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ABSTRACT

Altered splicing contributes to the pathogenesis of human blood disorders including myelodysplastic syndromes (MDS)
and leukemias. Herewe characterize the transcriptomic regulation of PRPF40B, which is a splicing factormutated in a small
fraction ofMDS patients. We generated a full PRPF40B knockout (KO) in the K562 cell line by CRISPR/Cas9 technology and
rescued its levels by transient overexpression of wild-type (WT), P383L or P540S MDS alleles. Using RNA sequencing, we
identified hundreds of differentially expressed genes and alternative splicing (AS) events in the KO that are rescued byWT
PRPF40B, with a majority also rescued by MDS alleles, pointing to mild effects of these mutations. Among the PRPF40B-
regulated AS events, we found a net increase in exon inclusion in the KO, suggesting that this splicing factor primarily acts
as a repressor. PRPF40B-regulated splicing events are likely cotranscriptional, affecting exons with A-rich downstream
intronic motifs and weak splice sites especially for 5′′′′′ splice sites, consistent with its PRP40 yeast ortholog being part of
the U1 small nuclear ribonucleoprotein. Loss of PRPF40B in K562 induces a KLF1 transcriptional signature, with genes in-
volved in ironmetabolism andmainly hypoxia, including related pathways like cholesterol biosynthesis and Akt/MAPK sig-
naling. A cancer database analysis revealed that PRPF40B is lowly expressed in acute myeloid leukemia, whereas its
paralog PRPF40A expression is high as opposed to solid tumors. Furthermore, these factors negatively or positively cor-
relatedwith hypoxia regulator HIF1A, respectively. Our data suggest a PRPF40B role in repressing hypoxia inmyeloid cells,
and that its low expression might contribute to leukemogenesis.

Keywords: alternative splicing; PRPF40B; hypoxia; myelodysplastic syndromes; acute myeloid leukemia

INTRODUCTION

Alternative splicing (AS) generates more than one mRNA
and often more than one protein per gene, so it largely
contributes to the complexity of the human transcriptome
and proteome (Nilsen and Graveley 2010; Lee and Rio
2015). AS can be sorted into distinct types, such as cas-
sette-exon inclusion, intron retention (IR), or use of alterna-
tive 5′ or 3′ splice sites (5′ss, 3′ss), which can generate
protein isoforms with altered, antagonistic, or unrelated
functions. Despite advances in computational predictions
(Xiong et al. 2015), AS profiles for each cellular condition
still rely on high-throughput methods (Licatalosi and
Darnell 2010; Barbosa-Morais et al. 2012; Merkin et al.
2012).

AS patterns are established by the combinatorial effects
of (i) cis-acting splicing elements, including5′ss or 3′ss at ei-
ther side of intron, branchpoint sequence (BPS) and exonic
or intronic splicingenhancers or silencers; (ii) cognate trans-
acting splicing factors (SFs) that bind to these sequences to
either activate or repress splice-site usage (Busch and
Hertel 2012); (iii) structure of the pre-mRNA substrate;
and (iv) transcription and chromatinmodifications, because
splicing largely occurs during nascent transcript synthesis
with the carboxy-terminal domain (CTD) of RNA poly-
merase II (Pol II) acting as platform for loading SFs
(Naftelberg et al. 2015). Cotranscriptional AS was evi-
denced by promoter-dependent AS events, and exons in
genomic regions are enriched in nucleosomes and certain
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chromatin modifications. The speed of Pol II elongation af-
fects AS, as found by Pol II mutants with slow polymeriza-
tion, and by small molecules that affect its kinetics such
as 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB)
and camptothecin (CPT) (Dujardin et al. 2014; Tang et al.
2016). The main kinetic model of AS proposes that slow
and fast Pol II elongation respectively determine high or
low inclusion of cassette exons, by positive AS regulators
only assembling onto the substrates with weak splice sites
or other signals under slow Pol II elongation (de la Mata
et al. 2003). Other cassette exons are more included in
fast Pol II elongation because a splicing repressor can
only bind to slowly elongating pre-mRNAs (Dujardin et al.
2014). The physiological significance and pathological im-
plications of cotranscriptional AS remain to be elucidated.
Nevertheless, it is now clear that mutations affecting both
cis-acting elements and trans-acting SFs are common in
genetic diseases and cancer (Anczuków and Krainer
2016), with many mutations in blood disorders.

Myelodysplastic syndromes (MDS) are a heterogeneous
set of clonal hematopoietic stem cell (HSC) disorders with
myeloid cell dysplasia, cytopenia, and risk of acute mye-
loid leukemia (AML) (Inoue et al. 2016). MDS genomic
studies identified frequent and recurrent mutations in sev-
eral SFs, which spurred widespread efforts to link the most
common mutations to clinical features and to characterize
their tumorigenesis mechanisms (Inoue et al. 2016). Over
half of MDS patients suffer heterozygous, mutually exclu-
sive mutations in four SF genes, which disrupt the tran-
scriptome as follows: (i) the frequent SF3B1 mutations in
mild MDS activate cryptic 3′ss (Darman et al. 2015;
DeBoever et al. 2015; Alsafadi et al. 2016); mutations in
(ii) SRSF2 and (iii) U2AF1 in aggressive MDS change the
RNA-binding affinities and specificities (Ilagan et al.
2015; Kim et al. 2015; Shirai et al. 2015; Zhang et al.
2015); and (iv) less common inactivating mutations in
ZRSR2 affect only minor spliceosome introns (Madan
et al. 2015). Each mutant SF results in a distinct pathogen-
esis and prognosis with almost no common themes, imply-
ing that several aberrant splicing pathways lead to MDS.
Among the less common mutant SFs in MDS stands
DDX41 RNA helicase (Cheah et al. 2017), PRPF40B
(PRP40 pre-mRNA processing factor 40 homolog B) as
found in the landmark study (Yoshida et al. 2011), and
LUC7L2 (Singh et al. 2013). While most MDS-mutated
SFs act via the 3′ss or BPS, the two latter SFs are involved
in recognition of 5′ss on the other intron side, suggesting
even more diverse pathogenic mechanisms.

Most information of PRPF40A/B is inferred from their
budding yeast homolog PRP40 (Becerra et al. 2016), which
is part of the U1 small nuclear ribonucleoprotein (snRNP)
(Kao and Siliciano 1996) that recognizes the 5′ss early in
splicing (Roca et al. 2013; Tan et al. 2016). PRP40 bridges
between U1 on the 5′ss side, and branchpoint-binding
protein (BBP) and Mud2p on the BPS and 3′ss (Abovich

and Rosbash 1997). Prp40 contains two WW and four FF
domains in its primary sequence, and it binds BBP directly
through the WW domain whereas the binding to Mud2p
occurs indirectly (Becerra et al. 2016).

The Prp40 protein structure is shared with a relatively
small number of proteins in humans, including PRPF40A,
PRPF40B, and hTCERG1, all involved in the coupling of
splicing and transcription elongation (Becerra et al. 2016).
The closest human ortholog PRPF40A (PRP40 pre-mRNA
processing factor 40 homolog A) has a similar function as
yeast Prp40. The WW domain of PRPF40A is essential for
its localization to nuclear speckles (Mizutani et al. 2004).
PRPF40A interacts with SF1 and U2AF and it is present in
the spliceosome complexes A and B but not C, which is
consistent with a role of Prp40 in early spliceosome assem-
bly (Lin et al. 2004; Sánchez-Álvarez et al. 2010). PRPF40A
immunoprecipitates together with U2 snRNP and proteins
involved in transcription elongation (Makarov et al. 2012).

Despite sharing 65% identity, PRPF40B is far less charac-
terized than PRPF40A (Becerra et al. 2016). Both PRPF40A
and PRPF40B regulate cotranscriptional splicing by inter-
acting with elongation complexes via Pol II CTD (Morris
and Greenleaf 2000; Allen et al. 2002), and both bind
to the expanded huntingtin polyglutamine tracts in
Huntington’s disease brains and are involved in other neu-
rodegenerative syndromes, with unknown significance
(Faber et al. 1998; Becerra et al. 2016). Even though
PRPF40B does not possess any RNA recognition motif
(RRM), it regulates AS likely by bridging between U1 at
the 5′ss and SF1 bound to the BPS (Padgett 2012).
PRPF40B can bind to SF1 through its WW domain while
a weak binding to U2AF is modulated by the FF domain
(Becerra et al. 2015). In addition, nuclear speckle localiza-
tion of PRPF40B is mediated by the second FF domain, as
opposed to PRPF40A for which the WW domain is re-
quired. Importantly, PRPF40B controls the selection of al-
ternative splice sites of important apoptotic genes such
as Fas (Becerra et al. 2015), as this SF was proposed to reg-
ulate AS in exons with weak splice sites.

Here we characterize the transcriptomic regulation of
PRPF40B in K562 cells upon knockout (KO) and rescue
with MDS mutations, to reveal a set of targets with weak
splice sites and A-rich motifs. Importantly, PRPF40B KO
up-regulated a hypoxia signature which, together with its
low expression in AML, suggests a role of this SF in mye-
loid leukemias.

RESULTS

Generation of PRPF40B knockout and rescue in K562
cells for transcriptomic analysis

To investigate the role of PRPF40B in regulating AS, wede-
vised a pipeline to identify the affectedAS events upon KO
plus rescue with MDS mutants in K562 cells. We used
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CRISPR/Cas9 technology (Hsu et al. 2014) to knock
PRPF40B out, by introducing two double-stranded DNA
cuts flanking a fragment encompassing exons 5–8
(Fig. 1A). For three different clones, we confirmed the
deletion of this fragment at DNA, RNA, and protein level

(Fig. 1B–D). PCR genotyping along the PRPF40B gene
confirmed that the engineered deletion was confined to
the intron 4–intron 8 fragment (Fig. 1B), with no traces of
this internal fragment detected in any of the three KO
clones. mRNA expression measured by real-time PCR

A

B

C

D

E

FIGURE 1. Design and validation of PRPF40B-KO and rescue in K562 cells. (A) Schematic of PRPF40B gene, mRNA, and protein. We depict the
PRPF40Bgenewith exons on scale, with the translation start sites of isoformsA andC.We indicate the position of the sgRNAs for theCRISPR/Cas9
KO that flank the deletion including exons 5–8 in red, and the pairs of primers for genomic PCR validations. The mRNA shows the natural stop
codon in last exon 26, the termination codon in exon 9 introduced by the deletion (KO), and the positions of the three amplimers for the real-time
RT-PCR.mRNAexons are aligned to theirWWand FF protein domains, with theMDSmutations and themonoclonal antibodyepitope for western
blot. (B) PCR genotyping of PRPF40B-KO clones 1–3. The PCR number matches the primer pairs in Figure 1A. (–) Negative control, water tem-
plate; (+) positive control, parental K562 genomic DNA. Ladders are shown on each side of gel, with the band sizes in base pairs in the middle.
PCRs 1, 2, 5, and 6 fall outside the deletion fragment and are detected in all KO clones. PCR 3, with primers flanking the deletion, shows the full-
length band in parental cells, and a much smaller band in the KO clones because of the deletion. PCR 4, with one primer inside the deletion, only
generates a band in parental but not KO cells. The identity of specific bands was confirmed by sequencing. Asterisk, unspecific amplimers.
(C ) Real-time RT-PCR measurement of PRPF40B RNA levels for the qRT I–III regions in Figure 1A. We plotted PRPF40B expression ratios relative
to β-actin and with parental K562 values normalized to 1. (D) Representative western blots of the parental K562 and three PRPF40B-KO clones
(left), and of overexpression samples withWT (isoforms A or C) andmutant protein (right), both with GAPDH as loading control. (E) Diagram of the
samples with altered PRPF40B expression, including KO by CRISPR/Cas9 in K562 cell line, and rescue by overexpression in the KO cells of
PRPF40B either as WT (Rescue WT) or the indicated MDS mutations alone or mixed with WT at 1:1 ratio. We performed RNA-sequencing
with all these seven conditions.

PRPF40B regulation of alternative splicing

www.rnajournal.org 907



revealed that expression of PRPF40B exons 7–8 (within
deletion, qRT II) was undetectable in the three KO clones
(Fig. 1C). In turn, the three KO clones showed a >60% re-
duction in RNA levels for PRPF40B exons 3–4 (upstream of
deletion, qRT I) and exons 16–17 (downstream from dele-
tion, qRT III) compared to parental K562. This reduction is
likely caused by nonsense-mediated mRNA decay (NMD)
because the deletion introduces an in-frame stop codon
at the beginning of exon 9, which is followed by many oth-
er exons. The deletion also generates anmRNA potentially
encoding a peptide of 77 amino acids and 8 KDa, which
cannot be detected by western blotting because of (i) its
small size and (ii) the monoclonal antibody epitope at the
C terminus falling outside this 8 KDa fragment (Fig. 1A,D).

Then we used PRPF40B isoform C to restore expression
of wild-type (WT) PRPF40B and to express the PRPF40B al-
leles with the P383L and P540S MDS mutations (Yoshida
et al. 2011). After optimization experiments (available
upon request), we decided to use 100 ng of PRPF40B
plasmids and 72 h after transient transfection of K562-
PRPF40B-KO cells, to obtain a relatively similar amount of
PRPF40B RNA and protein compared to parental K562
cells (Fig. 1D).

We then generated samples from the seven conditions
as follows (Fig. 1E): (i) parental K562 cells; (ii) K562 cells
with PRPF40B-KO; (iii) KO cells transfected with PRPF

40B-WT plasmid; (iv) KO cells trans-
fected with PRPF40B-P383L; (v) KO
cells transfected with PRPF40B-
P540S; (vi) KO cells transfected with
1:1 ratio of PRPF40B-WT and P383L
plasmids; (vii) KO cells transfected
with 1:1 ratio of PRPF40B-WT and
P540S plasmids. The last two samples
with WT and MDS-mutant plasmid
mixed at 1:1 ratio aim to recapitulate
heterozygous expression of mutant
PRPF40B found in MDS patients.
We performed RNA sequencing

from total mRNA extracted from three
samples (independent replicates) of
each condition, all with RNA integrity
number (RIN) higher than eight. We
applied a similar bioinformatics pipe-
line as previously published by our
group (Liu et al. 2018), to obtain a ma-
jority of reads aligned to the hg19 ge-
nome, and a high correlation between
replicates (details available upon
request).

Differentially expressed genes
upon knockout and rescue with
WT or MDS-mutant PRPF40B

PRPF40B-KO only led to subtle changes in gene expres-
sion, as the differentially expressed genes (DEGs) are af-
fected by a low magnitude of change. We found a
significant set of DEGs upon KO of PRPF40B (≤−0.3- or
≥0.3-fold change and P-value≤ 0.05), with a fraction that
are rescued when PRPF40B was reintroduced in the KO
cells (Fig. 2A). The use of such a low 0.3-fold-change cutoff
rather than more standard one- or twofold leads to a high-
er fraction of genes rescued by WT protein among genes
altered in KO and allows for a more comprehensive path-
way analysis. Almost all DEGs rescued by overexpressing
the PRPF40B-WT gene were also rescued by the MDS mu-
tants, and surprisingly, the mixed WT-MDS mutant res-
cued the DEGs to a slightly lesser extent compared to
the MDS mutants alone (Fig. 2B). These data suggest
that PRPF40B regulates directly or indirectly the expres-
sion of a certain subset of genes.

One of the DEGs is Formin-like 3 (FMNL3), whose geno-
mic location overlaps with the 3′ portion of PRPF40B in the
antisense direction, and its end is <3 Kbp downstream
from our CRISPR/Cas9-deleted fragment. FMNL3 expres-
sion is low in parental K562 cells (FPKM 2.16), and it is re-
duced in the KO (FPKM 1.42) but rescued by WT and
mutant PRPF40B (FPKM ranging from 1.88 to 2.37, with
2.23 inWT PRPF40B rescue). This indicates that altered ex-
pression of FMNL3 in the KO is not due to the introduced

A

B

C

FIGURE 2. Experimental procedure to investigate the role of human PRPF40B in the regula-
tion of AS and of two MDS mutations. (A) Number of DEGs upon KO (K562 vs. KO), in rescue
WT cells (KO vs.WT) and those in commonbetween the two comparisons which are under con-
trol of PRPF40B (DEGs Rescued) (fc≤ 0.3, fc≤−0.3, P-value≤ 0.05). (B) Number of DEGs reg-
ulated by PRPF40B (DEGs Rescued) which are rescued (blue) or not (red) by the MDS
mutations. (C ) Gene ontology of the DEGs regulated by PRPF40B shows the genes are mainly
involved in cholesterol biogenesis, glycolysis, and hypoxia.
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genomic alteration, but instead
FMNL3 is one of the DEGs under the
regulation of PRPF40B.
Gene set over-representation analy-

sis for the 405 rescued DEGs, per-
formed by the online tool Enrichr
(Fig. 2C; Kuleshov et al. 2016) and
subsequently confirmed by Consen-
susPathDB (Kamburov et al. 2011)
(data not shown), revealed that the
top twoenrichedpathways are choles-
terol biogenesis and HIF 1-α (HIF1-α/
A) signaling, with the latter as amaster
hypoxia regulator. HIF1A signaling
was also highly enriched in DEGs
with onefold change cutoff (not
shown). As elevated cholesterol bio-
genesis may be a consequence of
hypoxia (Hwang et al. 2017), we fo-
cused on the latter pathway. Of these
405 genes, 106 were down-regulated
while 299 up-regulated in the KO
cells, suggesting that PRPF40B is
mainly repressing gene expression.
The hypoxia gene signature under

PRPF40B regulation is illustrated by
the heatmap of important selected
genes involved in hypoxia according
to the literature, including DEGs and
other genes that did not pass the
statistical cutoffs (Fig. 3A). This heat-
map reveals a large cluster of genes
up-regulated in the KO which are res-
cued by WT and mutant PRPF40B,
while other genes are instead down-
regulated and others barely change
expression. We validated DEGs that
regulate different pathways in hypoxia
by real-time RT-PCR (Fig. 3B), which
included five genes in the rescued
DEGs, and one (CA9) that clearly
changed in the KO, but the expres-
sion changes in the PRPF40B-WT res-
cue did not pass the statistical cutoff.
Among the proteins encoded by
these selected DEGs, BNIP3 regu-
lates autophagy (Zhang and Ney 2009), ENO2 and PGK1
are involved in glycolysis (Yeh et al. 2008), CA9 regulates
pH (Swietach et al. 2007), TGF-β3 is involved in extracellu-
lar matrix (ECM) remodeling (Karamichos et al. 2011), and
COL1A2 in collagen production (Bauman et al. 2010).
Excluding TGF-β3, which shows an opposite trend in the
first 3 samples compared to RNA-seq, and in part ENO2
which does not show rescue by real-time RT-PCR, we vali-
dated the DEGs found by RNA-seq. Real-time RT-PCR for

CA9 showed clear expression changes that were rescued
by PRPF40B-WT, indicating that our set of rescued DEGs
are just the reliable fraction of a larger set of genes under
control of PRPF40B.
By an in-depth analysis using the gene set enrichment

analysis (GSEA) tool (Subramanian et al. 2005), we found
that the PRPF40B-regulated DEGs are enriched in targets
of the transcription factor KLF1 (Fig. 3C; Pilon et al. 2008)
which acts as master regulator of erythroid differentiation

B

F

C D

E

A

FIGURE 3. PRPF40B regulates hypoxia and other relevant pathways. (A) Heatmap of DEGs
with a role in hypoxia. PRPF40B-KO induces the up-regulation of hypoxic genes that are
down-regulated when the expression of PRPF40B-WT gene is reintroduced in the KO cells.
In many cases, overexpression of the MDS mutants also reversed the expression changes in
the KO. The six DEGs selected for validation are highlighted in red. (B) Validation by real-
time RT-PCR of six selected hypoxic genes with different functions as indicated. The y-axis in-
dicates expression of the gene for each condition, relative to that on parental cells normalized
to 1. (C ) DEGs that are targets of KLF1, showing strong up- or down-regulation in the KO that
are rescued byWT andMDS-mutant PRPF40B. (D) Homeobox (HOX) genes as DEGs regulated
by PRPF40B. (E) DEGs involved in iron metabolism are mostly up-regulated upon PRPF40B-
KO. (F ) Cytokines and chemokines under expression control of PRPF40B.
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(Siatecka andBieker 2011) and also in genes involved inde-
velopment (HOXgenes) (Fig. 3D) and ironmetabolism (Fig.
3E). In addition,weobservedup-regulationof specific cyto-
kinesandchemokines (Fig.3F), suchasCCL4/5andCXCL1/
8, which can induce angiogenesis (Benelli et al. 2006).
All these are likely secondary pathways activated down-
stream from hypoxia upon PRPF40B-KO (see Discussion).

PRPF40B regulates hundreds of alternative splicing
events mostly as repressor

Next, we applied the common splicing tool rMATS (Shen
et al. 2014) onour RNA-seqdata to calculate thedifferential
AS events (DASEs) with >10% ΔPSI (percent spliced in)
and false discovery rate (FDR) < 1 cutoff. We found a total
of 5236 DASEs between parental and PRPF40B-KO
K562 cells, among which 1367 (26%) were rescued by
PRPF40B-WT (Table 1). The largest number of rescued
DASEsbelong to cassette exons (also knownas skippedex-
ons, CAor SE), followedbymutually exclusive exons (MXE),
alternative 5′ or 3′ splice sites (A5SS and A3SS), and last
retained introns (IR). For cassette exons, we found 2544
DASEs in the KO with 764 DASEs (30%) rescued by WT
PRPF40B (Fig. 4A), which we named PRPF40B-regulated
DASEs. Similarly to DEGs, the majority of DASEs rescued
by WT were also rescued by MDS-mutant PRPF40B, with
a lower rescue with the mixed WT-MDS-mutant mix
(Fig. 4B). The 764 DASEs belong to 463 unique genes.
This data set includes three genes mutated in MDS, name-
ly, AXSL1, SF1, and LUC7L2, but we did not further study
these DASEs because the splicing changes in the KO
were rescued by MDS-mutant PRPF40B. Among the total
of 764 DASEs, 455 DASEs show more exon inclusion in
the KO while 309 display more exon skipping, implying
that PRPF40B mostly acts as a splicing repressor.

In addition, in ∼2/3 of the 1780 DASEs affected by
PRPF40B-KObut not rescued (Fig. 4A), the change in splic-
ing (or ΔPSI) in the KO is partially reversed byWT PRPF40B,
yet below the statistical thresholds. Similarly, ∼2/3 of the
1538 “unrelated splicing events” found in the WT rescue

but not in the KO show a reversal trend in the splicing
change in the KO. This emphasizes that our number of
PRPF40B-dependent DASEs is a “conservative” yet reli-
able data set. And finally, ∼2/3 of DASEs found by either
of the four MDS-mutant PRPF40B rescue (including unre-
lated events not found in KO) also show a similar splicing
change by WT PRPF40B (not shown). These results further
suggest that PRPF40BMDSmutations do not confer a sub-
stantial gain of function or change in splicing specificity
over WT.

Pathway analysis by Enrichr (Kuleshov et al. 2016) and
confirmed by ConsensusPathDB (Kamburov et al. 2011)
showed that PRPF40B-regulated DASEs are enriched in
genes with binding sites for the POLR2A subunit of RNA
Pol II based on a Chip-seq data in K562 cells (Fig. 4C).
Furthermore, the genes with DASEs are enriched in the
H2AFZ histone marker and are involved in the MAPK sig-
naling pathway and RNA binding. We also built a pro-
tein–protein interaction (PPI) network of the cassette
exons regulated by PRPF40B using the STRING database
(Szklarczyk et al. 2017), as AS events tend tomap to regions
where a protein interaction domain or a short linear motif is
present (Resch et al. 2004). Among the clusters in the
PRPF40B network, we found that this SF mainly regulates
splicing targets in the Akt/MAPK1 cascade and ubiquitina-
tion (Fig. 4D).

We attempted validation by RT-PCR for a total of 42
DASEs, including DASEs rescued by PRPF40B-WT
(Fig. 5A for 16 cases), and other DASEs with a significant
change in splicing upon KO but not rescued (Fig. 5B for
eight validated cases). Overall we obtained a validation
rate of 67% based on correlation between RT-PCR and
RNA-seq ΔPSIs for the seven measured conditions (Fig.
5C,D). The nonvalidated DASEs had a poor correlation
(<0.4) between RNA-seq and RT-PCR, or only showed a
single band by RT-PCR. Importantly, some validated
DASEs from the nonrescued group, most clearly for
SPTAN1, showed RT-PCR evidence of reversing the AS
change in the KO by PRPF40B-WT. This suggests that
our rescued data set is also a smaller yet more reliable sub-
set of the total AS events regulated by PRPF40B.

PRPF40B regulates splicing of cassette exons
flanked by weak splice sites and A-rich
downstream introns

We carried out detailed analyses with the subset of cas-
sette exons that are affected by PRPF40B-KO and rescued
by WT PRPF40B. First, by examining the splice-site
strength scores using the common MAXENT algorithm
(Yeo and Burge 2004), we found that AS events are associ-
ated with weak splice sites, but that PRPF40B-regulated
DASEs are even weaker than the bulk of AS events (Fig.
6A,B). The MAXENT score differences between all AS
events and PRPF40B-regulated DASEs were stronger for

TABLE 1. Summary of alternative splicing events under
regulation by PRPF40B

Event
type

K562 vs.
KO

KO vs. WT
rescue

Common
rescued

CA (SE) 2544 2302 764
IR 145 91 54

MXE 1790 1841 317

A5SS 381 257 123
A3SS 376 203 109

Total 5236 4694 1367

FDR<1. ΔPSI≥ 0.1≤−0.1.
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5′ss (Fig. 6A) than for 3′ss (Fig. 6B). However, we did not
find any correlation between splice-site strength and
rMATS ΔPSI in the 764 PRPF40B-regulated DASEs
(Fig. 6C). The introns upstream the PRPF40B-regulated
cassette exons were shorter than those for other AS exons
(Fig. 6D), yet the introns downstream or the exon length
showed no difference (Fig. 6E).

In order to identify the most en-
riched motifs in the sequences of the
PRPF40B-regulated cassette exons,
we performed motif analysis by
DREME (Bailey et al. 2009), using
exon sequences of the 764 DASEs
with 200 bp of the flanking upstream
anddownstream introns. Themost en-
richedmotif (Fig. 6F) was AAAWRAAA
(whereWisAorT/U, andR isAorG) by
a very large difference in significance
to the second motif (e-26 for
AAAWRAAA vs. e-12 for RCAGARA),
which in turn was similar tomany other
motifs. Feeding DREME with the up-
stream/downstream intronic and ex-
onic sequences separately unveiled
that the high frequency of A-rich mo-
tifs mostly applies to the downstream
introns, while the upstream introns
and exon bodies also tend to have
GA-rich motifs yet with a much lower
significance (data not shown). Hence,
our data strongly suggest that
PRPF40B regulates cassette exons
via downstream A-rich introns.

To further study thePRFP40Bmech-
anisms of AS regulation, we construct-
ed few minigenes with three exons
and two introns, with the middle exon
from the list of PRPF40B-regulated
cassette exons. Using two different
minigene designs, their derived tran-
scripts did not recapitulate the AS pat-
terns ordid not show theASdifference
between parental and PRPF40B-KO
K562 cells (data not shown). Hence,
we could not use these minigenes to
study PRPF40B AS regulation.

To further gain insight into PRPF40B
mechanisms, we examined whether
the PRPF40B-regulated DASEs are
regulated by transcription elongation
rates. Hence, we checked whether
the 463 unique genes whose splicing
is regulated by PRPF40B are enriched
in a publically available bromouridine-
sequencing (Bru-seq) data set in K562

cells (Veloso et al. 2014). Bru-seq methodology maps se-
quences of nascent RNA transcripts to determine the rela-
tive transcription rate of each gene. We observed that our
463genes have a higher transcription rate than the average
rate of the genes in the data set. However, we found the
same trend with all AS events, including those not regulat-
ed by PRPF40B (data not shown).We thus concluded that a
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FIGURE 4. PRPF40B regulates differential AS events (DASEs). (A) Number of cassette-exon
DASEs upon KO (K562 vs. KO), in rescue WT cells (KO vs. WT rescue) and those in common
between the two comparisons which are regulated by PRPF40B (AS events Rescued) (FDR<
1, ΔPSI≥ 0.1≤−0.1). (B) Number of cassette exons regulated by PRPF40B (AS events
Rescued) which are (blue) or are not (red) rescued by the MDS mutations. (C ) Gene
Ontology of the cassette-exon DASEs regulated by PRPF40B. We noted an enrichment in
genes with binding sites for the Pol II subunit POLR2A based on Chip-seq data, with histone
marker H2AFZ, and which are involved in MAPK signaling cascade. (D) Network of PPIs of
the cassette exons regulated by PRPF40B. Genes with same function are grouped in clusters
(dotted circles) with labels. Right shows a zoomedin view of two selected clusters, ubiquitina-
tion, and Akt/MAPK1.
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faster elongation rate is associated to AS events, but this
phenomenon is not specific to PRPF40B.

We also tested the connection between PRPF40B and
transcription elongation by slowing down Pol II elongation
with DRB and CPT. We used exon 8 of hnRNP DL as a pos-
itive control, whose inclusion increases upon inhibition of
Pol II (Ip et al. 2011). Inclusion of this exon increased with
DRB in parental K562, KO and rescue cells, and with CPT

in parental and rescue cells (Fig. 6G).
Similarly, DRB and CPT increased the
PSI of AFMID exon 5 in parental
K562, KO and rescue, despite that
the KO shows a higher inclusion al-
ready. PRPF40B-KO decreased inclu-
sion of SPTAN1 exon 8, which was
exacerbated by DRB and CPT, and
these drugs showed similar effects in
the rescue cells. Based on these limit-
ed target tests, we conclude that DRB
andCPTalterAS inparental K562, KO,
and rescue cells to a similar extent,
hence the potential cotranscriptional
AS regulation of PRPF40B might not
act via speed of Pol II elongation.

PRPF40B expression is low in
acute myeloid leukemia andmight
induce hypoxia

As shown above, the DEGs in
PRPF40B null cells point to a role of
this protein in preventing hypoxia.
Next, we searched for RNAexpression
patterns of PRPF40B in cancer sam-
ples by mining the data in The Cancer
Genome Atlas (TCGA) in cBioportal
(Cerami et al. 2012). We found that
PRPF40B is expressed at low levels in
AML samples but not solid tumors,
and that is anti-correlated with
PRPF40A as this SF is expressedhighly
in AML relative to the other cancers
(Fig. 7A). We did not detect any clear
change in PRPF40A expression at the
protein level after KO of PRPF40B
(data not shown), suggesting that
PRPF40B does not regulate PRPF40A,
and its loss is not compensated by in-
crease in PRPF40A. Finally, PRPF40B
expression in AML samples negatively
correlates with HIF1A (Fig. 7B), while
PRPF40A positively correlates with
this hypoxia gene driver (Fig. 7C), sug-
gesting a role of these SFs in hypoxia
in the context of AML.

DISCUSSION

We characterized the transcriptome regulation by
PRPF40B, by identifying a subset of PRPF40B-regulated
DEGs involved in hypoxia, and DASEs with weak splice
sites. We carried out such analyses in the K562 chronic my-
eloid leukemia cell line, as this cell line has been used as
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FIGURE 5. Validation of DASEs regulated by PRPF40B. (A) Validation by RT-PCR of 16 select-
ed DASEs altered by PRPF40B-KO and rescued byWT protein. All DASEs in all panels are cas-
sette exons except the indicated IR. Upper bars depict the RNA-seq–derived PSIs (scale 0–1),
while bottom numbers indicate PSIs (scale 0–100) by RT-PCR quantification (PSIs are not iden-
tical because PCR biases against larger isoforms). (B) RT-PCR validation of eight selected
DASEs not rescued by PRPF40B-WT. (C, right table) For each tested DASE gene, we indicate
the correlation coefficient between the PSIs by RNA-seq and RT-PCR for the seven conditions.
Smaller left table shows the gene names of nonvalidated DASEs that only showed a single
band by RT-PCR. Genes in red show poor correlation between RNA-seq and RT-PCR PSIs,
so are not validated. (D) Breakdown of correlation coefficients for the 42 tested DASEs as pa-
rameter for validation, showing a total of 67% (24+43) validated DASEs with correlation coef-
ficient >0.4.
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MDS model (Dolatshad et al. 2015), and it can be differen-
tiated to both erythroid andmyeloid cells (Sutherland et al.
1986). We successfully knocked out all PRPF40B alleles
(Fig. 1B–D) despite K562 being hypotriploid (Naumann
et al. 2001) and derived a highly reliable set of PRPF40B-
regulated DEGs and DASEs.
We found 764 cassette-exon DASEs that were altered in

the PRPF40B-KO and rescued by WT protein. The use of a
transient transfection system for the rescue likely limited
the number of rescued DEGs and DASEs, yet the reliability

of these data is high as validated inde-
pendently. Most of the DASEs res-
cued by WT PRPF40B were also
rescued by the two MDS mutations,
like for DEGs (Figs. 2B, 4B), so the ef-
fects of the MDS mutations onto
PRPF40B function are very mild at
best. We could not draw any pattern
for the DASEs regulated byWT versus
mutant PRPF40B, so further studies
are required to shed light onto
PRPF40B-dependent MDS pathogen-
esis. This lack of insight could also be
due to the use of K562 cell line versus
the actualMDScells in patients. Based
on their mild effects on splicing and
their very low frequency in MDS pa-
tients, we cannot rule out that the
MDSPRPF40Bmutations are“passen-
gers” rather than “drivers,” or that
they may have a weak contribution to
MDS. Unexpectedly, the rescue by ei-
ther MDS mutant together with WT
PRPF40B was lower than the rescue
by either of the two MDS mutants
alone, both in DEGs and DASEs.
Even though further analyses are
needed to confirm and extend the im-
plications of this observation, it is pos-
sible that the effects of MDS-mutant
PRFP40B are exacerbated by mixing
with WT PRPF40B, perhaps by form-
ing dimers or oligomers of WT and
mutant protein with more impaired
function.

This PRPF40B-regulated transcrip-
tome allowed us to decipher some
properties of the regulated AS events.
PRPF40B-regulated cassette exons
showmore inclusion in the KO, unveil-
ing that this SF mostly acts as a repres-
sor. These cassette exons are flanked
by both weak 5′ss and 3′ss (Fig. 6A,
B), as reported in few AS events
(Becerra et al. 2015), and consistent

with its role in bridging splice sites across introns
(Abovich and Rosbash 1997). The P-value for 5′ss scores
is much lower than that for 3′ss, suggesting a closer func-
tional link between PRPF40B and 5′ss as reported for yeast
and humans (Kao and Siliciano 1996; Becerra et al. 2016).
Our data are partly consistent with a role of PRPF40B in
cotranscriptional splicing (Becerra et al. 2016): the lack of
AS regulation inminigenes versus endogenous genes sug-
gests that the endogenous promoter, genomic location
and chromatin configuration of the regulated DASE are
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FIGURE 6. Features of the cassette exons regulated by PRPF40B. (A) Measurement of the 5′ss
scores bymaximumentropymodel (MAXENT) for constitutive and alternative exons, regulated
or not by PRPF40B, shows that PRPF40B-regulated exons have even weaker 5′ss than other al-
ternative exons (Wilcoxon test). (B) MAXENT scores for 3′ss show that PRPF40B-regulated ex-
ons also have weaker 3′ss than background constitutive exons and other AS events (Wilcoxon
test). (C ) Lack of correlation between the strengths of the 5′ss of the PRPF40B-regulated cas-
sette exons and their ΔPSI values in absolute numbers (t-test). (D) Cassette exons regulated by
PRPF40B have shorter upstream but not downstream introns (Wilcoxon test). (E) The length of
the PRPF40B-regulated cassette exons is similar to exons not regulated by PRPF40B (Wilcoxon
test). (F ) Top MEMEmotif found to be enriched in the PRPF40B-regulated cassette exons and
flanking 200-nt-long intronic segments. The width of arrows indicates that the A-rich motifs are
especially enriched in downstream introns. (G) Pol II inhibition assay in K562 WT, KO, and res-
cued cells. hnRNP DL exon 8 was used as a positive control because its inclusion increases
upon slow transcription.

PRPF40B regulation of alternative splicing

www.rnajournal.org 913



essential for PRPF40B regulation. However, our DRB and
CPT treatments altered AS in the PRPF40B-KO to a similar
degree than in parental K562 cells, suggesting that cotran-
scriptional effects of PRPF40B are not mediated by the
speed of Pol II elongation. Also, we found that PRPF40B-
regulated cassette exons are preceded by shorter introns,
while the cotranscriptional model would support long in-
trons flanking a cassette exon to give time to Pol II to mod-
ulate AS via its speed. We did not find a significant
connection between our PRPF40B-dependent trans-
criptome and previously published AS data set of fast
transcription. PRPF40B-regulated cassette exons are

enriched in Pol II and H2AFZ (Fig.
4C), suggesting a functional link to
this histone variant. Finally, PRPF40B-
regulated exons are associated to
A-rich motifs, especially in the down-
stream intron, hinting at a functional
link between this SF and RBPs that
bind these sequences, such as TRA2
(Grellscheid et al. 2011), SRSF10
(Shin and Manley 2002) or even poly
(A)-binding proteins, which were
identified in complex with RANBP9
SF to regulate AS (Bao et al. 2014).
However, we did not detect a change
in Fas AS like it was reported (Becerra
et al. 2015), probably due to the use
of different cell lines (HEK293T in the
previous study vs. K562 in ours).
Future studies relyingonour transcrip-
tomic data should further elucidate
the mechanisms of AS regulation by
PRPF40B, including regulatory motifs
and cotranscriptional effects.
Our DEG analyses in the KO and

WT rescue revealed that PRPF40B
loss in K562 induces subtle changes
in DEGs, and specifically induces
hypoxia-related pathways such as
glycolysis, autophagy, pH regulation,
etc. (Fig. 3A,B). Furthermore, the
PRPF40B-dependent DEGs suggest
that this SF regulates KLF1-driven
erythroid differentiation and iron me-
tabolism. These effects are likely a
consequence of hypoxia gene activa-
tion in the KO cells, as low oxygen in
the body sends signals to the bone
marrow to increase red blood cell
(RBC) production through the regula-
tion of homeostasis of iron (Haase
2013), whose increase enables high
rates of hemoglobin synthesis in ery-
throid progenitors (Rybinska and

Cairo 2017). Among the highly up-regulated DEGs in the
PRPF40B-KO are H19, a long noncoding RNA induced
by hypoxia with a role in cancer progression (Matouk
et al. 2015), as well as genes encoding various metallothio-
nines (MT1X,MT2A, MT1G,MT1E), a family of proteins ac-
tivated by hypoxia which protect against oxidants and act
in cell proliferation and apoptosis (Murphy et al. 1999).
Furthermore, the PRPF40B-regulated cytokines and
chemokines support an indirect role of this SF in driving
angiogenesis via hypoxia (Liao and Johnson 2007).

We did not find substantial changes in any of the known
hypoxia master regulators, but we found a PPI clustering of
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FIGURE 7. mRNA expression of PRPF40B and its paralog PRPF40A in various human cancers
by RNA-seq (TCGA). (A) In AML, PRPF40A is highly expressed at higher levels than solid tu-
mors, while PRPF40B expression is lower. (B) Inverse correlation between PRPF40B and
HIF1A mRNA levels in AML (t-test). (C ) Positive correlation between PRPF40A and HIF1A
mRNA levels in AML (t-test).
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PRPF40B-regulated DASEs in the Akt/MAPK pathway,
which is known to regulate hypoxia reciprocally (Alvarez-
Tejado et al. 2001; Dai et al. 2008). Hence, the hypoxia
signature may be up-regulated in PRPF40B-KO cells by
splicing changes in the Akt/MAPK pathway, to be further
tested in the future. In turn, the closest paralogPRPF40A in-
duces hypoxia in lung cancer and its expression correlates
with hypoxia markers (Oleksiewicz et al. 2017). However,
we did not find any overlap between this PRPF40A-depen-
dent hypoxia data set and our PRPF40B-regulated DEGs
(data not shown), likely because in the lung model only a
few targets were analyzed by real-time RT-PCR. PRPF40A
was also linked to hypoxia in whole blood in connection
to obstructive sleep apnea (Perry et al. 2013). In addition,
we found that PRPF40A and PRPF40B are, respectively,
high and low in AML compared to solid tumors (Fig. 7A).
These SFs, respectively, correlate positively and negatively
with the major hypoxia regulator HIF1A, which is quite
remarkable considering the high heterogeneity in gene ex-
pression from AML samples of different subtypes. Bone
marrow is low in oxygen due to limited blood supply and
HSCs actively using oxygen, and in turn, hypoxia triggers
the secretion of factors for HSC maintenance and protects
cells frommutationsby reactiveoxygen species (Zhangand
Sadek 2014). AML tumorigenicity also relies on hypoxia via
regulation of metabolism, cell cycle and immune functions
like chemotaxis (Deynoux et al. 2016), and HIF1A predicts
poor prognosis for MDS and induces transition to AML
(Tong et al. 2012). Some of our PRPF40B-regulated cyto-
kine/chemokine DEGs are HIF1A targets in primary human
AML cells (Hatfield et al. 2010) and can induce angiogene-
sis (Benelli et al. 2006). Finally, our data do not support a
direct activation of a full-fledged hypoxia response only
by KO of PRPF40B, as HIF1A stabilization could not be
detected in these cells (data not shown), but they suggest
that PRPF40B would predispose or enhance the hypoxia
response during AML tumorigenesis via other triggers
and in combination with high PRPF40A, which remains to
be tested in follow-up projects.
In brief, we present the first transcriptome regulated by a

Prp40 ortholog in mammalian cells. We derived few prop-
erties of the PRPF40B-regulated AS events, while many
mechanistic questions would be addressed by further min-
ing these data sets. Finally, the role of PRPF40B in prevent-
ing hypoxia genes and its expression levels relative to
those in PRPF40A in human cancers suggest that these
SFs play important roles in leukemia tumorigenesis via
hypoxia, to be characterized in future studies.

MATERIALS AND METHODS

PRPF40B single-guide RNA (sgRNA) expression
vector construction

We designed two 20-bp guide sequences (5′-GAGCCGTCTGCC
GAAGAAAG-3′) and (5′-AGGGTGAGATGTCCTACGGG-3′),

respectively, targeting genomic DNA within intron 4 and intron
8 of the human PRPF40B gene, using ChopChop (Montague
et al. 2014). We ordered from Integrated DNA Technologies
two pairs of complementary oligos (5′-CACCGGAGCCGTCTG
CCGAAGAAAG-3′ and 5′-AAACCTTTCTTCGGCAGACGGCT
CC-3′) and (5′-CACCGAGGGTGAGATGTCCTACGGG-3′ and
5′-AAACCCCGTAGGACATCTCACCCTC-3′), containing the
PRPF40B guide sequences and BbsI ligation adapters. We an-
nealed 100 µmol of each oligo by T4 PNK polynucleotide kinase
(New England Biolabs) and 10× T4 Ligation Buffer in 10 µL, at
37°C for 30 min, then 95°C for 5 min followed by cooling at
room temperature. We diluted the solution 250 times and used
1 µL for ligation into the BbsI-digested pX458 vector with T4
Ligase (New England Biolabs). We transformed chemically com-
petent DH5α cells (Life Technologies) with 5 µL of the liga-
tion mixture. After plasmid DNA extraction (Qiagen), we
verified the construct sequences by Sanger sequencing (1st
Base Asia), with sequencing primer in the U6 promoter (5′-
GACGTAATACGACTCA CTATAGGGC).

Nucleofection and cell sorting

We maintained K562 cells in Dulbecco’s modified Eagle’s medi-
um (DMEM), 1% penicillin/streptomycin (Pen/Strep) (Gibco, Life
Technologies) and 10% fetal bovine serum (FBS), within a concen-
tration of 1×106 and 2×106 cells/mL. We nucleofected the cells
when they reached a maximum of 0.7×106 cells/mL. Briefly, we
resuspended 2×106 K562 cells in 100 µL SF reagent (Lonza)
with 2.5 µg of both Cas9/sgRNACRISPR plasmids. We performed
nucleofection according to manufacturer’s instructions by using
the FF-120 program with Amaxa 4D-Nucleofector (Lonza). After
24 h, we sorted cells for green fluorescent protein (GFP) expres-
sion and seeded them into a 12-well plate to recover for 24 h.
Subsequently, we sorted again the top 2% of the GFP positive
population from the previous day to enrich for cells highly ex-
pressing Cas9. We then grew sorted cells as a bulk in six-well
plates or as single cells in 96-well plates. We expanded single
cells to obtain individual clones cultured in DMEM, 1% Pen/
Strep and 20% FBS.

Clone validation by genotyping PCR

From edited clones and nonedited K562 control cells, we extract-
ed genomic DNA by incubating cells with 200 µL of lysis buffer
(100 mM NaCl, 100 mM Tris-HCl [pH 7.5], and 1 mM EDTA
[pH 7.5)] at 55°C for 1 h. We then subjected DNA to ethanol pre-
cipitation with 2× volume of 100% ethanol and 0.1× volume of
3 M sodium acetate (pH 5.2) and incubated samples at −20°C
overnight. We centrifuged DNA at 13,500 rpm for 15 min and
then washed the pellets twice with 400 µL of 70% ethanol before
resuspending them in 150 µL of water. We performed two differ-
ent genotyping PCRs (Fig. 1A). In the first PCR, we used a forward
primer upstream (5′-TCTCAACAAAATACTCTCACTTGAG-3′)
and a reverse primer downstream (5′-CCACAGTGTAGAGATC
ATGGCGACAG-3′) of the sgRNA cleavage site. In the second
PCR, we paired one forward primer (5′-CTTAGTCTCTAACCAT
ATTCATGAT-3′) targeting a sequence inside the deleted region,
with a downstream reverse primer targeting the portion down-
stream from the deletion. We carried out four more genotyping
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PCRs to confirm that other parts of the PRPF40B gene were unaf-
fected by the deletion.Wedesigned two sets of primers targeting
two regions upstream of the deletion, and the other two sets tar-
geting downstream regions: For intron 1 forward and reverse
primers were 5′-GCTCCTTACTGGTGGCTATTT-3′ and 5′-GACA
AGAATGGAGAGGCAGTAG-3′; For intron 2–4, 5′-TAGAGG
TAGGAGAAGTGGAAGG-3′ and 5′-GAGGGAAAGAATGGAGG
TCATAG-3′; For intron 15–16, 5′-GGACAGCATCGTTGAAAC
ATTAG-3′ and 5′-GAAGAGGCAGGGACAATCAA-3′; and for in-
tron 23–26, 5′-CCTTTGAGGGTAGACTGGATTG-3′ and 5′-CAC
CAAGAGCAACCTTGAGA-3′. PCR programwas as follows: initial
denaturation at 95°C for 2 min, followed by 40 cycles of denatu-
ration at 95°C for 30 sec, annealing at 58/50°C for 50 sec and
extension at 72°C for 50 sec, plus final extension at 72°C for
5min.We resolvedWT genomic fragment for K562 and truncated
genomic fragments for KO clones by 1.5% (w/v) agarose gels and
visualized them in a gel docking station.

PRPF40B rescue plasmid

We purchased the cDNA open reading frame (ORF) clone for the
longest isoform A of human PRPF40B from GenScript (Clone ID
OHu20176, RefSeq accession number NM_001031698.2), within
the pcDNA3.1+/C-(K) plasmid backbone with DYK flag. We de-
rived the canonical shorter isoform C (RefSeq Accession
XM_011538141.1) with the KAPA HiFi DNA polymerase (KAPA
Biosystems) and the following forward and reverse primers: 5′-
CTCGGATCCGCCACCATGATGCCACCACC-3′ and 5′-GGGTG
GTGGCATCATGGTGGCGGATCCGAG-3′. We introduced a
CAG sequence missing in the long isoform by use of the down-
stream from a pair of tandem alternative 3′ss with NAGNAG se-
quence (Hiller et al. 2004), by PCR mutagenesis (5′-CCTACAG
GTGCTGGAGCAGACTGAATGCCAGCACCTCC-3′) and (5′-GG
AGGTGCTGGCATTCAGTCTGCTCCAGCACCTGTAGG-3′). Next,
we separately introduced the P383L and P540S MDS mutations
(Yoshida et al. 2011) into the WT PRPF40B gene, using (5′-AG
GTCTGGGCTGTGGTCCTTGAGAGGGATCGAAAAGAGGTTTA
TGATG-3′) and (5′-CATCATAAACCTCTTTTCGATCCCTCTCAA
GGACCACAGCCCAGACCT-3′) primers for P383L, and (5′-GCC
AGCCGGGCTCCACCTCTCTGGACTTATTCAAGTTCTATGTGG
AGGAG-3′) and (5′-CTCCTCCACATAGAACTTGAATAAGTCC
AGAGAGGTGGAGCCCGGCTGGC-3′) for P540S. We used the
following PCR mutagenesis conditions: one cycle at 95°C for
2 min, 18 cycles at 98°C for 30 sec followed by 50°C or 55°C an-
nealing for 1 min and extension at 72°C for 5 min, plus final exten-
sion for 5 min. We treated PCR products with 20 U DpnI (New
England Biolabs) to remove methylated PCR templates followed
by DH5α transformation. After overnight growth with Lysogeny
broth (LB) and 70 µg/mL ampicillin, we purified plasmid DNA by
miniprep (Omega Bio-Tek) and confirmed all sequences by
Sanger sequencing with specific primers (1st Base Asia).

RNA extraction and RT-PCR

We collected 2×106 cells for each condition, washed them with
1× PBS, and extracted total RNA using PureLink RNA Mini Kit
(Life Technologies) following the kit’s manual. Briefly, we lysed
cells by incubating them for 2 min with 600 µL lysis buffer with
2-mercaptoethanol (Sigma). We then homogenized the samples,

followed by addition of equal volume of 70% ethanol. We passed
the lysate through the RNeasy mini-column to allow RNA binding
to the membrane. We discarded the flow through and applied
wash buffers to wash the column. We then carefully transferred
the RNeasy column to a new 1.5 mL collection tube and eluted
them with RNase-free water. In order to remove genomic DNA
contaminations, we treated samples with TurboDNase (Life
Technologies) according to the manufacturer’s protocol. Briefly,
we added TurboDNase (2 U/µL) to each sample and incubated
them at 37°C for 30 min. Subsequently, we inactivated reactions
at 72°C for 10min and resuspended RNA in RNase-freewater. For
RNA-sequencing samples, we assessed RNA quality after DNase
treatment by gel electrophoresis and by absorbance using a
Nanodrop Spectrometer (Thermo Scientific). Finally, we purified
and concentrated samples by RNA Clean & Concentrator-5
(Zymo Research) according to the manufacturer’s protocol. After
RNA concentration, we assessed RNA quality by Picogreen assay
and determined RIN for each sample by Bioanalyzer 2100 system
(Agilent). We reverse transcribed 1 µg of RNA to cDNA by heating
it up with deoxynucleotide (dNTPs, 10 nM) and oligodT (40 µM) at
65°C for 5 min in order to disassociate RNA secondary structures.
Subsequently, we performed reverse transcription by adding 1 µL
of M-MuLV reverse transcriptase (New England Biolabs) and 10×
buffer containing 1 mM dithiothreitol (DTT) for 2 h at 42°C. We
performed quantitative RT-PCR using the SYBR GreenMaster
Mix (Thermo Fisher Scientific), according to the kit’s manual, on
CFX96 Touch Real-Time PCR Detection System (Bio-Rad). All
amplicons were shorter than 300 bp, with primer sequences avail-
able upon request. We used hACTB (β-actin) as real-time RT-PCR
reference gene. We calculated the relative expression of three
technical replicates of each target gene by the following equa-
tion: 2(Cq(β-actin) –Cq(target gene)).We plottedmeans and stan-
dard deviations. We performed semi-quantitative RT-PCR to
validate AS events using primer pairs mapping to the flanking ex-
ons of each target cassette exon, with sequences available upon
request.

Transfection with overexpression plasmids

Initially, we performed titration and time-course experiments by
mixing PRPF40B-WT andmock pUC19 plasmids in different ratios
in order to find the optimal amount of plasmid and time to extract
total RNA and proteins, so that exogenous PRPF40B expression
by transient transfection matches that in parental K562 cells.
Transfection efficiency was acceptable at ∼50%, yet each cell
would uptake a different amount of plasmid and/or express it at
different levels. Despite these limitations, a number of DEGs
and DASEs in the KO could be rescued by this system. We per-
formed rescue experiments in triplicates by overexpressing
PRPF40B both as WT and with two MDS mutations. We overex-
pressed mutants both alone as homozygous-like and mixed in a
1:1 ratio with WT plasmid as heterozygous-like. We seeded
K562-PRPF40B-KO cells at a density of 0.2×106 cells/mL in a
six-well plate before transfection in DMEM, 1% Pen/Strep and
10% FBS. We mixed plasmid DNA with 100 µL Opti-MEM (Life
Technologies) and XtremeGENE HP transfection reagent
(Roche) in a 1:2 DNA:reagent ratio. We then incubated the trans-
fection mixture at room temperature for 40 min before adding it
to cells in a drop-wise manner.
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Western blotting

We lysed cells in RIPA buffer [10mMTris-Cl (pH 8.0), 1 mMEDTA,
1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM
NaCl, 1 mM PMSF] for 60 min on ice, and collected supernatants
after centrifugation at maximum speed for 30 min. We deter-
mined protein concentrations by Bradford Assay (Bio-Rad).
Before gel loading, we boiled 40 µg of protein per sample for
10min with sodium dodecyl sulfate (SDS)-loading buffer. We sep-
arated cell lysates by SDS-PAGE on an 8% gel (Acrylamide/Bis
37.5:1; Bio-Rad) in 1× SDS running buffer (25 mM Tris, 192 mM
glycine, 0.1% SDS), and transferred proteins to a polyvinylidene
difluoride (PVDF) membrane (Bio-Rad) in transfer buffer (25 mM
Tris, 192 mM glycine, 20% methanol) at 100 V for 1.5 h using a
wet-tank electrotransfer system (Bio-Rad). We blocked mem-
branes in 5% milk in 1× TBST (144 mM NaCl, 20 mM Tris,
0.05% Tween 20, pH 7.6) for 1 h and washed them with 1×
TBST thrice, each for 5 min. We incubated membranes with the
primary antibody anti-rabbit PRPF40B (Abcam) or anti-mouse
GAPDH (Sigma) in 1× TBST at 4°C overnight followed by three
washes with 1× TBST. We incubated membranes with secondary
anti-mouse/rabbit IgG-HRP antibodies (BioLegend, Sigma, Santa
Cruz Biotechnology) diluted in 1× TBST with or without 5% milk.
After three washes, we detected proteins by Western Lightning
Plus ECL (PerkinElmer).

Inhibition of Pol II mRNA transcription

We seeded nonedited K562, K562-PRPF40B-KO and rescued
cells at a concentration of 0.5×106 cells/mL and incubated with
either dimethyl sulfoxide (DMSO), 50 µM DRB or 1 µM CPT for
5 h to inhibit transcription (Tang et al. 2016). After RNA extraction
and cDNA synthesis, we used primers designed in exons flanking
the alternative exon 8 of hnRNPDL to detect the efficiency of the
drugs by RT-PCR (FW-hnRNPDL.Ex7 5′-GCCAACAGAGCCAC
TTATGG-3′, RW-hnRNPDL.Ex9 5′-ACAGTTGGACACAATGGT
GTC-3′). Primers for AFMID and SPTAN1 were the same as in
Figure 5.

RNA-sequencing library preparation

We prepared RNA libraries using the TruSeq Stranded mRNA
Library Prep Kit (Illumina). In brief, we purified poly(A) containing
mRNAs by poly(T) oligonucleotides attached to magnetic beads.
We cleaved and fragmented mRNAs into small pieces, followed
by reverse transcription to generate the first cDNA strand using
random primers. To track the strand information in the following
steps, we replaced dTTP with dUTP in the second strand synthesis
by using DNA polymerase I and RNase H. We ligated the cDNA
fragments with the adapter and purified them. We enriched the
molecules by PCR to generate the final cDNA library. We used
HiSeq 2500 System Rapid mode (Illumina) for RNA-sequencing,
giving rise to paired-end reads of 101 bp.

RNA-seq data analysis

As mentioned before (Liu et al. 2018), we first confirmed the orig-
inal read quality of our RNA-seq data by FastQC (Simon Andrews,
Babraham Bioinformatics). For gene expression analysis, we

aligned the paired-end reads to human genome (UCSC-hg19) us-
ing Tophat2 (Trapnell et al. 2009) with Bowtie2 (Langmead 2010).
In RNA-seq data analysis, we used the default parameters for each
tool unless otherwise stated. For Tophat2, we allowed amaximum
of two mismatches and set two parameters as –library-type=fr-
firststrand and –read-realign-edit-dist=0. We used Cufflinks,
Cuffmerge, and Cuffdiff (Trapnell et al. 2012) for transcripts as-
sembly and quantification of the Tophat2 output. We obtained
more than 92% aligned reads to the genome with Tophat2 (de-
tails available upon request). We used the common FPKM (frag-
ments per kilobase of transcript per million fragments mapped)
as the expression levels measured for each gene or transcript.
We obtained the information about the correlation between
samples with CummeRbund. The log10(FPKM) values for each in-
dividual condition across replicates highlighted the strong repro-
ducibility of our data. To detect DASEs, we used the software
rMATS (Shen et al. 2014), using the alignment outputs of
Tophat2. Our read type is paired-end (-t paired) and with a length
of 101 bp (-len 101), while the analysis type was the default un-
paired. We obtained information about changes in AS for each
type of AS event (AA, AD, SE, IR, MXE), with total numbers avail-
able upon request. For the rMATS AS list, we applied the cutoffs
of ΔPSI≥ 0.10 or ΔPSI≤−0.10 and FDR<1. We sorted the data
using the R package dplyr to obtain a list of PRPF40B-regulated
DASEs having common coordinates between comparisons of
the WT versus KO and KO versus Rescue. Then we compared
overlapping SE events with the lists of cassette exons before
FDR and ΔPSI cutoff for each rescue with PRPF40B mutants.
We performed GSEA of the DEGs and DASEs regulated by

PRPF40B both by the online tool ConsensusPathDB (Max Plank
Institute for Molecular Genetics) (Kamburov et al. 2011) and
Enrichr (Kuleshov et al. 2016). We generated the heatmaps of
themost important selected genes involved in hypoxia according
to the literature using the R package heatmap2. We built PPI
network for the DASEs regulated by PRPF40B with the online
database STRING v10.5 (https://string-db.org/) with a high con-
fidence score of 0.7 and a K-means clustering score of 10
(Szklarczyk et al. 2017). From the human genome hg19, we
retrieved sequences of the 5′ss and 3′ss for all the PRPF40B-
regulated cassette exons with BEDTools package (Quinlan and
Hall 2010). As background, we used a list of constitutive exons
present on the same mRNA transcript where the DASEs were
detected. As a list of DASEs that are not regulated by PRPF40B,
we used events from the RNA-seq which did not pass the cutoff
of FDR<1. We used the splice sites as input for the online tool
MaxEntScan (Yeo and Burge 2004) to calculate the entropy score
for each single sequence, in order to obtain the 5′ss and 3′ss
scores. We performed statistical analysis to obtain P-values be-
tween the different comparisons byWilcoxon test, and generated
boxplots with the R package ggplot2 (Ito and Murphy 2013).
We retrieved from the genome the sequences of the PRPF40B-
regulated cassette exons flanked by 200 bp in the upstream
and downstream introns with the BEDTools package. We per-
formed motifs analysis by DREME, a subprogram of the online
web portal MEME Suite v4.12.0 (Bailey et al. 2009) in order to
elucidate the most enriched motifs in these sequences. DREME
automatically uses shuffled sequences as a background. We
mined the TCGA data with the online tool cBioPortal (Cerami
et al. 2012) and other databases such as Oncogeo, Gent, and
Gepia (Shin et al. 2011; Tang et al. 2017).
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DATA DEPOSITION

We deposited the raw fastq files in the Sequence Read Archives
(SRA) of the National Center for Biotechnology Information
(NCBI) under accession number SRP197235 of Bioproject
PRJNA540831. All DEGs and DASEs in Excel files are available
at Data Repository-NTU (DR-NTU): https://doi.org/10.21979/
N9/MUULD6 and https://doi.org/10.21979/N9/3RYIVP.
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