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ABSTRACT

The regulation of pre-mRNA processing has important consequences for cell division and the control of cancer cell prolif-
eration, but the underlyingmolecularmechanisms remain poorly understood.We report that three splicing factors, SPF45,
SR140, and CHERP, form a tight physical and functionally coherent complex that regulates a variety of alternative splicing
events, frequently by repressing short exons flanked by suboptimal 3′′′′′ splice sites. These comprise alternative exons em-
bedded in genes with important functions in cell-cycle progression, including theG2/M key regulator FOXM1 and the spin-
dle regulator SPDL1. Knockdown of either of the three factors leads to G2/M arrest and to enhanced apoptosis in HeLa
cells. Promoting the changes in FOXM1 or SPDL1 splicing induced by SPF45/SR140/CHERP knockdown partially recapit-
ulates the effects on cell growth, arguing that the complex orchestrates a program of alternative splicing necessary for
efficient cell proliferation.
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INTRODUCTION

The generation of mature mRNAs requires the removal of
introns and ligation of exons through pre-mRNA splicing
by the spliceosome. The spliceosome is a complex macro-
molecular ribonucleoprotein composed of five snRNPs
(U1, U2, U4, U5, and U6) and more than 150 proteins
(Wahl et al. 2009), which assemble onto the pre-mRNA in
a step-wise manner to catalyze the splicing reaction (Wan
et al. 2019; Wilkinson et al. 2019). Recognition of the
5′ splice site (ss) by U1 snRNP, and of the branch site, poly-
pyrimidine tract and 3′ ss AG by BBP/SF1 and the two sub-
units of U2AF, leads to E complex formation. BBP/SF1 is
subsequently displaced from the branch point by U2
snRNP, whose SF3B1 subunit interacts with the branch
point in prespliceosomal (A) complexes. Several key pro-
tein–protein interactions occurring at these early steps of
3′ss recognition aremediated by atypical RNARecognition
Motifs (RRMs) known as U2AF Homology Motifs (UHMs)

(Kielkopf et al. 2001, 2004; Selenko et al. 2003; Spadaccini
et al. 2006). Complex B is assembled upon binding of the
U4/5/6 tri-snRNP and substantial compositional and con-
formational rearrangements lead to a series of transition
states (Bact, B∗, C, and C∗) where the RNA-based catalysis
of the two consecutive transesterification reactions of the
splicing process takes place (Wan et al. 2019; Wilkinson
et al. 2019).
Alternative splicing (AS), the differential use of splice

sites in pre-mRNAs to produce different mRNAs, occurs
in over 95% of human genes (Pan et al. 2008; Wang et al.
2008), greatly expanding transcriptome complexity. This,
in turn, can increase proteome diversity, control gene
expression throughnonsense-mediated-decay (NMD)-me-
diated mRNA degradation or regulate mRNA translation
(Lewis et al. 2003; Mockenhaupt and Makeyev 2015;
Yang et al. 2016). AS includes the alternative use of 3′ or
5′ ss (alt 3′/5′ss), inclusion or skipping of cassette exons
(CEx) and microexons or the retention of introns (RI). AS
can be controlled by cis-acting sequences bound by
trans-acting factors which modulate access of the core
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spliceosomal components to the splice sites (Chen and
Manley 2009). AS can also be regulated by pre-mRNA sec-
ondary structures, coupling with transcriptional changes or
by chromatin structure (Kornblihtt et al. 2013). Variations in
the levels of core spliceosomal components can also con-
tribute to AS regulation (Saltzman et al. 2011; Papasaikas
et al. 2015).

SPF45 (RBM17) is a U2AF homology domain (UHM)-con-
taining splicing factor associated with U2 snRNP and pre-
sent in complex E (Neubauer et al. 1998; Will et al.
2002). SPF45 has been linked to different biological pro-
cesses and pathways. Thus, SPF45 was found to activate
a distal AG in Sex-lethal (Sxl) pre-mRNA and be relevant
for Sxl AS autoregulation (Lallena et al. 2002). UHM-medi-
ated interactions of SPF45 with U2AF65, SF1, and SF3B1
were found to be required for its modulation of FAS
exon 6 splicing in mammalian cells (Corsini et al. 2007).
This event is also regulated by Saf lncRNA and its interac-
tion with SPF45, which contributes to apoptosis resistance
(Villamizar et al. 2015). While constitutive deletion of
SPF45 in mice is embryonic lethal, conditional depletion
SPF45 in Purkinje cells causes neurodegeneration (Tan
et al. 2016). Related to this, SPF45 plays a direct role in
the neuropathology of spinocerebellar ataxia 1, which pre-
dominantly affects Purkinje neurons (Lim et al. 2008).

Phosphorylation of SPF45 by several kinases influences
adhesion, migration and invasion as well as AS choices
(Al-Ayoubi et al. 2012; Liu et al. 2013). Two recent studies
have reported that SPF45 controls proliferation, cell-cycle
progression and apoptosis of hypopharyngeal carcinoma
and glioma cell lines and its down-regulation in a mouse
xenograft model suppresses tumor growth (Han et al.
2018; Lu et al. 2018). Additionally, increased SPF45 levels
found in several carcinomas are associated with the gain of
multidrug resistance (Sampath et al. 2003; Perry et al.
2005).

An intriguing connection has also been established be-
tween Drosophila SPF45 and DNA damage repair. Thus,
dSPF45 increases resistance to DNA damaging agents of
bacteria lackingRecG, a helicase that resolvesHolliday junc-
tionsgeneratedduringDNAdamage repair, andgenetically
and physically interacts with the DNA damage repair en-
zyme RAD201 (Chaouki and Salz 2006). Furthermore, hu-
man SPF45 binds Holliday junctions and interacts with
RAD51, RAD51B, and DMC1 (Horikoshi et al. 2010).

Here we build upon a functional link between SPF45 and
splicing factors SR140 and CHERP (Papasaikas et al. 2015)
to show that SPF45, SR140, and CHERP stabilize each oth-
er, coimmunoprecipitate and cosediment in glycerol
gradients, indicating that they are part of the same func-
tional splicing complex, consistent with a recent report
by DeMaio et al. (2018). Knockdown of each of these three
factors decreases the clonogenic and proliferative capaci-
ties and impairs cell-cycle progression of HeLa and U2OS
cells, correlating with changes in AS in cell-cycle-control

genes, including the G2/M master control factor FOXM1
and the spindle regulator SPDL1.

RESULTS

SPF45/RBM17, SR140/U2SURP, and CHERP
form a functional physical complex

Previouswork fromour groupusinga functional network re-
construction approach identifiedamodule of three splicing
factors, SPF45/RBM17, SR140/U2SURP, andCHERP,which
displayed highly similar profiles of splicing perturbations
upon their individual siRNA-mediated knockdown in
HeLa cells in a panel of AS events important for cell prolif-
eration and/or apoptosis (Papasaikas et al. 2015). The
knockdowns displayed mostly consistent changes—in ex-
tent and direction—on the 39 CEx included in our assay
(Fig. 1A). For example, each of the knockdowns enhanced
inclusion ofNUMBexon9,MADDexon16,MINK1exon18
and MAP4K3 exon 15, while induced skipping of MCL1
exon 2, both in HeLa and in U2OS cells (Supplemental
Fig. S1B,C). A systematic screen to discover AS regulators
of cell fate in mouse cells also identified functional links
between SPF45, SR140, and CHERP, as well as with the
helicaseDHX15 (Han et al. 2017), involved in the disassem-
bly andproofreadingof spliceosomes (Arenas andAbelson
1997; Martin et al. 2002; Mayas et al. 2010). The functional
link with DHX15 was however weaker in our system (Sup-
plemental Fig. S1A–C).

To explore the molecular basis for the similar splicing
perturbation profiles of SPF45, SR140, and CHERP, their
protein levels were examined upon each individual knock-
down. Depletion of each factor decreased the protein lev-
els of the three factors in HeLa and U2OS cells (Fig. 1B,C;
Supplemental Fig. S1D), but not of other spliceosome
components known to interact with them (Fig. 1D;
Corsini et al. 2007; Hegele et al. 2012; Crisci et al. 2015;
De Maio et al. 2018) and increased the levels of DHX15
(Fig. 1B,C). As mRNA levels were only affected upon
each specific knockdown (Fig. 1E), the results suggest
that SPF45, SR140, and CHERP are part of a protein com-
plex whose components become destabilized upon re-
duction of the levels of any of its subunits, with CHERP
and SR140 displaying the most apparent cross-regulatory
effects. This is consistent with cross-regulation of SR140
and CHERP in HEK293 cells (Lin-Moshier et al. 2013) and
RKO cells (Wang et al. 2019), and of the three proteins in
mice cerebellar extracts and HEK293T cells (De Maio
et al. 2018). Also consistent with this concept were results
of overexpression experiments showing that, while trans-
fection of an expression plasmid of SR140 did not result
in increased levels of the protein, coexpression with both
SPF45 and CHERP did (Fig. 1F), suggesting that accumula-
tion of SR140 protein depends upon the availability of its
protein partners.
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To further document the functional
links between these factors, rescue
experiments were carried out in
which knockdown of SPF45, SR140,
or CHERP was complemented by sta-
ble overexpression of siRNA-resistant
versions of the depleted factor in
Flp-In T-Rex HeLa cells. As controls,
we used cells integrating an empty
vector (pcDNA5) or a version of
SPF45 cDNA containing a hairpin
(SPF45hp) which prevents translation
of its mRNA. The results showed that
overexpression of SPF45 or CHERP
cDNAs increased the levels of the
three factors and restored the pat-
terns of splicing of MADD exon 16,
while overexpression of SR140 cDNA
did not increase the levels of any of
the three proteins and failed to re-
store splicing of MADD exon 16 (Fig.
2A,B), once again suggesting that ac-
cumulation of SR140 and function of
the complex requires interactions be-
tween the three proteins.

To further document physical inter-
actions between these factors,
coimmunoprecipitation and cosedi-
mentation assays were carried out.
Both SR140 andCHERPwere detected
in SPF45 immunoprecipitates from
HeLa extracts, and both SPF45 and
SR140 were detected in CHERP immu-
noprecipitates (Fig. 2C). These results
are consistent with previous data docu-
menting interactions between SPF45
and SR140 in two-hybrid assays
(Hegele et al. 2012), between CHERP
and SR140 in HEK293 and RKO cells
(Lin-Moshier et al. 2013; Wang et al.
2019) and between the three factors
in mouse cerebellar extracts (De Maio
et al. 2018). Fractionation of HeLa nu-
clear extracts by centrifugation through
a glycerol gradient and western blot
analyses detected the presence of
SPF45, SR140 and CHERP in both low
and high molecular fractions (Fig. 2D),
the latter corresponding to amolecular
mass of about 660 kDa. This mass
would be compatible with a complex
containing two molecules of each of
the three factors or with a complex of
each of the three proteins with other
factors. SF3B1 and DHX15, two known

E

F

B

A

C

D

FIGURE 1. SPF45, SR140, and CHERP cross-regulate each other at the protein level. (A)
Similar splicing perturbation profiles upon knockdown of SPF45, SR140, or CHERP. Robust
z-score values of changes in alternative splicing (y-axis, >0: inclusion <0: skipping) for 39 exons
in the indicated genes (x-axis) were extracted from Papasaikas et al. (2015). The high similarity
between the profiles of splicing changes of the three factors identified a functional module
(right panel) in a systematic comparison across splicing factors (Papasaikas et al. 2015). (B,C )
Western blot analyses of SPF45, SR140, CHERP, andDHX15 (and Tubulin/actin as loading con-
trols) upon their individual siRNA-mediated knockdowns in HeLa and U2OS cells. The results
shown are representative of three independent experiments. (D) Western blot analysis of inter-
actors of SPF45, SR140, or CHERP (and tubulin as loading control) of the same samples as in B.
The result shown is representative of two independent experiments. (E) RT-qPCR-measure-
ments of the fold change of mRNA levels of SPF45, SR140, and CHERP upon their individual
knockdowns in HeLa and U2OS cells compared to siCNT. Data are represented as mean±SD
of three biological replicates, and P-values are calculated by one-way ANOVA followed by
Dunnett’s multiple comparison test on ΔΔCt values ([∗] P<0.01; [∗∗] P<0.001, [∗∗∗] P<
0.0001). (F ) Western blot analysis of SPF45, SR140, and CHERP (and actin as a loading control)
upon individual or combined overexpression of these factors in HeLa cells. A total of 250 ng,
500 ng, or 1 µg of DNAwas transfected (in individual overexpression assays these amounts cor-
respond to single plasmids, while in combined overexpression assays they correspond to the
sum of equal amounts of plasmids). See also Supplemental Figure S1.

SPF45 complex controls cell proliferation
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interactorsofSPF45 (Corsini et al. 2007;
De Maio et al. 2018) sediment in frac-
tions partially overlapping with the
high molecular weight complex and
may therefore be part of such a com-
plex in a yet to be defined stoichiome-
try. Similar results were reported in
mouse brain lysates by size exclusion
chromatography (De Maio et al. 2018).

The SPF45/SR140/CHERP
complex is required for cell
proliferation, cell-cycle
progression, and inhibition
of apoptosis

To study cellular phenotypes associat-
ed with SPF45, SR140, and CHERP
depletion, we set up a lentivirus sys-
tem to transduce shRNAs targeting
these factors (five different shRNAs
were tested for each, two of each
were selected for further analyses)
in HeLa and U2OS cells. The effects
of lentiviral-mediated knockdown re-
capitulated the cross-regulation of
protein levels between the three pro-
teins observed using siRNAs (Fig. 3A;
Supplemental Fig. S2A). Very signifi-
cant inhibition of the kinetics of cell
proliferation and particularly of the
clonogenic capacity (10–20-fold) of
HeLa and U2OS cells was observed
upon knockdown of each of the three
factors (Fig. 3B,C; Supplemental Fig.
S2B,C). These results are consistent
with studies on different cell lines (La-
plante et al. 2000; O’Rourke et al.
2003; Zhang et al. 2017a; Han et al.
2018; Lu et al. 2018;Wanget al. 2019).
Such a decline in proliferative and

clonogenic capacities could be due
to defective progression through the
cell cycle or/and induction of apopto-
sis. Flow cytometry analyses revealed
that, for HeLa cells, knockdown of
each of the three factors resulted in
a slight reduction of cells in G1 phase
and a significant accumulation of cells
in G2/M (Fig. 3D; Supplemental Fig.
S2D). While some differences were
observed between shRNA constructs,
these are likely due to different quan-
titative effects on target knockdown.
Interestingly, knockdown of each of
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FIGURE 2. SPF45, SR140, and CHERP form a functional physical complex. (A, upper panel)
Western blot analysis of SPF45, SR140, and CHERP (and tubulin as loading control) upon
3′UTR-targeted siRNA knockdowns in Flp-In T-Rex HeLa cells stably overexpressing either
an empty vector (pcDNA5), a SPF45 cDNA containing a hairpin to prevent translation
(SPF45hp), or cDNAs of SPF45, SR140, or CHERP with 3′UTRs not targeted by the siRNAs uti-
lized. Twenty-four hours after siRNA transfection, protein expression was induced using tetra-
cycline, and total cell extracts were prepared 48 h later. The results shown are representative of
three independent experiments. (Lower panel) Quantification of western blot results, repre-
sented as mean±SD of three biological replicates. P-values calculated comparing to
pcDNA5 by one-way ANOVA followed by Dunnett’s multiple comparison test ([∗] P<0.01;
[∗∗] P<0.001). (B) Quantification of MADD exon 16 AS by RT-PCR followed by capillary elec-
trophoresis, represented as fold change compared to siCNT in the same experimental condi-
tions of A. Data are represented as mean±SD of three biological replicates, and P-values are
calculated comparing to pcDNA5 by Student’s t-test ([∗∗] P<0.01). (C ) Immunoprecipitation of
endogenous SPF45 or CHERP in total protein extracts from HeLa cells and detection of coim-
munoprecipitating proteins by western blot analyses. (D) Fractionation of HeLa nuclear extract
(NE) through a 5%–40% glycerol gradient followed by western blot analysis of the indicated
proteins. The approximate size of the fractions was estimated by profiling a molecular weight
marker kit through a parallel gradient and staining it with Coomassie. The result shown is rep-
resentative of three independent experiments.
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FIGURE 3. The SPF45/SR140/CHERP complex is required for cell proliferation, cell-cycle progression, and inhibition of apoptosis. (A, left panels)
Western blot analyses of SPF45, SR140, or CHERP (and tubulin as a loading control) upon their individual knockdowns using lentiviral transduction
of shRNAs in HeLa and U2OS cells. The results shown are representative of three independent experiments, which are quantified in the right
panels and represented as mean±SD with P-values calculated comparing to shCNT by one-way ANOVA followed by Dunnett’s multiple com-
parison test ([∗] P<0.05; [∗∗] P<0.001; [∗∗∗] P<0.0001). (B) Cell proliferation measured by direct cell number count of HeLa or U2OS cells
upon lentivirus-mediated knockdown of SPF45, SR140, or CHERP measured 24, 48, 72, and 96 h after plating. Data are represented as mean
±SD of three biological replicates. (C, left) Representative clonogenic assays (left) of HeLa or U2OS cells upon lentivirus-mediated knockdown
of SPF45, SR140, or CHERP. (C, right) Quantification of the number of colonies formed after seeding 1000 HeLa or 2000 U2OS cells, represented
as mean±SD of three biological replicates with P-values calculated comparing to shCNT by one-way ANOVA followed by Dunnett’s multiple
comparison test ([∗] P<0.01; [∗∗] P<0.001; [∗∗∗] P<0.0001). (D) Distribution of HeLa or U2OS cells in different phases of cell cycle upon lentivi-
rus-mediated knockdown of SPF45, SR140, or CHERP, analyzed by propidium iodide (PI) staining and flow cytometry. Data are represented as
mean±SD of three biological replicates with P-values calculated comparing to shCNT by χ2 test ([∗] P<0.01; [∗∗] P<0.001; [∗∗∗] P<0.0001).
(E, upper panels) Western blot analysis of the indicated cell-cycle markers (and GAPDH as loading control) upon knockdown of SPF45, SR140,
or CHERP or upon treatment with UV light (UV-C at 10 J/m2 for 6 h) as a control of Chk1 phosphorylation. (Lower panels) Quantification of the
results, represented as mean±SD of three biological replicates.
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the three factors in U2OS cells resulted in a significant in-
crease of cells in G1 and a decrease in S phase (Fig. 3D;
Supplemental Fig. S2D). These results indicate that the ac-
tivity of the SPF45/SR140/CHERP complex is relevant for
proper cell-cycle progression, impinging on different stag-
es in different cell lines. This is consistent with depletion of
SPF45 inducing G2/M arrest in FaDu cells (Han et al. 2018)
but G1 arrest in glioblastoma cell lines (Lu et al. 2018) and
CHERP depletion promoting G1 accumulation in neuro-
blastoma cells (Zhang et al. 2017a).

Next, we used propidium iodide and Annexin V to study
apoptosis upon SPF45, SR140 or CHERP knockdowns. A
significant reduction in the fraction of viable HeLa cells
was accompanied by an increase in early apoptotic
as well as late apoptotic/necrotic cells for the three
knockdowns (Supplemental Fig. S3A), in agreement with
previous results reporting increased apoptosis upon
knockdown of these factors in HeLa and other cell lines (Vil-
lamizar et al. 2015; Zhang et al. 2017a; Han et al. 2018; Lu
et al. 2018; Wang et al. 2019). However, SPF45, SR140, or
CHERP knockdown did not induce apoptosis in U2OS cells
(Supplemental Fig. S3A), once again arguing for different
activities of the SPF45/SR140/CHERP complex in different
cellular contexts, dependingon the impact of the targets of
the complex on cell type-specific rate-limiting steps for cell
growth/viability.

To further characterize cell-cycle alterations, we deter-
mined the levels and/or phosphorylation status of some
key cell-cycle regulatory factors. Interestingly, while phos-
phorylation of Chk1 kinase was not affected upon knock-
down of SPF45/SR140/CHERP, increased phosphorylation
of Histone H3 Serine 10 and increased accumulation of
Cyclin B1 (CCNB1) were observed under these conditions,
at least in HeLa cells (Fig. 3E; Supplemental Fig. S2E) (see
Discussion). Flow cytometry results were also consistent
with increased accumulation of cells in G2 andH3S10 phos-
phorylation (mitosis) upon knockdown of SPF45/SR140/
CHERP (Supplemental Fig. S3B).

SPF45, SR140, and CHERP co-regulate a program of
AS events in genes relevant for cell-cycle progression

To characterize the regulatory program of SPF45, SR140,
and CHERP, total RNA was isolated from HeLa cells
knockeddown foreach individual factor via lentivirus-medi-
ated shRNA transduction and analyzed by RNA-seq. First,
differential gene expression analyses identified 1325,
1288, and 1549 differentially expressed genes (log2 fold
change ≥0.6 or ≤−0.6; ΔFPKM >1) between SPF45,
SR140, or CHERP knockdowns and control shRNA, respec-
tively, 54%–59% corresponding to down-regulation (Sup-
plemental Fig. S4A). Two hundred and four differentially
expressed genes were common to the three knockdowns,
and 40% (CHERP), 59% (SR140), and 61% (SPF45) of chang-
es were common between at least two knockdowns (Sup-

plemental Fig. S4B). Gene ontology (GO) analysis of the
deregulated genes revealedmany overlapping categories,
with knockdown of SPF45 and SR140 sharing extracellular
space/matrix among the most enriched categories, and
knockdown of CHERP being enriched in plasma mem-
brane-related components (Supplemental Fig. S4C).

AS analysis of the RNA-seq data sets using VAST-TOOLS
(Irimia et al. 2014; Tapial et al. 2017) revealed 2920
(SPF45), 1763 (SR140), and 2574 (CHERP) regulated events
(|ΔPSI|≥ 15%,min range 5%) (Fig. 4A). Independent valida-
tion by RT-PCR in biological replicates for two different
shRNAs showed an excellent correlation between PSI
values estimates by the two techniques (Fig. 4B; Supple-
mental Fig. S5A) and similar results were also obtained in
U2OS cells (Supplemental Fig. S5B). The vast majority of
these events correspond to either RI or regulation of CEx.
Among CEx, 60% (SPF45) and 72% (SR140) corresponded
to increasedexon inclusion,while knockdownofCHERP re-
sulted in more (63%) skipped exons (Fig. 4A). All three
knockdowns resulted in a higher proportion of distal 3′ ss
utilization,while for alternative5′ ss therewasamore similar
distribution of proximal/distal site usage (Fig. 4A). Only
13%–19% of genes displaying AS changes showed also
changes in gene expression upon knockdown of these fac-
tors (Supplemental Fig. S4D), some of which could be due
to CDS disruption and mRNA degradation via nonsense-
mediated decay (see below).

All validated changes showed consistent effects of the
three knockdowns (Fig. 4B; Supplemental Fig. S5A,B)
and pairwise comparisons of significant PSI changes
showed correlations of 0.9 or higher in all three knockdown
combinations (Fig. 4C). Although differences in profiles
between individual components were observed—likely re-
flecting independent functions or in coordination with oth-
er regulatory complexes—in general, at least 50% of the
AS changes for any individual knockdown were shared
with at least another knockdown, the percentage of com-
mon events being higher for SR140 (68% for all AS events,
63% for RI, 72% for cassette exons—includingmicroexons)
and lower for CHERP (49% for all AS events or alternative
exons, 50% for RI) (Fig. 4D; Supplemental Fig. S5C,D).
Taken together, the results reveal a strong correlation of
AS changes between SPF45, SR140 and CHERP knock-
downs, suggesting coordinated regulation of AS events.

To explore the mechanistic basis of AS regulation by
SPF45, SR140, or CHERP, we carried out an analysis of se-
quence features enriched in AS regions using Matt (Gohr
and Irimia 2018). We first focused on alternative exons
more included or more skipped upon knockdown of these
factors. The most conspicuous and consistent features in-
clude relatively weak 3′ ss signals (maximum entropy mod-
el, Yeo and Burge 2004) in both of the introns flanking
more included alternative exons, as well as a trend toward
a stronger branch site and polypyrimidine tract in the pre-
ceding intron (Fig. 4E, left panel), with a partially reverse
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FIGURE4. SPF45, SR140, and CHERP co-regulate a program of AS events in genes relevant for cell-cycle progression. (A) Summary of AS chang-
es upon knockdown of SPF45, SR140, or CHERP in HeLa cells. Total RNA from duplicates of each condition was used for RNA-seq analysis and
AS changes were quantified using VAST-TOOLS. The number of AS events (y-axis) displaying increased inclusion (ΔPSI≥ 15%) or skipping (ΔPSI
≤−15%) are indicated for each type of AS event (x-axis). (B) Validation of events detected by VAST-TOOLS in RNA-seq data sets using indepen-
dent RNA samples and RT-PCR followed by capillary electrophoresis upon knockdown of SPF45, SR140, or CHERP in HeLa cells. RT-PCR PSI
values (bars) and VAST-TOOLS PSI values from RNA-seq data sets (orange line) display an overall correlation (R2) of 0.98 (shCNT), 0.73
(shSPF45), 0.76 (shSR140), and 0.57 (shCHERP). Data are represented as mean±SD for three biological replicates. (C ) Pairwise correlations
of PSI values from AS events (|ΔPSI|≥ 15%) upon knockdown of SPF45, SR140, or CHERP. Pearson correlation coefficients are shown in the upper
left corner. (D) Venn diagram of the overlap between differentially spliced cassette exons (CEx) upon knockdown of SPF45, SR140, and CHERP.
(E) Matt analyses of splicing regulatory sequence features enrichment, GC content, and length of CEx more included (UP) or more skipped
(DOWN) upon knockdown of SPF45, SR140, CHERP, or all three (Triple overlap) compared to a stratified control set of nonchanging alternative
exons. Sequence features include 5′ss and 3′ss strengths (maximum entropy scores), best predicted branch point (BP) sequence score, and poly-
pyrimidine tract (Py) sequence score. Normalized differences in the median of the scores of each feature between each condition and nonchang-
ing alternative exons were tested byMann–WhitneyU-tests ([∗] P<0.05; [∗∗] P<0.01; [∗∗∗] P<0.001). See also Supplemental Figure S4E,F. (F ) GO
analysis of alternatively spliced exons upon SPF45 knockdown in HeLa cells performed using GOrilla. In purple, “G2/M transition” categories. (G)
Word cloud depicting the genes from the “G2/M transition” categories from F. The size of genes is proportional to the ΔPSI of the contained
events in SPF45 knockdown samples and pink genes correspond to events regulated by the three knockdowns (triple overlap). See also
Supplemental Figures S4, S5.
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arrangement of features formore skippedexons. Theseob-
servations suggest that SPF45/SR140/CHERP tend to re-
press exons flanked by weak 3′ ss. Repressed exons tend
to be shorter (median length of 90 nt for those in the triple
overlap) and reside in genomic regions of overall lower
GC content, while the opposite is true for exons down-
regulated upon depletion of any of the components
of the complex (median length of 125 nt for those in the tri-
ple overlap) (Fig. 4E, right and middle panels and
Supplemental Fig. S5E). The introns flanking regulated ex-
ons tend to be shorter (Supplemental Fig. S5F). Introns re-
tained upon knockdown of SPF45, SR140, or CHERP also
tend to be shorter, they feature weaker polypyrimidine
tracts/3′ ss and reside ingenomic regionsof higherGCcon-
tent; the opposite trends are observed for introns more
spliced upon knockdown of these factors (Supplemental
Fig. S6A,B).

GO analysis of genes harboring alternative exons affect-
ed upon SPF45, SR140, or CHERP knockdowns revealed
an enrichment in terms related to cilium organization and
assembly (Fig. 4F; Supplemental Fig. S6C,D). In the case
of SPF45 we also find, interestingly, G2/M cell-cycle transi-
tions categories (Fig. 4F), with genes with important func-
tions in cell-cycle control (e.g., PLK3, CDK7, CLASP1, and
FOXM1) contributing prominently to this membership
(Fig. 4G and see below).

SPF45/SR140/CHERP regulate FOXM1 AS

Outof cell-cycle regulatory geneswhoseAS is regulatedby
SPF45, SR140, and CHERP, we first focused on FOXM1
because it encodes a transcription factor with key regulato-
ry roles in cell-cycle progression and particularly at the
G2/M transition (Laoukili et al. 2005). Knockdown of these
factors results in increased inclusion ofFOXM1exon9, or of
a shorter version of exon 9 that uses an alternative 5′ ss (Fig.
5A), both in HeLa and U2OS cells, using two independent
shRNAs (Fig. 5B; Supplemental Fig. S7A). In contrast, no
major changes were observed under the same conditions
in FOXM1 exon 6, which is also an alternatively spliced
exon (Supplemental Fig. S7B).

AS of FOXM1 exons 6 and 9 generate a variety of iso-
forms (Korver et al. 1997; Ye et al. 1997; Laoukili et al.
2007; Zhang et al. 2017b): FOXM1a contains only exon 9,
FOXM1b neither exon 6 nor 9, FOXM1c only exon 6 and
FOXM1d contains both (not analyzed in this study due to
its low expression) (Fig. 5C). Inclusion of exon 9 has been
reported to disrupt the transcriptional transactivation
domain, producing transcriptionally inactive FOXM1 iso-
forms (Ye et al. 1997), while FOXM1b and FOXM1c remain
functional. Inclusion of the 34 bp shorter version of exon 9
causes a frameshift which leads to the emergence of a pre-
mature termination codon (PTC) that could generate a trun-
cated protein lacking most of the transcription activation
domain or might target the mRNA for NMD (Fig. 5C).

Profiling of the four detectable isoforms in HeLa and
U2OS cells by RT-qPCR using isoform-specific primer pairs
confirmed that functional isoforms (FOXM1b and 1c) were
decreased, while nonfunctional isoforms (FOXM1a and 1a
short) were increaseduponknockdownof SPF45, SR140, or
CHERP (Fig. 5A,D). The total levels of FOXM1 transcripts or
FOXM1 protein were either not affected or slightly in-
creased (Fig. 5D; Supplemental Fig. S7C). However, results
of targeted proteomic analyses designed to detect pep-
tides common or specific to different isoforms were consis-
tent with a nearly fourfold decrease in the ratio between
functional and nonfunctional (c /1a) isoforms (Fig. 5E).

Given that FOXM1 functional isoforms are reduced
upon SPF45, SR140, or CHERP knockdowns, we analyzed
the expression of some FOXM1 transcriptional targets
(Sadasivam et al. 2012; Grant et al. 2013). A general trend
toward decreased expression of FOXM1 targets was
observed both examining RNA-seq data (Fig. 5F) or by
RT-qPCR analyses of AURKB, CENPA, and CCNB2 in
HeLa and U2OS (Supplemental Fig. S7E), the effects being
typically less significant for SR140 knockdown, consistent
with the more limited effects of this knockdown on
FOXM1 AS (Fig. 5A,B). The milder effects of the knock-
downs on FOXM1 AS in U2OS cells (Fig. 5B) may explain
that depletion of the complex does not lead toG2/Marrest
in this cell line.

Taken together, the results indicate that SPF45/SR140/
CHERP repress the expression of nonfunctional FOXM1
isoforms by inhibiting inclusion of FOXM1 exon 9.

AS of the SPF45/SR140/CHERP targets FOXM1
and SPDL1 influence cell proliferation

Deregulation of FOXM1 AS upon knockdown of SPF45,
SR140 or CHERP might contribute to the defects in cell
proliferation observed upon the knockdown of these fac-
tors. To test this hypothesis, we aimed to reverse the ef-
fects of the knockdowns on FOXM1 AS by using 2′-O-
methyl phosphorothioated antisense oligonucleotides
(AONs) targeting either the alternative 5′ ss of exon 9 or
both of the 5′ ss associated with this exon (Fig. 6A).
Transfection of these AONs into cells knocked down for
SPF45 reduced the levels of exon 9 inclusion in both
HeLa and U2OS cells (Fig. 6B). Clonogenic assays under
the same conditions showed that the AONs also induced
a reproducible, albeit partial, rescue of the decrease in col-
ony formation caused by SPF45 depletion in both cell lines
(Fig. 6C), as well as a trend toward restoring the levels of
FOXM1 target genes CENPA and CCNB2 (Supplemental
Fig. S7E). These results suggest that FOXM1 AS contrib-
utes, but is not the only—nor the main—alteration causing
cell proliferation defects induced by the knockdown of
SPF45/SR140/CHERP. Interestingly, however, the AONs
also caused a reduction in FOXM1 inactive isoforms in con-
trol cells, which also showed a trend toward increased
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FIGURE 5. SPF45/SR140/CHERP regulate FOXM1 AS. (A) Scheme of AS events involving FOXM1 exon 9 (upper panel) and their changes upon
knockdown of SPF45, SR140, or CHERPmeasured by RT-PCR followed by capillary electrophoresis (lower panel). The isoform identity of the am-
plification products is indicated. (B) Validation of FOXM1 exon 9 AS events (solid bars: full exon inclusion; striped bars: shorter exon inclusion)
changes measured as in A in HeLa and U2OS cells. Data are represented as mean±SD of three biological replicates, and P-values are calculated
comparing to shCNT by Student’s t-test ([∗] P<0.05; [∗∗] P<0.01; [∗∗∗] P<0.001). (C ) Structural domain organization of FOXM1 isoforms. The
different domains are indicated as well as the location and likely functional impact of inclusion of sequences corresponding to exon 6 and
exon 9 inclusion. PTC: premature termination codon. (D) Fold change over shCNT of mRNA levels of FOXM1 isoforms and total FOXM1 quan-
tified by RT-qPCR upon knockdown of SPF45, SR140, or CHERP in HeLa and U2OS cells. Data are represented as mean±SD of three biological
replicates, and P-values are calculated by comparing to shCNT by one-way ANOVA followed by Dunnett’s multiple comparison test ([∗] P<0.05;
[∗∗] P<0.01; [∗∗∗] P<0.001). (E) Relative abundance of the indicated common or isoform-specific peptides in control versus SPF45-depleted cells
by targeted proteomics, normalized by the levels of ACLY, and corresponding fold changes (in log2) between the two conditions. (F ) Relative
expression levels of known targets of transcriptional activation by FOXM1, quantified by Cuffdiff in RNA-seq data sets of knockdown of
SPF45, SR140, or CHERP in HeLa cells. Gene expression is displayed as FPKM values (y-axis) and significant values—according to Cuffdiff differ-
ential gene expression test—are indicated by an asterisk. See also Supplemental Figure S7.
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FIGURE 6. AS of the SPF45/SR140/CHERP target FOXM1 exon 9 influences cell proliferation. (A) Schematic diagram of antisense oligonucleo-
tides (AONs) targeting FOXM1exon 9 5′ss and alternative 5′ss to promote exon skipping. Upper/lower case indicates exonic/intronic nucleotides,
respectively. (B, upper panels) FOXM1 exon 9 isoforms inclusion (PSI) upon FOXM1 AONs (50 nM) transfection after SPF45 knockdown, assessed
by RT-PCR and capillary electrophoresis. AONs predicted not to target human sequences (control), targeting the alternative 5′ss of FOXM1 and
an equimolar combination of AONs targeting the 5′ss and alternative 5′ss (total 50 nM) were used in HeLa and U2OS cells. (Lower panel) quan-
tification of these results, represented as mean±SD of four biological replicates; P-values were calculated by Student’s t-test ([∗] P<0.05; [∗∗] P<
0.01) comparing the PSI values to those for CNTAONwithin each condition. (C ) Percentage of plated cells forming colonies (clonogenic capacity,
y-axis) upon FOXM1 AONs (50 nM) transfections in HeLa and U2OS cells knocked down for SPF45. Data are represented as mean±SD of four
biological replicates, and P-values are calculated by one-way ANOVA followed by Dunnett’s multiple comparison test (ns = not significant; [∗∗] P<
0.001; [∗∗∗] P<0.0001). (D) Schematic representation of predicted base-pairing interactions for canonical U1 snRNA and for engineered U1
snRNAs (alt 5′ss U1, 5′ss U1, and shifted U1) with FOXM1 exon 9 alternative 5′ss, 5′ss and downstream intronic region. Bases in bold indicate
sequences different from the canonical U1 sequence and black dots depict wobble base-pairings. (E) Quantification of FOXM1 exons 9 inclusion
(PSI) upon transfection of wild type or variant U1 snRNAs, measured by RT-PCR and capillary electrophoresis in HeLa cells. Cells were cotrans-
fected with a GFP plasmid to allow sorting of GPF-positive cells, which coexpress U1 snRNAs, 24 h after transfection. Data are represented as
mean±SD of three biological replicates, and P-values are calculated comparing to GFP by Student’s t-test ([∗∗] P<0.01; [∗∗∗] P<0.001). (F )
Clonogenic assay of GFP-positive HeLa cells sorted 24 h after cotransfection of GFP- and U1 snRNA-expressing plasmids. The number of colonies
is normalized to that of control samples transfected only with the GFP plasmid (y-axis). Data are represented as mean±SD of three biological
replicates, and P-values are calculated by one-way ANOVA followed by Dunnett’s multiple comparison test ([∗∗∗] P<0.0001). See also
Supplemental Figure S7.
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clonogenic capacity (Fig. 6B,C), again arguing that
FOXM1AS does have an impact on cell proliferation under
normal conditions.
To further test this idea, variants of U1 snRNA were en-

gineered to promote the inclusion of FOXM1 exon 9 as
previously described (Alanis et al. 2012; Rogalska et al.
2016). The U1 snRNAs harbored sequences at their
5′ end complementary to the two 5′ ss of exon 9 (5′ ss U1
and alt 5′ ss U1) or complementary to an intronic sequence
downstream from exon 9 (shifted U1). These sequences re-
place those located at the 5′ end of U1 snRNA that recog-
nize 5′ splice sites in general (canonical U1), which present
several mismatches with the 5′ ss of exon 9 (Fig. 6D).
Expression of 5′ ss U1—or shifted U1—plasmids in HeLa
cells promoted a significant increase in exon inclusion (of
both the short and long isoforms), while transfection of alt
5′ss U1 preferentially enhanced inclusion of the shorter
exon 9 isoformwhen compared to expression of GFPor ca-
nonical U1 (Fig. 6E). Induced inclusion of the longer exon 9
isoform correlated with decreased clonogenic capacity
(Fig. 6F), particularly for the shifted U1 construct which,
by targeting a unique intronic sequence rather than 5′ ss,
can exert its effects in amore selective and specific manner
(Rogalska et al. 2016). These results further argue thatmod-
ulation of FOXM1AS, which is regulated by SPF45/SR140/
CHERP, plays a role in the control of cell proliferation and
the capacity of cells to form colonies.
Given the variety of possible targets impacting cell divi-

sion, an interesting question is whether the SPF45/SR140/
CHERP complex itself is regulated through the cell cycle
and if this has an impact on the profiles of AS regulation
during cell-cycle progression. As a first test of this possibil-
ity we used RNA-seq data from synchronized HeLa cells
through two cell division cycles (Dominguez et al. 2016)
and analyzed the gene expression pattern of SPF45,
SR140, and CHERP. The three factors appear to fluctuate
across the different stages but only SR140, the likely
rate-limiting factor for complex formation (Fig. 1F), was
categorized as cell-cycle-regulated by Dominguez et al.
(Fig. 7A). The peak of SR140 expression at G2/M might in-
duce the highest levels of the complex to control stage-
specific AS events. To analyze the cycling nature of AS
events regulated by the complex, we overlapped the
events changing upon the three knockdowns with the cy-
cling events defined by Dominguez et al. and retrieved
28 AS events. These can be grouped in two distinct clus-
ters of profiles, the larger one including AS events in
cell-cycle regulators like CCDC99 and DUSP16 and in
FOXM1 exon 9 (Fig. 7B). This exon is more skipped right
before G2/M and becomes gradually more included after
G2/M, consistent with functional FOXM1 isoforms peaking
at the early stages of G2/M. Another interesting AS event
in this category affects exon 3 of the gene SPDL1, a regu-
lator of mitotic spindle assembly and orientation (Fig. 7C).
Knockdown of SPF45/SR140/CHERP increases exon 3 in-

clusion (Fig. 7D), which contains stop codons that interrupt
SPDL1 ORF and therefore can induce decreased expres-
sion of the full length SPDL1 protein and/or mRNA degra-
dation by NMD. Indeed, knockdown of SPF45 or CHERP
leads to decreased levels of SPDL1 protein (Fig. 7E). To as-
sess the functional impact of this AS event, we engineered
U1 snRNA variants designed to enhance inclusion of
SPDL1 exon 3, similar to the experiments aimed to in-
crease FOXM1 exon 9 described above (Fig. 6F).
Expression of two different shifted U1-plasmids (Fig. 7F)
in HeLa cells promoted a very significant increase in
exon 3 inclusion (Fig. 7G) and a significant decrease in clo-
nogenic capacity, proportional to the level of exon inclu-
sion achieved by the different U1 variants (Fig. 7H).
These results argue that modulation of different cell-cy-
cle-regulated AS events by SPF45/SR140/CHERP plays a
role in the control of cell proliferation.

DISCUSSION

Our results and those of De Maio et al. establish that splic-
ing factors SPF45, SR140, and CHERP form a physical com-
plex, as they stabilize each other in a variety of cell lines
(Fig. 1B,C) and, in cerebellum (De Maio et al. 2018), coim-
munoprecipitate (Fig. 2C; De Maio et al. 2018) and form a
high order complex in sedimentation (Fig. 2D) and size ex-
clusion chromatography analyses (De Maio et al. 2018).
This can explain the close functional effects of their individ-
ual knockdowns, revealed by a splicing network analysis
(Papasaikas et al. 2015) and further confirmed by extensive
transcriptome profiling (Fig. 4; Supplemental Figs. S3–S5;
De Maio et al. 2018). The three proteins are considered
17S U2 snRNP-associated factors and are found in com-
plexes E, A and B (Wahl et al. 2009). Moreover, some of
them interact directly with U2 snRNP components such
as SF3B1–4, with the branch point/polypyrimidine tract-
recognizing factors SF1/BBP and U2AF65 and with other
spliceosome components and regulators such as DHX15,
SNRNP200, PRP38, RBM5, and RBM10 (Corsini et al.
2007; Hegele et al. 2012; Lin-Moshier et al. 2013; Crisci
et al. 2015; De Maio et al. 2018). Nevertheless, SPF45,
SR140, and CHERP form a physically distinct complex,
because these other interactors are not significantly affect-
ed by SPF45, SR140, or CHERP knockdown (Fig. 1D; De
Maio et al. 2018) nor display equivalent sedimentation
profiles (Fig. 2D). However, the native molecular mass of
the complex (∼660 kDa) is compatible with the presence
of several copies of one or more of the three factors and/
or with the presence of some of the other interacting pro-
teins. For example, the DEAD-box helicase DHX15 shows
a sedimentation profile alike to that of the SPF45/SR140/
CHERP complex (Fig. 2D) and clustered together with
these factors in a high-throughput screen for regulators
of AS events linked to cell fate in mouse cells (Han et al.
2017), but its knockdown has a very weak effect on the
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FIGURE7. AS of the SPF45/SR140/CHERP target SPDL1 exon 3 influences cell proliferation. (A) Expression levels of SPF45, SR140, andCHERP in
a data setmonitoring gene expression levels through two continuous cell division cycles of synchronizedHeLa cells (Dominguez et al. 2016). Gene
expression values are displayed as normalized FPKM (y-axis) throughout two cell cycles after double thymidine block (x-axis). (B) Splicing pattern
of the 28 AS events regulated by SPF45, SR140, and CHERP that overlap with cycling events as defined by Dominguez et al. Splicing changes are
quantified as scaled PSIs (y-axis) through two cell division cycles after double thymidine block (x-axis). Events are grouped in two clusters (dark and
light gray lines) according to their cycling pattern; cluster 1 includes FOXM1 exon 9 (red line). (C ) Schematic representation of the alternatively
spliced exon 3 of the SPDL1 gene, which includes an in-frame premature termination codon (PTC) that down-regulates SPDL1 protein expression.
(D) Increased inclusion of SPDL1 exon 3 upon knockdown of the indicated components of the SPF45/SR140/CHERP complex, measured by RT-
PCR and gel electrophoresis (left panel), quantified in the right panel as mean±SD of three technical replicates, and P-values are calculated by
one-way ANOVA test ([∗∗∗] P<0.001). (E, left panels) Representative western blot analysis of the levels of SPDL1 protein upon knockdown of the
indicated factors. (Right panels) Quantification of western blot analysis for three biological replicates. (F ) Schematic representation of predicted
base-pairing interactions for canonical U1 snRNA and for shifted U1 snRNAs with SPDL1 exon 3 5′ss and downstream intronic region. Bases in
bold indicate sequences different from the canonical U1 sequence. (G) Quantification of SPDL1 exon 3 inclusion (PSI) upon transfection of
wild type or variant U1 snRNAs, measured by RT-PCR and capillary electrophoresis in HeLa cells. Cells were cotransfected with a GFP plasmid
to allow sorting of GPF-positive cells, which coexpress U1 snRNAs shown in F, 24 h after transfection. Data are represented as mean±SD of three
biological replicates and P-values were calculated by Student’s t-test ([∗∗∗] P<0.001). (G ) Clonogenic assay of GFP-positive HeLa cells sorted 24 h
after cotransfection of GFP- andU1 snRNA-expressing plasmids shown in F. The number of colonies is normalized to that of control samples trans-
fected only with the GFP plasmid (y-axis). Data are represented as mean±SD of three biological replicates and P-values calculated by one-way
ANOVA test ([∗∗∗] P<0.001).
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AS events of our splicing network (Supplemental Fig. S1B,
C) and its protein levels seem to increase, rather than
decrease, upon SPF45, SR140, or CHERP knockdowns
(Supplemental Fig. S1D,E). It is possible that DHX15, or
other interactors of the SPF45/SR140/CHERP complex,
form physical and functional complexes only in particular
cell types or cellular contexts. Other peaks in the sedimen-
tation profile of SPF45, SR140, or CHERP (∼160 kDa) (Fig.
2D) would be compatible with monomers of SR140 and
CHERP and with oligomers of SPF45 (Frenal et al. 2006).
Based upon the requirement of coexpression with SPF45
and CHERP for its overexpression (Fig. 1F), and the exten-
sive overlap of SR140-regulated AS events with SPF45 and
CHERP targets (Supplemental Fig. S4C), we propose that
SR140 principally accumulates as part of the SPF45/
SR140/CHERP complex, as well as in an approx. 160 KDa
complex revealed by sedimentation assays (Fig. 2D) in
which SR140 is likely stabilized by other partners and pos-
sibly involved in other functions.

Mechanism of splicing regulation

Consistent with the association of the SPF45/SR140/
CHERP complex with 17S U2 snRNP (Wahl et al. 2009), al-
ternative 3′ss and CEx feature prominently among the AS
classes commonly affected upon SPF45, SR140, and
CHERP knockdowns, while alternative 5′ss were the least
affected (Fig. 4D; Supplemental Fig. S4C). Interestingly,
the alternative CEx included upon each of the knockdowns
correspond to short exons (including many microexons),
harboring weak 3′ss and often leading to CDS disruption
upon exon inclusion (Fig. 4E; Supplemental Fig. S6E), in
a number of cases involving cell-cycle genes. We propose
that the SPF45/SR140/CHERP complex is a repressor of
short, CDS-disrupting exons, which acts as a built-in proof-
reading activity within the spliceosome. This activity has re-
semblances with the proposed role of SPF45 in cryptic
splice site repression in Purkinje cells (Tan et al. 2016)
and of the three factors in HEK293T cells (De Maio et al.
2018). Motif analysis of the cryptic splice sites repressed
by SPF45 in Purkinje neurons revealed A-rich motifs and
three consensus AG motifs near the 3′ss (Tan et al.
2016). The interplay between AG dinucleotides is likely
to be important for SPF45 function, as SPF45 has been
shown to bind and activate an AG upstream of the polypy-
rimidine tract in Drosophila SXL exon 3, in this case result-
ing in exon inclusion (Lallena et al. 2002). Recently, Keiper
et al. reported that splicing factors Smu1 and RED facilitate
the activation of spliceosomal B complexes assembled on
short introns (Keiper et al. 2019). Interestingly, recent re-
sults by the Mayeda laboratory also revealed a role for
SPF45 in splicing of short introns (Fukumura et al. 2019).
It seems likely that architectural built-in features of the spli-
ceosome, including the need for multiple UHM-ULM inter-
actions of SPF45 with SF1/BBP, U2AF65, and SF3B1 for

SPF45-mediated control (Corsini et al. 2007) are behind
the regulatory properties of SPF45/SR140/CHERP and
the substrate length features (activation of short introns, re-
pression of short exons) of its targets.

Biological effects on cell proliferation

In what physiological context are the splicing regulatory
activities of the complex displayed? Disruption of the
SPF45/SR140/CHERP complex strongly inhibits cell prolif-
eration, clonogenicity and cell-cycle progression and stim-
ulates apoptosis (Fig. 3; Supplemental Fig. S2). Several
genes changing in expression or in AS upon the knock-
down of these factors play important roles in cell prolifera-
tion and mitotic progression and could mediate these
effects. Because of theG2/M arrest observed in HeLa cells,
we inititally focused on FOXM1, a master regulator of this
transition whose exon 9 (in two length versions) becomes
included upon SPF45, SR140, or CHERP knockdown (Fig.
5B–D), concomitant with a reduction in the expression of
FOXM1 transcriptional targets, including key regulators
of cell-cycle progression such as AURKB or CCNB2 (Fig.
5F). Reverting FOXM1 exon 9 repression in HeLa and
U2OS SPF45-depleted cells using AONs results only in
partial—but reproducible—rescue of the clonogenic ca-
pacity of cells (Fig. 6C). However, the converse experiment
of inducing FOXM1 exon 9 inclusion through targeting of
modified U1 snRNP downstream from the exon (Alanis
et al. 2012; Rogalska et al. 2016) mimics the effects of
SPF45/SR140/CHERP depletion, causing significant de-
creases in the clonogenic capacity of HeLa cells (Fig. 6F).
Thus, FOXM1 is a relevant target of SPF45/SR140/
CHERP-mediated regulation of cell cycle, but other targets
must contribute to the phenotype.
Attractive additional targets include members of the mi-

totic apparatus such as CLASP1, PLK3, LATS1, and
SDCCAG8, which are modulated by the three factors
(Fig. 4G) and feature prominently as members of the G2/
M GO categories of genes alternatively spliced upon
SPF45 knockdown. Given their essential functions in mito-
sis (Neumann et al. 2010), AS modulation of AURKB and
INCENP could have important implications as well. The
knockdown of SPF45, SR140, or CHERP also promotes
MDM4 exon 6 skipping, which inhibits cancer growth
when induced using AONs (Dewaele et al. 2016). Several
genes involved in the maintenance of sister chromatid co-
hesion are also alternatively spliced upon the three knock-
downs, including NIPBL, POGZ, SMC4, and CHTF8.
UPF3A exon 4, which is activated by SR140 and CHERP
in colon carcinoma cell lines by binding to a motif within
the exon (Wang et al. 2019), could also contribute to the
phenotype, as overexpression of the long UPF3A isoform,
a NMD repressor, but not of the short nonfunctional iso-
form, greatly rescued the clonogenic capacity upon
siSR140 or siCHERP treatment (Wang et al. 2019). Our
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analysis of the consequences of inducing inclusion of
SPDL1 exon 2, which reduces the levels of SPDL1 protein,
show that this regulator of mitotic spindle assembly and
orientation is another functionally relevant target of the
SPF45 complex in the control of cell growth (Fig. 7).

Alternative mechanisms for regulating the activity of the
SPF45/SR140/CHERP complex during cell cycle could also
operate, for example through the control of the interac-
tions between its components by phosphorylation (Al-
Ayoubi et al. 2012; Liu et al. 2013).

Another attractive physiological context for modulation
of SPF45/SR140/CHERP activity is the DNA Damage
Response (DDR). A recent study has shown an increase in
double-strand breaks upon SR140 or CHERP knockdowns
in RKO cells and mouse xenografts (Wang et al. 2019). On
the other hand, SPF45 is recruited to DNA damage sites,
binds DNA and interacts with DNAdamage repair proteins
(Horikoshi et al. 2010) and Drosophila SPF45 can rescue
the sensitivity to a mutagen and repair the DNA breaks in-
duced during transposition (Chaouki and Salz 2006). One
possible scenario would be that upon DNA damage
SPF45 is mobilized to DNA damage sites and leaves the
SPF45/SR140/CHERP complex, which in turn would lead
to the production of a nonfunctional FOXM1 isoform and
G2/M arrest, which is a feature of DDR. Further work will
be needed to explore the interplay between DDR and
RNA processing factors and the roles of SPF45/SR140/
CHERP complex components in these processes.

MATERIALS AND METHODS

Cell culture

HeLa cells were cultured in Glutamax Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal
bovine serum (FBS), 500 U/mL penicillin and 500 µg/mL strepto-
mycin. U2OS cells were cultured in McCoy’s 5A (modified) medi-
um (Gibco) supplemented with 10% FBS, 500 U/mL penicillin and
500 µg/mL streptomycin. Flp-In T-Rex HeLa host cell line was
cultured in Glutamax DMEM supplemented with 10% FBS,
500 U/mL penicillin, 500 µg/mL streptomycin, 50 µg/mL zeocin,
and 5 µg/mL blasticidin. Flp-In T-Rex HeLa stable cell lines were
cultured in Glutamax DMEM supplemented with 10% Tet System
ApprovedFBS (Takara), 500U/mLpenicillin, 500 µg/mL streptomy-
cin, 150 µg/mL hygromycin, and 5 µg/mL blasticidin. All cells were
maintained at 37°C in a 5% CO

2
humidified incubator.

siRNA and plasmid transfection

For siRNA transfection, 300,000 HeLa or 250,000 U2OS cells per
well were plated on six-well plates and cultured overnight. Cells
were incubated with 60 nM of siRNA complexed with 5 µL of
Lipofectamine RNAiMAX (Invitrogen) in OPTI-MEM (Gibco) for
6 to 8 h and then media was replaced. Cells were collected
72 h after transfection.

For plasmid transient transfection, 350,000 HeLa cells per well
were plated on six-well plates and cultured overnight. Cells were
incubated with 3 µL of Lipofectamine 2000 (Invitrogen) com-
plexed with a maximum of 1 µg of plasmid DNA in 1 mL of
OPTI-MEM for 6 h and media was replaced after that. Cells
were collected 48 h after transfection.

RNA extraction and reverse transcription

Routinely, total RNA was extracted using Maxwell RNAeasy kit
(Promega) following the manufacturer’s instructions. For RNA-seq
experiments, total RNA extraction was carried out using RNeasy
Mini Kit (Qiagen) following the manufacturer’s instructions.

Reverse transcription (RT) was performed with 200 ng–1 µg of
total RNA in the presence of 125 ng of random primers (Invitro-
gen), 50 pmol of oligo dT (Sigma) and 0.5 µL of Superscript III re-
verse transcriptase (Invitrogen) in a total volumen of 20 µL.

PCR and quantitative PCR

Semiquantitative PCR reactions were carried out with 1–2 µL of
cDNA and 0.2 µL of GoTaq DNA Polymerase (Promega) in a total
reaction volume of 30 µL according to the manufacturer’s instruc-
tions. Typical parameters for the reactions were: 3 min at 94°C, 30
cycles of 30 sec at 94°C, 30 sec at 60°C, 30 sec at 72°C and a final
incubation of 1 min at 72°C.

Quantitative PCR (qPCR) reactions were carried out with 4 µL of
diluted cDNA, 0.4 µM of each primer, and 5 µL of Power SYBR
Green PCRmastermix (Applied Biosystems) in a total reaction vol-
ume of 10 µL. Technical replicates for each experimental sample
were analyzed in a ViiA 7 Real-Time PCR system (Applied
Biosystems) using the standard curve method. Relative expres-
sions were calculated using the quantity mean normalized by
GAPDH.

Protein extraction and western blot analysis

Protein extraction was performed by resuspending cells in RIPA
buffer (50 mM Tris-HCl pH 7,4; 100 mM NaCl; 1% NP-40; 0.5%
sodium deoxycholate; 2 mM EDTA; 0.1% SDS; 1 mM DTT; 1×
protease inhibitors), incubating them on ice for 30 min, vortexing
every 5–10 min and centrifuging the lysates at 15,700g at 4°C for
15 min. Supernatants were collected and quantified using the
Bradford Protein Assay Kit (Bio-Rad). To study phospho-proteins,
protein extracts were prepared by resuspending freshly collected
cells in RIPA buffer (as before) supplementedwith β-glycerolphos-
phate and sodium orthovanadate and snapped frozen before
keeping them at −80°C.

For western blot analysis, 20 µg of total protein were resolved in
8% SDS-polyacrylamide gels and transferred onto nitrocellulose
membranes (Amersham Biosciences). Membranes were blocked
for 1h at room temperature with 10% (w/v) skimmed milk or
BSA (Sigma) diluted in PBST (PBS, 0.1% Tween-20) and probed
overnight at 4°C with primary antibodies diluted in 5% skimmed
milk or BSA in PBST. The following day membranes were washed
three times for 10 min with PBST and incubated with horseradish
peroxidase-conjugated secondary antibodies diluted in 5%
skimmed milk in PBST for 1 h at room temperature. Protein signal

Martín et al.

1570 RNA (2021) Vol. 27, No. 12



was detected by chemiluminiscence using Amersham Hyperfilm
ECL (GE Healthcare). Bands were quantified using ImageJ. For
Figure 3E and Supplemental Figure S2E, protein extracts from
the same number of cells (counted before protein extraction)
were loaded per lane. Western blots of phospho-proteins were
performed as described before but using TBST (TBS, 0.1%
Tween-20) and BSA instead of PBST or milk. Li-COR secondary
antibodies were used and analyzed on an Odyssey CLX.

Targeted proteomics

After electrophoresis in SDS polyacrylamide gels, gel slices corre-
sponding to the region of migration of FOXM1 proteins were de-
stained with 40%ACN/100 mMABC, reduced with dithiothreitol (2
mmols, 30min, 56°C) and alkylated in the dark with iodoacetamide
(11mmols,30min,25°C).Gel sliceswere thendehydratedwithACN
anddigestedwith0.8μgof trypsin (Promega, cat#V5113)overnight
at 37°C.After digestion, peptides were extracted, acidifiedwith for-
mic acid, and desalted with a MicroSpin C18 column (The Nest
Group, Inc.). Unique peptides for isoform FOXM1a short and
FOXM1a(VFGEQVVFGYMSAASandVFGEQVVFGYMSK)peptides
were chemically synthesized using carboxy-terminal 13C6, 15N2-
Lysine or 13C3, 15N1-Arginine fourteen (Thermo Fisher Scientific,
Germany) and spiked into the sample.

Sampleswere analyzedusing anOrbitrap Eclipse (ThermoFisher
Scientific) coupled to an EASY-nanoLC 1200UPLC system (Thermo
Fisher Scientific). Peptides were loaded directly onto the analytical
column and were separated by reversed-phase chromatography
using a 50-cm column with an inner diameter of 75 µm, packed
with 2 µm C18 particles spectrometer (Thermo Scientific).
Chromatographic gradients started at 95% buffer A and 5% buffer
B with a flow rate of 300 nL/min for 5 min and gradually increased
to 25% buffer B and 75% A in 79min and then to 40% buffer B and
60%A in 11min. After each analysis, the columnwaswashed for 10
min with 10%buffer A and 90%buffer B. Buffer A: 0.1% formic acid
in water. Buffer B: 0.1% formic acid in 80% acetonitrile. The mass
spectrometer was operated in positive ionization mode with an
EASY-Spray nanosource at 2.4 kV and at a source temperature of
305°C. A full MS scan with 1 micro scan at a resolution of 30,000
was used over a mass range of m/z 350–1400 with detection in
the Orbitrap mass analyzer. A PRM (parallel reaction monitoring
method) was used for data acquisition with a quadrupole isolation
window set to 1.4 m/z and MSMS scans over a mass range of m/z
300–2000, with detection in the Orbitrap at a resolution of 60,000.
MSMS fragmentation was performed using HCD at 30 NCE, and
the auto gain control (AGC) was set to 1×105 andmaximum injec-
tion time of 118 msec. Peptide masses (m/z) were defined in the
PRM method for further fragmentation (Table 1) as follows:

Skyline software (MacLean et al. 2010) (v20.2.0.343) was used
to generate the libraries (observed as the output of the
MaxQuant [1.6.10] search and predicted with Prosit [Gessulat
et al. 2019]) and to extract the fragment areas of each peptide.

Generation of stable Flp-In T-Rex HeLa cell lines
and rescue experiment

For stable cell line generation, 700,000 Flp-In T-Rex HeLa cells
(Invitrogen) were plated on 60 mm plates and transfected the fol-
lowing day with 6 µL of Lipofectamine 2000 (Invitrogen), 0.3 µg of

pcDNA5/FRT/TOexpression vector and 2.7 µgof pOG44plasmid
following the standard procedure. Cells were incubated for 8 h,
then media was replaced and 24 h after transfection cells were
trypsinized and selected with 150 µg/mL hygromycin and 5 µg/
mL blasticidin. After 12 d of selection, colonies were picked using
amicropipettewith 5 µL of trypsin and expanded in 12-well plates
in the presence of hygromycin and blasticidin. Clones were
screened for overexpression levels upon tetracycline addition
(1 µg/mL), and those with highest expression levels were expand-
ed and stored.
For the rescue experiment, we used the established Flp-In T-

Rex HeLa stable cell lines. 200,000 cells per well were plated on
six-well plates and transfected the following day with 3′UTR-tar-
geting siRNAs following the standard procedure. Twenty-four
hours after siRNA transfection, expression of the flipped-in re-
combinant proteins was induced using tetracycline (1 µg/mL)
and cells were collected after 48 h of tetracycline treatment.

Coimmunoprecipitation experiments

A total of 850 µg of total protein extract were diluted in RSB100
buffer (10 mM Tris-HCl pH 7.4, 100 mM NaCl, 2.5 mM MgCl2,
0.5% Triton X-100, 1 mM DTT, 1× protease inhibitors) and

TABLE 1. Amino acid sequence of the peptides used in
targeted proteomics analyses

Peptide and isoform name m/z z

VSFWTIHPSANR_FOXM1 472.25 3

HNLSLHDMFVR_FOXM1 456.90 3

VSSYLVPIQFPVNQSLVLQPSVK_z3_FOXM1 848.15 3
LLFGEGFSPLLPVQTIK_FOXM1c_FOXM1a 930.04 2

VLLAEEGIAPLSSAGPGK_FOXM1a 854.98 2

VFGEQVVFGYMSK_z2_FOXM1a 745.87 2
VFGEQVVFGYMSK_z3_FOXM1a 497.58 3

VFGEQVVFGYMoxSK_z2_FOXM1a 753.87 2

VFGEQVVFGYMoxSK_z3_FOXM1a 502.91 3
VFGEQVVFGYMSAAS_z2_FOXM1a short 796.38 2

VFGEQVVFGYMSAAS_z3_FOXM1a short 531.25 3

VFGEQVVFGYMoxSAAS_z2_FOXM1a short 804.37 2
VFGEQVVFGYMoxSAAS_z3_FOXM1a short 536.59 3

VANVELYYR_CLH1 563.80 2

EAIDSYIK_CLH1 469.75 2
FICTTSAIQNR_ACLY 655.83 2

VDATADYICK_ACLY 578.27 2

VFGEQVVFGYMSKheavy_z2_FOXM1a 749.87 2
VFGEQVVFGYMSKheavy_z3_FOXM1a 500.25 3

VFGEQVVFGYMoxSKheavy_z2_FOXM1a 757.87 2

VFGEQVVFGYMoxSKheavy_z3_FOXM1a 505.58 3
VFGEQVVFGYMSAAheavyS_z2_FOXM1a short 798.38 2

VFGEQVVFGYMSAAheavyS_z3_FOXM1a short 532.58 3

VFGEQVVFGYMoxSAAheavyS_z2_FOXM1a short 806.37 2
VFGEQVVFGYMoxSAAheavyS_z3_FOXM1a short 537.92 3

The peptides’ corresponding isoform names, mass/charge number ratios
(m/z), and charge number of ions are also indicated.
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precleared with 20 µL of Dynabeads Protein A (Thermo Fisher
Scientific) for 45min at 4°C with rotation. Antibody-coated beads
were prepared by incubating 40 µL of beads in 1 mL of RSB100
with 2 µg of rabbit IgG, 2 µg of anti-CHERP or 20 µL of anti-
SPF45 for 45min at 4°C with rotation. The beads bound to the an-
tibodies were washed with RSB100 three times and resuspended
with the precleared extracts. After overnight incubation, beads
were washed with RSB100 four times and resuspended in 50 µL
of 2× SDS loading buffer. Immunoprecipitates were resolved by
SDS-PAGE and coimmunoprecipitating proteins were identified
by western blot analyses.

Glycerol gradient fractionation

A total of 1 mL of commercial HeLa nuclear extract was first con-
centrated using an Amicon 5k Filter Unit (Merck Millipore) and
then applied to a 10 mL 5%–40% glycerol gradient prepared in
a dilution buffer (20 mM HEPES pH 7.9, 150 mM KCl, 0.2 mM
EDTA, 0.1% NP-40, 1× protease inhibitors and 0.5 mM DTT).
After 22 h of centrifugation at 33,000 rpm in a SW41Ti rotor
(Beckman) at 4°C, 24 fractions of 500 µL were manually collected
from the top to the bottomof the gradient. A total of 20 µL of each
fraction were analyzed by western blotting. To estimate the mo-
lecular weights of the fractions, a parallel gradient was loaded
with molecular mass standards (Gel Filtration High Molecular
Weight Calibration Kit), separated by SDS-PAGE and stained
with Coomassie.

Lentiviral production and infection

For lentiviral particle production, 7.5 million low passage 293T/17
cells were seeded in 15 cm plates, incubated overnight and 2 h
before transfection media was replaced. For each plate, 44 µg
of pLKO.1-shRNA (Sigma), 13 µg of VSV-G envelope and 33 µg
of delta 8.9 packaging vectors were mixed with 1125 µL of endo-
toxin-free water (Sigma, W-3500) and 125 µL of 2.5 M CaCl2
(Sigma). After incubating the mix for 5 min in a rotor, 1250 µL of
2× HBS pH 7.2 (281 mM NaCl, 100 mM HEPES, 1.5 mM
Na2HPO4) were added in a drop-wise manner. After 10min of in-
cubation at room termperature, the precipitate was added drop-
wise to the cells and incubated for 30 h. Virus-containing
supernatants were collected, filtered (0.22 µm) and centrifuged
at 20,000rpm at 4°C for 2 h in a SW32Ti rotor (Beckman).
Lentiviral pellets were resuspended in 80 µL of PBS and kept at
−80°C.

For lentiviral infections, cells were incubated with concentrated
lentivirus overnight and subcultured with fresh medium the fol-
lowing day. Forty-eight hours after infection, cells were selected
with puromycin (1 µg/mL for U2OS, 2 µg/mL for HeLa) for 2 d.

Phenotypic assays

After lentiviral infection and puromycin selection, HeLa or U2OS
cells were cultured in media without puromycin for 1 d (cell prolif-
eration and clonogenic assays) or 3 d (cell cycle and apoptosis as-
says), and phenotypic assays were performed.

Cell proliferation assays

In six-well plates, or 12-well plates, 150,000 or 65,000 cells were
plated per well respectively, incubated overnight and counted at
24 h intervals using a Countess Automated Cell Counter
(Invitrogen) for 4 d.

Clonogenic assays

In six-well plates, 1000 HeLa or 2000 U2OS cells per well were
maintained in culture, replacing the medium every 3 d, until col-
onies were visible. Cells were fixed with 1 mL of methanol for
10 min at room temperature and stained with 5% Giemsa. After
extensive washing, plates were dried and scanned. Colonies
were counted using ImageJ.

Cell-cycle assays

After trypsinization, 500,000 cells were washed twice in PBS and
resuspended in 150 µL of PBS. A total of 350 µL of absolute eth-
anol previously incubated at −20°C, was added slowly while vor-
texing. After overnight incubation at 4°C, cells were pelleted at
2320 g and washed twice with PBS. Cells were resuspended in
500 µL of PBS with 7.5 µg of propidium iodide (Molecular
Probes) and 150 µg of RNase A (Sigma) and incubated overnight
at 4°C. Cells were analyzed with a BD FACScalibur flow cytometer
(BD Biosciences) and results were analyzed using ModFit.

Mitotic (pH3S10) cells staining

Cells were fixed following the same procedure as for the cell-cycle
assays. After the second PBS wash, 106 cells were resuspended in
1 mL of PBS containing 0.25% Triton X-100 and incubated on ice
for 15 min. Cells were spun at 5000 rpm for 5 min, washed once
with 1 mL of PBS and resuspended in 100 µL of 1%BSA (in PBS)
containing the antibody against phospho-H3 serine 10 (1/1000).
Cells were incubated at 4°C ON followed by the addition of
1 mL of 1%BSA (in PBS) and spinning at 5000 rpm for 5 min.
Cells were resuspended in 100 µL of anti-rabbit Alexa 488 (1/
250) diluted in 1%BSA (in PBS) and incubated at RT for 30 min
in the dark. After adding 1 mL of PBS and centrifuging the cells
at 5000 rpm for 5 min, cells were stained with propidium iodide
following the same procedure as in the cell-cycle assays but incu-
bating for 30 min at 37°C in the dark. Cells were analyzed with a
BD LSR II flow cytometer (BD Biosciences) and results were ana-
lyzed using FlowJo.

Apoptosis assays

After trypsinization, 100,000 cells were washed in PBS, resus-
pended in 195 µL of 1× binding buffer and incubated with 5 µL
of annexin V-FITC (eBioscience) for 10 min at room temperature
in the dark. After centrifugation, the cells were again washed
with 1× binding buffer and resuspended in 190 µL of binding buff-
er and 0.2 µg of propidium iodide (eBioscience). Cells were ana-
lyzed with a BD FACScalibur flow cytometer (BD Biosciences) and
results were analyzed using BD FACSDiva.
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Antisense oligonucleotide transfection and rescue
experiment

After lentiviral infection and 48 h of puromycin selection,
∼500,000 cells were plated in six-well plates for AON transfec-
tion. The following day, cells were incubated with 50 nM of
AONs complexed with 3.75 µL of Lipofectamine RNAiMAX
(Invitrogen) in a 1:1 mix of OPTI-MEM and media without antibi-
otics for 6 h and thenmedia was replaced. Twenty-four hours after
ASO transfection, cells (shSPF45: 15,000 for HeLa and 7500 for
U2OS, shCNT: 3000 and 7500 for both) were plated for clono-
genic assays performed as described above.

U1 snRNAs transfection

500,000 HeLa cells were cotransfected with 100 ng of pmaxGF
and U1 2500 ng of modified U1snRNA plasmids using an
Amaxa Nucleofector (Lonza). GFP-positive cells were sorted
24 h after nucleofection and used for RT-PCR and clonogenic
experiments.

RNA-seq analysis

Data sets

Total RNA from three replicates per condition was analyzed using
a Bioanalyzer (Agilent), and the best two replicates for each con-
dition according to RNA quality were used for RNA sequencing.
Strand-specific libraries were built and sequenced at the Center
for Genomic Regulation (CRG) Genomics Unit using 125 bp
paired-end reads. The RNA-seq data generated during the cur-
rent study have been deposited in NCBI’s Gene Expression
Omnibus database and are accessible throughGEO Series acces-
sion number GSE180892.

Differential gene expression

Reads alignment was performed using STAR (Dobin et al. 2013)
(genome annotation hg19), and differential gene expression anal-
yses were performed using CuffDiff (Trapnell et al. 2013) and set-
ting the following parameters: log2 fold change≥ 0.6 or ≤−0.6,
ΔFPKM>1, status OK, significant YES.

Gene ontology

Functional enrichment analyses were performed using GOrilla
(http://cbl-gorilla.cs.technion.ac.il/). For differentially expressed
genes the background used was set as: status OK. For alternative-
ly spliced genes a background set provided by VAST-TOOLS was
used as a control.

AS analysis

Splicing analyses of RNA-seq data were performed using VAST-
TOOLS v2.2.2 using the hg19 library (Irimia et al. 2014; Tapial
et al. 2017). For all events, a minimum read coverage of 10 actual
reads per sample was required, as described in Irimia et al. (2014).
PSI values for single replicates were quantified for all types of al-
ternative events, including single and complex cassette exons
(S, C1, C2, C3, ANN), microexons (MIC) alternative 5′ss and 3′ss

(Alt5, Alt3) and retained introns (IR-S, IR-C). A minimum absolute
ΔPSI of 15% was required to define differentially spliced events
upon each knockdown, as well as a minimum range of 5% be-
tween the PSI values of the two samples. See https://github
.com/vastgroup/vast-tools for details. For pairwise PSI compari-
sons, a Pearson correlation coefficient was calculated between
the PSI values of the overlapping events [only AS events differen-
tially spliced (|ΔPSI|≥15%) in both conditions were considered].

Sequence features analysis

Splicing regulatory features, GC content and length analyses were
performed using Matt v1.3.0 (Gohr and Irimia 2018), comparing
differentially spliced events to a set of control alternative non-
changing events stratified to match the GC content of each set
of events changing upon knockdown of SPF45/SR140/CHERP or
the three of them (maximum deviation 0.01). Sequence features
analyzed include 5′ss and 3′ss strength scores calculated according
to the maximum entropy model (Yeo and Burge 2004) and best
predicted branch point (BP) sequence and polypyrimidine tract
(Py) sequence scores determined using the best predicted BP for
each exon (Corvelo et al. 2010). Median score differences of
each sequence feature (with the exclusion of GC content and
lengths) were calculated between each condition and the set of
control alternative nonchanging events and normalized on the
maximum difference observed for the feature across the data set.
Statistical significance was tested by Mann–Whitney U-tests.

ORF impact prediction

Potential ORF impact of alternative exons was predicted as de-
scribed in Irimia et al. (2014). First, exons were mapped on the
coding sequence (CDS) or 5′/3′ untranslated regions (UTR) of
genes. Events mapping on the CDS were divided into CDS-pre-
serving (exon length is multiple of 3, exon contains a PTC not pre-
dicted to undergo NMD or contains a start or stop codon) or
CDS-disrupting. Exons can disrupt the CDS upon inclusion
(exon causes frameshift, contains a PTC predicted to undergo
NMD or a PTC that truncates the protein by >300 aa) or upon ex-
clusion (exon causes a frameshift). Noncoding exons can affect
noncoding RNAs, 5′UTRs, or 3′UTRs.

Cycling gene expression and AS events.

To check for periodic changes in gene expression of the SPF45/
SR140/CHERP complex associated with cell-cycle progression,
we used normalized gene expression values from (Dominguez
et al. 2016). To investigate the overlap between periodic AS chang-
es and targets of SPF45/SR140/CHERP complex, we reanalyzed
this RNA-seq data set using VAST-TOOLS v2.2.2 (Irimia et al.
2014) andoverlappedpreviously identified cell-cycle-specific alter-
native exons with exons regulated by SPF45/SR140/CHERP.

Quantification and statistical analysis

Statistical analyses

P-values were calculated by two tailed Student’s t-test (Excel),
χ2-square test (Excel) or one-way ANOVA followed by Dunnett’s
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multiple comparison test (GraphPad Prism). Statistical details of
experiments can be found in figure legends.

PCR quantification

After RT-PCR, diluted PCR products were quantified by high-
throughput capillary electrophoresis using a Labchip GX Caliper
workstation (Caliper, PerkinElmer) and a HT DNA 5K LabChip
chip (PerkinElmer). Isoform concentrations were calculated based
on the nanomolar content of the corresponding band with
LabChip GX software.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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