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Coupling between alternative polyadenylation and alternative splicing is limited

to terminal introns

Maliheh Movassat?, Tara L. Crabb®, Anke Busch®®, Chengguo Yao?, Derrick J. Reynolds?, Yongsheng Shi?,

and Klemens J. Hertel®

?Department of Microbiology and Molecular Genetics, School of Medicine, University of California, Irvine, CA, USA; BInstitute of Molecular Biology (IMB),

Mainz, Germany

ABSTRACT

Alternative polyadenylation has been implicated as an important regulator of gene expression. In some
cases, alternative polyadenylation is known to couple with alternative splicing to influence last intron
removal. However, it is unknown whether alternative polyadenylation events influence alternative splicing
decisions at upstream exons. Knockdown of the polyadenylation factors CFIm25 or CstF64 in Hela cells
was used as an approach in identifying alternative polyadenylation and alternative splicing events on a
genome-wide scale. Although hundreds of alternative splicing events were found to be differentially
spliced in the knockdown of CstF64, genes associated with alternative polyadenylation did not exhibit an
increased incidence of alternative splicing. These results demonstrate that the coupling between
alternative polyadenylation and alternative splicing is usually limited to defining the last exon. The striking
influence of CstF64 knockdown on alternative splicing can be explained through its effects on UTR
selection of known splicing regulators such as hnRNP A2/B1, thereby indirectly influencing splice site
selection. We conclude that changes in the expression of the polyadenylation factor CstF64 influences
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alternative splicing through indirect effects.

Introduction

Eukaryotic gene expression and proteomic diversity is dependent
on the appropriate removal of introns from pre-mRNAs, a process
orchestrated by the spliceosome. Multiple mRNA isoforms are gen-
erated through alternative splicing (AS), a highly regulated process
that has been identified in ~95% of human genes."* AS requires
the use of different combinations of splice sites resulting in several
classes of splicing patterns, such as: alternative 5’ splice site selec-
tion (Alt5), alternative 3’ splice site selection (Alt3), the skipping of
complete exons (SE), or the retention of introns (RI).

Many splicing decisions are believed to occur co-transcription-
ally,”” both through the use of alternative promoters®'* as well as
in defining the first'> and last exons. First and last exons only have
one flanking splice site and are, therefore, recognized differently
than internal exons. Terminal exon definition has been shown to
be aided by the polyadenylation machinery'*'* through interac-
tions between U2AF and the polyadenylation polymerase (PAP)'
or cleavage factor Im (CF1m)," or through interactions between
splicing factor 3b (SF3b), a component of U2 snRNP, and the
cleavage and polyadenylation specificity factor (CPSF)."® Further-
more, the U1 snRNP component U1A has been shown to stimulate
polyadenylation through interaction with CPSF160,"” however, Ul
snRNP also plays a role in preventing premature cleavage and poly-
adenylation through binding of Ul snRNA to cryptic poly(A)
sites®® as well as through direct interactions between U1-70K and
the PAP.*! More recent findings have demonstrated that a terminal

splice acceptor site’> and poly(A) tail may be necessary for terminal
intron removal with splicing promoted through the coordinated
efforts of PAP and nuclear poly(A) binding protein, PABPN1.>
Thus, the interactions of splicing and polyadenylation factors at
terminal exons play important roles in the regulation and enhance-
ment of both splicing and polyadenylation.**

Alternative polyadenylation (APA) has gained renewed con-
sideration as an important regulator of gene expression. Similar
to AS, the use of alternative poly(A) sites also allows for multi-
ple mRNA isoforms to be generated from a single transcript.
Recent analyses has identified APA events in about 70% of
human genes.”> The ability to choose a particular poly(A) site
depends on the strength of the poly(A) signal, as well as sur-
rounding cis-elements.”**” Genes/transcripts may have alterna-
tive poly(A) sites located in internal introns or exons leading to
the formation of different protein isoforms. Alternatively, APA
events that occur in the 3’ untranslated regions (UTR) will
result in transcripts with different 3'UTR lengths, but will code
for the same protein. Changing the length of the 3’UTR is
believed to affect the stability, localization, transport, and even
translation of the mRNA through altered interactions with
microRNAs or other regulatory RNA binding proteins.**** Sev-
eral polyadenylation factors have been implicated in APA
including CF1m’>** and CstF.*>*® For example, knockdown of
CFIm25 (CF1m25 KD) or CstF64 (CstF64 KD) has been
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shown to result in the activation of alternative poly(A) sites.**3°

Thus, APA events are mediated through factors that are also
engaged in interactions with spliceosomal components.

The mechanism of interaction and the extent of coupling
between APA and AS are still relatively unexplored. While pre-
vious work demonstrated the coupling between splicing and
polyadenylation for terminal exons, it is unknown whether
there is a mechanistic connection between APA and AS events
upstream of the terminal exon. In other words, does an
upstream AS event dictate a preference for an APA event or
vice versa? Two scenarios can be envisioned. One scenario
describes AS and APA events as mechanistically uncoupled.
Each process is executed independently from one another,
resulting in spliced mRNA isoforms, each of which has a simi-
lar distribution of variable 3'UTR lengths as generated from
APA (Fig. 1, left arm). However, if AS and APA events are
mechanistically coupled, the resulting mRNA isoforms would
be characterized by a selective preference for one type of APA
with a particular AS event (Fig. 1, right arm). As a consequence
of this coupled scenario, specific mRNA isoforms could be
selectively stabilized or destabilized over other isoforms. Thus,
the mechanistic coupling between AS and APA could signifi-
cantly influence the expression of mRNA isoforms. Using
genome-wide approaches, we tested the hypothesis that APA
and upstream AS events are functionally linked.

Results

Changes in APA correlate with changes in AS at the
terminal intron in CF1m25 KD cells

Previous studies have elucidated several protein interactions
between the splicing and polyadenylation machineries, suggest-
ing a coupled process in vivo. To test the hypothesis that alter-
ing polyadenylation site selection induces AS changes, we
induced APA through RNAi mediated knockdown of CF1m25
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in HeLa cells, which was shown to induce proximal poly(A)
site selection in TIMP-2, SDC2, ERCC6 and DHFR** At effi-
cient CFIm25 KD conditions (60-80%) (Fig. 2A), reduced
CF1lm25 levels resulted in alternative TIMP-2 poly(A) site
selection as demonstrated by 3’ RACE analysis (Fig. 2B, C).
TIMP-2, an inhibitor of matrix metalloproteinases, contains 2
functional poly(A) sites, producing mRNAs of 1.2 kb and
3.8 kb. In agreement with previous results,>* PCR-mediated 3’
end amplifications demonstrate that CF1m25 KD significantly
induced proximal poly(A) site selection (Fig. 2C).

To determine if changes in APA correlate with changes in
AS, RT-PCR analysis was performed along the TIMP-2 gene
using cDNA from CF1m25 KD and control cells. At the termi-
nal exon, depletion of CF1m25 resulted in a 7-fold decrease of
an intron retention event (Fig. 2D, E). Thus, proximal poly(A)
selection increases terminal splicing efficiency in TIMP-2.
These results demonstrate that proximal poly(A) site selection
influences the efficiency of terminal intron removal. To address
the question of whether splicing events upstream of the termi-
nal exon were affected by CF1m25 KD, the inclusion of known
alternative exons within genes that harbor conserved tandem
APA events’ were evaluated using RT-PCR approaches
(TMEM135, DSTN, TSC22D2, SLC38A2, and ERCC6). None of
the AS events tested displayed significant differences upon
knockdown of CF1m25 (Fig. S1). These initial results suggest
that changes in poly(A) site usage can influence AS near the 3’
UTR. However, there does not appear to be a correlation
between upstream AS alterations and APA, supporting the
notion that mechanistic ties between upstream AS events and
APA are limited to terminal intron removal.

Genome-wide approach to correlate APA and upstream AS
events

The major limitation of the approach described above is the
small number of confirmed APA cases. To increase the power
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Figure 1. Consequences of a mechanistic connection between APA and AS events upstream of the terminal exon. It is unknown whether APA and AS events are function-
ally coupled beyond the definition of the terminal exon. If the RNA processing events are uncoupled (left arm) mRNA isoforms generated through AS would not display a
selective preference for a particular APA event. A coupled event (right arm) would preferentially associate one form of APA with a specific AS event. The alternatively
spliced exon is depicted in purple, introns shown as black lines, distal poly(A) (pA) site shown in brown, and the proximal pA site is depicted in orange.
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Figure 2. CF1m25 KD induces APA leading to increased last intron retention in TIMP-2. (A) Western blot illustrating the efficiency of CF1m25 KD in Hela cells. (B) Diagram
of primers used for 3’ RACE amplification of TIMP-2. The distal primer binds to the 3’ UTR sequence of the 3.8 kb mRNA isoform. The proximal primer binds to the coding
sequence of TIMP-2 but amplifies only from the poly(A) tail of the 1.2 kb isoform. (C) 3’ RACE cDNA amplification of TIMP-2 from cells transfected with CFIm25 shRNA or
a negative control vector. The identities of the amplified PCR products are indicated on the side of the representative gel. The results of independent experiments are dis-
played in the graph below as the ratio of proximal:distal poly(A) site usage. (D) Diagram of PCR primers flanking the terminal intron retention event in TIMP-2. Asterisk (*)
denotes non-specific binding. (E) RT-PCR analysis of TIMP-2 intron retention in cells treated with CF1m25 shRNA or control shRNA. The unspliced and spliced products
amplified are indicated on the left of the representative gel. The results of independent experiments are displayed in the graph as the ratio of unspliced:spliced.

of the correlative analysis, we took advantage of a Hela
CstF64 KD cell line and used genome-wide approaches to iden-
tify APA and AS events.’® After verifying >80% knockdown
efficiency in CstF64 protein levels (Fig. 3A) APA events were
identified using poly(A) site-sequencing (PAS-Seq)’” and stan-
dard mRNA-Seq on both CstF64 KD and wild-type HeLa cells
(Fig. 3B). Subsets of these APA events were verified using RT-
qPCR analysis (Fig. 3C-3D, Fig. S2).

PAS-Seq and its applied bioinformatics pipeline identified
19 genes displaying statistically significant changes in APA.
Differential splicing analysis of RNA-Seq datasets (by MISO*°)
derived from CstF64 KD and wild-type HeLa cells identified
234 additional statistically significant alternative last exons
(ALE), which also represent APA events. Furthermore, MISO
analysis identified 1,060 genes that display statistically signifi-
cant Alt3, Alt5 and SE alternative splicing events (Fig. 3E).
These results suggest that in addition to mediating APA,
CstF64 also exerts a regulatory role on AS.

To determine the frequency of ‘splicing and polyadenylation
linked’ events, the overlap between APA and AS events was deter-
mined. APA events detected from PAS-Seq (19 genes) and RNA-
Seq (234 genes), a total of 253 genes (Table S1), were then corre-
lated with all types of AS events. Interestingly, of the total 1,060 AS
genes that were identified, only 13 genes were contained in the list
of APA genes (Fig. 3F, Table S2). This minimal overlap does not
change when the statistical stringency is relaxed (see Materials and
Methods). Given the small overlap between genes that display sig-
nificant changes in APA and AS, we conclude that there is no gen-
eral mechanistic coupling between APA and upstream AS in the

conditions tested here. While this analysis does not exclude the
possibility that a mechanistic link between the processing events
can exist, for the majority of the alternative pre-mRNA processing
events evaluated, APA and upstream AS are carried out
independently.

The results evaluating the impact of induced APA in Timp2
(Fig. 2D, E) suggested that terminal intron removal may be
influenced by the knockdown of polyadenylation factors. To
test whether the knockdown of CstF64 induced intron reten-
tion events at the terminal end, we determined the extent of ter-
minally located RI. MISO identified 77 genes displaying
significant differences in the efficiency of intron removal. Inter-
estingly, 35% of these RI events were terminal in nature
(Fig. 3G, Fig. S2C). These observations suggest that CstF64 KD
preferentially impacts the removal efficiency of terminal
introns, presumably through modulating interactions with the
splicing and polyadenylation machinery at the 3’ end of the
pre-mRNA.

Alternative splicing analysis identifies CstF64 as a
potential regulator of AS

Interestingly, the large number of AS events that are detected
upon CstF64 KD suggests that this polyadenylation factor
may be a potential regulator of AS, either directly or through
indirect effects. To test the hypothesis that CstF64 binding to
the pre-mRNA directly influences AS, we mapped CstF64
iCLIP-Seq reads*” to the human genome and evaluated
whether unique binding signatures could be identified around
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Figure 3. Genome-wide approach for identification of a larger sample pool for correlation studies. (A) Western blot demonstrating CstF64 KD in Hela cells. (B) Workflow
for genome-wide analysis of CstF64 KD. To identify examples of APA genes, PAS-Seq and RNA deep sequencing was performed on both CstF64 KD and wild-type Hela
cells. APA and AS genes were then identified and the genes from each group were compared to each other to identify any overlap. (C) Fold change of the ratio of distal
to proximal poly(A) sites between CstF64 KD and wild-type (WT) HeLa cells depicted for 10 genes identified by PAS-Seq, as determined by RT-qPCR, n = 3, “p < 0.05. Pur-
ple bars depict APA shifts from distal to proximal and green bars show proximal to distal APA changes. (D) Fold change of the ratio of distal to proximal poly(A) sites
between CstF64 KD and WT Hela cells depicted for 8 genes identified by MISO, as determined by qPCR, n = 3, “p<0.05. (E) Alternative splicing analysis identifies CstF64
as a potential regulator of AS. Alternative splicing analysis of RNA-Seq data identified a large number of significant AS changes upon CstF64 KD in Hela cells (1,060
genes), indicating CstF64 as potential requlator of AS. (F) Overlap between AS and APA genes. Out of the 1,060 AS genes that were identified and 251 APA genes, only
13 genes were contained in the list of APA genes. (G) Number of CstF64 KD induced genes with intron retention located at the terminal intron (maroon) or upstream of

the terminal intron (blue).

alternatively spliced exons induced by CstF64 KD. Compared
to control groups no significant differences in CstF64 bind-
ing densities were observed in upstream intronic binding
surrounding Alt3 (Fig. 4A) or downstream intronic binding
of Alt5 (Fig. 4B). However, the upstream intronic region

around alternatively included exons displayed increased
CstF64 binding coverage, as demonstrated by the horizontal
peak shift (Fig. 4C). No measurable differences were
detected for introns downstream of alternatively included
exons (Fig. 4D). Further analysis of the increase in CstF64
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Figure 4. Density distribution of CstF64 binding in the vicinity of AS exons. To distinguish the location of intronic binding of CstF64, iCLIP-Seq coverage was analyzed. The
density of the distribution of normalized iCLIP-Seq coverage within introns surrounding alternative exons was determined. (A) Intronic CstF64 binding distribution
upstream of an alternatively spliced 3 splice site (Alt3). (B) Intronic CstF64 binding distribution downstream of an alternatively spliced 5 splice site (Alt5). (C) Intronic
CstF64 binding distribution upstream of an alternatively skipped exon. (D) Intronic CstF64 binding distribution downstream of an alternatively skipped exon. “not differen-
tially alternatively spliced” and “identically alternatively spliced” are control categories. The first control group includes exons that are not in the group of “differentially
alternatively spliced” exons. The second control group (“identically alternatively spliced”) includes exons specifically filtered for no change in their splicing behavior. The
plots show the fraction of events in those exon sets/groups that overlap with iCLIP-Seq clusters.

binding coverage around upstream introns of alternatively
included exons identified the gene hnRNP A2/B1, which
displayed strong CstF64 binding signals at APA sites
(Fig. 5A). CstF64 KD leads to a decrease in hnRNP A2/B1
protein levels (Fig. 5B), which correlates with splicing
changes within its 3'UTR (Fig. 5C). There are 3 potential
APA sites within the 3'UTR of hnRNP A2/B1 and selection
of the proximal APA site leads to the formation of hnRNP
A2 with no discernable difference between WT and
CstF64 KD RNA levels. However, selection of the most dis-
tal APA site generates multiple splicing isoforms, one of
which is the hnRNP Bl mRNA isoform, which is targeted
by NMD.*' Thus, CstF64 KD leads to an increase in the
less stable hnRNP Bl mRNA isoform, providing a molecu-
lar basis for the reduced protein levels observed (Fig. 5B).
These observations suggest that AS changes within the
3’'UTR of hnRNP A2/B1 lead to the activation of different
APA sites, resulting in the generation of different terminal
exons (Fig. 5D). As hnRNP A2/B1 has also been implicated
in the regulation of AS,** it is highly possible that many of

the observed AS changes activated upon CstF64 KD were
caused by the altered expression of this or other splicing
regulatory proteins. Indeed, our analysis of CstF64 KD cells
also identified hnRNP AB, hnRNP C, hnRNP H3, SRSF5
and SRSF6 as AS target genes (GEO submission GSE79157).

To test the hypothesis that the reduced expression of
hnRNP A2/B1 at CstF64 KD conditions accounts for many
of the observed AS changes, we determined the overlap
between CstF64 knockdown-mediated AS differences and
hnRNP A2/B1 knockdown-mediated AS differences.*’ Inter-
estingly, about one third of all genes that are affected by
CstF64 KD are also affected by hnRNP A2/B1 KD (Fig. S3),
thus supporting the proposal that CstF64’s influence on the
processing of hnRNP A2/B1 indirectly mediates changes in
AS. In summary, our analysis demonstrates that CstF64
pre-mRNA binding does not correlate with induced AS.
Rather, the selection of alternative poly(A) sites or the alter-
native splicing of several splicing regulators is altered upon
CstF64 KD, suggesting that most AS differences observed
are likely to be indirect effects of CstF64 KD.
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Figure 5. CstF64 binding within the 3’UTR of hnRNP A2/B1 gene triggers AS. (A) Cartoon depicts alternatively spliced regions (blue, light blue, purple boxes) located in
the 3’UTR of the hnRNP A2/B1 gene. The polarity of the gene is from right (5" end) to left (3" end) as depicted by the long black arrow. The green bar depicts a stop
codon. Snapshot from the UCSC genome browser depicts iCLIP-Seq track information for the binding of CstF64 and black arrows show the location of the proximal poly
(A) site (PpA) and 2 distal poly(A) sites (D1pA and D2pA). (B) Western blot analysis demonstrating loss in hnRNP A2/B1 protein levels due to CstF64 KD. (C) RT-PCR analysis
of the hnRNP A2/B1 3'UTR. Primer locations are depicted as forward and reverse red arrows. The identities of the PCR products are indicated on the side of the represen-
tative gels. Asterisk (*) denotes a non-specific amplicon. (D) Alternative splicing pattern in the 3'UTR of hnRNP A2/B1 depicting the generation of hnRNP B1 and hnRNP

A2 mRNA isoforms. The orange arrow indicates the isoform (hnRNP B1) that undergoes nonsense-mediated decay (NMD,

Discussion

We tested the hypothesis that APA and upstream AS events are
mechanistically coupled. APA was induced by the knockdown
of the polyadenylation factors CF1m25 or CstF64. We then
tested whether genes with APA also undergo AS upstream of
the terminal exon. Using global approaches to increase the
number of cases investigated, it was demonstrated that
upstream AS and APA events occur independently from each
other and that the major mechanistic coupling between APA

)

and pre-mRNA splicing was limited to terminal exon process-
ing. Direct interactions between the splicing and polyadenyla-
tion machineries have been documented previously,** as
demonstrated by Ul snRNP preventing premature cleavage
and polyadenylation® or the inhibition of terminal exon splic-
ing and polyadenylation through mutations of the AAUAAA
consensus poly(A) signal or the 3’ splice site."*** In combina-
tion, these observations strongly suggest that the mechanistic
coupling between APA and pre-mRNA splicing is generally
limited to terminal exon definition.
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The lack of a 5 splice site at the 3’ end of the pre-mRNA
dictates the need for alternative mechanisms to aid in the defi-
nition of the terminal exon. However, in the case of AS events
upstream of the terminal exon, polyadenylation does not
appear to exert a major influence on decision-making pro-
cesses. This may be because each internal exon is efficiently rec-
ognized through the combinatorial contributions of 3" and 5’
splice site interactions with the splicing machinery. Further-
more, kinetic barriers could limit interactions between the
splicing and polyadenylation machinery to terminal exons as
upstream exons are synthesized prior to polyadenylation sites.
Thus, the “first come, first served” concept*®™*® may have a sig-
nificant influence on allowing productive interactions between
splicing factors recruited to upstream exons and the polyadeny-
lation machinery assembled at the 3’ end. Moreover, it should
also be noted that although transcription occurs in the 5 to 3’
direction, not all splicing occurs in that order as demonstrated
by the adenine phosphoribosyltransferase (APRT) gene where
the first of 4 introns is the last to be removed.*’

Given the significance of AS and APA in contributing to
genome diversity, it is of considerable interest to determine
whether these pre-mRNA processing events are functionally linked
beyond the previously demonstrated definition of terminal exons.
It is known that splicing defects play a role in many human dis-
eases,”””" including numerous types of cancer.”*>> Similarly, APA
has a demonstrated regulatory role in human disease.’**** Thus,
coordinated APA and upstream AS could generate alternatively
spliced mRNA isoforms with unique 3'UTRs that dictate mRNA
half-lives and protein product functions (Fig. 1, right arm). Our
genome-wide analysis demonstrates that the mechanistic coupling
between APA and pre-mRNA splicing is limited to terminal exon
definition (Fig. 1, left arm). Thus, the regulation of mRNA isoform
stability and translatability is mainly driven by the generation of
different 3'UTRs.

Our results also identified an intriguing role for CstF64 in medi-
ating AS. As shown, reduced levels of CstF64, led to a considerable
change in AS events. However, neither enrichment nor depletion
of CstF64 binding to alternatively spliced exons was observed
when compared to control groups, arguing against a direct role.
Instead, hnRNP A2/BI’s was identified to be one of several splicing
regulatory proteins that alter APA or AS patterns upon
CstF64 KD. Given hnRNP A2/BI’s important role in regulating
AS* and mRNA stability,"*° these observations strongly suggest
that CstF64 influences AS decisions through indirect mechanisms.
Investigating the mechanisms that lead to 3'UTR diversification
and alternative terminal exon definition will therefore be an impor-
tant future research endeavor.

Materials and methods
Cell culture and transfections

CF1m25 KD was performed using shRNA constructs as previ-
ously described.’* The siRNA-408 sequence (5-GCAAUCGU-
CAAUGACCCAGUCUUGC-3') was used as a target sequence
in the design of an shRNA insert oligo and was cloned into
the pSUPERIOR.puro vector (Oligoengine, VEC-IND-0006).
To create the shRNA insert, the sense oligonucleotide 5'-
GATCCCCGCAAGACTGGGTCATTGACGATTGCTTCAA

GAGAGCAATCGTCAATGACCCAGTCTTGCTTTTTA-3'
was annealed with the antisense oligonucleotide 5'-AGCT-
TAAAAAGCAAGACTGGGTCATTGACGATTGCTCTCTT-
GAAGCAATCGTCAATGACCCAGTCTTGCGGG-3' and
ligated to linearized vector using T4 DNA ligase (Promega).
HeLa cells were cultured in MEM and transfected with 1 ug
of either CF1m25 KD plasmid or a control plasmid using Lip-
ofectamine-2000 (Invitrogen). Media was replaced with MEM
supplemented with 10% FBS and 3 mg/mL puromycin post
transfection. RNA extraction was performed via Trizol and
proteins were isolated with RIPA buffer.

CstF64-RNAi HeLa cell lines were obtained® and grown in
high glucose DMEM media plus 10% FBS, 1% Na-Pyruvate
and 1.5 pg/mL of puromycin for selection of stably transfected
cells. RNA extraction was performed via Trizol and proteins
were isolated with RIPA buffer.

Western blot analysis

CF1lm25 and CstF64 proteins were separated on 10% SDS-
PAGE and subjected to standard western blotting procedures.
Primary antibodies used were as follows: anti-rabbit NUDT21
(Proteintech Group, 10322-1-AP), anti-rabbit CstF64 (Bethyl
Labs, A301-092A), anti-mouse hnRNP A2/Bl1 (AbCam,
DP3B3) and anti-mouse «-Tubulin (Calbiochem, DM1A).
Typically, 75 ug of total protein were loaded per lane.

3’ RACE and RT-PCR

3’ RACE was performed to analyze 3’ ends, as previously
described.®’ Total RNA was reverse transcribed using the
primer 5'-CCAGTGAGCAGAGTGACGAGGACTCGAGCT-
CAAGCTTTTTTTTTTTTTTTTT-3'. TIMP-2 gene specific
primers used were: forward primer 1 5-CGCAACAGG
CGTTTTGCAAT-3' for proximal poly(A) tail product amplifi-
cation, TIMP-2 forward primer 2 5-CTGTTCGCTTCCTGT
ATGGT-3' for distal poly(A) tail product amplification,** and
reverse primer 5-CCAGTGAGCAGAGTGACG-3'.

For RT-PCR analysis, total RNA was treated with DNase I
and reverse transcribed using iScript (BioRad). For the TIMP-2
gene, terminal intron retention was evaluated using forward
primer 5-AGGGAAGCACACCTGCAGTA-3' with reverse
primer 5-GTGCCCGTTGATGTTCTTCT-3'. In addition to
TIMP-2, 5 additional genes with documented cases of AS
events were analyzed using RT-PCR. Three AS events were
evaluated for each of the following genes: DSTN, TSC22D2,
TMEM135, SLC38A2, and 7 AS events for ERCC6. Primer
sequences are available upon request. PCR reactions were per-
formed using Taq polymerase under standard conditions and
resolved on a 0.8% agarose gel stained with ethidium bromide.

PAS-Seq APA events were verified by RT-qPCR as described
previously.”® RNA-Seq MISO designated AS events in the
3'UTR for hnRNP A2/BI were evaluated in addition to APA
events for eight genes: CIRBP, DNAJB6, GLS, OBSL1, PDCD2,
PML, TROAP, VIT. Primer sequences are available upon
request. Total RNA from CstF64 KD cells were treated with
DNasel and reverse transcribed using Oligo(dT) primers with
SuperScript II (Invitrogen). RT-PCR analysis was performed
with Taq polymerase under standard conditions and resolved




on a 1.5-2% agarose gel stained with ethidium bromide. Quan-
titative real-time PCR (qPCR) was performed with the same
primer pairs and iTaq Universal SYBR Green supermix (Bio-
Rad) using a 3 step qPCR protocol with an annealing temp
(Tm) = 55°C and 1 minute extension at 72°C.

RNA deep sequencing

Cell lines stably transfected with shRNA plasmids targeting
CstF64 were obtained from the Shi lab.*® Cell lines were main-
tained by culturing in the presence of 1 mg/ml puromycin.
Total RNA was isolated from CstF64 KD cells and wild-type
control cells using Trizol according to manufacturer’s proto-
cols. CstF64 protein levels were measured via Western Blot
analysis using rabbit anti-CstF64 antibody (Bethyl, A301-
092A). Total RNA isolated from 2 biological replicates was
used to generate independent libraries with the Illumina Tru-
Seq RNA sample preparation kit according to manufacturer’s
protocols. Each library was diluted to approximately 10 pM
prior to loading and sequenced using the Illumina GA IIx
instrument generating 50 bp single-end reads. This produced
~50 million reads for each wild-type and CstF64 KD biological
replicate.

Computational analysis

Identtification of AS and APA events

RNA-Seq results were trimmed by 10 bases at the 5 end.
Trimmed 40 bp long reads were then mapped to the human
genome (GRCh37/hgl9) using TopHat (version 2.0.4)** with
default parameters. To identify AS events, the data sets were
compared using MISO.* To do so, replicate samples were com-
bined and only uniquely mapped reads were kept. For every
known AS event expressed in both cell lines (SE, Alt3, Alt5, R,
ALE/APA) only events showing an absolute change in inclu-
sion level or splice site usage >15% with a bayes factor of >10
were filtered for. Applying these filters resulted in the identifi-
cation of 733 SE (636 genes), 267 Alt3 (240 genes), 200 Alt5
(185 genes), 109 RI (77 genes) and 328 APA (234 genes) events.
To identify additional APA events, a PAS-Seq dataset was uti-
lized comparing polyadenylation between CstF64 KD and
wild-type HeLa cells.”® PAS-Seq and its applied bioinformatics
pipeline®® identified 19 genes displaying statistically significant
changes in APA, using a cutoff of >2 reads with FDR <0.05
and a change in APA >15% (a change in the ratio of proximal
to distal shift in polyadenylation between CstF64 KD and wild-
type HeLa cells).

Correlation between APA and AS events

To determine the frequency of ‘splicing and polyadenylation
linked” events, the overlap between APA and AS events was
determined. APA events detected from PAS-Seq (19 genes) and
RNA-Seq (234 genes), a total of 253 genes, were correlated with
all types of AS events. Overlapping APA and AS genes were
identified by determining those that only had AS events occur-
ring upstream of both proximal and distal poly(A) sites. Of the
19 PAS-Seq derived list of APA genes, only one gene was
located upstream of both proximal and distal poly(A) sites. Of
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the RNA-Seq derived list of APA genes, only 12 genes with AS
events upstream of both poly(A) sites were identified.

Correlation between AS events and CstF64 binding

AS events were identified using the RNA-Seq data sets
described above and MISO™ filters of >20% change in the
absolute level or splice site usage (for Alt3 or Alt5) with a bayes
factor of >10 filtered for. Of these, events supporting only one
of the 2 possible isoforms with coverage of >10 reads were kept
for subsequent analysis. These remaining exons were consid-
ered to be “differentially alternatively spliced.” A first list
included cassette exons, which either demonstrated an increase
or decrease in inclusion of the knockdown sample. A second
and third list consisted of exons with an Alt3 or Alt5, respec-
tively. For each of these 3 lists, 2 different control groups were
created. The first control group for each set (denoted “not dif-
ferentially alternatively spliced”) included exons that did not
pass the filter, but showed the same type of AS. The second
control group (denoted “identically alternatively spliced”) was
filtered in an opposite fashion than the test sets: events showing
a change in inclusion level or splice site usage of <0.05 and a
bayes factor of <0.1, which meant a change in splicing behavior
was 10 times less likely than having no change.

Data from triplicate CstF64-iCLIP-Seq in HeLa cells was
obtained from the Gene Expression Omnibus database (acces-
sion no. GSE40859)® and was used to identify whether AS is
correlated with CstF64 binding. The frequency of CstF64 bind-
ing sites was examined within the set of differentially alterna-
tively spliced exons and their surrounding introns, as well as
within the exons (and their neighboring introns) of the 2 con-
trol groups (not differentially alternatively spliced as well as
identically alternatively spliced exons).

To separate real CstF64 binding sites from background
peaks, clusters of iCLIP-Seq reads in close proximity to the
alternatively spliced exon were searched for. A cluster was
defined as a window of at least 10 nucleotides displaying at least
2 iCLIP-Seq tags after averaging all 3 iCLIP-Seq data sets. The
clusters of CstF64 binding sites were overlapped with alterna-
tively spliced exons and the neighboring introns in both the
test and control sets to compute their total iCLIP-Seq coverage.
Those values were then normalized by the length of the introns.
The density of the distribution of the normalized iCLIP-Seq
coverage in the different sets was plotted (excluding introns
with a coverage of 0). All the density functions are only plotted
for normalized coverage of <0.1.

Correlation between CstF64 KD and hnRNP A2/B1 KD

Data from duplicate hnRNP A2/B1 KD and 5 control HeLa
RNA-Seq samples were obtained from the Gene Expression
Omnibus database (accession number GSE34992).** To iden-
tify AS events, the datasets were compared using MISO.*’ Rep-
licate control and hnRNP A2/B1 KD samples were combined
and only uniquely mapped reads were kept. For every known
AS event expressed in both cell types (SE, Alt3, Alt5, RI, ALE/
APA) only events showing an absolute change in inclusion level
or splice site usage >15% with a bayes factor of >10 were fil-
tered for. Overlap between CstF64 KD and hnRNP A2/B1 KD
was determined for all types of AS events (SE, Alt3, Alt5, R,



654 M. MOVASSAT ET AL.

ALE/APA) by comparing which exact AS events were con-
tained in both groups.

Data accession code. All sequencing and MISO data has been
submitted to the National Center for Biotechnology Informa-
tion Gene Expression Omnibus database (accession no.
GSE79157).
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