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A broadly applicable high-throughput screening
strategy identifies new regulators of Dlg4 (Psd-95)
alternative splicing
Sika Zheng,1 Robert Damoiseaux,2 Liang Chen,3 and Douglas L. Black1,4,5

1Howard Hughes Medical Institute, University of California at Los Angeles, California 90095, USA; 2Molecular Screening Shared

Resource, University of California at Los Angeles, California 90095, USA; 3Molecular and Computational Biology, Department

of Biological Sciences, University of Southern California, Los Angeles, California 90089, USA; 4Department of Microbiology,

Immunology, and Molecular Genetics, University of California at Los Angeles, California 90095, USA

Most mammalian genes produce multiple mRNA isoforms derived from alternative pre-mRNA splicing, with each al-
ternative exon controlled by a complex network of regulatory factors. The identification of these regulators can be
laborious and is usually carried out one factor at a time. We have developed a broadly applicable high-throughput
screening method that simultaneously identifies multiple positive and negative regulators of a particular exon. Two
minigene reporters were constructed: One produces green fluorescent protein (GFP) from the mRNA including an exon,
and red fluorescent protein (RFP) from the mRNA lacking the exon; the other switches these fluorescent products of exon
inclusion and exclusion. Combining results from these two reporters eliminates many false positives and greatly enriches
for true splicing regulators. After extensive optimization of this method, we performed a gain-of-function screen of 15,779
cDNA clones and identified 40 genes affecting exon 18 of Discs large homolog 4 (Dlg4; also known as post-synaptic density
protein 95 [Psd-95 ]). We confirmed that 28 of the 34 recoverable clones alter reporter splicing in RT-PCR assays. Re-
markably, 18 of the identified genes encode splicing factors or RNA binding proteins, including PTBP1, a previously
identified regulator of this exon. Loss-of-function experiments examining endogenous Dlg4 transcripts validated the effects
of five of eight genes tested in independent cell lines, and two genes were further confirmed to regulate Dlg4 splicing in
primary neurons. These results identify multiple new regulators of Dlg4 splicing, and validate an approach to isolating
splicing regulators for almost any cassette exon from libraries of cDNAs, shRNAs, or small molecules.

[Supplemental material is available for this article.]

Pre-mRNA splicing patterns are highly regulated to produce func-

tionally distinct gene products during development or in response

to extracellular stimuli (Black 2003; Chen and Manley 2009). Most

splicing alterations are determined by interactions between cis-

regulatory elements in the pre-mRNA and trans-acting protein

factors that can affect spliceosome assembly and splice site choices.

Well-characterized splicing regulators include the SR proteins and

members of the hnRNP group of proteins (Chen and Manley 2009;

Cooper et al. 2009; Nilsen and Graveley 2010). However, there are

many hundreds of RNA binding proteins encoded in the human

genome, and only a fraction of them have been examined for ac-

tivity in splicing.

An alternative exon is usually controlled by multiple proteins,

and the intronic sequences surrounding the exon can contain

a variety of conserved regulatory elements. Genome-wide profiling

methods can identify many targets of individual splicing regula-

tors (Hartmann and Valcarcel 2009; Darnell 2010; Witten and Ule

2011). However, systemically identifying the multiple positive and

negative regulators of a particular alternative exon is a challenge. A

variety of screening strategies have yielded only one or two new

factors targeting the exon and thus were relatively insensitive for

identifying larger sets of splicing regulators (Kar et al. 2006; Wu

et al. 2006; Oberdoerffer et al. 2008; Topp et al. 2008). The devel-

opment of cataloged libraries and high-throughput robotic sys-

tems has enabled screening at greater depth and the identification

of multiple regulators from a single screen (Warzecha et al. 2009;

Moore et al. 2010).

The specificity of single-output splicing reporters is con-

founded by molecules that alter the overall expression but not the

splicing of the reporter transcript. In addition, the isoform mea-

sured by a single-output reporter must be produced at a low basal

level relative to its alternative, allowing a small change in exon use

to yield a relatively large fold effect in reporter output. Conse-

quently, these reporters usually screen for either activators or

repressors but not both. A pair of single-output reporters, each

encoding a different fluorescent protein, can overcome some of

these limitations (Kuroyanagi et al. 2010). However, using two

minigenes imposes additional experimental complexities, such

as integration of the two reporter genes into different genomic

loci with different copy numbers.

A dual-output reporter, where both spliced isoforms are

assayed, allows screening for changes in isoform ratio and can thus

detect both increases and decreases in exon inclusion. Screening

by these ratios is more sensitive for identifying changes in exons

whose basal splicing is at intermediate levels, and can also reduce

false positives that alter overall reporter expression. An elegant

dual-fluorescence splicing reporter was applied in forward genetic

screens of Caenorhabditis elegans (Kuroyanagi et al. 2006). The de-

sign of this reporter required insertion of complete open reading

frames (ORFs) for green fluorescent protein (GFP) and red fluo-
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rescent protein (RFP) into each of mutually exclusive exons, which

may not work well for mammalian cassette exons. Dual-output

reporters produce false positives derived from differences in the

translation or stability of the two protein products (Stoilov et al.

2008). These false positives are not eliminated by experimental

replications and can make up the majority of hits from a screen,

making the subsequent validation of true positives labor intensive.

We have developed a broadly applicable cell-based high-

throughput screening (HTS) method to simultaneously identify

multiple activators and repressors of an alternative exon. We min-

imized systematic variation associated with fluorescent screening to

allow more accurate detection of moderate splicing changes. Our

method greatly reduces false positives while maintaining a high

sensitivity in detecting regulators. Using this system, we carried

out a genome-wide gain-of-function screen for factors regulating

exon 18 of Dlg4, a key regulator of synaptic assembly. We pre-

viously showed that this exon is controlled by the polypyrimidine

tract binding proteins PTBP1 and PTBP2, which control Dlg4 ex-

pression during neuronal development (Zheng et al. 2012). How-

ever, there are likely to be cofactors required with the PTB proteins

to control Dlg4 splicing in immature neurons, and the widespread

expression of Dlg4 mRNA in non-neuronal cells makes it possible

that different factors control exon 18 in different cellular contexts.

We have now identified multiple new regulatory proteins affecting

exon 18 splicing.

Results

Construction of dual-fluorescence minigene reporters

We previously constructed a dual-fluorescence reporter (pflareA)

(Stoilov et al. 2008). The pflareA minigene contains GFP and RFP

reading frames and an alternative exon of interest (Fig. 1A). The

GFP start codon is split between two constitutive exons that flank

the alternative exon such that the GFP ORF is initiated for trans-

lation only when the alternative exon is skipped. In this case, the

RFP ORF is silent as translation does not reinitiate downstream.

When the alternative exon is included, the GFP ORF loses its start

codon, allowing ribosomes to initiate at the downstream RFP

ORF. This arrangement allows the GFP and RFP levels to report the

exclusion and inclusion of the alternative exon, respectively. In

screening for modulators of splicing, a change in the ratio of the

two fluorescence proteins indicates a change in exon inclusion.

We found that additional nonsplicing mechanisms could al-

ter the GFP and RFP levels in a pflareA screen (Stoilov et al. 2008).

For example, changes in the translational efficiency of the two

reading frames, or changes in the stability of the two proteins,

could change the GFP/RFP ratio without altering splicing of the

reporter. To increase the specificity of identifying splicing regula-

tors, we developed a counter screen with a complementary re-

porter. In the new reporter, pflareG, the start codon of the GFP ORF

is within the alternative exon, so GFP reports exon inclusion

(Fig. 1B). Conversely, RFP reports exon exclusion in pflareG. In a

pflareG screen, splicing activators and repressors increase and de-

crease the GFP/RFP ratio, respectively. In parallel screens, a splicing

regulator will alter the GFP/RFP ratios reported by pflareA and

pflareG in opposite directions. Except the sequences surrounding

the start codon of GFP, pflareA and pflareG have the same tandem

GFP and RFP ORFs. Changes in translation or protein stability that

shift the GFP/RFP ratio of one reporter are unlikely to change the

ratio in the opposite direction using the other reporter. Thus,

screening with both reporters and identifying the overlapping hits

should filter out false positives and enrich for true splicing regu-

lators (Fig. 1C).

In previous work, we showed that the splicing of Dlg4 exon 18

is controlled by the PTB proteins during neuronal development

(Zheng et al. 2012). The sequence surrounding exon 18 is highly

conserved in regions that extend beyond the putative PTB binding

sites and presumably serves to recruit other regulatory factors.

Experiments in PTB knockout mice also indicate that additional

factors are controlling this exon (data not shown). To identify

some of these factors, we set up a high-throughput screen for

modulators of exon 18 splicing.

Figure 1. A high-throughput screening strategy for regulators of al-
ternative splicing. Two dual-fluorescence minigenes, pflareA (A) and
pflareG (B), are constructed to report splicing of an alternative exon with
opposite outputs. In the pre-mRNA schematics, exons in boxes are con-
nected by horizontal lines representing introns. After splicing, the exon-
included and exon-skipped mRNA isoforms contain different open read-
ing frames (yellow highlight). Exon 18 is spliced at similar levels in the
pflareA-exon 18 and the pflareG-exon 18 mRNAs (A,B). However, the
pflareA-exon 18 reporter expresses low RFP and high GFP, whereas
the pflareG-exon 18 reporter expresses high RFP and low GFP, upon
transient expression in N2a cells. (C ) The framework for the cell-based
high-throughput screens to identify splicing regulatory factors.
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We constructed pflareA and pflareG

reporters for Dlg4 exon 18. We inserted

exon 18 and its flanking intronic se-

quences into pflareG to make the pflareG-

exon18 reporter. The native exon 18 has

three AUG start codons in frame with the

GFP ORF of pflareG, allowing GFP to re-

port exon inclusion. In mouse N2a neu-

roblastoma cells expressing this reporter,

73% of the pflareG-exon18 mRNA skips

exon 18. Consequently, the N2a cells

produced bright RFP and dim GFP (Fig.

1B). The basal level of exon 18 inclusion

in the minigene mRNA (27%) is lower

than in the endogenous Dlg4 transcript

(66%), possibly due to promoter dif-

ferences, to uncharacterized regulatory

elements that were not included in the

minigene, or to nonsense mediated mRNA

decay of the exon18-skipped isoform

(Zheng et al. 2012). The same Dlg4 se-

quence was inserted into the pflareA re-

porter to make pflareA-exon 18. For this

construct, the three ATG codons of exon

18 were mutated to TTG, causing the

exon 18–plus transcripts to express RFP

(Fig. 1A). Skipping the exon in pflareA-

exon18 generates the AUG codon for

GFP. Exon 18 was included at equal levels

in transcripts from pflareA-exon 18 and

pflareG-exon 18, indicating that the

mutations did not strongly affect exon 18

splicing (Fig. 1A,B). As expected, when

pflareA-exon18 was transfected into N2a

cells, it produced strong GFP expression

and weak RFP expression (Fig. 1A). Simi-

lar pflare reporter gene pairs can be con-

structed for almost any exon.

Selection of stable cell clones
expressing pflare-exon 18

We next derived stable cell lines express-

ing each reporter and tested their ability

to be efficiently reverse transfected (Fig.

1C). We used N2a cells, which express

many neuronal markers, possibly in-

cluding neuronal cofactors for exon 18

splicing. As shown in Supplemental Figure

1, we identified the most effective trans-

fection reagent, optimized the cell density,

and determined the times of maximum

expression from the transfected plasmid.

Cell clones stably expressing each

reporter varied in their GFP and RFP ex-

pression (Fig. 2A). This variation may re-

sult from different levels of trans-acting

factors in the clonal lines. To test this, we

assayed the splicing of the endogenous

Dlg4 exon 18 in each cell line (Supple-

mental Fig. 2). The ‘‘percent-spliced-in’’

(PSI) value of exon 18 was quite similar

Figure 2. Selection of stable cell lines. (A) Basal GFP and RFP expression vary between different
pflareG-exon 18 stable cell clones. (B–E ) Changes in the GFP/RFP ratios of B11 (blue), C9 (purple), E11
(green), and F7 (black) cells after reverse transfection of a PTBP1 expressing vector (PTBP1), mock
transfection without DNA (Mock), transfection of a empty control vector, or no transfection (no TFX).
(F ) Percent-spliced-in values of exon 18 in the pflareG-exon 18 mRNA in B11, C9, E11, and F7 cells after
different transfection.
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between cell clones and showed no correlation with the GFP/RFP

ratio (Pearson correlation coefficient�0.05). This suggests that the

main source of GFP/RFP variability is not clonal variation of trans-

acting factors, but instead may be due to different numbers or sites

of genomic integration of the plasmid, leading to changes in

transcription and processing.

To assess their ability to function in the HTS, we tested cell

lines for their response to the expression of PTBP1, a known re-

pressor of exon 18. The results for several pflareG-exon 18 cell lines

(B11, C9, E11, and F7) are shown in Figure 2. The GFP/RFP ratio

was measured in each cell line after transfection with a PTBP1

expressing plasmid or after mock transfection (application of

Lipofectamine 2000 without DNA). PTBP1 represses exon 18

splicing, and as expected, B11, E11, and F7 cells exhibited reduced

GFP/RFP after PTBP1 expression, but to different degrees (Fig. 2B).

In contrast, the C9 cells exhibited an increased GFP/RFP ratio with

PTBP1 expression. Mock transfection had minimal effect on the

GFP/RFP ratio, indicating the response of the C9 cells was not due

to application of Lipofectamine 2000 (Fig. 2C). However, trans-

fection of a control empty vector also led to increased GFP/RFP

ratio in C9 and E11 cells (Fig. 2D). This effect of plasmid trans-

fection on the GFP/RFP ratio could mask the exon repression by

PTBP1. Indeed, when the PTBP1 transfection was normalized to

the control empty vector transfection, C9 and E11 along with B11

and F7 all showed clear patterns of exon 18 repression by PTBP1

(Fig. 2E). These changes in exon 18 splicing were confirmed by RT-

PCR (Fig. 2F). By this assay, the splicing of exon 18 did not change

between the mock or vector control transfections for either C9 or

E11 cells (Fig. 2E). Thus for these cells, changes in GFP/RFP were

not always due to changes in splicing. These experiments indicate

that transfection with a control vector is a more appropriate

benchmark than mock transfection when assessing GFP/RFP

changes in the screen. The response of F7 cells to PTBP1 trans-

fection was smaller than B11 cells (Fig. 2E,F), perhaps due to lower

transfection efficiency. Thus, we used the B11 cells for the HTS.

After PTBP1 transfection, the GFP/RFP ratio of B11 cells remained

unchanged in the first 20 h, decreased substantially in the next 24

h, and then stabilized (Fig. 2E). This paralleled the expected ki-

netics of gene expression from transfected plasmids (see Supple-

mental Fig. 1B). Splicing of exon 18 in the stable clones was somewhat

less responsive to PTBP1 transfection than in the original N2a cells.

This is in part due to the stable cell clones exhibiting lower trans-

fection efficiency than the parental N2a line. Similar optimization was

done to identify a suitable pflareA-exon 18 line (data not shown).

Screening the Mammalian Gene Collection Library

The Mammalian Gene Collection (MGC) full-length cDNA library

consisted of 15,779 individual human and mouse cDNA clones

with some duplicates. The library was deposited onto 44 384-well

plates in a one-well–one-cDNA format. On each plate, we used four

wells for the human PTBP1 cDNA plasmid as positive controls, and

four wells containing no vector as mock transfection negative

controls. Four wells of empty control vector yielded a baseline of

GFP/RFP used to measure fluorescent ratio changes in experi-

mental wells of the same plate. The pflareG-exon 18 and the

pflareA-exon 18 stable cell line were each deposited on one set of

library plates for reverse transfection. Plates containing media

alone were used for background subtraction. To improve the

signal-to-noise ratio of the method, we did extensive optimiza-

tion of the data acquisition and fluorescence background sub-

traction, as described in the online supporting information.

We imaged both GFP and RFP in each well at 16, 22, 40, 46,

and 64 h post-transfection. At each time point, the GFP/RFP ratio

of each well was calculated relative to the empty control vector

transfection. This M value, indicative of the splicing change, was

plotted against the product of the GFP and RFP intensities, or A

value, which assesses the overall expression of the reporter (Rine

Dudoit 2002). The data for the pflareG-exon 18 screen are shown

in Figure 3. Over time, the group of mock transfections remained

clustered within a narrow range of reporter expression and with

their M value around zero. In contrast, the control wells receiving

the PTBP1 cDNA deviated in M value from both the mock group

and the mean of all the wells. This divergence was observed as early

as 22 h and continued until 64 h post-transfection (Fig. 3). Im-

portantly, the PTBP1 wells exhibited decreased GFP/RFP ratios in

the pflareG-exon 18 reporter as expected for repression of exon 18.

Most of the library cDNA clones distributed around zero for the

change in GFP/RFP ratio, similar to the mock transfection group.

The distribution of the overall fluorescence intensities shifted to

higher A values with time, reflecting proliferation of screened cells.

There were also wells exhibiting A values deviating from the main

distribution, indicating that some clones were altering cell viability

or the overall expression of the reporter. Most importantly, some

cDNA clones caused the GFP/RFP ratio to diverge from the negative

controls, indicating that they might be altering splicing of the

reporter.

We calculated a local false-discovery rate (FDR) for individual

genes by comparing their M values to the population distribution

of M values, and defined significant changes in the GFP/RFP ratio.

Setting the local FDR at 0.05, the pflareG-exon 18 screen defined

Figure 3. Scatter plots of the M value versus the A value for the pflareG-
exon 18 reporter at 16, 22, 40, 46, and 64 h after transfection of the MGC
cDNA library (black), the spiked-in PTBP1 cDNA (red), or mock trans-
fection (blue).
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466 clones with increased GFP/RFP ratio

(putative activator clones) and 196 clones

with decreased GFP/RFP ratio (putative

repressor clones). Among the repressor

clones, 155 were the PTBP1 positive con-

trols, and 41 clones were from the MGC

cDNA library. Given the total of 176

PTBP1 controls in the screen, the sensi-

tivity for the pflareG-exon 18 screen

was ;88% (155/176) with a local FDR of

0.05. From the pflareA-exon 18 screen, we

identified 53 activator clones and 231 re-

pressor clones. Ninety-one repressor clones

were from the MGC library. The other 140

repressor clones were the PTBP1 positive

controls, making the sensitivity of the

pflareA-exon 18 screen ;80% (140/176).

To filter out false positives, we se-

lected clones identified as positive hits in

both screens. These included 28 clones

from the MGC library that scored as ac-

tivators in both screens and 21 clones

that scored as repressors in both screens

(Fig. 4A,B). Some genes had multiple hits,

as the MGC library contains both human

and mouse homologs of some genes. Ac-

counting for repetitive hits, our screen

identified 23 unique activator genes and

17 unique repressor genes (Table 1), in-

cluding the PTBP1 clones from the MGC

library. Considering the spiked-in PTBP1

controls, 124 scored as positive in both

screens. Thus the sensitivity of the com-

bined screens was 70% (124/176), roughly

equal to the product of the sensitivities

of the individual screens.

Clones identified in the screen are
highly enriched for splicing regulators

As a validation of the procedure, mouse

Ptbp1 itself was identified as a positive

hit from the MGC library, as was its close

homolog Ptbp3. Moreover, many of the

other identified genes are known to be

involved in splicing, to directly bind to

RNA, or both (Table 1). Of the 23 identi-

fied activator proteins, SRSF3, HNRNPC,

and PUF60 are known splicing regulator

proteins, and SNRNP70 and SF3B4 are components of the spliceo-

some. Of 17 putative repressor proteins, PTBP1, PTBP3, CELF4,

SF1, MBNL3, TRA2B, HNRNPK, and RBM10 are all known splicing

regulators. To examine the functional clustering of the identified

genes, we performed gene enrichment analysis using their anno-

tations from multiple databases, including Gene Ontology (GO),

KEGG pathways (networks of molecular interactions), and Interpro

(protein domains and functional sites). These were compared to

the term frequencies in the entire MGC clone library. Strikingly,

genes involved in RNA splicing constitute 30% of the identified

genes, but only 2% of total MGC genes (Fig. 4C). Similarly, 45% of

the identified genes but only 6% of the MGC genes are charac-

terized as RNA binding (Fig. 4D). Supplemental Table 1 lists all the

enriched terms with a Bonferroni-adjusted P-value <0.05. Re-

markably, all of the enriched terms are relevant to mRNA splicing,

the spliceosome, or RNA binding, indicating a very high specificity

of the method in identifying splicing regulators. In contrast,

a parallel analysis of genes that were identified in only one of the

pflare-exon 18 screens revealed no enriched terms related to splicing,

the spliceosome or RNA binding. This strongly validates the ap-

proach of enriching true positives from two complementary screens.

To confirm the activity of the individual positive clones, we

performed RT-PCR experiments to assay the change in splicing of

the pflareG-exon 18 reporter upon overexpression of each candi-

date regulator. Of the 40 genes, six were not recovered from the

library, and we tested the remaining 34. We set the criterion that

Figure 4. The pflare-exon 18 screens of the MGC cDNA expression library. The pflareG-exon 18
screen (blue) and the pflareA-exon 18 screen (yellow) identified 28 common activator clones (A) and 21
common repressor clones (B) from the MGC cDNA library. The two screens also identified 124 over-
lapping spiked-in PTBP1 clones (B). The identified genes are enriched for genes involved in RNA splicing
(C ) and RNA binding (D) compared to the whole MGC gene set. (E ) RT-PCR validated changes in
pflareG-exon18 mRNA splicing after transient transfection of the identified genes. Note that both hu-
man and mouse genes were recovered in the screen. Following nomenclatural rules, genes are in italic
font with human genes in all capital letters. (F ) A plot of the M values in the pflareG-exon 18 screen
versus the DPSI measured by RT-PCR. Each dot represents one of the 34 tested genes.
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genes must induce at least a 5% change in PSI value from the

negative control with a P-value of <0.05. Using this cutoff, 28 of

the 34 tested genes were found to alter the splicing of the reporter,

yielding a validation rate of 82% (Fig. 4E; Table 1; Supplemental

Fig. 3). Considering the large number of true negatives in the li-

brary of 15,779 clones, the recovery of only six false-positive genes

indicates a very high specificity for the screen.

To quantify the relationship between the true splicing

changes measured by RT-PCR and the changes in GFP/RFP (M), we

plotted the M values against the change in PSI for the 34 tested genes

(Fig. 4F). These two variables were strongly positively correlated with

a Pearson correlation coefficient of 0.86 for the pflareG-exon 18 screen,

and 0.83 for the pflareA-exon screen. This indicates that the change

in GFP/RFP is a sensitive indicator of changes in exon inclusion.

Validation of the identified regulators on endogenous
Dlg4 splicing

Having identified genes whose overexpression altered splicing of

the reporters, we tested whether loss of function of these regulators

altered endogenous Dlg4 splicing in the opposite direction. We

selected four activators and four repressors that exhibited sub-

stantial basal levels of expression in N1E neuroblastoma cells and

knocked down their expression by RNAi. To control for off-target

effects, two small interfering RNAs (siRNAs) were tested for each

regulator. After siRNA transfection, the level of each target mRNA

was measured by RT-qPCR (Fig. 5A). All the siRNAs were found to

yield substantial loss of their target mRNAs, although their effi-

ciency varied. We found that knockdown of three of the four pu-

tative activator proteins—DAZAP1, PUF60, and SF3B4—reduced

exon 18 inclusion in the endogenous Dlg4 RNA, as expected (Fig.

5B). In spite of relatively efficient knockdown, the loss of SNRNP70

had minimal effect on Dlg4 exon 18 splicing. In contrast, exon 18

splicing was enhanced by knockdown of two of the presumptive

repressor proteins, PCBP4 and RBM10 (Fig. 5B). Loss of CELF4 or

RBM42 did not have a clear effect on exon 18 splicing in N1E cells.

One siRNA targeting the Rbm42 transcript reduced exon 18 splic-

ing. This may be due to an off-target effect of the siRNA. Thus,

DAZAP1, PUF60, SF3B4, PCBP4, and RBM10 all clearly regulate

splicing of the endogenous Dlg4 transcript and not just the re-

porter. The effects of SNRNP70, CELF4, and RBM42 may be specific

for the reporter. However, it is possible that these factors require

greater knockdown efficiency to show an effect on endogenous

Dlg4 splicing or that they are active in cells other than N1E cells,

where their activity may be redundant.

Although its transcripts are found in other tissues, the de-

scribed function of DLG4 protein is in neurons. Thus, we next

wanted to confirm the activity of some splicing regulators in pri-

mary neuronal culture. This presented some technical challenges,

as the transfection efficiency of our standard siRNAs was lower in

primary neurons, and the endogenous Dlg4 transcript is subject to

nonsense mediated mRNA decay (NMD). To deplete the new reg-

ulators from neurons, we used Dharmacon Accell siRNAs, which

we have found to work better than standard siRNAs in neurons.

Mouse cortical neurons were explanted at embryonic day 15 and

plated into 24-well plates. These cultured primary neurons were

then transfected at day 0 in vitro (DIV0), and RNA was collected at

day 5 in vitro (DIV5). At DIV5, >90% of steady-state Dlg4 mRNA

contains exon 18. The exon-skipped isoform is lost to NMD,

making it difficult to detect changes in splicing. To better assess

changes in the splicing of exon 18, the neuronal cultures were treated

with cycloheximide to block NMD and stabilize the exon-skipped

isoform. Under these conditions, exon 18 has a PSI value of 73.

We tested Accell siRNAs targeting Dazap1, Celf4, Puf60, and

Rbm10 transcripts in mouse neurons. We assayed four different

siRNAs for each target, each transfected into a separate well, and

isolated RNA to assess loss of the target transcript. None of the

Dazap1-targeted siRNAs caused a depletion in the Dazap1 mRNA,

and these siRNAs were not studied further. The two most effective

siRNAs targeting each of Puf60, Rbm10, and Celf4 were combined,

and these siRNA pairs were transfected into neurons and RNA was

isolated at DIV5. Assaying the level of the target mRNAs, we found

that the combined siRNAs targeting Celf4, Puf60, and Rbm10 ef-

fectively depleted these transcripts in primary neurons (Fig. 6A).

Next assaying the splicing of Dlg4 exon 18 in the siRNA treated

neurons, we found that depletion of Puf60 transcripts decreased

exon 18 splicing from 73% to 59% (Fig. 6B), confirming the role of

PUF60 protein as a positive regulator of exon 18. Depletion of

Rbm10 transcripts stimulated exon 18 inclusion from 73%–86%,

confirming its role as a splicing repressor (Fig. 6B). Depletion of

Celf4 transcripts did not have a significant effect on exon 18

splicing (data not shown). Thus, it may be a false positive from the

Table 1. Overlapping hits from the pflareA and pflareG screens

Gene
symbol Hits

RNA
binding

Involved in
splicing

RT-PCR secondary
validation (DPSI)

Activator

C11orf35 1 �0.6 ± 1.3
CPEB1 1 Yes 3.6 ± 2.4
CXXC1 2 5.7 ± 3.8
Dazap1 1 Yes Yes 12.1 ± 5.7
ESX1 1 16.8 ± 7.1
FES 1 �1.1 ± 1.2
FNBP4 1 14.2 ± 2.2
FRZB 1 0.7 ± 1.0
HES1 3 10.7 ± 1.8
Hmx2 1 14.6 ± 3.3
HNRNPC 2 Yes Yes 7.8 ± 2.5
HOXC11 1 7.0 ± 2.9
Hspa8 1 1.5 ± 0.5
PGAM5 1 6.4 ± 1.3
PUF60 1 Possible Yes 10.0 ± 2.1
Rnf219 1 3.0 ± 0.8
Sf3b4 1 Yes Yes 20.2 ± 4.1
SRSF3 1 Yes Yes 10.1 ± 5.1
SLC39A4 1 6.3 ± 1.6
Slc39a5 2 7.6 ± 1.0
Snrnp70 1 Yes Yes 5.5 ± 2.6
TFAP2C 1 10.3 ± 2.9
Zfp64 1 12.2 ± 3.8

Repressor

Akr1c6 1 N/A
Celf4 1 Yes Yes �5.2 ± 0.8
CTSB 1 N/A
Hnrnpk 1 Yes Yes �17.0 ± 1.2
MBNL3 1 Yes Yes �6.6 ± 0.9
MYB 1 N/A
PCBP1 3 Yes Possible �16.0 ± 1.1
Pcbp4 1 Possible Possible �15.6 ± 1.2
PIAS3 1 N/A
Ptbp1 2 Yes Yes �9.1 ± 1.6
Ptbp3 1 Yes Yes �7.6
Rbm10 1 Yes Possible �9.9 ± 2.2
Rbm42 2 Possible Possible �5.0 ± 0.3
SCAF1 1 Possible Possible �9.2 ± 0.2
SF1 1 Yes Yes N/A
Tacc2 1 N/A
TRA2B 1 Yes Yes �11.9 ± 2.0

N/A (not assessed) indicates a failed recovery of the indexed cDNA clone
from the MGC library. Note that both human and mouse genes were re-
covered from the screen, with human genes indicated in all capital letters.
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screen, although it is possible that it plays a role in Dlg4 splicing in

mature neurons, but its function is redundant in the early cultures

used here. The results with PUF60 and RBM10 demonstrate that

the screen successfully discovered both positive and negative splic-

ing regulators of exon 18.

Discussion
Skipping of exon 18 in the Dlg4 transcript is required for repression

of DLG4 expression outside of neurons, and the controlled in-

duction of this exon during neuronal development is essential to

synaptogenesis (Zheng et al. 2012). This exon may also be dy-

namically regulated in mature neuronal circuits to allow DLG4

expression to change with the demands of synaptic remodeling.

These diverse contexts of Dlg4 regulation

imply that the regulators of exon 18 ex-

tend well beyond the PTB proteins al-

ready identified. To begin to identify these

factors, we developed a screening strategy

for the multiple positive and negative

regulators of a cassette exon (Fig. 1C). Our

method uses parallel screens with two

fluorescent reporters to identify over-

lapping hits and enrich for true splicing

regulators. We applied this strategy to

identify trans-acting regulators of Dlg4

exon 18 within the MGC cDNA expres-

sion library. We found multiple splicing

activators and repressors, in addition to

the known regulator PTBP1 and its ho-

molog PTBP3. A cDNA expressing PTBP2,

the other PTBP1 paralog known to repress

exon 18, was not present in the library

(Zheng et al. 2012). This indicates that

screens of larger cDNA libraries or screens

of short hairpin RNAs (shRNAs) or siRNAs

could identify additional regulators of

this exon.

Regulators identified in the screen

were validated in loss-of-function assays

on the endogenous Dlg4 transcript. PUF60

and RBM10 were further confirmed to

regulate Dlg4 in primary neurons, where

PUF60 stimulates exon 18 splicing, and

RBM10 inhibits it. These proteins’ mech-

anisms of action will be very interesting to

examine. PUF60 is a widely expressed splic-

ing factor that can interact with spliceo-

somal components to promote splicing

at weak 39 splice sites (Hastings et al.

2007; Corsini et al. 2009). In stimulating

splicing at the 39 splice site upstream of

exon 18, PUF60 may counter the re-

pressive action of PTBP1, which binds just

upstream. The mechanism of the negative

action of RBM10 is not clear, but in-

terestingly, this protein was identified as

interacting with PTBP2 in a yeast two-

hybrid screen (Rual et al. 2005). Thus,

this protein may act as a cofactor with the

PTB proteins in repressing exon 18. We

find that Rbm10 mRNA is expressed in

embryonic brain, but is progressively reduced during development

(data not shown). This expression profile parallels that of the PTBP1

protein, consistent with the two proteins working together in early

neuronal maturation.

Putative regulators, such as CELF4 that were successfully de-

pleted by RNAi but did not affect endogenous exon 18, may be

false positives that target the reporter RNA but not the native

transcript or that have dominant effects from overexpression.

However, some may regulate exon 18 in other contexts than those

tested. The cells used for validation may have different endoge-

nous factors from the cells where an identified regulator is active.

Thus, screening by cDNA overexpression may be more compre-

hensive than RNAi-based screens, as some true regulators may not

be present in the assayed cells to allow the loss of function to be

Figure 5. RNAi-mediated depletion of selected hits in N1E cells validates their effect on the splicing of
endogenous Dlg4 exon 18. (A) Steady-state mRNA levels of the tested genes were significantly de-
creased in N1E cells at 72 h after transfection of the target-specific siRNAs. Two different siRNAs tar-
geting each gene were examined. After the knockdown with each siRNA, endogenous exon 18 splicing
was assayed by RT-PCR (B). The PSI of exon 18 was plotted for each siRNA, and a representative gel is
shown. The dashed line marks the basal level of exon 18 inclusion. Values represent mean 6 SD (N = 3).
(*) P < 0.05 (Student’s t-test, in comparison to the control [Ctr]).
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observed. On the other hand, protein overexpression may produce

effects not seen under normal physiological conditions. It is thus

most informative to examine both gain and loss of function for

a putative regulatory factor and to confirm its effects in each cell

type of interest. In fact, Dlg4 transcripts are expressed in diverse cell

types but are largely lacking exon 18. One goal of our screen was to

identify possible regulators for both neuronal and non-neuronal

cells.

Interestingly, several core splicing factors, including SNRNP70,

SF3B4, and SF1, were also identified in our screen. Previous

studies indicate that changes in the concentration of core spliceo-

somal proteins can affect subsets of alternative exons (Park et al.

2004; Cheng et al. 2007; Hastings et al. 2007; Corioni et al.

2011). Even if the expression of these factors is relatively constant

in neuronal development, other mechanisms may control their

activity to affect alternative splicing. Several other new regula-

tors, including HNRNPK, SRSF3, TRA2B, and MBNL3, have po-

tential RNA binding motifs within exon 18 or nearby (Stamm

et al. 2006; data not shown). Thus, in addition to more detailed

characterization of PUF60 and RBM10, it will be interesting to

examine the other identified regulators using additional strategies.

Understanding the roles of these new regulators of Dlg4 will oc-

cupy our attention in the future.

Advantages and disadvantages of the screening strategy

Approaches for identifying splicing modulators are often appli-

cable only to particular exons or capable of detecting only activa-

tors or repressors but not both (Kar et al. 2006; Wu et al. 2006;

Oberdoerffer et al. 2008; Topp et al. 2008; Chen and Zheng 2009;

Warzecha et al. 2009). These methods can have limited sensitivity,

requiring large changes in splicing to detect valid hits, and low

specificity, where multiple false-positive hits need to be eliminated

in subsequent assays (Stoilov et al. 2008). We applied dual-output

reporters to increase sensitivity, and used complementary screens

to increase specificity. With this approach, a pair of complemen-

tary screens filtered 90% of the hits from the individual screens,

while decreasing the sensitivity by only 10%–18%. The over-

lapping hits were largely not those that ranked highly in either

individual screen, indicating that the complementary screens

provide a sensitive confirmation of true splicing regulators.

We found that for the nonoverlapping hits, the shift in GFP/

RFP ratio was largely due to changes in GFP expression. The pflareG

exon 18 screen identified more positives than the pflareA exon 18

screen, and the false positives mostly increased the GFP/RFP ratio.

This may be due to pflareG exon 18 expressing a lower basal level

of GFP than pflareA exon 18, creating a larger dynamic range for

false positives that enhance the GFP signal.

Fluorescent protein output allows noninvasive assay of live

cells and is relatively easy to apply in a HTS, but it can be less

sensitive than chemiluminescence assays (Wehry 1986). To increase

the sensitivity of our fluorescent readout and reduce systemic noise,

we optimized the data acquisition and normalization for fluorescent

detection. One of the most effective adjustments was to derive local

background fluorescence signals for individual wells using scaling

factors to normalize individual plates to a media-alone control

background plate.

Several features of the screen will likely require reoptimization

when applying it to new exons. We found substantial variation in

reporter expression between stable cell clones (Fig. 2). Multiple

clonal lines of each splicing reporter were tested to identify

one that gave optimal responses. We found that transfection of an

empty vector could alter GFP/RFP ratio of some lines, and we chose

lines for screening where this effect was minimal. We also found

that the responsiveness of individual cell clones to PTBP1 expres-

sion correlated with their transfection efficiency. Thus, in devel-

oping screens for exons where no regulators are already known,

one could choose cell lines exhibiting the highest transfection

efficiency. Finally, we found that the kinetics of reporter expression

also needed to be assessed before screening different libraries or

in different cells.

Although largely subject to similar regulation, minigene re-

porters do not always recapitulate the regulation of endogenous

exons. The minigene may not contain all of the relevant cis-regu-

latory elements for the test exon. The minigene sequences flanking

the inserted alternative exon may confer responsiveness to trans-

acting factors that do not affect the endogenous exon. In testing

pflare minigenes containing a different cassette exon, we identi-

fied a set of regulators largely different from the exon 18 regulators

we found here (E Anderson and D Black, unpubl.). However, both

Figure 6. PUF60 and RBM10 regulate endogenous exon 18 splicing in
cultured primary neurons. (A) Steady-state mRNA levels in primary neu-
rons after transfection of a pair of Accell siRNAs targeting either the Puf60
or Rbm10 transcript. (B) The Puf60 and Rbm10 siRNAs alter endogenous
exon 18 splicing in primary neurons at DIV 5. Exon 18 PSI values are
plotted and a representative gel is shown. Values represent mean 6 SD
(N = 3). (*) P < 0.05 (Student’s t-test, in comparison to the control [Ctr]).
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screens identified CELF4 as altering splicing of the reporters. Thus,

this protein could be acting through sequences in the reporter

backbone. Additional test exons will need to be assessed to de-

termine if there are universal regulators of any exon within a par-

ticular reporter backbone. In any case, molecules that affect the

splicing of the minigene reporter need confirmation on the en-

dogenous transcripts.

The pflare plasmids can accommodate nearly any cassette

exon. We have constructed functional pflareA and pflareG re-

porters for several other exons (data not shown). However, to

generate the correct arrangement of initiation codons, mutagen-

esis of the test exon may be needed, and this may alter cis-acting

splicing regulatory elements. If the alternative exon has an in-

frame AUG start codon for the GFP ORF, it must be mutated in the

pflareA vector. Conversely, if it does not have an in-frame AUG and

Kozak sequence, these must be introduced into pflareG for GFP

initiation. The effect of these mutations on splicing needs assess-

ment. However, because the mutations are introduced into only

one of the two vectors, a gain of false positives and/or a loss of true

positives will manifest in only one of two screens. Since the can-

didate regulators are selected from the overlap from both screens,

the mutagenesis will most likely lead to a loss of true positives

rather than the gain of false positives, if it has an effect. Once

established, reporter cell lines containing these constructs can be

used to screen libraries of siRNAs or shRNAs, and of small mole-

cules, in addition to cDNAs. This approach should allow the

identification of a wide range of regulators for an exon of interest.

Methods

Reporter cell lines
Dlg4 exon 18 and its flanking intronic sequences (424 nucleotides
upstream of and 443 nucleotides downstream from exon 18) were
inserted into the EcoRI and BamHI sites of pflareG or pflareA
vectors. Afterward, three ATG codons in exon 18 were mutated to
TTG in the pflareA vector using the QuickChange site-directed
mutagenesis kit (Stratagene). The resulting pflareG-exon18 and
pflareA-exon18 vectors were linearized by DraIII and transfected
into N2a cells. Cell colonies stably expressing either reporter were
selected by 1 mg/mL G418 and stable expression of GFP and RFP.

Library and array construction

The cDNA library was comprised of the ‘‘Assay Ready’’ set of 15779
putatively expressible clones from the MGC collection from Open
Biosystems in the pCMVsport6.0 and pCMVsport6.1 vector
(Invitrogen). Briefly, cDNAs were arrayed from MGC IMAGE IRAK
source plates into 384-well plates using a Genetix Qbot (Molecular
Devices) and were subsequently used for plasmid preparation.
Plasmid DNA was prepared for screening by using plasmid mini-
prep consumables (Macherey–Nagel) on a Biomek FX robot
(Beckman Coulter), normalized, and spotted into assay plates for
screening. Most screening hits were verified by sequencing and
subsequent blastn analysis. Further information can be found in
Iourgenko et al. (2003).

High-throughput screens and data analysis

MGC cDNA clones (40 ng each) were prespotted in 384-well plates.
Ten microliters Opti-MEM per well was first dispensed into the
plates using the Multidrop 384 (Thermo LabSystems). Then 0.12
mL Lipofetamine 2000 in 10 mL Opti-MEM was added to each well
to mix with DNA. After 25 min, 8000 reporter cells were plated in

every well except the A23, A24, B23, and B24 wells. These four
wells were dispensed with only culture media and later used to
derive a scale factor for normalization. Background plates con-
taining media alone were included in the screens for interplate
background subtraction. XFPijk is the raw GFP or RFP intensities of
a well at row i column j in plate k. The scale factor Sk for plate k
(either a cell plate or a background plate) is calculated based on the
A23, A24, B23, and B24 wells as below:

Sk ¼
1

4
+ p¼A;B

q¼23;24

XFPpq

XFPpqk
;

where XFPpq is the average values across all the plates. The nor-
malized GFP and RFP expression values of the stable cells XFPxð Þ
after transfection with cDNA x at row i column j in plate c are
calculated as below:

XFPx ¼ XFPijcSc �
1

nb
+nb

b¼1XFPijbSb;

where Sc and Sb are the scale factors for the cell plates and back-
ground plates, respectively, nb is the total number of background
plates, and XFPijb are the raw fluorescence intensities of the back-
ground plates. The splicing ratio of the reporter upon expression of
cDNA x was then approximated by GFPx

RFPx
in the pflareG-exon18 cell

and RFPx

GFPx
in the pflareA-exon 18 cell. Meanwhile, the basal splicing

level of the reporter at a given time was estimated from the four
wells that were transfected with a control empty vector in every
plate. Therefore, it was approximated by the mean of GFPctr

RFPctr
in the

pflareG-exon 18 cell and the mean of RFPctr

GFPctr
in the pflareA-exon

18 cell for each plate. To examine the action of cDNA x on the
splicing of the pflareG-exon 18 reporter, the change in the splicing
ratio or the M value Mxð Þ was calculated as

Mx ¼ log2

GFPx

RFPx

� �
� log2

GFPctr

RFPctr

� �
;

where GFPctr

RFPctr
was derived from the same plate as cDNA x. Comparing

to a control value within the same plate further reduces plate-to-
plate variation and the scanner field variation. The M values in the
pflareA-exon 18 screen were calculated as

Mx ¼ log2

RFPx

GFPx

� �
� log2

RFPctr

GFPctr

� �
:

Mx > 0 indicates a possible increase in splicing by cDNA x, whereas
Mx < 0 indicates a possible decrease in the splicing. The average
fluorescence intensity of cells after transfection, or the A value, was
calculated as below:

Ax ¼
1

2
log2 GFPxð Þ þ log2 RFPxð Þð Þ:

We applied local FDR control to determine the cutoff of the
M values in calling a positive hit using the R package locfdr.

Validation

Cells were transfected with cDNA plasmids using Lipofectamine
2000 (Invitrogen) and Silencer Select siRNAs using Lipofectamine
RNAiMax (Invitrogen). Sequences of the siRNAs are in Supple-
mental Table 2. Primary cortical neurons were cultured according
to the method previously described (Zheng et al. 2010) and
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transfected at DIV0 with 1 mM Dharmacon Accell siRNAs (Puf60:
EQ-051526; Rbm10: EQ-052853; Celf4: EQ-046866; Dazap1: EQ-
041766; Thermo Scientific). Total RNA was extracted with TRIzol
(Invitrogen). Reverse transcription was performed using Super-
script III and followed by quantitative PCR to examine the in-
cluded and skipped isoforms. The PCR products were resolved on
8% UREA-PAGE gels, imaged on a Typhoon Imager, and quantified
by ImageQuant TL. The PCR primers for the pflare reporters are
59-CGTCGCCGTCCAGCTCGACCAG-39 and 59-AAACAGATCTAC
CATTGGTGCACCTGA-39. Real-time RT-qPCR was performed ac-
cording to the method previously described (Zheng and Chen
2009). Term enrichment analysis was performed according to the
method previously described (Chen 2010).

Other procedures are available in the Supplemental Methods.
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