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ABSTRACT

Alternative splicing is facilitated by accessory pro-
teins that guide spliceosome subunits to the pri-
mary transcript. Many of these splicing factors rec-
ognize the RNA polymerase II tail, but SFPQ is a
notable exception even though essential for mam-
malian RNA processing. This study reveals a novel
role for Dido3, one of three Dido gene products, in
alternative splicing. Binding of the Dido3 amino ter-
minus to histones and to the polymerase jaw domain
was previously reported, and here we show inter-
action between its carboxy terminus and SFPQ. We
generated a mutant that eliminates Dido3 but pre-
serves other Dido gene products, mimicking reduced
Dido3 levels in myeloid neoplasms. Dido mutation
suppressed SFPQ binding to RNA and increased
skipping for a large group of exons. Exons bear-
ing recognition sequences for alternative splicing
factors were nonetheless included more efficiently.
Reduced SFPQ recruitment may thus account for
increased skipping of SFPQ-dependent exons, but
could also generate a splicing factor surplus that be-
comes available to competing splice sites. Taken to-
gether, our data indicate that Dido3 is an adaptor that
controls SFPQ utilization in RNA splicing. Distribut-
ing splicing factor recruitment over parallel pathways
provides mammals with a simple mechanism to reg-
ulate exon usage while maintaining RNA splicing ef-
ficiency.

INTRODUCTION

Gene expression in mammals is a complex process that re-
quires the interplay of many factors to guide the produc-
tion of primary transcripts and their processing into mature
messengers. The majority of primary transcripts undergo
additional processing, such as splicing reactions in which
exons are joined together and intervening introns are re-

moved. Most RNA polymerase II (RNA pol II) transcripts
are processed by the spliceosome, a large complex assem-
bled from five subunits (U1, U2, U4, U5 and U6) each con-
sisting of multiple proteins and an RNA scaffold (1).

RNA splicing involves assembly of the spliceosome on
the primary transcript, which is initiated by recruitment of
the U1 subunit to the 5′ splice site (SS) and U2 subunit to
the branch-point and 3′ SS (2). Successive incorporation of
the remaining subunits leads to increased commitment and
ultimately, to spliceosome activation (2). Notwithstanding
the complexity of spliceosome assembly, most exons in yeast
and mammals are processed shortly after emerging from
the transcription complex (3–5). The actual splicing reac-
tions thus occur rapidly once a spliceosome is committed
and assembled. Fast substrate processing allows for rapid
spliceosome recycling, which maintains the reservoir of free
subunits (Supplementary Figure S1). Suppression of recy-
cling greatly reduces RNA splicing yield (6,7), showing that
a sufficiently large subunit pool is essential for efficiency.

In contrast to constitutive splicing, exons that undergo
alternative splicing must expose ancillary SS, and thus have
relatively slow kinetics (8). This situation seems to con-
flict with the need for rapid recycling, as slow splicing
can sequester spliceosome subunits. For this reason, organ-
isms that make extensive use of alternative splicing have
evolved mechanisms to prevent depletion of the subunit
pool. Instead of controlling the core spliceosome, alter-
native splicing relies on accessory proteins at the stage of
initial SS recognition (9). Core spliceosome subunits have
thus changed little from yeast to mammals. To move rate-
limiting steps away from the core spliceosome, U2 place-
ment in particular is guided by splicing factors (SF) such as
U2AF, SFPQ and serine/arginine-rich (SR) proteins (10–
12). 5′ SS recognition by U1 however occurs without addi-
tional helper proteins (13), and the ability to generate dif-
ferent messengers largely depends on SF-dependent U2 po-
sitioning (9,14). A speed-limiting step prior to U2 docking
therefore allows relatively slow SS selection in alternative
splicing to coexist with rapid processing and subunit recy-
cling.
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Given the prominence of SF in alternative splicing, much
effort has been made to define the mechanisms that promote
their recruitment to the transcription complex. The current
point of view ascribes this function to the carboxy-terminal
domain (CTD) of the largest RNA pol II subunit (9,15).
Partial coupling of splicing to transcription (5), too, sug-
gests a role for the transcription holoenzyme. Previous stud-
ies reported that the CTD, a flexible heptapeptide repeat
rich in serine and threonine residues, binds protein com-
plexes needed for splicing and polyadenylation (16,17), and
that the number of repeats scales with organism complex-
ity (18). Nonetheless, the sequence of each heptapeptide re-
peat is almost identical in all organisms. Added CTD length
in higher metazoans thus seems to increase capacity with-
out functional diversification. In contrast to the conserva-
tive development of the CTD, mammals have evolved a wide
variety of accessory SF. Some of these––the SRSF family
members––can also be found in fungi but others––for ex-
ample SFPQ––are specific to higher metazoans. SRSF pro-
teins are recognizable as a separate class from which SFPQ
is excluded, because the two families have distinct domain
architectures (19). The relation of SFPQ to RNA pol II has
indeed lead to questioning; whereas SRSF proteins clearly
recognize the CTD, direct binding of SFPQ to this domain
is dubious (20,21) even though the latter SF are essential for
splicing of practically all exons in nuclear extracts (11,22).
Among other functions, SFPQ binds to the polypyrimide
tract upstream of the 3′ SS, assisting spliceosome assembly
and the second catalytic step of splicing (23). The need for
SFPQ in mammalian splicing but its atypical lack of CTD
binding suggests that additional molecules contribute to re-
cruitment of this SF. Delegating recruitment of some SF
could not only lower capacity pressure on the CTD, but
also allow for independent modulation of putative adap-
tors. Adaptor molecules that bridge SF and RNA pol II
could thus contribute to alternative splicing in several ways.

To study these aspects of alternative splicing, we focused
on Dido3, a vertebrate protein that is homologous to yeast
BYE1 but has an expanded domain architecture (24,25).
BYE1 contains an amino-terminal PHD domain that rec-
ognizes histone H3 trimethylated on lysine 4 (H3K4me3),
and a central TFIIS-like domain that interacts with the
RNA pol II jaw and funnel (25,26). Through the latter in-
teraction, the protein could carry out a CTD-independent
adaptor function. Whereas the yeast BYE1 gene produces
a single protein, vertebrate Dido encodes three messengers
that share a 5′ region but have unique 3′ terminal exons
(27); in addition to an intermediate isoform (Dido2) cor-
responding to the yeast homolog BYE1, shorter (Dido1)
and longer (Dido3) isoforms are produced. Dido gene mu-
tations and changes in isoform ratio are linked to malignant
myelopoiesis (27,28), a family of syndromes closely associ-
ated with splicing defects (29). The Dido3-specific protein
domain, which is dispensable for RNA pol II binding (30),
comprises a large unstructured region characteristic of re-
cent evolution (31). This long isoform is found in SFPQ-
producing organisms that make extensive use of alternative
splicing but not in yeast. Some evidence for a role in RNA
splicing have been found in insects, where the Dido homolog
pps functions in sex determination by promoting produc-
tion of female-specific splicing variants (32).

Here, we show a role for the Dido3-specific domain in
SFPQ binding, thereby fulfilling the requirements for the
adaptor function mentioned above. Dido3 may thus be
the principal catalyst for SFPQ recruitment, rather than
the RNA pol II CTD. In contrast to known SF deletions
(33,34), we were able to delete large portions of the Dido
gene while maintaining cell viability, and gain insight into
the effects of Dido mutation on alternative splicing. Disrup-
tion of Dido3-specific amino acid sequences reduced SFPQ
binding to RNA while increasing the influence of CTD-
dependent SF on exon inclusion. Our data thus indicate a
two-pronged strategy that promotes efficient SF utilization
but still allows for alternative splicing.

MATERIALS AND METHODS

Cell culture and reagents

Mouse embryonic fibroblasts, HEK 293T and HeLa cells
were cultured in DMEM supplemented with 10% fe-
tal calf serum and antibiotics. RPE-1 cells were cul-
tured in DMEM+F12 (1:1) supplemented with 10% fe-
tal calf serum and antibiotics. Antibodies against the
mouse Dido amino-terminal region have been described
before (35,36). Antibodies against GST (sc-138, RRID:
AB 627677) were from Santa Cruz Biotechnology (Dal-
las, TX), antibodies against U2AF1 (GTX106854, RRID:
AB 1952473) were from Genetex (Irvine, CA) and anti-
bodies against the V5-tag (ab53418, RRID:AB 883403),
Tubulin (ab44928, RRID:AB 2241150) SFPQ (ab177149),
HNRNPU (ab20666, RRID:AB 732983) and human Dido
(ab92868, RRID:AB 10562305) were from Abcam (Cam-
bridge, MA). Actinomycin D (A9415, Sigma, St. Louis,
MO) and isoginkgetin (416154, Merck Millipore) were used
as described (3,37). Immunoprecipitation and immunoflu-
orescence were carried out according to standard protocols
(36) as outlined in the Supplementary Data.

GST pull-downs and protein identification

To construct the GST fusion, a fragment corresponding to
amino acids 530–2240 from human Dido3 was cloned into
pEBG (38). GST fusions were purified as described (35,39),
separated by sodium dodecylsulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and detected by Coomassie
Brilliant Blue staining. For protein identification, all bands
detected were excised and washed with distilled water. Gel
segments corresponding to the same molecular weight were
excised from the non-fused GST lane and used as neg-
ative controls. Protein identification was carried out by
mass spectrometry as described (35). Detailed conditions
are given in the Supplementary Data.

Cells lacking Dido exon 16

Mouse embryonic fibroblasts (MEF) lacking exon 16 were
derived from embryos that expressed a UBC-Cre-ERT2
transgene and were homozygous for Dido exon 16 flanked
by two loxP sites. MEF were derived from individual em-
bryos and immortalized as described (40). After treatment
with 1 �M hydroxytamoxifen for two passages, individual
clones were selected and exon 16 deletion was confirmed by
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polymerase chain reaction (PCR) genotyping. Details are
provided in the Supplementary Data.

Proximity ligation assay

Intracellular interaction between SFPQ and Dido3 was
detected using Duolink® In Situ Orange Starter Kit
Mouse/Rabbit (DUO92102, Sigma), according to the man-
ufacturer’s instructions. In brief, the protocol used was as
follows. MEF were cultured on glass coverslips until 50%
confluent. Cells were washed once in phosphate buffered
saline (PBS), fixed with 3.7% paraformaldehyde (10 min)
and washed again in PBS. Cells were permeabilized with
0.5% NP-40 (5 min) and blocked using the provided block-
ing solution (1 h, 37◦C). After incubation with primary an-
tibodies against the Dido amino-terminal region and SFPQ
for 1 h at room temperature, two proximity ligation probes
were added and incubated (1 h, 37◦C). DNA was amplified
by adding polymerase and complementary fluorescent nu-
cleotides (90 min, 37◦C). Coverslips were mounted on Su-
perfrost ultra plus microscope slides (Thermo Fisher Scien-
tific, Waltham, MA) in the provided mounting medium and
visualized by immunofluorescence.

RNA crosslinking and immunoprecipitation

Photoactivatable ribonucleoside-enhanced crosslinking
and immunoprecipitation (PAR-CLIP) was carried out
using mouse embryonic fibroblasts as described (41). In
brief, cells were treated with 100 �M 4-Thiouridine and
crosslinked with UV light. RNA-bound protein complexes
were captured on oligo(dT)25 magnetic beads (NE Biolabs)
and washed extensively. RNA–protein complexes were
then eluted by RNAse A treatment and analyzed by SDS-
PAGE and western blot. Negative controls were RNAse A
treated before oligo(dT) capture. Details are given in the
Supplementary Data.

RNA crosslinking and immunoprecipitation (CLIP)
were performed as described (42) with minor modifica-
tions. SFPQ was precipitated with polyclonal antibodies
(RN106PW, MBL International, Woburn, MA). A corre-
sponding isotype antibody was used as negative control.
After protein digestion with proteinase K, RNA was ex-
tracted with the SPLIT RNA extraction kit (Lexogen, Aus-
tria) using the manufacturer’s protocol. RNA length was
measured on a bioanalyzer (Agilent). Finally, RT-PCR am-
plifications were performed using a Verso One-step RT-
PCR Kit (ThermoFisher) with a pair of primers designed
for GAS2L1 gene detection (FW: TCACTGTCCCCAGA
GTAGCG; RV: CCGCGCCAGTGATACACATC).

RNA sequencing

Mouse embryonic fibroblasts were grown to 80% conflu-
ence, washed once in PBS and lifted by trypsinization. After
washing again with PBS, total RNA was isolated from ap-
proximately 5 × 106 cells with a SPLIT RNA extraction kit
(Lexogen, Austria) using the manufacturer’s protocol. For
each mutant and the WT control, biological triplicates were
prepared. Subsequent steps were outsourced to on-campus
facilities (Parque Cientı́fico de Madrid). A Bioanalyzer (Ag-
ilent) was used to measure RNA quality and all samples

used had RNA integrity numbers of 9 or higher. Libraries
were prepared from 1 �g total RNA by the TruSeq RNA v2
method (Illumina) and at least 50 million paired-end (2 ×
100) reads per sample were obtained on a HiSeq 2000 sys-
tem (Illumina).

mRNA sequence analysis

Sequencing adaptors were removed from both ends of the
reads. Obtained sequences were aligned with Tophat2 (ver-
sion 2.1.0) against the Mus musculus mm10 assembly (43),
using the corresponding gene annotation model to guide
alignment of splice junctions. Initial classification of splic-
ing alterations was performed by Altanalyze software (44).
The fragcount script from the RSeQC package (45) was
used to determine expression levels. To quantify exon skip-
ping, the number of junctions spanning each exon were
counted and divided by the corresponding expression (in
FPKM) normalized to gene level (Supplementary Figure
S2). Using gene-level expression allows for quantitation of
exons that are always skipped in one of the samples. Junc-
tions spanning intergenic regions were ignored. Altered ex-
ons were identified as those that were significantly different
(P < 0.05) in a two-tailed t-test comparing triplicate Dido
mutant samples to the same number of WT controls. For
3′ SS utilization, junctions mapping within three bases of
known exon boundaries were analyzed, and normalized ac-
cording to the total number of junctions sharing the 5′ SS
but not coinciding on the same 3′ SS. Altered utilization was
defined as a significant difference (P < 0.05) of the ratio
between the sampled and alternative 3′ SS, in a two-tailed
Welch’s t-test comparing WT and mutant triplicates. Since
the t-test is intrinsically conservative and our data showed
a large degree of interdependence, no P-value correction
was carried out. Exon skipping of GAS2L1 and FAT1 tran-
scripts was verified by reverse transcriptase PCR amplifica-
tions on 1 �g total RNA, using a Verso One-step RT-PCR
Kit (Thermo Fisher Scientific Inc.). Details are given in the
Supplementary Data.

RESULTS

Dido3 protein interactions indicate a role in RNA metabolism

Whereas binding of BYE1/Dido2/Dido3 to H3K4Me3 and
the RNA pol II jaw domain has been described (24,25,30),
the function of the mammalian-specific Dido3 extension
(Figure 1A) remains uncertain. To elucidate a possible func-
tion for this part of Dido3, we performed co-purification
experiments of glutathione-S-transferase (GST) fusion pro-
teins. In brief, a fusion between GST and Dido3 without
histone-binding domain was expressed in HEK293T cells
and purified by glutathione-affinity chromatography as de-
scribed before (35). A construct bearing GST alone was
used as negative control. Gel electrophoresis of the co-
purified fraction yielded a major band of approximately 100
kDa and several additional proteins (Figure 1B). Subse-
quent mass spectrometry and confirmation by western blot-
ting (WB) showed that the main interacting protein was
SFPQ (Figure 1C), initially identified as an essential SF
in mammals (11,22). Mass spectrometry identified several
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Figure 1. Interaction between Dido3 and splicing factors. (A) Scheme of Saccharomyces cerevisae BYE1 and Mus musculus Dido proteins, indicating
protein interactions (above) and deletions used in this study (below). Colored areas indicate known domain structures. Proteins are drawn to scale. (B)
Pull-down experiments using glutathione-S-transferase fused to Dido3. GST and GST-D3 were purified from HEK293T cells and analyzed by SDS-PAGE
and Coomassie staining. Interacting proteins identified by proteomics analysis are indicated on the right. (C) WB with indicated antibodies confirmed co-
purification. Molecular weight of markers is indicated in kDa (left in B; right in C). (D) RPE-1 cells were seeded on glass coverslips, treated with vehicle
only (top) or actinomycin D (bottom), and analyzed by immunofluorescence. Boxed areas show magnification of single nuclei; scale bar: 10 �m.

other proteins involved in splicing (DHX9, SRSF7), tran-
scription (HNRNPU) and some predominantly nucleolar
proteins (NCL, NPM). The protein repertoire that inter-
acts with Dido3 thus links the Dido gene to aspects of RNA
metabolism related to transcription and splicing.

Most accessory SF have a function in positioning spliceo-
some subunits on the primary transcript, but are recycled
immediately after initiation of the splicing reactions (9,46).
As a consequence, only a small proportion of two differ-
ent SF co-localizes when splicing is allowed to proceed nor-
mally. Actinomycin D, a compound that suppresses topoi-
somerases and transcription elongation (47), is widely used
to interfere with SF localization (48). To further evaluate
interaction between Dido3 and components of the splic-
ing machinery, we compared their distribution in the ab-
sence and presence of actinomycin D. Briefly, retinal pig-
ment epithelium (RPE-1) cells were co-labeled with anti-
bodies against Dido and SFPQ, and examined by confocal
scanning laser microscopy (Figure 1D and Supplementary
Figure S3). While a few bright spots showed signal over-
lap in untreated cells (arrows in top panels), actinomycin D

treatment lead to SFPQ and Dido3 accumulation in typi-
cal subnuclear domains (bottom panels). This behavior re-
sembles that of known splicing factors (37,48), in agreement
with the role of the Dido3-interacting proteins.

Since actinomycin D interferes with transcription and
could thus affect RNA pol II recycling (49), isoginkgetin
(IGK) was used to inhibit splicing. IGK interferes with re-
cruitment of the U4/U5/U6 subunits, thereby stabilizing
the preceding assembly state (the A-Complex) and prevent-
ing U1/U2 subunit recycling (3,50). In RPE-1 cells, IGK
incubation indeed led to a characteristic Dido3 accumula-
tion in large subnuclear domains, which contained U2AF1
and SFPQ but not HNRNPU (Supplementary Figures S4
and S5). Together, these data suggest a role for Dido3 in the
early steps of RNA splicing.

Dido mutation alters SFPQ distribution

Yeast, an organism in which no SFPQ homolog is found,
produces the equivalent of Dido2 but not of Dido3 (51). We
thus explored the relationship between individual Dido iso-
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forms and SFPQ. Co-immunoprecipitation showed SFPQ
binding to Dido3, the isoform that has evolved in verte-
brates, but not to the other isoforms (Figure 2A).

As SFPQ co-immunoprecipitation was specific for
Dido3, the single corresponding exon was targeted for dele-
tion (Supplementary Figure S6). Previous attempts to gen-
erate constitutive mutants without Dido3 resulted in an em-
bryonic lethal phenotype (30,52). A conditional strategy
was therefore used to remove Dido exon 16 (Supplementary
Figure S6A and B). In brief, a mouse strain bearing an exon
16 flanked by loxP sites was generated, interbred with Cre-
ERT2-producing mice and embryonic fibroblasts were iso-
lated from the second-generation offspring. After 10 days
of treatment with 4-hydroxytamoxifen, mouse embryonic
fibroblasts (MEF) without Dido exon 16 (E16) were ob-
tained. E16 retains the ability to express Dido1 and Dido2
but lacks the Dido3 carboxy-terminal region (Supplemen-
tary Figure S6C and D). A mutant without Dido exons 3
and 4 (E3+4), which leads to amino-terminal truncation of
the Dido3 protein (35), was used for comparison. E3+4 has
lost the capacity to bind H3K4Me3 but is otherwise intact.

The E3+4 and E16 mutants were used to evaluate Dido3-
SFPQ binding by proximity ligation (PLA), an assay that
identifies protein interactions in physiological conditions
(53). Negative controls in which a single antibody was used
or the DIDO NT epitope was removed (E3+4) produced
a low number of scattered PLA signals that were consid-
ered background (Figure 2B). A combination of anti-SFPQ
and -DIDO NT antibodies showed substantial interaction
in WT MEF but not in the E16 mutant, even though an-
tibody recognition is not altered in the latter. Quantifica-
tion confirmed that the number of PLA signals was signif-
icantly reduced in E16 compared to WT controls (Figure
2C). The loss of PLA signals underscores the requirement
of the Dido3-specific domain for SFPQ binding.

The contribution of Dido to SFPQ incorporation into
splicing complexes was further evaluated by inhibiting splic-
ing with IGK. Immunofluorescence detection of SFPQ in
untreated WT controls (Figure 2D and E) produced a
speckled pattern and a few larger domains, correspond-
ing to its normal nuclear distribution (37). As observed for
RPE-1, IGK caused SFQP redistribution into subnuclear
domains measuring several square micrometers in MEF.
Compared to WT controls, only a small proportion of
SFPQ localized to large domains in untreated Dido mu-
tants. In E3+4 and particularly in E16, IGK had little effect
on SFPQ redistribution, and most of the protein remained
in small speckles. WB showed no significant changes in
SFPQ protein levels (Figure 2F). Since IGK causes A-
Complex stabilization (50), lack of SFPQ redistribution in
the Dido mutants denotes a role for Dido3 in an upstream
recruitment step (Supplementary Figure S1).

Widespread splicing alterations in Dido mutant MEF

For a more detailed picture of the role of Dido in RNA
metabolism, E3+4 and E16 MEF were subjected to RNA
sequencing. Triplicate samples, each containing at least 50
million paired reads, were analyzed and compared to WT
controls. Inspection of raw alignments confirmed the ab-

sence of aligned reads in the genomic regions targeted for
deletion (Supplementary Figure S7).

As several of the proteins that interacted with Dido3 have
a role in SS selection and thus could give rise to diverse out-
comes, we performed a general classification of alternative
splicing events with AltAnalyze software (44). This anal-
ysis identified a large number of splicing events that dif-
fered between the Dido mutants and WT controls (Figure
3A). Whereas the majority of alterations involved exon-level
changes such as inclusion or skipping, we also detected a
smaller group of events that gave rise to alternative 5′ or
3′ SS. Quantitative RT-PCR on a subset of targets con-
firmed splicing alterations identified by massive sequencing
(Supplementary Figure S8). Dido mutation in human cells
confirmed the combination of reduced SFPQ accretion and
exon skipping (Supplementary Figures S9–S11). The effects
of this mutation were reverted by exogenic Dido3 expres-
sion, which showed that the observations in mouse cells ap-
ply to a wide range of mammals and excluded gene targeting
artifacts.

Clustering of altered events by principal component anal-
ysis produced three distinct sample groups corresponding
to WT, E3+4 and E16 (Figure 3B). Compared to WT con-
trols, both E3+4 and E16 were displaced along one axis
(PC1) but only E3+4 shifted along the second axis (PC2).
This indicates that the two mutants share some alterations
but also produce unique splicing events. Gene expression
analysis followed by clustering produced the same groups
(Supplementary Figure S12), and gene ontology showed
coordinated regulation of interferon-stimulated genes that
likely represents a response to aberrant RNAs in the Dido
mutants (54).

Since the most common differences produced by Dido
mutation were exon-level events, we calculated metrics to
directly reflect the corresponding defects. Instead of repre-
senting splice isoform distribution, we used a flattened gene
model to quantify exon skipping. The calculated parameter
represents the total number of times each exon was skipped
after correcting for gene expression. Volcano plots to com-
pare expression-corrected exon skipping between WT con-
trols and each mutant again showed marked differences be-
tween E3+4 and E16 (Figure 3C). Whereas E3+4 signifi-
cantly reduced skipping in a large number of exons and in-
creased skipping in a small group, E16 produced a small
group of exons that underwent less skipping while increas-
ing skipping for a large number of exons. Most exons that
showed altered skipping belonged to genes that were ex-
pressed moderately in both WT and Dido mutant MEF
(Supplementary Figure S13). Venn analysis summarized the
differences between E3+4 and E16, validating population
sizes of exons that underwent altered skipping (Figure 3D).

We next calculated the ratio of exon skipping relative to
WT controls in each Dido mutant. To establish a correlation
between E3+4 and E16, all exons significantly altered in at
least one mutant were analyzed, and the data for each mu-
tant were plotted on its own axis (Figure 3E). This analysis
showed substantial correlation between E3+4 and E16; the
majority of exons that underwent significantly altered inclu-
sion or skipping in one mutant showed the same behavior in
the other mutant, although changes were not always signif-
icant in both conditions. In accordance with the prior anal-
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Figure 2. Dido mutation modulates SFPQ behavior (A) Dido exon 16 sequences control SFPQ binding. Individual Dido isoforms were V5-tagged, tran-
siently expressed and immunoprecipitated. Empty vector was used as negative control. WB showed specific co-precipitation of Dido3 and SFPQ. (B and
C) Proximity ligation assay detects significant interaction between Dido and SFPQ in WT but not in E16 MEF. E3+4 lacks the necessary epitope. (C)
Quantitation showed significant loss of interaction in E3+4 and E16. Error bars represent standard deviation (***P > 0.001, n.s. P > 0.05). (D and E)
WT and Dido mutant MEF were seeded on glass coverslips, treated with 40 �M IGK and analyzed by immunofluorescence labeling of SFPQ. (D) IGK
treatment produced fewer supramolecular (>2.5 �m2) structures in Dido mutants as compared to WT controls. (E) Representative images of control (top
row) and treated (bottom row) samples. (F) WB confirmed equal quantities of SFPQ in WT and Dido mutant MEF. Tubulin was used as loading control;
scale bars: 10 �m.

ysis, a large group of exons underwent more efficient inclu-
sion in E3+4 only (Figure 3E, bottom quadrants) while E16
produced a typical population of exons that were skipped
more (Figure 3E, right quadrants). We found hardly any ex-
ons that underwent more skipping in E3+4 but less in E16.
Since increased exon skipping was the most common alter-
ation in general, this finding suggests a partial conservation
of function in E3+4 that is lacking in E16.

Dido mutation reduces SFPQ binding to RNA

SFPQ binds to the polypyrimide tract upstream of the 3′ SS
to assist spliceosome assembly (23). A compromised inter-
action between SFPQ and RNA might thus account for the
splicing defects in the Dido mutants. To test this hypoth-
esis, SFPQ binding to RNA was evaluated by PAR-CLIP

(41). Photocrosslinking followed by RNA pull-down al-
lowed for efficient SFPQ recovery from WT cells while neg-
ative controls showed a minimal yield (Figure 4A). SFPQ
recovery was markedly reduced in the E16 mutant, and
to a lesser degree in E3+4. Quantitation of three indepen-
dent experiments revealed that Dido mutation, in particu-
lar E16 deletion, significantly reduced overall SFPQ bind-
ing to RNA (Figure 4B). Altered SFPQ binding to GAS2L1
RNA was confirmed by CLIP and RT-PCR (42). After pho-
tocrosslinking, SFPQ was immunoprecipitated and the as-
sociated RNA amplified by RT-PCR (Figure 4C). Inputs
showed comparable GAS2L1 expression in all samples. Af-
ter immunoprecipitation, a band of the correct size was pro-
duced in WT MEF, but no amplification was seen in E3+4
or E16. These data confirmed SFPQ binding to exons un-
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Figure 3. Dido mutation alters exon skipping. (A) General classification of altered splicing events in E3+4 and E16. The majority of events (>60%)
corresponded to exon-level alterations. Events are classified as novel when there are not annotated in the AltAnalyze database. (B) Principle component
analysis of altered splicing events distinguished WT, E3+4 and E16 groups. (C) Volcano plots of exon skipping events. While E3+4 produced a large group of
exons undergoing less skipping (left), E16 resulted in a major population of exons undergoing increased skipping compared to WT controls (right). Similar
trends are observed for exons undergoing significant (P < 0.05) and non-significant changes. Only significant events were used for further calculations. (D)
Venn analysis confirmed similarities but also differences between Dido mutants. (E) The change in skipping frequencies for exons significantly altered in
at least one mutant showed extensive correlation between E3+4 and E16 (r = 0.73). Note the lack of exons that are skipped more in E3+4 but less in E16
(upper left quadrant). Examples provided in the Supplementary Figures are indicated by name.

dergoing alternative splicing and the role of Dido3 in this
interaction.

To further evaluate the Dido3-SFPQ axis, we tested
whether altered exon utilization in E3+4 and E16 correlates
with SFPQ binding in WT cells. SFPQ occupancy on the
5′ end of alternatively spliced exons was derived from avail-
able CLIP-SEQ data (34) and compared to a random con-
trol population. Exons that underwent altered splicing in

E3+4 or E16 showed significantly higher SFPQ occupancy
than the random subset of unchanged exons (Figure 4D).
Furthermore, SFPQ occupancy correlated positively with
exon skipping (Figure 4E); low SFPQ binding marked ex-
ons prone to inclusion whereas high SFPQ binding corre-
sponded to exons prone to skipping. Exons of moderate
SFPQ occupancy showed increased inclusion in E3+4 but
were skipped more frequently in E16. Lack of Dido3 thus

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/47/10/5381/5424070 by guest on 24 April 2024



5388 Nucleic Acids Research, 2019, Vol. 47, No. 10

Figure 4. Dido mutation reduces SFPQ binding to RNA. (A) SFPQ binding to RNA was assayed by PAR-CLIP. While robust binding was observed in
WT MEF, SFPQ signal was partially lost in the Dido mutants. Inputs showed comparable SFPQ expression levels in all samples. (B) Quantitation of three
independent experiments showed significant loss of SFPQ binding in E16 and a similar tendency in E3+4. Error bars represent standard deviation (**P
< 0.01). (C) iCLIP followed by RT-PCR confirmed lack of SFPQ binding to the GAS2L1 target, in which exon skipping increased. Positions of SFPQ
binding and RT-PCR primers are indicated (right). Next, SFPQ binding to the 5′ end of exons was quantified from iCLIP data (iCLIP IP) and corrected
for expression (iCLIP CTL). (D) Average SFPQ binding to alternatively used exons was significantly higher than SFPQ binding in a random control group.
Error bars represent standard error of the mean (**P < 0.01). (E) SFPQ binding levels of individual exons in WT cells correlate positively with increased
skipping in E16 and E3+4, indicating high SFPQ dependency of affected exons.

reduces overall SFPQ binding to messenger RNA, which
primarily affects a group of exons that is highly SFPQ-
dependent.

Dido3 maintains an advantage for upstream 3′ SS

As SFPQ is involved in early 3′ SS recognition (22), we fo-
cused on this sequence feature. The combination of all 3′ SS
that share a common 5′ SS was considered a splicing sys-
tem, where the presence of multiple 3′ SS denotes alterna-

tive splicing (Supplementary Figure S14A). For each splic-
ing system, we determined 3′ SS utilization relative to alter-
native sites; utilization thus represents the contribution of
a single 3′ SS (between 0 and 100%) to a splicing system.
To reflect the sequential nature of transcription, 3′ SS were
grouped by distance relative to alternative sites (measured
from the common 5′ SS).

We first applied the utilization parameter to define the 3′
SS that respond to Dido mutation (Figure 5A). In a ran-
dom set of unaffected splicing systems, upstream 3′ SS con-
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Figure 5. Dido3 maintains an advantage for upstream 3′ SS. (A) 3′ SS utilization in WT cells predicts their behavior in Dido mutants. Unaffected controls are
indicated by a dotted line, and splice sites that will change utilization in Dido mutants are indicated with colors. Upstream 3′ SS affected by Dido mutation
are used less than random controls in WT cells, while downstream 3′ SS affected by Dido mutation are used more than controls. (B and C) Unaffected
controls are indicated by a black dotted line. Low WT utilization characterized upstream 3′ SS while high WT utilization characterized downstream 3′ SS
undergoing significantly altered use in the mutants (continuous lines), indicating susceptibility to exon skipping in this group. (B) E3+4 increases utilization
of relatively strong upstream 3′ SS at the cost of weak sites. No notable changes in downstream 3′ SS utilization were found. (C) E16 decreased the utilization
of naturally strong sites, but increased the use of a subset of weak sites. (D) Frequency distribution of the number of exons skipped by each splice junction
shows that disruption of SFPQ recruitment leads to excessive exon skipping. Error bars represent standard error of the mean. (E) The number of skipped
exons was compared to the number of alternative 3′ SS used. Skipping of multiple exons at once is not accompanied by increased complexity of the splicing
systems. Instead, splicing is simply displaced to a single 3′ SS far downstream. Error bars show standard deviation.

tributed on average 80% of splicing events and downstream
sites just 10%. Most genes undergoing alternative splicing
thus produced only a small proportion of transcripts that
skip exons. We then calculated the same parameter for 3′
SS whose utilization was altered significantly to determine
whether 3′ SS utilization in WT MEF defines their behavior
in the mutants. Compared to control sites, 3′ SS that were
affected by Dido mutation already showed different utiliza-
tion in WT cells. For 3′ SS affected by Dido mutation, we ob-
served a comparatively low utilization of upstream 3′ SS and
high utilization of downstream 3′ SS. Both Dido mutants
thus act on splicing systems with a high intrinsic tendency
to skip exons in WT cells. Statistical analysis showed that
differences were significant (Supplementary Figure S14B).

The effect of each Dido mutation was assayed by sepa-
rating 3′ SS used significantly more from those used sig-
nificantly less in the mutants (Figure 5B and C). E3+4 in-
creased utilization of upstream 3′ SS that were used at a fre-
quency close to unaffected controls in WT MEF, and sup-
pressed utilization of upstream 3′ SS used infrequently in

the WT (Figure 5B). Downstream 3′ SS showed variable be-
havior in E3+4. WT utilization was predictive of the use of
upstream 3′ SS in E3+4, but not of the use of downstream 3′
SS (Supplementary Figure S14C and D). The effect of E16
on 3′ SS was fundamentally different from E3+4. In E16, 3′
SS used frequently in WT controls lost their natural advan-
tage (Figure 5C). At the same time, E16 showed increased
utilization of 3′ SS that were rarely used in WT MEF irre-
spective of upstream or downstream location. The effect on
both up- and downstream sites was significant in this mu-
tant (Supplementary Figure S14C and D). Given the role of
Dido3, these data indicate that efficient SFPQ recruitment
sustains an advantage for high-utilization 3′ SS. Since most
high-utilization 3′ SS are located upstream in WT cells, in-
creased exon skipping is the typical outcome in the E16 mu-
tant.

The E16 effect was particularly notable for 3′ SS located
far up- and downstream (log2 distance ratio >2.5), which
might correspond to skipping of multiple exons. We thus
classified 5′-3′ SS junctions according to the number of ex-
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ons being skipped. The majority of splice junctions tra-
versed no exons, and this fraction decreased by an order of
magnitude for each additional skipped exon (Figure 5D).
Whereas the proportion of junctions skipping multiple ex-
ons decreased for all categories but one in E3+4, they in-
creased in E16. After normalization, the increase in skip-
ping of multiple exons was more evident in E16 while a de-
crease was found in E3+4 (Supplementary Figure S14E).
As transcription across exons exposes alternative 3′ SS to
the splicing machinery, skipping of multiple exons could in-
volve numerous 3′ SS. We thus compared the number of ex-
ons skipped in each splicing system to the number of alter-
native 3′ SS actually used (Figure 5E). The mean number of
alternative 3′SS used increased slightly for splicing systems
that involved multiple exons, but rapidly reached a ceiling.
The distributions for WT and Dido mutant MEF were com-
parable. Since the number of alternative 3′SS does not scale
with the number of skipped exons, excessive skipping entails
simple slippage toward downstream 3′SS without increas-
ing splicing complexity.

Sequence motifs modulate exon skipping

Earlier studies reported that sequences surrounding the ac-
tual splice sites might control splicing in higher vertebrates;
both regional AT content and short SF recognition motifs
can impose regulation (55,56). To test whether a composi-
tion bias modulates splicing in E3+4 and E16, we analyzed
the sequences surrounding alternatively used exons (Sup-
plementary Figure S15A). A random selection was used as
control. High AT content of the surrounding introns pro-
moted exon inclusion in both mutants, with E3+4 show-
ing a greater effect than E16. Only marginal differences in
AT content were found within exons. We next examined
the presence of short AT-rich sequence motifs, which have
been linked to pausing of transcription elongation com-
plexes (57). To extract short motifs, we calculated the fre-
quency of all combinations of 5-mers downstream of sig-
nificantly altered exons (Figure 6A). In accordance with the
published RNA pol II behavior, AT-rich sequence motifs lo-
cated immediately downstream (<200 basepairs) promoted
exon inclusion in Dido mutants. In contrast to introns, exon
bodies did not adhere to a simple composition bias. Here,
a few specific motifs (GAGGAG and CAGCAG) favored
exon inclusion (Figure 6B). The motifs identified support
the upstream 3′ SS when recognized by SRSF proteins such
as SRSF1 (58–60). Downstream AT-rich sequences showed
a more pronounced contribution to 3′ SS selection in E3+4,
whereas putative SRSF binding motifs had a greater effect
in E16. Calculated 3′ SS entropy (61) contributed little, if
anything, to 3′ SS selection (Supplementary Figure S15B–
E).

DISCUSSION

Although the basic steps that catalyze the fusion of exons
within precursor RNA are conserved in all eukaryotes, al-
ternative splicing in vertebrates requires additional layers of
regulation. Because the most common forms of alternative
splicing depend on alternative 3′ SS, and the U2 spliceo-
some subunit is modulated by a variety of proteins (12,62),

the acceptor site seems a versatile point at which to inter-
cede in the splicing reactions.

In this study, we show that the Dido gene, a mammalian
homolog of yeast BYE1 (25,51), encodes a hitherto un-
known 3′ SS modulator. The Dido gene produces smaller
isoforms that are present throughout evolution, and a sin-
gle large isoform found only in vertebrates. The yeast BYE1
acts in transcription (25), and we now established a role
for the vertebrate-specific isoform (Dido3) in RNA splicing.
Dido has apparently acquired additional sequences that cor-
respond to particular requirements in alternative splicing.
The acquired genomic sequences comprise a single exon in
all vertebrates, which suggests that the Dido3-specific pro-
tein domain forms a discrete functional unit. We show that
this domain interacts with SFPQ in vitro and in vivo. In con-
trast to other accessory SF, SFPQ does not seem to be re-
cruited directly by the RNA pol II CTD in vivo (20). In ad-
dition, the combination of SRSF and RNA pol II CTD can
be found in lower eukaryotes but SFPQ only has homologs
in chordates and arthropods. These data suggest that the
Dido3 carboxy-terminus and SFPQ have evolved together
and that their combination allows for an extra level of reg-
ulation in alternative splicing.

Practical approaches that address SFPQ function have
met with difficulties because its mutation compromises cell
viability (34). SFPQ has a role in several processes (23),
including recognition of the polypyrimidine tract prior to
spliceosome assembly (11,22). Immunodepletion indeed in-
dicates that RNA splicing in mammals cannot proceed
without this protein (11,22). Efficient SFPQ elimination
might thus be impossible. Our data show that splicing in-
hibition leads to a combined accumulation of SFPQ and
Dido3 in enlarged nuclear compartments. Both SFPQ ac-
cumulation and its RNA binding were reduced in Dido
mutants, particularly in the mutant lacking the SFPQ-
interacting region. The combination of these observations
shows a role for Dido3 in the recruitment of SFPQ to pre-
cursor RNA.

In contrast to the lethality that is caused by SFPQ dele-
tion (11,22), we obtained viable cell lines without the Dido3
isoform. Dido3 apparently promotes SFPQ recruitment
without taking part in splicing. We thus envision that Dido3
forms a bridge between RNA pol II and SFPQ, which it
delivers to nascent transcripts. The Dido3 amino-terminal
half comprises PHD, TFIIS-like and SPOC domains (51)
and is represented in yeast by BYE1. A structural study of
the transcription holoenzyme established that Dido/BYE1
competes with TFIIS for occupation of RNA pol II (25).
Since TFIIS can be recruited after transcription initiation
and has a specific role in transcription across DNA le-
sions (63), BYE1/Dido could be the transcription factor
normally bound to RNA pol II. In contrast to the Dido3
amino-terminus, which contains a series of well-defined do-
mains, bioinformatics predict that its carboxy-terminus is
largely unstructured. Such lack of structure is a common
feature in recently evolved splicing-related proteins (19,64).
The Dido3-specific protein region (65) and SFPQ itself (66)
however include coiled-coil domains suitable for transient
interactions; coiled coils are able to shift between differ-
ent oligomerization phases in a concentration-dependent
manner (67), which allows a dynamic transition between
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Figure 6. Identification of sequence motifs associated with altered splicing. (A) Scatter plots showing frequency of 5-mer sequences in the first 200 bases
downstream of exons skipped significantly less (horizontal axis) or more (vertical axis) in E3+4 (left) or E16 (right). (B) Scatter plots showing frequency
of 5-mer sequences located in exons as in (A), for E3+4 (left) or E16 (right). Diagonal dashed lines indicate no change in exon usage. A subset of 5-mers
undergoing considerable changes is marked with sequences. Error bars (subset) represent standard deviation and are derived from a random selection of
5 × 1000 5-mers based on the flattened gene model.

free forms, dimers and oligomers. Overexpression of an iso-
lated Dido3 coiled-coil, which interfered with isoginkgetin-
induced SFPQ accumulation (Supplementary Figure S9),
corroborated this idea.

Dido3 is probably bound to RNA pol II via its TFIIS
domain (25,30), which indicates that the two move together
during RNA synthesis (26,30). Due to RNA pol II proces-
sivity, Dido3 has a limited timeframe in which to promote
SFPQ recruitment. The role of Dido3 matches a kinetic
competition model, which has gained much importance for
understanding mammalian splicing. Recent refinement of
this model suggests that splice site utilization depends on a
flexible window of opportunity that is subject to stochas-
tic modulation and recycling (68,69). The proximity liga-

tion assay, which requires close interaction of two proteins,
reflected this limited timeframe by labeling a small but sig-
nificant proportion of total SFPQ. These findings are easily
integrated into a general model (Supplementary Figure S1)
in which SF are recruited from a common reservoir and re-
cycled after splicing (6).

In addition to protein distribution, the RNA sequenc-
ing data support a common pool from which individual SF
molecules are recruited. For example, suppression of ribo-
somal protein genes during yeast meiosis alleviates the bur-
den on splicing of non-ribosomal genes (70). Our data show
that a comparable trans-competition governs the subtle
changes in mammalian alternative splicing. RNA sequenc-
ing indicated that both Dido mutations cause increased
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Figure 7. Model for Dido3 function and parallel SF recruitment in WT
conditions (top), the Dido3 PHD domain anchors the protein to the 5′ end
of active genes, where it can be picked up by the RNA pol II jaw domain
(25). Along the gene body, Dido3 catalyzes SFPQ recruitment to promote
exon inclusion. The E3+4 mutant (center) lacks enrichment on active genes
but is otherwise intact. RNA pol II pausing could thus induce recruitment
in two steps, initially of Dido3 without the amino-terminus and subse-
quently of SFPQ. The E16 mutant (bottom) no longer promotes SFPQ
recruitment. In this case, SFPQ might rely on an inefficient direct interac-
tion with RNA to catalyze 3′SS recognition. The Dido3-SFPQ axis acts in
parallel to the RNA pol II CTD, known to favor SRSF recruitment (16,17).
RNA sequencing showed that impairment of the Dido3-SFPQ axis pro-
motes the use of the CTD-dependent SRSF pathway.

skipping in a subset of exons. Reduced utilization of 3′ SS,
typical SFPQ targets, explains the increased skipping of ex-
ons that were already susceptible to skipping in WT con-
trols. A complementary 3′ SS group showed contrasting be-
havior, however, and was used more frequently. In a model
in which individual SF units are recruited from a shared but
restricted pool, reduced utilization in one 3′ SS subset auto-
matically increases SF availability for other transcripts. The
same dynamics explain observations related to pharmaco-
logical suppression of RNA pol II (71). Here, too, slowing
down RNA pol II promotes inclusion of some exons while
skipping others.

In contrast to generalized suppression of RNA pol II
by pharmacological inhibition (71), local sequence com-
position is an important physiological modulator of tran-
scription (55). For example, several studies show that AT-
rich sequences can stall RNA polymerase for several min-
utes at a time (57,72,73). In our study, these AT-rich se-
quences allowed for functional discrimination between the
two Dido mutants, and were particularly dominant in E3+4.
The lack of chromatin binding (24) implies that Dido3 is no

longer enriched at the 5′ end of active genes in E3+4, but in-
stead resides free in the nucleoplasm (35). RNA sequencing
nonetheless indicates that paused RNA pol II can recruit
both Dido3 (without the amino-terminus) and SFPQ from
a soluble state and thereby promote exon inclusion. The E16
mutant does not involve a Dido3 population shift but com-
prises an SFPQ recruitment defect that cannot be compen-
sated. As a result, this mutation leads to global excessive
exon skipping. In E16, exons using alternative recruitment
pathways such as SRSF (74,75) benefit from reduced U2
utilization by the Dido3-SFPQ axis. Dido mutant behavior
reproduces the modular architecture of Dido3, important
for its ability to consecutively bind chromatin, RNA pol II
and SFPQ (Figure 7).

Our model of a common SF pool requires no arbitration
between adjacent 3′ SS to explain alternative RNA splic-
ing. Exon skipping can be a simple result of reduced uti-
lization in an upstream 3′ SS, and utilization of downstream
sites increases because it is the next available alternative. Ab-
sence of arbitration is suggested by the sequential skipping
of multiple exons, where intermediate 3′ SS are not con-
sidered (Figure 5E). If arbitration between all exposed 3′
SS would occur, skipping of multiple exons would encom-
pass increased complexity that was absent from our data.
Since only putative pause sites located nearby (within ap-
proximately 0.5 kb) stimulate the upstream 3′ SS (Supple-
mentary Figures S16–S18), our data support a narrow SF
recruitment window. Such a narrow window explains why
no arbitration at a distance takes place. The long introns in
mammalian genes imply that splice sites move easily out of
range as transcription proceeds.

Together, our data indicate that independent yet in-
terconnected pathways affect 3′ SS selection, revealing a
two-pronged strategy to maintain RNA splicing efficiency.
Dido3 contributes to this process by facilitating SFPQ re-
cruitment within a limited window of opportunity. Since
the RNA pol II CTD has expanded during evolution but
has acquired hardly any additional sequence variation, en-
rollment of Dido3 as an independent linker might reduce
competition between recruitment pathways that ultimately
converge on the U2 spliceosome subunit. The use of par-
allel pathways thus provides a high-capacity mechanism to
promote efficient RNA splicing in mammals, reminiscent of
transcriptional coupling in yeast (76), but still allowing for
alternative splicing.
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