflects

significance of pairwise correlation when compared to a background distribution of all pairwise comparisons (see STAR Methods and Table S6).

(B) Hierarchical clustering of components of 17S U2 snRNP analyzed by SPAR-seq, based on similarity between pairwise correlations of SSMD scores (see also

Figure S3A).

(C) Same as (B) for EJC components.

(D) SSMD scores upon knockdown of Arglu1 and Srsf2, sorted by SSMD values in the Arglu1 knockdown. Event groups are indicated by colors as in Figure 1D.

Asterisks indicate events tested in (E) and Figure S3B.

(E) Representative RT-PCR assays detecting AS changes in Mllt4 and Spag9 transcripts upon knockdown of Arglu1 and Srsf2. Percentage of transcripts with the

exon spliced in (PSI) values are indicated below each gel image.

(F) Western blot analysis of immunoprecipitates (IPs) from 293T cells expressing Flag-Srsf2, HA-Arglu1, or both. Co-immunoprecipitation was performed with

anti-Flag antibody in the presence of benzonase.
Arginine and Glutamate rich 1 (Arglu1) protein, and of Srsf2, had

opposing effects on six AS events monitored in the screen (Fig-

ures 3D and 3E; Figure S3B). Arglu1 has previously been associ-

ated with estrogen receptor-mediated gene activation (Zhang
544 Molecular Cell 65, 539–553, February 2, 2017
et al., 2011), whereas the presence of an RS domain in this pro-

tein suggested that it also has a function in AS (Boucher et al.,

2001). Our data, as well as results from an independent study

(L.M. and C.L.C., unpublished data), confirm that Arglu1 is an



AS regulator. Since RS domains function in mediating inter-

actions between splicing components (Lin and Fu, 2007), and

because factors that associate physically often have related

knockdown AS profiles in our screen, we asked whether Arglu1

and Srsf2 might antagonize each other by interacting. Co-immu-

noprecipitation in the presence of nuclease treatment followed

by western blotting of HA-Arglu1 and FLAG-Srsf2 proteins

shows that these proteins can interact (Figure 3F). These results

thus highlight Arglu1 as a previously unknown splicing regulator

that may function by physically antagonizing Srsf2.

Chromatin and Transcription Factors Function as AS
Regulators
In N2A cells, knockdown of chromatin/transcription factors,

including proteins with PWWP motif, chromodomain, and

various annotated DNA-binding domains, affected AS with a

similar frequency as knockdown of splicing/spliceosomal-asso-

ciated proteins and additional factors with annotated RNA-

binding or helicase domains (Figures 4A and 4B; Figure S4A).

As examples, knockdown of components of pol II-containing

complexes, including core pol II subunits, had pronounced and

strongly correlated effects on AS, whereas knockdown of pol II

initiation complex factors TFIIB and TFIID had distinct effects

(Figure 3A; Figure S4B). AS is thus differentially impacted by

perturbing temporarily distinct pol II complexes. Knockdown of

structural maintenance of chromosomes (SMC) proteins forming

the cohesin complex also markedly affected AS (Figure 3A),

consistent with previous evidence of physical and functional

links between SMC proteins and splicing factors (McCracken

et al., 2005). Furthermore, knockdown of components of com-

plexes regulating histone modification (e.g., the PTIP-HMT,

TLE1-corepressor, ING4-containing, and HBO1 complexes),

as well as DNA repair (e.g., the BLM complex III and BRCA1-

BARD1 complex), also displayed significantly correlated effects

on AS. Interestingly, a BRCA1-containing complex has previ-

ously been shown to recruit splicing factors to gene promoters

upon DNA damage (Savage et al., 2014). Our results support a

role for BRCA1 complexes in AS regulation and are further

consistent with links between AS and different DNA repair

pathways.

An Extensive Role for Zinc Finger Proteins in AS
Regulation
Remarkably, the screen data revealed that knockdown of 57%

(137/242) of factors with zinc finger (ZnF) domains affected AS.

Among this set are 42% (49/116) of analyzed C2H2 ZnF proteins,

which displayed striking effects on AS in N2A cells (Figure 4A).

C2H2 ZnF proteins represent the largest class of nucleic acid-

binding proteins, comprising 718 family members in the human

genome and 583 members in the mouse genome (Emerson

and Thomas, 2009; Tadepally et al., 2008). However, while the

majority of analyzed C2H2 ZnF proteins bind DNA and a subset

have been shown to control transcription or silence retrotranspo-

sition, the functions of the vast majority of these proteins are not

known (Stubbs et al., 2011).

Hierarchical clustering (Figure 4C) and principal component

analysis (Figure S4C) showed that knockdown of C2H2 ZnF pro-

teins in N2A cells affected different subsets of AS events in a
positive or negative manner. Some of the most pronounced

changes are associated with knockdown of Gtf3a/TFIIIA, Yy1,

Repin1, and Rest/Nrsf, all of which have previously been re-

ported to bind RNA (Cassiday and Maher, 2002; Jeon and Lee,

2011; Lu et al., 2003; Pelham and Brown, 1980). Moreover,

knockdown of Rest, a repressor of neurogenesis genes in non-

neural cells, shifted splicing patterns of several AS events in an

opposite direction to that of knockdown of Srrm4 (Figure S4C),

consistent with our previous finding that Rest transcriptionally

represses Srrm4, whereas Srrm4 promotes the splicing of neural

exons, including an exon that silences Rest activity (Calarco

et al., 2009; Raj et al., 2011).

An interesting candidate AS regulator from our screen is

Zfp871, which contains a KRAB domain and 15 C2H2 ZnF do-

mains. Knockdown of Zfp871 affects neural-enriched exons in

a manner similar to that of Srrm4 (Figure 4C). Moreover, analysis

of RNA-seq data of differentiation of ES cells to glutamatergic

neurons (Hubbard et al., 2013) reveals that Zfp871, like Srrm4

(Raj et al., 2014), displays a marked increase in expression dur-

ing neuronal development (Figure 5A). To further investigate the

function of Zfp871 and its relationship with Srrm4, we performed

RNA-seq analysis of AS and mRNA expression changes

following knockdown of each protein in N2A cells (Figure 5B).

Knockdown of Zfp871 affected splicing (DPSI > 10) of 479 exons,

of which 189 are neural differential, and 198 overlap those regu-

lated by Srrm4 (both p < 0.001, Fisher’s exact test; Figure 5B).

RT-PCR validation confirmed changes for all ten analyzed

Zfp871-dependent and -independent neural-differential AS

events detected by SPAR-seq and/or RNA-seq (Figure 5C; Fig-

ure S5A). Similar to Srrm4 (Irimia et al., 2014), knockdown of

Zfp871 predominately reduces the splicing of short neural-differ-

ential exons, including 3–27 nt microexons that are also regu-

lated by Srrm4 (Figure 5B) (p < 0.001, Fisher’s exact test for

overlapping effects on %30 nt exons versus longer exons).

Moreover, genes with AS events impacted by Zfp871 knock-

down are significantly enriched in functional categories associ-

ated with neuronal morphology and function (Figure 5D).

We next investigated the mechanisms by which Zfp871 regu-

lates neural-differential and/or Srrm4-dependent exons. Consis-

tent with an indirect role, knockdown of Zfp871 results in an

�40% reduction in Srrm4 mRNA levels and also reduces the

levels of other splicing regulators linked to neural AS, including

Celf4, Raver1, Nova1, and Ptbp2 (Figure 5E). Remarkably, using

individual-nucleotide resolution crosslinking and immunoprecip-

itation coupled to sequencing (iCLIP), we observed that Zfp871

preferentially binds intronic sequences proximal to its regulated

target exons in N2A cells, in particular sequences adjacent to

those exons for which it promotes inclusion (Figure 5F; Fig-

ure S5B). These increases in binding occupancy are not due to

increased expression of the corresponding genes or retention

of bound introns (data not shown). Furthermore, the binding pro-

file of Zfp871 is similar to that of Srrm4, with increased occu-

pancy within an �50 nt region upstream of the 30 splice site

(Raj et al., 2014). Consistent with this observation, exons

controlled by Zfp871 are flanked by sequences enriched in

UGC motifs, which represent binding sites for Srrm4 (Figures

S5C and S5D). These results suggest that Zfp871 controls neural

AS via both direct and indirect mechanisms that impact Srrm4
Molecular Cell 65, 539–553, February 2, 2017 545
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Figure 4. Chromatin and Transcription Factors Frequently Regulate AS in N2A Cells

(A) Percentages of knockdowns affecting at least one AS event with an jSSMDj > 2.25 in CGR8 and 3.00 in N2A, thresholds that robustly discriminate positive and

negative controls (see also Figure S4A).

(B) Percentages of knockdowns of factors containing at least one of the indicated domains scored as a hit in N2A cells at the same threshold as in (A). Only

domains occurring in at least ten of the factors analyzed in the screen are shown (refer to Table S2 for domain annotations). Absolute numbers of factors identified

as regulators are indicated. Bars are sorted by the percentages of newly discovered AS regulators, defined as a factor not previously annotated with a GO

category related to splicing (see STAR Methods).

(C) Heatmap and hierarchical clustering of AS changes (represented by SSMD scores) upon knockdown of all C2H2 ZnF factors identified as hits in N2A cells,

together with developmentally regulated splicing factors. Only AS events and C2H2 ZnF factors with at least one change > 3 SSMD are shown. Expression

changes of representative splicing factors, Mbnl1, Mbnl2, Srrm4, and Rbfox2 are shown. See also Figure S4.
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Figure 5. The C2H2 ZnF Factor Zfp871 Regulates Neural-Enriched Exons and Microexons

(A) mRNA expression of Zfp871 and Srrm4 during differentiation of ES cells to glutamatergic neurons.

(B) Alternative exons of different lengths affected by knockdown of Zfp871 or Srrm4, as analyzed by RNA-seq. Bar height indicates percentage of the changing

exons in each length category, and absolute numbers of changing exons are also indicated. Expression of genes containing these exons did not change more

than expected by chance (data not shown). Grayscale heatmaps indicate overlap with exons in each length group that show AS changes upon knockdown of

Srrm4 and with neural-differential exons.

(legend continued on next page)
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and its target exons and that it also controls neural exons that are

not regulated by Srrm4.

Nacc1 Regulates ES-Cell-Differential AS at Multiple
Levels
The results from analyzing Zfp871 raised the intriguing possibility

that additional transcription factors/DNA-binding proteins identi-

fied in our screen might also have dual direct and indirect AS

regulatory activities. To investigate this, we next focused on the

POZ/BTB family transcription factor, nucleus accumbens associ-

ated 1 (Nacc1). From the screen data, knockdown of Nacc1 has

strongly correlated effects with knockdowns of Mbnl and Rbfox2

(Figure 6A; Figure S6A), which, as mentioned earlier, negatively

regulateES-cell-differential ASeventsandcontrol somatic cell re-

programming (Han et al., 2013; Venables et al., 2013). Moreover,

knockdown RNA-seq analysis revealed that Nacc1 has more

widespread effects on ES-cell-differential AS, which correlate

significantly with knockdown ofMbnl proteins (r = 0.76, rank cor-

relation; p < 2.23 10�16; Figure 6B). TheRNA-seqdata further re-

vealed that Nacc1 knockdown reduces the expression of Mbnl1

and, to a lesser extent, other splicing regulators, includingRbfox2

(Figure 6C), although there was no significant overlap between

genes with AS or expression changes upon knockdown (data

not shown). Consistent with these results, chromatin immunopre-

cipitation sequencing (ChIP-seq) analysis of Nacc1 occupancy in

N2A cells shows that it binds proximal to the transcription start

site of theMbnl1, but not of theMbnl2orRbfox2genes (Figure 6D;

data not shown). Similarly, Nacc1 peaks are generally enriched

near transcription start sites of genes with changing expression

upon Nacc1 knockdown, supporting a transcription regulatory

role (Figure S6B). Collectively, these data provide evidence that

Nacc1 indirectly controls ES-cell-differential AS by regulating

the expression of Mbnl1 and possibly other splicing regulators.

Surprisingly, Nacc1 also binds RNA sequences surrounding

its regulated target AS events. Similar to the results for Zfp871,

using iCLIP analysis in N2A cells, Nacc1 frequently crosslinks

to exonic RNA, but it also displays enriched occupancy over in-

tronic sequences adjacent to its regulated target exons (Fig-

ure 6E; Figures S6C and S6D) (p < 10�5, all comparisons, one-

sided Mann-Whitney U test). Crosslinking-immunoprecipitation

experiments employing transfected wild-type and mutant

Nacc1 constructs confirm that Nacc1 binds RNA and further

show that this activity is primarily dependent on a linker region

located between the POZ/BTB and BEN domains (Figure S6E).

These observations suggest that Nacc1 has a direct role in con-

trolling the inclusion of ES-cell-differential exons.

To confirm whether Nacc1 has a direct role in regulating AS,

we assayed bacterially expressed recombinant Nacc1 for activ-
(C) Representative RT-PCR validations of AS events identified by SPAR-seq an

independently of Srrm4 (i), or that are not regulated by either protein (c-). Additio

(D) GO-enrichment analysis of genes with exons and microexons that show AS c

ratio (see STAR Methods for details).

(E) Change in mRNA expression of splicing factors upon knockdown of Zfp871 o

indicates significant differences (FDR < 0.05).

(F) Average iCLIP signal of Flag-Zfp871 in N2A cells around exons with increasing

by RNA-seq. Inserts show median and inter-quantile range of mean intronic CLIP

also Figure S5.
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ity in promoting target exon splicing in reporter transcripts

in vitro. Increasing concentrations of Nacc1 stimulated the inclu-

sion of an alternative exon from the Myo9b gene, which, based

on the analysis of knockdown RNA-seq and iCLIP data, is regu-

lated by Nacc1 (Figure 6F; Figures S6F and S6G). In contrast,

addition of comparable levels of recombinant PTBP1 or BSA

did not significantly affect splicing levels. Moreover, recombi-

nant Nacc1 did not promote splicing of a neural-specific exon

(Figures 6G). Finally, consistent with its RNA binding activity,

the linker region of Nacc1 is capable of promoting exon inclusion

in vitro, although with reduced activity compared to the full-

length protein (Figure S6H). However, deletion of this domain

did not abolish the splicing stimulatory activity of Nacc1, indi-

cating that multiple domains in the protein, at least in vitro, likely

forge interactions that promote exon inclusion (Figure S6H).

Collectively, these results provide evidence that Nacc1, like

Zfp871, has dual indirect and direct roles in the regulation of

AS events linked to cell fate.

DISCUSSION

The SPAR-seq system described in this study generates a highly

quantitative, sequencing-based readout for dozens of endoge-

nous regulatory events in response to thousands of query condi-

tions. By applying SPAR-seq to discover regulatory networks

that control cell-fate-associated AS in mouse ES and neural

cells, we have identified extensive positive and negative func-

tional inter-relationships between trans-acting factors associ-

ated with different gene regulatory layers. An unexpected obser-

vation in neural cells is that annotated transcription, chromatin,

and DNA-binding domain proteins impact AS at a similar fre-

quency as splicing factors and that a subset of these protein

factors dually control cell-fate-associated AS networks through

direct and indirect mechanisms.

Transcription and chromatin regulators impact AS by various

mechanisms, including the recruitment of splicing components

that subsequently influence AS in nascent transcripts, and by

effects on pol II elongation rate that control AS by altering the

kinetics of exposure of competing splice sites (Braunschweig

et al., 2013). Our results provide evidence that certain transcrip-

tion factors also regulate AS networks by binding RNA se-

quences adjacent to target exons while also impacting the

expression of splicing regulators that control the same target

exons. These observations add to a growing body of evidence

indicating that proteins lacking canonical RNA binding domains,

including those linked to transcription and chromatin regulation,

can interact with RNA (Baltz et al., 2012; Castello et al., 2012;

G Hendrickson et al., 2016; Kwon et al., 2013).
d/or RNA-seq that are co-regulated by Zfp871 and Srrm4, that are regulated

nal AS events are shown in Figure S5A.

hanges following knockdown of Zfp871. Abscissa shows the enrichment odds

r Srrm4. Factors that were knocked down are indicated in dark gray, and blue

, unchanged, or decreasing inclusion upon knockdown of Zfp871, as analyzed

signals. Asterisks indicate p values of one-sided Mann-Whitney U tests. See
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Figure 6. Nacc1 Regulates a Network of ES-Cell-Differential AS Events

(A) Effects of N2A screen hit knockdowns (jSSMDj > 4.75) on Mbnl1 mRNA expression, and correlation of AS changes with those observed upon knockdown of

Mbnl1, sorted according to changes in Mbnl1 expression.

(B) Splicing changes of alternative exons observed upon knockdown of Mbnl or Nacc1. Annotated ES-cell-differential events (Han et al., 2013) are highlighted.

(C) mRNA expression changes upon knockdown of Nacc1 or Mbnl in N2A cells analyzed by RNA-seq. Dark gray represents genes that are targeted by

knockdown.

(D) ChIP-seq profiles of Nacc1 in N2A cells at Mbnl1 and Mbnl2 genes. FPM, ChIP fragments per million reads.

(E) Average Nacc1 iCLIP signal in N2A cells around exons with increased, unchanged, or decreased inclusion upon knockdown of Nacc1, as analyzed by RNA-

seq. Inserts show median and inter-quantile range of mean intronic CLIP signals. See also Figures S6C and S6D.

(F) In vitro splicing of Myo9bminigene reporter transcripts in HeLa whole-cell extracts, with or without the addition of recombinant Nacc1 or PTBP1 as negative

control. PSI quantitation is shown below.

(G) In vitro splicing ofDaam1minigene reporter transcripts (as a specificity control) (Calarco et al., 2009) inWeri whole-cell extracts, with or without the addition of

recombinant Srrm4 or Nacc1. See also Figure S6.
Remarkably, knockdown of more than 50% of ZnF genes

analyzed in our screen resulted in pronounced effects on

different subsets of AS events. Specific classes of ZnF proteins,
such as those possessing CCCH-type motifs, include members

with established roles in RNA binding and regulation (e.g.,

U2AF1 and MBNL proteins) (Konieczny et al., 2014; Singh and
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Figure 7. Model of Dual Roles of Transcrip-

tion Factors in Regulating AS

Changes in the activity of a transcription factor

(TF) results in increased expression of splicing

factors (SFs), which, in turn, mediate AS changes.

Additionally, binding of the transcription factor to

pre-mRNA coordinately regulates overlapping AS

events.
Valcárcel, 2005). In contrast, while C2H2 ZnF proteins constitute

the largest class of annotated DNA-binding proteins, only a small

number of these proteins have been investigated for such roles.

Examples include Gtf3a/TFIIIA (Layat et al., 2013), HZF/Znf385a

(Iijima et al., 2005), CTCF (Saldaña-Meyer et al., 2014), YY1 (Si-

gova et al., 2015), and WT1 (Hastie, 2001). Our results provide

evidence for a more widespread role for this class of ZnF protein

in splicing control. It is interesting to consider that the expansion

of this class of proteins during vertebrate evolution, which

occurred in part to fulfill roles in transcriptional regulation and

the suppression of rapidly evolving transposable elements

(Stubbs et al., 2011), may also have arisen to regulate increas-

ingly complex patterns of AS associated with the evolution of or-

gans such as themammalian brain (Barbosa-Morais et al., 2012).

Finally, we show that the paradigm of DNA binding and tran-

scription factorsmultitaskingat the level ofRNA to regulateASex-

tends to other classes of proteins, such as the BTB/POZ domain

protein Nacc1. The remarkable duality in regulatory capacities of

the two factors investigated in more detail in the present study

suggests that additional transcription factors possess coordi-

nated regulatory functions that operate indirectly and directly

to regulateAS (Figure7). TheSPAR-seqscreen thushighlightsan-

notated transcription factors and DNA-binding proteins as a

cacheof previouslyunknown regulatorsofASnetworks, including

thosewith important roles in the control of cell fate. Further explo-

ration of the splicing regulators identified in this study holdsprom-

ise for the discovery of mechanisms and networks of AS regula-

tion with critical roles in development and disease. Moreover,

the flexibility of the SPAR-seq system opens the door to the

comprehensive elucidation of RNA regulatory networks in diverse

other mechanistic and biological contexts.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Nacc1 Abcam ab29047; RRID: AB_870608

Critical Commercial Assays

OneStep RT-PCR Kit QIAGEN 210210

Deposited Data

SPAR-Seq This study GEO: GSE80196

RNA-Seq This study GEO: GSE80204

ChIP-Seq This study GEO: GSE80203

CLIP-Seq This study GEO: GSE80202

Experimental Models: Cell Lines

Mouse: CGR8 ECACC 07032901

Mouse: N2A ATCC CCL-131

Sequence-Based Reagents

siGENOME mouse genomic siRNA SMARTpool library Dharmacon N/A

iCLIP reverse transcription primer Rt1clip: /5Phos/NNAAC

CNNNAGATCGGAAGAGCGTCGTGgatcCTGAACCGC

Huppertz et al., 2014 N/A

iCLIP reverse transcription primer Rt9clip: /5Phos/NNGCC

ANNNAGATCGGAAGAGCGTCGTGgatcCTGAACCGC

Huppertz et al., 2014 N/A

iCLIP reverse transcription primer Rt10clip: /5Phos/NNGAC

CNNNAGATCGGAAGAGCGTCGTGgatcCTGAACCGC

Huppertz et al., 2014 N/A

iCLIP reverse transcription primer Rt13clip: /5Phos/NNTCC

GNNNAGATCGGAAGAGCGTCGTGgatcCTGAACCGC

Huppertz et al., 2014 N/A

Software and Algorithms

Bowtie 2.2.6 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/

Tophat 2.1.0 Trapnell et al., 2009 https://ccb.jhu.edu/software/tophat/

MACS 2.1.0 Zhang et al., 2008 https://github.com/taoliu/MACS

Piranha 1.2.1 Uren et al., 2012 http://smithlabresearch.org/software/

piranha/

vast-tools 1.0 Braunschweig et al., 2014; https://github.com/vastgroup/vast-tools
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Prof. Benjamin J. Blen-

cowe, Donnelly Centre, University of Toronto, b.blencowe@utoronto.ca.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines and Cell Culture
CGR8 mouse embryonic stem cells (ESCs) were cultured as described previously on gelatin-coated plates (Gabut et al., 2011; Han

et al., 2013). Mouse neuroblastoma (N2A) cells were grown in DMEM supplemented with 10% FBS, sodium pyruvate, MEM non-

essential amino acids, and penicillin/streptomycin. All cell lines were maintained at 37�C with 5% CO2.

METHOD DETAILS

High-Throughput siRNA Knockdown and RNA Purification
Knockdown and control treatments were performed in both mouse ESCs (CGR8) and neuroblastoma cells (N2A), in two biological

replicates, at the Lunenfeld-Tanebaum Research Institute (LTRI) SMART robotics facility. Treatments comprised SMARTpool

Irimia et al., 2014
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siRNAs (siGENOME, Dharmacon) targeting 1416 genes that function in diverse aspects of gene regulation, 32 positive controls

(siRNA targeting Mbnl1 and Mbnl2, siMbnl), and 88 negative controls (non-targeting siRNA, mock transfection, and untreated cells).

An automated pipeline was developed for high-throughput cell plating, siRNA transfection, and RNA purification (Biomek FX Lab-

oratory AutomationWorkstation, Beckman Coulter). Twenty-four hours prior to transfection, CGR8 and N2A cells were seeded in 96-

well plates, using 3000 and 5000 cells per well, respectively. Cells were transfected with the SMARTpool siRNAs at 50 nM final con-

centration using DharmaFECT1 reagent (Dharmacon), as recommended by the manufacturer. Forty-eight hours post-transfection,

total RNA was purified from cultured cells using the RNeasy Plus 96 Kit (QIAGEN), as per the manufacturer’s instructions. In total,

6144 (sixty-four 96-well plates) RNA samples (�65 mL per well) were prepared from CGR8 and N2A cells from two replicates.

Systematic Parallel Analysis of Endogenous RNA Regulation Coupled to Barcode Sequencing
Systematic Parallel Analysis of Endogenous RNA Regulation Coupled to Barcode Sequencing (SPAR-seq) was developed for the

parallel analysis of dozens of endogenous alternative splicing (AS) events in response to thousands of knockdown and control treat-

ments. For each treatment, a multiplex RT-PCR assay was applied to simultaneously amplify 50 transcript regions that span multiple

exons to assess AS and gene expression in a single reaction. In some cases, more than one AS event was monitored from the same

region. Optimized event-specific primers with 50 universal adaptor sequence were used (Figure 1A; Figure S1A). Primers for AS

events were designed to anneal near splice junctions in order to monitor different spliced variants (Table S1 for primer sequences).

The multiplex RT-PCR reaction was carried out in 96-well plates using the OneStep RT-PCR kit (QIAGEN) as recommended by the

manufacturer, with the following changes: reactions were performed in a volume of 20 mL with 2 mL of the purified total RNA as input,

and a mixture of 50 pairs of primers was added to each reaction at a final concentration of 0.025 mM for each individual forward and

reverse primer. Four identical Veriti 96-well Thermal Cyclers (Applied Biosystems) were used with the following program: 50�C for

30 min, 95�C for 15 min, 30 cycles of 94�C for 40 s, 58�C for 1 min (slow ramp rate), 72�C for 3 min, and a final extension step at

72�C for 10 min.

For multiplex barcode sequencing, unique, dual-index barcodes were designed, including 16 forward 8-base barcodes (minimum

Hamming distance of 4) and 768 reverse 8-base barcodes, comprising a subset of previously reported barcode sequences (Hamady

et al., 2008). Reverse barcodes were selected to further increase the distance between barcodes, and minimize hairpin structures

and primer dimers. To multiplex 768 samples per sequencing lane in the current screen (see below), unique reverse barcodes

were used for each sample, while forward barcodes were used to mark each half (48 samples) of a 96-well plate to provide additional

redundancy. These two sets of barcodes were incorporated into forward and reverse primers, respectively, after the universal

adaptor sequences and were added to the amplicons in the second PCR reaction, which was performed using Phusion High-Fidelity

DNAPolymerase (Thermo Scientific), as per themanufacturer’s instructions. For each 20 mL of reaction, 1 mL of themultiplex RT-PCR

reaction product was used as template. The thermal cycling conditions were as follows: 98�C for 30 s, 15 cycles of 98�C for 10 s, 65�C
for 30 s, 72�C for 30 s, and a final extension step at 72�C for 5 min.

To achieve high-throughput preparation of barcode sequencing libraries for the screen, a Versette Automated Liquid Handler

(Thermo Scientific) was programmed to set up both the multiplex RT-PCR reactions and the second Phusion PCR reactions in

96-well plates. The resulting libraries were pooled and sequenced at the Donnelly Sequencing Centre. The entire screen monitored

52 AS events from 6144 samples, as described above. An Illumina HiSeq 2500 flow cell with 8 lanes was used for the barcode

sequencing, and 768 samples from eight 96-well plates were multiplexed per lane. In total, approximately 2.1 billion 101-bp

paired-end reads and two separate 8-bp index reads were generated.

Events Monitored in the Screen
The majority of the monitored AS events are ESC-differential AS events defined by large-scale RNA-Seq analyses (Han et al., 2013)

and other studies (Gabut et al., 2011; Kolle et al., 2011; Ohta et al., 2013; Rao et al., 2010; Salomonis et al., 2010; Venables et al.,

2013), some of which have been shown to be important for ESC pluripotency, differentiation, and somatic cell reprogramming. Mul-

tiple non-ESC-specific AS events (e.g., neural-regulated exons andmicroexons) (Irimia et al., 2014; Raj et al., 2014) and gene expres-

sion only events (e.g., splicing factor and internal control genes) were also monitored (see Table S1 for further details).

Selection of Candidate Splicing-Related Genes
Candidate genes for knockdowns (Table S2) were selected using multiple approaches. Genes that encode proteins with known or

putative roles in splicing and RNA processing were curated manually from the literature and comprised all known splicing factors,

including spliceosome-associated proteins as well as known and predicted RNA binding proteins (RBPs). In addition, genes encod-

ing chromatin-related proteins and transcription factors were selected using four approaches: (1) Genes whose involvement in

splicing regulation has been reported previously; (2) Genes with the GO Slim annotation ‘chromosome’, to capture chromatin-asso-

ciated proteins; (3) Genes encoding proteins with domains that are involved in chromatin modification/binding/remodeling, based on

literature and PFAM domain descriptions; (4) Genes encoding proteins with a domain composition similar to known chromatin pro-

teins. The latter set was identified as follows: the presence of PFAM domains in the protein encoded by the transcript with most do-

mains of each gene was tabulated. Genes were labeled as positive if associated with the GOslim term ‘chromosome’, and negative

if not associated with it but associated with at least one term related to cytoplasm, extracellular region, plasma membrane, or

translation. Two-thirds of the labeled set were used to train a support vector machine with ten-fold cross-validation using the
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svm() function in the R package e1071 (https://cran.r-project.org/web/packages/e1071/). After parameter optimization, a set of pa-

rameters that yielded a true positive rate of 0.479, false positive rate of 0.028, and accuracy of 0.945 on the training set was used to

train a final model on the full labeled set of genes to predict association with ‘chromosome’ for unlabeled genes. Genes positively

labeled by this prediction were associated with the term ‘nucleus’ > 3.5 times more often than negatively labeled genes. Of 1,925

pre-selected genes from all four streams, 836 were finally selected based on minimum expression cut-off, measured using RNA-

Seq data) in ESCs or N2A cells and availability of SMARTpool siRNAs. Lastly, signaling components and post-translational factors

that have been previously linked to splicing regulation were also included.

For all categories, a total of 1,416 genes were selected for knockdown. The four groups shown in Figure 1C and Table S2 represent

a post hoc categorization based on the approaches described above but prioritizing RNA binding domains, association with the spli-

ceosome, experimental detection as part of the mRNA interactome (Baltz et al., 2012; Castello et al., 2012; Kwon et al., 2013), GO

annotation ‘‘RNA binding’’ or ‘‘RNA processing’’ for the splicing factor/RBP group, and the occurrence of a C2H2 domain.

siRNA Knockdown for RNA-Seq Experiments
Cells were transfected with SMARTpool siRNAs (Dharmacon) using Lipofectamine RNAiMAX (Invitrogen), as recommended by the

manufacturer. A non-targeting siRNA pool (siNT) was used as a control. Cells were harvested 48 hr post transfection, and total RNA

was extracted with TRI Reagent (Sigma) or RNeasy columns (QIAGEN).

ChIP-Seq Experiments
Chromatin immunoprecipitation (ChIP) was performed as previously described (Najafabadi et al., 2015). Briefly,�20million N2A cells

were crosslinked in 1% formaldehyde. Following sonication of DNA fragments, Nacc1 was immunoprecipitated from the lysate with

4 mg of Nacc1 antibody (Abcam ab29047) followed by crosslink reversal and DNA precipitation. Libraries were sequenced on the

Illumina HiSeq 2500 to a depth of 20 million 51-nucleotide single end reads.

iCLIP Experiments
Individual nucleotide resolution UV crosslinking and immunoprecipitation (iCLIP) was performed as described previously (Huppertz

et al., 2014). Zfp871 was immunoprecipitated from N2A cells engineered to express Flag-tagged Zfp871 under the control of dox-

ycyclin using the PiggyBac system (Woltjen et al., 2009). Flag-Zfp871 expression was induced for 24 hr prior to crosslinking

(0.15 J/cm2) at 254 nm with a Stratalinker 1800. Two replicates from two independent single-cell clones expressing Flag-tagged

Zfp871 were used for generating a total of four iCLIP samples. Lysates generated from the crosslinked cells were treated with Turbo

DNase (Ambion) and RNase I (1:100; Ambion) for 5 min at 37�C to digest the genomic DNA and trim the RNA to short fragments of an

optimal size range. RNA-protein complexes were immunoprecipitated using 100 mL of protein G Dynabeads (Life Technologies) and

10 mg of anti-Flag (Sigma) antibody. Following stringent high salt washes, the immunoprecipitated RNA was 50 end-labeled using

radioactive 32P isotopes followed by on-bead-ligation of pre-adenylated adaptors to the 30 end. The immunoprecipitated complexes

were separated with SDS-PAGE and transferred to a nitrocellulose membrane (Protran). RNA was recovered by digesting proteins

using proteinase K and subsequently reverse transcribed into cDNA. The reverse transcription primers include barcode sequences to

enablemultiplexing and a BamHI restriction enzyme site. The cDNAwas size selected (low: 70 to 85 nt, middle: 85 to 110 nt, and high:

110 to 180 nt), circularized to add the adaptor to the 50 end, digested at the internal BamHI site, and then PCR amplified using

AccuPrime SuperMix I (Life Technologies). The final PCR libraries were purified on PCR purification columns (QIAGEN), eluted

DNA was mixed at a ratio of 1:5:5 from the low, middle, and high fractions and submitted for sequencing.

Nacc1 iCLIP was performed in the same way, except for the following changes: Nacc1 was immunoprecipitated from two inde-

pendent N2A cell pellets using anti-Nacc1 antibody (Abcam ab29047). Prior to immunoprecipitation, cells were UV cross-linked

with 0.4 J/cm2 at 254 nm with a Stratalinker 1800 and lysates were treated with Turbo DNase and RNase I (1:500) for 5 min at

37�C. A total of 2% input material was saved to prepare size-matched control libraries. Furthermore, we used a recently reported

enhanced CLIP ligation method (Van Nostrand et al., 2016) for adaptor ligation. The immunoprecipitated material as well as the input

were separated with SDS-PAGE and transferred to a nitrocellulosemembrane (Protran). For the input sample, themembrane was cut

matching the size of the immunoprecipitated material. Consecutive steps proceeded as described above.

For Flag-Zfp871 the barcoded primers used were: Rt1clip: /5Phos/NNAACCNNNAGATCGGAAGAGCGTCGTGgatcCTGAAC

CGC; Rt9clip: /5Phos/NNGCCANNNAGATCGGAAGAGCGTCGTGgatcCTGAACCGC; Rt10clip: /5Phos/NNGACCNNNAGATCGG

AAGAGCGTCGTGgatcCTGAACCGC; and Rt13clip: /5Phos/NNTCCGNNNAGATCGGAAGAGCGTCGTGgatcCTGAACCGC.

For Nacc1 the barcoded primers used were Rt1clip, Rt10clip, and Rt13clip.

Crosslinking-Immunoprecipitation Experiments
To investigate the region(s) of Nacc1 protein responsible for RNA binding, we divided the full-length protein into three fragments: the

N-terminal fragment (F1, amino acids 2-132) including the POZ/BTB domain, the middle fragment (F2, amino acids 133-351), and the

C-terminal fragment (F3, amino acids 352-514) including the BENdomain. Using the PiggyBac system (Woltjen et al., 2009), N2A cells

were engineered to overexpress Flag-tagged full-length or different truncated forms of Nacc1 under the control of doxycyclin. Sub-

sequently, crosslinkingwas performed in the sameway as the initial steps of iCLIP. Lysates generated from the crosslinked cells were

treated with Turbo DNase and RNase I (1:500) for 5 min at 37�C. RNA-protein complexes were immunoprecipitated using protein G
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Dynabeads and anti-Flag antibody. Following high salt washes, the immunoprecipitated RNA was 50 end-labeled using radioactive
32P isotopes. The immunoprecipitated complexes were separated with SDS-PAGE and transferred to a nitrocellulose membrane.

In Vitro Splicing Assays
Preparation of whole cell splicing extracts and purification of recombinant proteins have been previously described in detail (Calarco

et al., 2009). The Myo9b in vitro splicing reporter was constructed by amplifying the mouse genomic DNA region, including the spe-

cific alternative exon, its flanking introns, as well as its constitutive exons. In vitro splicing assays performed in a volume of 20 mL

contained 1.5 mMATP, 5mMcreatine phosphate, 5mMDTT, 3mMMgCl2, 2.6%PVA, 30 units of RiboLock RNase inhibitor (Thermo

Scientific), 20 ng of splicing substrate, 50-60 mg of splicing extract, and up to 12 mL of splicing buffer (20 mM HEPES-KCl pH 7.9,

100 mM KCl, 0.2 mM EDTA, 10% glycerol, 1 mM DTT) with or without the addition of recombinant proteins. All recombinant

Nacc1 proteins contained an N-terminal GST-tag and were expressed and purified from Escherichia coli C41 (Lucigen) using stan-

dard methodologies. Reactions were incubated at 30�C for one hour. RNA was extracted using TRI Reagent (Sigma) and then resus-

pended in 10 mL of DEPC-treated water. Spliced products were amplified by RT-PCR assays using 2 mL of the recovered RNA and

primers specific for Myo9b upstream and downstream constitutive exons. RT-PCR products were resolved on a 3% agarose gel.

Protein Extraction and Western Blotting
Cell pellets were lysed in radioimmunoprecipitation assay (RIPA) buffer by brief sonication. 30-150 mg of protein lysate was separated

on a 10%SDS-polyacrylamide gel and transferred to a PVDFmembrane. Themembranes were blotted with the following antibodies:

anti-FlagM2 (1:1500, Sigma), anti-Nacc1 (1:7500, Abcam), and anti-a-tubulin (1:5000, Sigma). Secondary antibodies (GEHealthcare)

and chemiluminescence reagents (Perkin Elmer) were used as per the manufacturer’s instructions.

Co-Immunoprecipitation Assay
293T cells were transiently transfectedwith FLAG-Srsf2, HA-Arglu1, or both using Lipofectamine 2000 (Life Technologies). Cells were

lysed in 0.5% TNTE buffer containing 250 U/mL Benzonase (Novagen) and incubated on ice for one hour. After pre-clearing with Pro-

tein G-Dynabeads (Life Technologies), lysates were incubated with anti-FlagM2 antibody (Sigma) bound to Protein G-Dynabeads for

1 hr at 4�C. Subsequently, immunoprecipitates were washed 5X with 0.1% TNTE buffer, subjected to SDS-PAGE, transferred onto a

nitrocellulose membrane, and immunoblotted with the anti-HA antibody (Roche) or anti-Flag M2 antibody (Sigma).

RNA Extraction and (q)RT-PCR assays
Total RNA was extracted using RNeasy Mini Kit (QIAGEN) or TRI Reagent (Sigma), and RT-PCR assays were performed using

the OneStep RT-PCR kit (QIAGEN), as per the manufacturer’s instructions. 20 ng of total RNA was used per 10 mL of reaction.

The number of amplification cycles was 22 for Gapdh, and 27-32 for all other transcripts analyzed. Reaction products were separated

on 1%–3% agarose gels. Quantification of isoform abundance was performed as previously described (Han et al., 2013).

For qRT-PCR, first-strand cDNAs were generated from 1-3 mg of total RNA using Maxima HMinus First Strand cDNA synthesis Kit

(Thermo Scientific), as per the manufacturer’s recommendations, and diluted to 20 mg/mL. qPCR reactions were performed in a vol-

ume of 10 mL using 1 mL of diluted cDNA and FastStart Universal SYBRGreenMaster (Roche Applied Science). Primers used for PCR

reactions are available upon request.

Cloning and Plasmids
Flag-tagged Zfp871 was cloned into the PiggyBac destination vector from cDNA derived from N2A cells using the Gateway system.

The primers used for cloning are:

forward 50-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCGAGTCAGTGG CCTTTGAGGATGTG - 30 and reverse 50 - GGGGA

CCACTTTGTACAAGAAAGCTG GGTCCTACTAAAAAACACTGGAATCCAGGGTAGTG - 30.

QUANTIFICATION AND STATISTICAL ANALYSIS

Pipeline for High-Throughput Screen Data Analyses
De-multiplexing and Mapping

Sets of reads from each sequencing lane, consisting of forward/reverse event reads and forward/reverse barcode reads, were as-

signed to one of 768 samples by matching the forward and reverse barcodes to the expected combinations. Up to two mismatches

were allowed if and only if these allow a match to a single barcode. �79% of the total read sets from 8 lanes were successfully as-

signed to the 6,144 samples. Forward and reverse event reads were then mapped to custom junction libraries representing all ex-

pected splice variants (available on GEO: GSE80196), using bowtie with settings–best -v 3 -k 1–trim3 26–trim5 20 (Langmead

et al., 2009). Trimming of the first 26 and last 20 bases was performed to remove lower-quality and uninformative ends and thereby

increase the rate of mappable reads. Junction libraries were first constructed from NCBIm37/mm9 gene annotations, and then

refined based on the results of de novo mapping of the reads from one full Illumina lane from each cell line using TopHat (default

settings with -i 40 and providing Ensembl transcript annotations for NCBIm37) (Trapnell et al., 2009), after quality trimming (minimum

MAPQ of 33) from the 30 end. Initially, 64 events within 50 genes were considered. In total, �20% of the forward and reverse reads
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were mapped uniquely to one splice variant. Across all 6,144 samples, the median number of reads per gene was �300 in each di-

rection, with �91% reaching > 20 reads (Figure S1C).

AS Quantification and SSMD Calculation

Percent Spliced In (PSI) values were calculated for each alternative exon, or part thereof in the case of alternative 50 or 30 splice sites

(‘event’), independently from forward and reverse reads as the percentage of reads supporting inclusion divided by the total number

of reads for the event. For alternative 50 or 30 splice site events that were part of an alternative exon [Foxm1 (A2), Mta1 (A1), Uspl1 (A3)],

the PSI was instead calculatedwith reference to the total reads supporting inclusion of that exon in order to assess independent regu-

lation of alternative splice site usage. The average of PSI values obtained from forward or reverse reads was calculated, except in

cases where some forward or reverse reads were ambiguous with respect to either inclusion or exclusion due to insufficient read

length, in which case only one read was used. PSI values showed low-level batch effects per 96-well plate, which were reduced

by subtracting a weighted plate median in which negative controls (siNT andmock treatment) were given 20x more weight than other

samples. To derive variances, and because PSI values are not nearly normally distributed but roughly follow a beta distribution, we

elected to fit a beta distribution to each pair of replicate treatments, as well as to all negative controls from both replicates, using

maximum-likelihood fitting as implemented in the fitdistr() function from the R package MASS (Venables and Ripley, 2002). Iterative

optimization of shape parameters was initiated with settings x = PSI, shape1 = 1, shape2 = 1, method = ‘‘L-BFGS-B,’’ lower = 0.01,

and upper = mean number of reads supporting each PSI value. A modified Strictly Standardized Mean Difference (SSMD) (Zhang,

2007) was then calculated such that:

SSMD= ðmt � mcÞ=SQRTðvart + varcÞ
where mt and mc are the means (corresponding to the PSI), and vart and varc are the variances of the beta distributions fitted to the

treatment replicates and negative controls, respectively. Events for which not all reads from at least one direction were informative

[Mff (A2), Tead1 (A2)] were excluded from further analysis, as were events in individual treatments with less than 20 reads in one or

both replicates (�9% of all events x treatment combinations). Additionally, the following events were removed from further splicing

analysis: gene expression only events or constitutive exons, Fgf4, Gapdh, Sall4, Srpk2, and Srrm4; events with consistently low

read counts, Atg13 (A1), H2afy (A2), and Tcf7l1 (N2A only), and Dnmt3b (N2A only); or events where the measured inclusion was

biased by differential length of isoforms (Fgfr1). Additionally, Dnmt3b in CGR8 cells and Uspl1 (A3) were excluded from most

analyses due to missing values in > 10% of all treatments, resulting in a list of 52 filtered events. SSMD scores are provided in

Table S3.

Differential Expression Analysis

Read counts from all splice variants of each gene were used to estimate relative mRNA expression levels, reads per million reads

(RPMs). Differential expression analysis based on raw read counts was performed using the generalized linear model workflow

from the R package edgeR (Robinson et al., 2010). Because biases stemming from batch effects and position of the well on the plate

affected the expression analysis more than the PSI (which is the ratio of two measurements), we used plate, position (edge/interior),

and treatment as design factors (where all treatments of each type of control were treated as replicates.) Models were fitted using

estimateDisp() to estimate the common, trended, and tag-wise dispersion for the CGR8 and N2A data separately. Subsequently, dif-

ferences attributable to treatment, plate, or position contrasts were extracted with glmLRT() and represented as log2-fold changes

with associated FDR. This approach showed that it was important tomodel plate and position explicitly. Fold-changes for treatments

(Table S4) are relative to the siNT and mock controls, while untreated controls were treated like experimental knockdowns and used

to monitor the efficiency of normalization.

Correlation Network Analyses and Functional Cluster Identification
To identify the appropriate SSMD cut-off, a cross-validation resampling approach was undertaken based on identification of func-

tional groups from Enrichr (Chen et al., 2013). This approach randomly selected 30% of the events exceeding a cut-off and clustered

the results using affinity propagation clustering (Bodenhofer et al., 2011; Frey and Dueck, 2007). To select the number of clusters, a

cut-off of h = 0.4 was used for the merging objects. Each cluster was individually assessed for GO term and complex enrichment

using Enrichr. For each cut-off this procedure was repeated 1000 times independently for both N2A and CGR8 samples. The repro-

ducibility of the top functional groups at each cut-off was calculated. This identified a cut-off of 2.25 within the CGR8 samples and

4.75 within the N2A samples as providing the strongest enrichment of associated terms.

Events with SSMD scores above the identified cut-off were used. These events were clustered based on the DPSI values using

affinity propagation clustering (Bodenhofer et al., 2011; Frey and Dueck, 2007). A signed Pearson correlation was used to calculate

pairwise correlation coefficients to dampen effects of diverging means and variances between samples. Gene enrichment for each

cluster was assessed using the gene enrichment tool gprofiler (Reimand et al., 2007) using the following databases: GO, CORUM,

REACTOME, and KEGG. A Benjamini-Hochberg FDRmultiple correction with a p value cut-off of 0.05 only including genes sets with

maximum set size of 1000.

To annotate events that differentiate each cluster, two-sided Mann-Whitney U-tests were carried out comparing the event PSI

values of the genes knocked down in the cluster with the rest of the knockdowns represented in the figure. Differential events

with Benjamini-Hochberg FDR < 0.05 are shown.
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Hit Frequencies of Proteins with Certain Domains
The percentages of knockdowns that exceeded the threshold of ± 3.0 SSMD for any AS event in N2A cells, among all proteins con-

taining a certain PFAM domain was calculated. Only knockdowns with missing values for less than half of all events were considered.

Separation into ‘known’ and ‘new’ AS regulators was based on association with anyGO category whose name contained either of the

strings ‘mRNA splic’ or ‘spliceosom’.

Principal Component Analysis
The R function prcomp was used to derive principal components of either CGR8 or N2A SSMD values (uncentered, unscaled) from

experimental knockdowns but not controls in order to avoid dominating effects of positive controls. Treatments with more than 10

missing values in each cell line were excluded. The full datasets including controls were then projected onto the obtained principal

components. Outlines shown in Figure S4C represent the convex hull surrounding all points in the group.

Analysis of Correlation within CORUM Complexes
To score complexes for which knockdown of subunits resulted in correlated AS changes, all human andmouse complexes annotated

in CORUM (Ruepp et al., 2010) were considered. For complexes isolated in both organisms, only the mouse variant was considered.

When a complex was identified only in human cells, the mouse orthologs defined in InParanoid (Sonnhammer and Östlund, 2015)

were used. Complexes in which less than three components were represented in the screen were discarded. Then, the average pair-

wise correlation of SSMD values between all components in a complex was calculated, and significance was assessed with a Mann-

Whitney U-test between the correlations among the components in the complex and the pairwise correlations of all non-control

knockdowns in the cell line. The false discovery rate was adjusted using the Benjamini-Hochberg method.

Analysis of RNA-Seq Data
AS and Gene Expression Analysis

RNA-Seq data were processed using our AS and gene expression analysis pipeline, vast-tools version 1.0 (Braunschweig et al., 2014;

Irimia et al., 2014), which is available on github (https://github.com/vastgroup/vast-tools). From primary output, events with poor

coverage or junction balance were filtered out (vast-tools quality column score 3 other than SOK/OK/LOW for cassette exon [CE], mi-

croexon [MIC], and alternative 50 or 30 splice site [Alt5/3] events or coverage less than 15 reads for intron retention [IR] events; score 4

other thanOK/B1 forCEandMICeventsand score 5of less than0.05 for IRevents).Differential ASwasassessed through thevast-tools

diffmodule available with the main pipeline. This strategy utilizes Bayesian inference, employing a Binomial likelihood function where

thecount of inclusion reads (K) followsK�Binomial(J, N).J representsPSI orPIR, andN is the total junction readsper-event.Weapply

an uninformative conjugate prior distribution (uniform Beta where a = 1, b = 1), and apply Bayes theorem to obtain the posterior distri-

bution overJ�Beta(K + a, (N-K) + b). We combine biological replicates by sampling empirical posterior distributions of each replicate

and fitting a new posterior Beta usingmaximum-likelihood (MLE) estimation with ‘fitdistr’ from theMASS package in R. The difference

between two biological conditions, modeled as two posterior distributions X �Beta, and Y �Beta, follows in the form P(X-Y > 0).

This probability can be estimated from the difference of empirical distributions sampled between X and Y such that P(X-Y > 0) =

Sn
i=1(Xi –Yi > 0) /N.Significantlydifferential eventswereadditionally required tohaveaPSIdifference>10.Geneexpressiondifferences

were calculated based on vast-tools raw read counts per gene. In cases with a single replicate (siNacc1, siMbnl, and siNT control),

counts were converted to read-per-million (RPM) and changes calculated as log2((1 + RPM[siSpecific]) / (1 + RPM[siNT])), and genes

were required to have a vast-tools cRPKMR 3 and a raw read count ofR 10 in at least one of the compared samples. In cases with

multiple replicates (siZfp871, siSrrm4, and siNT control), differential expression was assessed with the R package edgeR.

Gene Ontology Analyses

FuncAssociate (Berriz et al., 2009) was used to find over-represented GO terms associated with genes with changes in CE and MIC

events that were significant and greater than 10 PSI. As a background, all genes withmeasured PSI values that survived filtering were

used. Only terms with a minimum odds ratio of 4 and less than 1,000 associated genes were plotted. If two categories mutually over-

lapped by more then 70% of associated genes, only the category with stronger enrichment was shown. Adjusted P values represent

P values derived by iterative simulation in FuncAssociate.

Analysis of Features Associated with Zfp871-Regulated Events

SVM-BPfinder (Corvelo et al., 2010) was used to assign the most likely branchpoint and associated polypyrimidine tract length of

introns upstream of regulated and non-regulated exons. MaxEntScan (Yeo and Burge, 2004) was used to assess splice site strength.

Analysis of ChIP-Seq Data
Illumina adaptor sequences were removed from 30 ends of 51-nt reads and remaining reads were mapped to the mouse genome,

NCBIm37/mm9, using bowtie2 (Langmead and Salzberg, 2012) with default settings. After removal of duplicate reads, peaks

were called jointly on immunoprecipitated and input samples with MACS 1.4 (Zhang et al., 2008).

Analysis of iCLIP Data
51-nt raw reads that consisted of 3 random positions, a 4-nt multiplexing barcode, and another 2 random positions, followed by the

cDNA sequence, were initially trimmed to 49 nt from the 30 end, and duplicates were discarded. Reads were de-multiplexed, and the
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random positions, barcodes, and any 30-bases matching Illumina adaptors were removed. Remaining reads longer than 25 nt were

mapped to the mouse genome/transcriptome (Ensembl annotation of NCBIm37) using tophat with default settings. To prevent false

assignments of reads from repetitive regions, any reads with a mapping quality < 3 were removed from further analysis.

Plots showing average crosslinking signal of events aligned to exon borders were generated as described previously for ChIP-seq

data (Braunschweig et al., 2014), except that readswere first reduced to their first position, which is adjacent to the crosslink position,

and no normalization against a control was performed. A 21-bp running window average was used for display only, and average sig-

nals across replicates are shown.

For numeric analysis of intronic signal, the number of crosslinks per position and million of sequenced reads was calculated per

replicate and averaged across replicates. Mean intronic signals were compared between groups of AS events using the one-sided

Mann-Whitney U-test.

Overlap of AS events affected by Nacc1 with Nacc1 RNA binding was scored as follows: Piranha (Uren et al., 2012) was used to

obtain CLIP clusters separately in each replicate, using aligned RNA-Seq reads from N2A cells as a covariate. Both sets of clusters

were merged, and for each new cluster, significance of enrichment over input was assessed with a binomial test in which the number

of successes was the number of (pooled) CLIP reads overlapping the cluster (only themost 50 base of each read was considered); the

number of trials was the sum of the numbers of reads in CLIP and input; and the probability was the fraction of uniquely aligned reads

in the CLIP libraries over the number of reads from CLIP and input combined. Only clusters with a Benjamini-Hochberg corrected

FDR < 0.1 were retained.

DATA AND SOFTWARE AVAILABILITY

Data Access
SPAR-seq (GEO: GSE80196), RNA-Seq (GEO: GSE80204), ChIP-Seq (GEO: GSE80203), and iCLIP-Seq (GEO: GSE80202) data are

available through the Gene Expression Omnibus. Series record: GEO: GSE80205.

Software
All scripts were written in Python, Perl, or R and are available upon request.
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