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ABSTRACT OF THE DISSERTATION

Identification of Novel Roles for RNA Binding Proteins in mRNA Processing
by
Kristianna Sarkan
Doctor of Philosophy in Biomedical Sciences
University of California, Irvine, 2022

Professor and Chancellor’s Fellow Yongsheng Shi, Chair

Two critical steps in mRNA processing are 3’ processing and splicing, both of which
diversify the human genome and create mRNA isoforms with unique regulatory properties
including mRNA stability, translation efficiency or intracellular location or even create distinct
proteins. In addition to being essential steps in mRNA processing, polyadenylation and splicing
are highly alternatively regulated, with approximately 70% and 95% of genes producing
alternative isoforms respectively. Regulation of these isoforms have important biological
consequences as mis-regulation is associated with many human diseases including cancer and
neurological disorders (Tian and Manley 2017; S. Chan, Choi, and Shi 2011; Q. Pan et al. 2008;

Lukong et al. 2008; Y. Zhang et al. 2021).

While the core regulatory machineries for 3° processing and splicing have been
identified, there is still limited ability to predict how alternative regulation will occur, making
this a critical field of study. One area of particular interest for the study of alternative RNA
processing is the role of RNA binding proteins (RBPs). To better understand how RNA binding

proteins regulate alternative 3’ processing and splicing, I carried out three projects.

xi



First, to investigate the roles of RNA binding proteins in 3° processing regulation, a dual
luciferase reporter system was utilized for a large-scale screen of RBPs for polyadenylation site
regulation. In addition to validating several known regulators of APA, we identify several novel
inhibitors of polyA site selection including hnRNP A0, hnRNP G, and Musashil. Strikingly, we
also demonstrate that the SR family of proteins are polyA site position-independent repressors of
polyadenylation sites, indicating that their role in polyadenylation may be unique from their role
in splicing regulation where they act as position dependent activators. This screen may also be
used to identify other families of RBPs with the capability to regulate polyadenylation and make

predictions about other new regulators.

Next, genome-wide sequencing approaches were used to characterize the role of the core
polyadenylation complex cleavage factor I (CFIm) in APA regulation. In addition to its known
role in enhancing distal polyA sites, we demonstrate that CFIm promotes intronic
polyadenylation, most notably within one member of each of the other core polyadenylation
machinery components. We also propose a model by which CFIm regulates both 3> UTR APA
and intronic polyadenylation to modulate global protein production and therefore link 3’

processing with cell fate determination.

Finally, we interrogate the role of CFIm in splicing regulation through a combination of
genome-wide sequencing and biochemical analyses. We demonstrate that CFIm is a general
alternative splicing regulator that binds 3’ splice site and interacts with U2AF through RS-RS
domain interactions. In addition, CFIm promotes U2AF-RNA interaction at the 3’ splice sites of
CFIm activated cassette exons. Our data supports a revised model for 3’ splice site selection by
U2AF: CFIm and other RNA binding proteins compete for interaction with U2AF and each

regulate the alternative splicing of a specific subset of cassette exons.
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CHAPTER 1

INTRODUCTION

Following transcription, pre-mRNA undergo a variety of processing events that include splicing
and 3’-end processing, both of which are essential for proper gene expression as well as critical
for expanding proteomic diversity (Hocine, Singer, and Griinwald 2010). 3’-end processing is
the cleavage and polyadenylation of the 3’-end of pre-messenger RNA. It is linked to both
transcription termination and protection from mRNA decay, making it an essential step in RNA
processing. At the same time, 3’-end processing is a critical step in the regulation of gene
expression as over 70% of pre-mRNAs contain more than one polyadenylation site and can be
alternatively polyadenylated, leading to mRNA isoforms with differential stability, translation
efficiency, and intracellular location (Tian and Manley 2017; S. Chan, Choi, and Shi 2011; Shi
and Manley 2015). In addition to 3’ processing, splicing is another RNA processing event
essential for both constitutive and alternative gene regulation that involves the removal of non-
coding introns and joining of protein-coding exons. In the case of splicing, over 90% of
eukaryotic pre-mRNAs can be alternatively regulated, greatly expanding proteomic diversity (Q.
Pan et al. 2008).

Regulation of both splicing and polyadenylation also have biological relevance and mis-
regulation is associated with many human diseases. Alternative polyadenylation is highly tissue-
specific and its accurate regulation is critical for stem cell maintenance and differentiation as
well as immune system development (Lackford et al. 2014b; Justin Brumbaugh et al. 2018; Luo

etal. 2013; Z. Ji et al. 2009; Kaida et al. 2010; Lee et al. 2018). Likewise, mis-regulation of



alternative splicing in cancer is so common that it is considered a hallmark of cancer (Bonnal,
Lopez-Oreja, and Valcarcel 2020). As a result, it is critical to study not only how the RNA
processing machineries function but also how they are regulated. This chapter will examine the
mechanism, regulation and biological relevance of both splicing and mRNA 3’ processing.
Particular emphasis will be focused on the protein factors that regulate pre-mRNA processing.
Finally, I will explore the similarities and cross-regulation between the splicing and

polyadenylation machineries.

1.1 mRNA 3’-END PROCESSING MECHANISM

3’-processing is initiated by the binding of trans-acting proteins factors to key cis regulatory
elements on the RNA. These trans-acting factors constitute the core polyadenylation machinery,
an extensive network of protein-RNA and protein-protein interactions which are oftentimes
individually weak but collectively form a stable complex. Here, these critical protein-RNA and

protein-protein interactions will be described.

Cis Elements

The polyadenylation machinery assembles on a series of RNA cis elements that collectively
create the polyadenylation site (PAS). PolyA sites are categorized as either canonical or non-
canonical. For canonical polyA sites, the most highly conserved sequence is the A(A/U)UAAA
hexamer, which is found at approximately 70-80% of polyA sites (S. Chan, Choi, and Shi 2011;
Beaudoing et al. 2000; MacDonald and Redondo 2002). Removal of the A(A/U)UAAA
hexamer or even single nucleotide mutations within this sequence have been shown to

significantly impair cleavage efficiency, indicating the importance of this sequence.
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Figure 1.1 Canonical mRNA 3’-Processing Cis Elements

Schematic of cis elements important for polyA site definition in mammals.
UAS: upstream auxiliary element PAS: polyA site
DSE: downstream element DAS: downstream auxiliary element



Approximately 10-30 nucleotides downstream of the A(A/U)UAAA hexamer is the cleavage
site, which is typically a C/A or U/A motif (Chen, Macdonald, and Wilusf 1995). Another key
feature of a canonical PAS is the downstream element (DSE), which is more variable but is
frequently U-or GU-rich, and is located approximately 30 nucleotides downstream of the
cleavage site (Figure 1.1) (S. Chan, Choi, and Shi 2011). Together, the A(A/U)UAAA hexamer
and the DSE define the cleavage site.

In addition to these two critical sequences, many polyA site have auxiliary elements that can
influence polyA site strength. The most common downstream auxiliary element is a G-rich
sequence, which can regulate cleavage and polyadenylation from hundreds of bases away
(Dalziel, Nunes, and Furger 2007). Upstream of the cleavage site, the most common auxiliary
sequence is a U-rich region (Neve et al. 2017). Finally, some polyA sites have a UGUA motif
enriched 50 nucleotides upstream of the cleavage site (Zhu et al. 2017). Together these auxiliary
elements enhance binding of the core polyadenylation machinery as well as other regulatory
factors, thereby enhancing 3’ processing activity (Figure 1.1).

Approximately 20-30% of polyA site are non-canonical and lack the A(A/U)UAAA hexamer
(MacDonald and Redondo 2002; Beaudoing et al. 2000). The precise mechanism for PAS
selection of non-canonical sites is unknown. In some cases, recognition of these A(A/U)AAA-
independent polyA sites is mediated by a UGUA motif, which is consistent with the known role
of UGUA as an enhancer of polyA site selection (Venkataraman, Brown, and Gilmartin 2005;
Zhu et al. 2017). In addition, there have been reports of a GUKKU sequence (where K
represents a G or U) approximately 50 nucleotides downstream of non-canonical PAS (Hwang et

al. 2016). Other studies have demonstrated that other non-canonical sites only require the



downstream element and an A-rich upstream region (Nunes et al. 2010). These diverse
mechanisms for non-canonical polyA site selection indicate that non-canonical polyA sites not
only have unique regulatory mechanisms from canonical polyA sites but also from each other
and that no single mechanism is relevant to all non-canonical sites. Instead, non-canonical
polyA sites are regulated by context-specific mechanisms and are frequently associated with
alternative polyadenylation (APA), suggesting that they may play a regulatory role in polyA site

selection.

Trans-Acting Factors

The core polyadenylation machinery involved in polyA site selection consists of 4 multi-subunit
protein complexes: CPSF (cleavage and polyadenylation specificity factor), CstF (cleavage
stimulation factor), and CFIm and CFIIm (cleavage factor I and II) (C. R. Mandel, Bai, and Tong
2007; Tian and Manley 2017). CstF, CPSF, and CFIIm are required for cleavage, although only
CPSF is believed to be required for polyadenylation (Boreikaite et al. 2022; Schmidt et al. 2022).
Other proteins involved in 3’-end processing include polyA polymerase (PAP), RNA polymerase
IT (RNAP II), and Rbbp6, which has recently been shown to be essential for reconstitution of the
3’-processing machinery, although its exact function remains to be determined (Boreikaite et al.
2022; Schmidt et al. 2022). Here I will describe the role of each of these complexes in polyA

site selection (Figure 1.2).

CPSF
The cleavage and polyadenylation specificity factor (CPSF) is required for both cleavage and

polyadenylation of pre-mRNA. CPSF binds to RNA at the A(A/U)UAAA hexamer and cleaves



RNAPII

Figure 1.2 3’ Processing Trans-Acting Factors

Schematic representation of trans-acting factors important for polyA site definition in
mammals.

CPSF (orange) binds to the AAUAAA hexamer and physically cleavges RNA at the YA motif.
CstF (green) binds to the downstream U/GU-rich region. CFIm (pink) binds the UGUA motif
and enhances nearby polyadenylation sites by recruiting CPSF. CFIIm (yellow) promotes
transcription termination. Rbbp6 (blue) is essential for cleavage.

CFIm: cleavage factor I CPSF: cleavage and polyadenylation specificity factor
CFIIm: cleavage factor II CstF: cleavage stimulation factor

RNAPII: RNA polymerase II



RNA at the downstream C/A or U/A motif. The CPSF complex consists of 7 subunits: CPSF30,
CPSF73, CPSF100, CPSF160, Fipl, Wdr33 and Symplekin (Shi et al. 2009). CPSF can be
subdivided into 2 subcomplexes: the polyadenylation specificity factor (mPSF) consisting of
CPSF30, CPSF160, Wdr33 and Fipl and the cleavage factor (mCF) consisting of CPSF100,
CPSF73, and Symplekin. Like its name suggests, mCF is involved in RNA cleavage while
mPSF is involved in recognizing and binding polyA sites. In this section, I will discuss the roles

of the different CPSF subunits in these two critical events.

CPSF in RNA Binding

The polyadenylation specificity factor (mPSF) is responsible for RNA binding. Originally, it
was proposed that CPSF160 directs binding to the A(A/U)UAAA hexamer based upon several
lines of evidence. First, 2 proteins of approximately 30kDA and 160 kDA were shown to
directly crosslink to A(A/U)UAAA-containing RNAs. In addition, recombinant CPSF160
preferentially binds to AAUAAA containing RNAs in comparison to mutants (Murthy and
Manley 1995; Keller et al. 1991). However, in 2014 it was shown that CPSF binding to the
A(A/U)UAAA hexamer is in fact mediated by CPSF30 and Wdr33 (which is similar in size to
CPSF160) and that the CPSF30-RNA interaction is essential for mRNA 3’-processing (Serena L.
Chan et al. 2014). This finding was further validated when the structure of the complex
containing Wdr33, CPSF160, CPSF30 and an AAUAAA containing RNA was resolved using
cryo-electron microscopy. The polyA site was determined to be bound by both CPSF30 and
Wdr33, with A4 and AS being bound by zinc fingers 2 and 3 of CPSF30 respectively and with

U3 and A6 forming Hoogsteen base pairs and contacting Wdr33. This study also confirmed that



CPSF160 is a scaffold protein that assists in Wdr33- and CPSF30-RNA binding and is not
directly involved in AAUAAA recognition (Y. Sun et al. 2018) (Figure 1.2).

The fourth subunit of the polyadenylation specificity factor is Fipl. Fipl has been shown to bind
to U-rich RNA elements through its arginine-rich C-terminus (Kaufmann et al. 2004). In
addition, Fip1 plays a role in alternative polyadenylation by enhancing binding to weak
polyadenylation sites because it interacts with CFIm, a polyadenylation site activator that recruits
CPSF to polyadenylation sites through interactions with the RE/D domain of Fip1 (Lackford et
al. 2014a).

In addition to regulating polyA site selection, the mPSF complex is important for regulating
interactions with other members of the core polyA machinery. For example, following RNA
cleavage, CPSF remains bound to the AAUAAA hexamer. This allows CPSF and Fip1 to recruit
polyA polymerase to the RNA to promote polyadenylation (Murthy and Manley 1995;
Kaufmann et al. 2004). CPSF can also be isolated in a pre-assembled complex with CstF, an
interaction likely mediated by CPSF160 and Fip1 as well as Symplekin (an subunit of the mCF
subcomplex described below) (Y. Takagaki et al. 1990; Kaufmann et al. 2004; Murthy and
Manley 1995). This interaction may allow CPSF and CstF to jointly binding to the

A(A/U)UAAA hexamer and DSE to regulate PAS selection.

CPSF in RNA Cleavage

The second subcomplex of CPSF is the cleavage factor (mCF) which consists of 3 subunits:
CPSF73, CPSF100, and Symplekin. Both CPSF73 and CPSF100 contain metallo-f-lactamase
and B-CASP domains, which are found in other endonucleases of the B-CASP family (Corey R.

Mandel et al. 2006; Callebaut et al. 2002). CPSF73 has been established as the endonuclease



that cleaves RNA at the C/A cleavage site downstream of the A(A/U)UAAA hexamer because it
has zinc-dependent endonucleolytic activity (Corey R. Mandel et al. 2006). The role of
CPSF100 in the endonucleolytic cleavage reaction has yet to be determined. However, one
interesting hypothesis is that in addition to CPSF73, CPSF100 can cleave RNA. This hypothesis
is based upon the fact that while human CPSF73 has been crystallized and structurally
characterized, human CPSF100 could not be crystalized and therefore the S. cerevisiae homolog
of CPSF100 (Ydhl) was resolved instead. While the crystal structure of CPSF100 displayed no
obvious access point for an RNA substrate within the active site, the crystal structure of CPSF73
showed two bound zinc ions, leading to the conclusion that CPSF73 is the endonuclease (Corey
R. Mandel et al. 2006). However, several key signature residues of the metallo-p-lactamase
domain of human CPSF100 are not conserved in S. cerevisiae although they were conserved in
other organisms, from plants to vertebrates, even including S. pombe (Corey R. Mandel et al.
2006). This is a particularly intriguing hypothesis as it could suggest that CPSF100 and CPSF73
function as dual nucleases in regulating alternative 3’ processing. Further investigation will be
necessary to reveal the role of CPSF100 in 3 processing and as a potential endonuclease.

The final subunit of the mCF is Symplekin. While Symplekin is not involved in RNA cleavage,

it serves as scaffold protein to recruit other factors to the core polyA machinery.

CstF
The cleavage stimulation factor (CstF) binds to the downstream element and is required for
mRNA cleavage but not polyadenylation (C. R. Mandel, Bai, and Tong 2007; S. Chan, Choi, and

Shi 2011; Boreikaite et al. 2022). CstF is a multi-subunit protein complex with 3 subunits:



CstF50, CstF64, and CstF77, each of which presents as a dimer (Y Takagaki and Manley 1997).
CstFo64 also has a closely related paralog, CstF64tau.

CstF binds to the downstream element through the RNA recognition motif (RRM) of CstF64,
which by itself can bind to U or GU rich sequences similar to the downstream element (Y
Takagaki and Manley 1997) (Figure 1.2). UV crosslinking studies indicate that CstF alone binds
weakly to RNA. However, CstF binding increases with increasing concentrations of CPSF,
indicating that stable association of CstF to the DSE requires cooperative binding of CPSF to the
A(A/U)UAAA hexamer (Murthy and Manley 1992). This mechanism may ensure that the
complex does not assemble unless both the AAUAA hexamer and the downstream element are
present.

Unlike CPSF, which binds specifically to the consensus AAUAAA hexamer, CstF64 can bind to
more diverse sequences with variable affinities, suggesting a role in alternative polyadenylation
in addition to its essential role in polyA site selection (C. Yao et al. 2012). CstF64 also has a
closely related paralog, CstF64tau (CstF64t). CstF64t is highly expressed in the testis and
CstF64t knockout has previously been shown to cause spermatogenic defects and male infertility
in mice (Dass et al. 2007). It has a similar domain structure to CstF64, and the two paralogs
have overlapping but distinct RNA binding specificities, indicating that tissue specific expression
levels may play an important role in alternative polyadenylation. In addition, CstF64 and
CstF64r likely have related roles in polyA site selection as there are a greater magnitude of APA
changes when the factors are co-depleted in comparison to depletion of CstF64 alone (C. Yao et
al. 2012).

CstF77 forms a homodimer and serves as a scaffold for the CstF complex by bridging CstF50

and CstF64, which do not directly interact with each other. CstF77 interacts with CstF50 and
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CstF64 through its proline rich region (Yoshio Takagaki and Manley 2000). Recently it has also
been demonstrated that CstF77 also increases the affinity of the CstF64 RRM for RNA
sequences in the downstream element (W. Yang et al. 2018).

In addition to its role in formation of the CstF complex, CstF77 is important for interacting with
rest of the polyA machinery, specifically CPSF through multiple factors including CPSF160,
Fip1, and Symplekin (Kaufmann et al. 2004; Yoshio Takagaki and Manley 2000; Murthy and
Manley 1995). This supports the prevailing hypothesis that polyA site selection is mediated by
cooperative binding by CPSF and CstF.

Finally, CstF50 interacts with CstF77 and, like CstF77, forms a homodimer (Yoshio Takagaki
and Manley 2000). Recently it was also demonstrated that CstF50 can influence CstF-RNA
interactions by recognizing G/U rich sequences of specific length and content (W. Yang et al.
2018). In addition to interacting with other subunits of CstF, CstF50 also interacts with RNA
Polymerase II C-terminal domain (CTD), indicating that it may play an important role in
coupling transcription and 3’ processing (McCracken et al. 1997; C. R. Mandel, Bai, and Tong

2007)

CFIm

Cleavage Factor I (CFIm) is not essential for either cleavage or polyadenylation (S. Chan, Choi,
and Shi 2011; C. R. Mandel, Bai, and Tong 2007; Boreikaite et al. 2022). Instead, CFIm serves
as an activator of distal polyA sites and is a critical regulator of alternative polyadenylation.
CFIm forms a tetramer consisting of a homodimer of the small subunit, CFIm25, and a

homodimer of one of two alternative larger subunits, either CFIm59 or CFIm68 (Riiegsegger,
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Blank, and Keller 1998). CFIm has important roles in both RNA binding and recruitment of

polyA factors.

CFIm in RNA Binding

CFIm binds to the UGUA motif, which is enriched approximately 50 nucleotides upstream of
distal, or downstream, polyA sites (Zhu et al. 2017; Q. Yang, Gilmartin, and Doublié 2010;
Brown and Gilmartin 2003). All three subunits of CFIm can be crosslinked to RNA, suggesting
that they are all involved in RNA recognition (Riiegsegger, Beyer, and Keller 1996). The
UGUA motif itself, however, is directly bound by CFIm25. CFIm25 is a member of the Nudix
hydrolase superfamily of proteins and has a Nudix domain with the classic o/p/a fold. However,
while the majority of proteins of this superfamily are involved in hydrolytic activity, CFIm25
lacks two critical glutamate residues, making it catalytically inactive (Coseno et al. 2008).
Instead, the Nudix domain of CFIm25 directs binding to the UGUA motif (Q. Yang, Gilmartin,
and Doubli¢ 2010) (Figure 1.2).

The large subunits of CFIm can also directly crosslink to RNA, but the precise mechanism for
RNA recognition by CFIm59 and CFIm68 is unknown (Riiegsegger, Beyer, and Keller 1996; G.
Martin et al. 2012). While CFIm59 and CFIm68 contain an RNA recognition motif, the RNA
recognition motif is in fact important for interaction with CFIm25 (Q. Yang et al. 2011). As
CFIm59 and CFIm68 can bind to RNA, they may be able to fine-tune RNA binding specificity
of CFIm25. It will be interesting to determine what sequences CFIm59 and CFIm68 specifically

bind to as well as how they may differ from each other.

CFIm in PolyA Factor Recruitment and PolyA Site Selection

12



Many studies have shown that CFIm regulates alternative polyadenylation, with knockdown of
CFIm causing widespread changes in polyA site usage from distal (downstream) to proximal
(upstream) polyA sites (G. Martin et al. 2012; Zhu et al. 2017; Masambha et al. 2014). Recently,
our lab reported that CFIm regulates APA by activating distal polyA sites. CFIm59 and CFIm68
are categorized as SR-like protein that are each composed of an N-terminal RNA recognition
motif, a proline rich region, and a C-terminal RS domain. RS domains, which are common in
splicing factors, are enriched for arginine serine repeats. When CFIm binds to the UGUA motif
enriched upstream of distal polyA sites, it recruits CPSF to the nearby downstream AAUAA
motif through interactions of the RS domain of CFIm59 of CFIm68 with the RE/D domain of
Fipl, a subunit of CPSF. As a result, there is preferential usage of the distal polyA site when

CFIm levels are high (Zhu et al. 2017) (Figure 1.3).

CFlIm

The final protein complex that is considered to be a member of the core polyA machinery is
cleavage factor II (CFIIm), which is essential for activation of cleavage (Boreikaite et al. 2022)
(Figure 1.2). CFIIm consists of two subunits: Pcfl11 and Clpl. Pcfl1 is a known regulator of
transcription termination (Kamieniarz-Gdula et al. 2019; R. Wang et al. 2019). It interacts with
the RNA polymerase II C terminal domain (Pol II CTD) and both enhances transcription
termination and promotes early polyadenylation genome wide. Interestingly, Pcf11 is in sub-
stoichiometric levels in comparison to other members of the polyA machinery, suggesting a
mechanism to prevent premature polyadenylation (Kamieniarz-Gdula et al. 2019). In fact, Pcfl1
is autoregulated through an intronic polyadenylation site that prevents formation of full-length

Pcfl1 transcripts (R. Wang et al. 2019).

13



Currently the role of Clp1 in polyadenylation is relatively unknown. As Clpl
coimmunoprecipitates both CFIm and CPSF, it was previously been hypothesized to bridge these
two protein complexes (De Vries et al. 2000). However, this is likely not the case as a direct link
between the CFIm59/68 subunits of CFIm and the Fip1 subunit of CPSF has since been shown
(Zhu et al. 2017). It has also been suggested that ATP promotes RNA cleavage by binding to
Clpl; however, this finding requires further investigation as a similar study did not find a role of
Clpl and ATP in cleavage (Schmidt et al. 2022; Boreikaite et al. 2022). If this finding is true, it
would be consistent with previous findings that mutations of the ATP binding site of Clp1
interfere with binding to other polyA factors, in particular Pcf11 (Ghazy et al. 2012). In addition
to a role in 3’-end processing, Clp1 is known to have RNA 5’-kinase activity and functions in

tRNA splicing (Hanada et al. 2013).

Rbbp6

RB binding protein 6 (Rbbp6) was recently discovered to be essential for 3’ cleavage in
conjunction with CPSF, CFIIm, and CstF (Boreikaite et al. 2022; Schmidt et al. 2022) (Figure
1.2). Rbbp6 was first implicated in 3’-end processing when it was found to co-purify with the
core polyA machinery (Shi et al. 2009; Di Giammartino et al. 2014). However, it was not until
recently that it was determined that Rbbp6 plays a key role in stimulating cleavage. One line of
evidence that supported necessity of Rbbp6 in 3’ processing was that the yeast homolog of
Rbbp6, Mpel, activates the homolog of the endonuclease CPSF73, Yshl, through interactions
near the active site of Yshl. In addition, in 2022, two independent in vitro reconstitutions of 3’
endonucleolytic activity indicated that the CPSF, CstF, CFIIm, and Rbbp6 are all necessary to

recapitulate efficient and specific cleavage. While Rbbpb6 is not a stable component of CPSF as
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Mpel is in yeast Cpf, it likely regulates 3’ processing activity through a similar mechanism as it
interacts with CPSF73 near the active site and activates nuclease activity (Boreikaite et al. 2022;

Schmidt et al. 2022).

PolyA Polymerase (PAP)

polyA polymerase (PAP) is responsible for the synthesis and addition of the polyadenosine tail to
the 3’ end of premRNAs (S. Chan, Choi, and Shi 2011; Neve et al. 2017; C. R. Mandel, Bai, and
Tong 2007; Tian and Manley 2017). While PAP contains an RNA binding domain, its binding is
not sequence specific and it relies on interactions with other core polyA machinery components
including CPSF and CFIm to be recruited to polyA sites (S. Chan, Choi, and Shi 2011; C. R.
Mandel, Bai, and Tong 2007). Polyadenylation is template-independent and recent estimates
suggest that the lengths of polyA tail polymerized by PAP range are relatively short at around

80-100 nucleotides in length (Legnini et al. 2019).

1.2 REGULATION AND BIOLOGICAL IMPACT OF ALTERNATIVE

POLYADENYLATION

Like other RNA processing events, polyadenylation can be alternatively regulated. In fact, over
70% of pre-mRNAs contain more than one polyadenylation site and can be polyadenylated at
any of these sites based upon intracellular conditions such as the availability of the core polyA
machinery and other regulatory RNA binding proteins. There are two general categories of
alternative polyadenylation (APA): 3> UTR APA and intronic polyadenylation (IPA) (Figure

1.4). During 3’ UTR alternative polyadenylation, all of the polyadenylation sites lie within the
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Figure 1.4 Alternative Polyadenylation

Schematic of alternative polyadenylation events. APA can either occur within
the 3’ UTR (top) or intronic regions (bottom). Coding regions are represented
by light pink boxes, 3’ UTR is represented by maroon boxes, and introns are
represented by bold gray lines. Splicing events are represented by dashed gray
lines.

PAS: polyA site
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3’-untranslated region (3° UTR), leading to unique mRNA isoforms with distinct mRNA
stability, translation efficiency, or intracellular localization, among other properties. However,
the coding region is unaffected (Tian and Manley 2017; Shi and Manley 2015). By contrast,
intronic polyA sites lie within intronic regions before the end of the protein coding region,
leading to transcripts that lack downstream sequences and are typically non-functional or
degraded by nonsense-mediated decay (Tian and Manley 2017; Shi and Manley 2015). Here, I
will elucidate mechanisms for APA regulation as well as the biological consequences of this

regulation.

Mechanisms of APA

3’ UTR APA

3> UTR APA occurs when all of the polyadenylation sites lie within the 3> UTR following the
coding sequence of the mRNA, resulting in mRNAs with different lengths of 3° UTRs. Distal
(downstream) polyA sites are oftentimes stronger than proximal (upstream) polyA sites due to a
higher frequency of canonical cis elements such as the AAUAAA hexamer, the downstream
U/GU rich region, and the upstream UGUA enhancer motif. By contrast, proximal polyA sites
have an inherent advantage as they are transcribed first, allowing the polyA factors to begin
assembly prior to the transcription of the distal polyA sites (Davis and Shi 2014). As a result, 3’
UTR APA is a balance between polyA site strength and transcription rates.

Consequences of 3 UTR APA include mRNA stability and translation efficiency. In mammals,
3> UTRs are highly enriched for binding sites of microRNAs, small RNA molecules that bind to
complementary target mRNAs and decrease stability and translation efficiency of mRNAs

(Sandberg et al. 2008; Z. Ji et al. 2009). The 3 UTRs of mRNAs that are polyadenylated at the

17



distal polyA site are longer and therefore have increased binding sites for microRNAs;
consistently, these mRNAs have also been shown to be destabilized and have reduced translation
(Sandberg et al. 2008; Hoffman et al. 2016; Fu et al. 2018). In addition to microRNA binding
sites, 3° UTRs are also enriched for destabilization elements such as AU-rich elements, GU-rich
elements and Puf-binding sites, which are bound by RNA binding proteins (Garneau, Wilusz,
and Wilusz 2007).

A third consequence of 3° UTR APA is in mRNA and protein localization. Alternative RNA
localization can be cell-type specific. For example, frequently, mRNAs isoforms with longer 3’
UTRs are more often localized in the nucleus (Neve et al. 2016). 3’ UTRs can also determine
subcellular localization such as membrane or ER localization. One example of a gene that
undergoes a change in mRNA localization is Vdac3, a voltage-dependent anion channel. When
the distal polyA site of Vdac3 is used, the mRNA has reduced localization to the outer
mitochondrial membrane in comparison to mRNAs in which the proximal polyA site is used.
This localization is directly correlated to mitochondrial size and number, indicating that APA can
regulate mitochondrial development (Arora et al. 2022). 3 UTR length can also regulate
subcellular localization in the cytoplasm to promote localized translation, which is of particular
relevance in neurons where isoforms with longer 3’ UTRs localize to axons, dendrites, and

synapses (Tushev et al. 2018).

Intronic Polyadenylation

In addition to polyA sites within the 3 UTR following the terminal exon, polyA sites can be
localized in intronic regions before the end of the protein coding region of the mRNA.

Polyadenylation at these sites is known as intronic polyadenylation. When intronic
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polyadenylation occurs, it frequently produces mRNAs that are degraded by nonsense-mediated
decay although occasionally a truncated fragment may be produced if adenosines within the 3’
UTR create a stop codon (Vasudevan, Peltz, and Wilusz 2002; P. Yao et al. 2012).

One role of intronic polyadenylation is in protein diversification. During B cell activation, there
is a switch from usage of a polyadenylation site within the 3’ UTR to an intronic polyA site in
the IgM heavy chain mRNA, which shifts protein antibody production from a membrane-bound
form to a secreted form. In other cases, truncated proteins produced as a result of intronic
polyadenylation can function in a dominant negative role. This is seen in the case of Rbbp6, a
member of the polyA machinery, which contains an IPA site that when utilized creates a
truncated isoform that can compete with full length Rbbp6 for binding to the polyA machinery
(Di Giammartino et al. 2014).

Finally, intronic polyadenylation can regulate protein availability. Pcfl1 and CstF77, both
members of the canonical polyA machinery, both contain conserved intronic polyadenylation
sites. In both cases, levels of intronic polyA site usage are regulated through a negative feedback
loop as high levels of the full length protein activates intronic polyA site usage (Kamieniarz-
Gdula et al. 2019; R. Wang et al. 2019; Z. Pan et al. 2006). This shows that levels of core
polyadenylation machinery components are highly regulated and that misregulation may

influence APA.

Regulation of APA

Regulation of Canonical Polyadenylation Factors

Changes in expression levels and modifications of the canonical 3 processing factors alters

alternative polyadenylation profiles. For example, a well-known case of altering polyA factor
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expression levels to regulate polyA site usage is during B-cell differentiation. Prior to B-cell
differentiation, CstF levels are low, allowing the stronger, distal polyA site to have an advantage
over the weaker, proximal polyA site. However, upon B-cell activation, CstF64 levels are
upregulated, thus increasing levels of the CstF complex. Upon activation, there is now sufficient
CstF available to polyadenylate at the proximal polyA site, leading to a distal to proximal shift in
polyA site usage upon B-cell activation (Y Takagaki and Manley 1997). It is likely that similar
mechanisms are used to regulate additional polyadenylation events.

An additional mechanism for regulating the canonical polyadenylation machinery is post-
translational modification. Currently little is known about how or to what extent post-
translational modifications of polyA factors regulate APA, but it remains an interesting field of
study because post-translational modifications would allow for reversible regulation of polyA
factors.

PolyA factors undergo a variety of modifications including phosphorylation, lysine acetylation,
arginine methylation, and lysine sumoylation (Ryan and Bauer 2008). For example, PAP is
hyperphosphorylated during mitosis, leading to a reduction in activity and repressed mRNA
production (Colgan et al. 1996). In addition, it has been shown that hyperphosphorylation of the
RS domain of CFIm59 and CFIm68 reduces its interaction with Fip1, thereby repressing its
ability to regulate APA. Surprisingly, dephosphorylation of the RS domain of CFIm59 and
CFImo68 did not interfere with its interaction with Fipl (Xiao and Manley 1997; Zhu et al. 2017).
This was interesting as both hyperphosphorylation and dephosphorylation of the RS domain of
SR proteins that regulate splicing represses their ability to interact with U170K. One possible
explanation for this difference is that while canonical SR protein RS domains are predominantly

RS dipeptide rich, CFIm59 and CFIm68 are SR-like proteins with RE/D repeats in addition to
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RS repeats. It is thus possible that RE/D dipeptides mimic phosphorylation, making the CFIm-
Fip1 interaction less dependent on phosphorylation than the SR protein-U170K interaction (Zhu

etal. 2017).

Regulation by RNA Binding Proteins

In addition to regulation by the canonical polyA machinery, a growing number of RNA binding
proteins (RBPs) have been implicated in APA regulation, typically in a context specific manner.
A well-known example is the Hu family of proteins, which inhibit polyA sites with U-rich
elements. Interestingly, HuR, which is ubiquitously expressed, undergoes APA regulated by
both itself and other neural-specific members of the Hu family including ElavL2, ElavL3, and
ElavL4; this allows neurons to balance the pro-differentiation effects of the neural-specific
member with the proliferative effects of HuR (Tian and Manley 2017).

Many splicing factors have also been shown to regulate APA. For example, the SR proteins
SRSF3 and SRSF7 lengthen and shorten 3’ UTRs respectively and SRSF10 has recently been
shown to repress intronic polyadenylation (Tian and Manley 2017; Jobbins et al. 2022). In
addition to SR proteins, additional members of the splicing machinery regulate polyadenylation.
For example, the U2 auxiliary factor (U2AF), which promotes exon 3’ splice site recognition,
interacts with CFIm59 and promotes recruitment of CFIm to polyA sites. In addition, SF3b1 of
the U2 snRNP interacts with CPSF and promotes efficient RNA cleavage (Millevoi et al. 2006;
Kyburz et al. 20006).

Another family of splicing regulators that also impact alternative polyadenylation is the hnRNP
family. hnRNP H promotes proximal polyadenylation site usage as demonstrated by iCLIP

peaks near proximal sites and RNA-sequencing results indicating that there is a shift to distal
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polyadenylation site upon knockdown of hnRNP H. In addition, while hnRNP H and another
hnRNP known as hnRNP F are closely related structurally, hnRNP H2 promotes CstF binding to
polyadenylation sites whereas hnRNP F inhibits, indicating that the relative ratio of different
RNA binding proteins can also impact how polyA sites are selected (Erson-Bensan and Apa

2016; Katz et al. 2010; Alkan, Martincic, and Milcarek 2006).

Functional Consequences of APA

APA and Cell Fate

A basic classification of cell fates is stem cells and differentiated cells. Stem cells are naive,
unspecialized cells that have two characteristic features: 1) the ability to self-renew indefinitely
and 2) pluripotency, or the ability to differentiate into other cell types. During differentiation,
stem cells change in form and become more mature, from generalized to more specialized
functions (Verfaillie 2004).

Several lines of evidence suggest that APA is linked to cell fate determination. First, during
mouse embryonic development, there is progressive lengthening of 3° UTRs (Z. Ji et al. 2009).
Consistently, there is also progressive shortening of 3° UTRs during reprogramming of mouse
embryonic fibroblasts (a differentiated cell type) into induced pluripotent stem cells, with
analysis showing opposing changes in many genes during differentiation and reprogramming (Z.
Ji and Tian 2009).

Several studies provide insight into how alternative polyadenylation and cell fate may be linked.
First Fip1, a subunit of CPSF, has been shown to be critical for stem cell identity as knockdown
of Fipl in embryonic stem cells led to a widespread shift from proximal to distal polyA sites as

well as loss of stem cell self-renewal and induction of differentiation. Mechanistically, Fipl was
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found to promote proximal polyA sites, providing insight into how mRNA isoforms with shorter
3’ UTRs may be promoted in stem cells (Lackford et al. 2014a).

By contrast, knockdown of CFIm25 in mouse embryonic fibroblasts led to a 30-fold increase in
reprogramming into induced pluripotent stem cells, suggesting that CFIm is a roadblock to
protect from aberrant cell division and promote a differentiated state. Consistent with the known
role of CFIm in promoting distal polyadenylation sites, there was also a widespread shift from
distal to proximal polyA site usage (Justin Brumbaugh et al. 2018; Zhu et al. 2017). Both the
roles of Fipl and CFIm in cell fate are consistent with mRNA isoforms with longer 3’ UTRs

being upregulated in differentiated cells.

APA and Cancer

Like other RNA processing events including RNA splicing, mis-regulation of alternative
polyadenylation is associated with many human diseases including cancer. Several studies
indicate that there is a widespread shift from distal to proximal polyA site usage during cellular
transformation and carcinogenesis, consistent with the knowledge that more proliferative cells
have mRNA isoforms with shorter 3° UTRs (Mayr and Bartel 2009; Lin et al. 2012; Sandberg et
al. 2008). In addition, cancer cell lines exhibit 3° UTR shortening of proto-oncogenes that
increases both mRNA stability and protein levels, although the proto-oncogene itself is not
genetically altered (Mayr and Bartel 2009). Importantly, these studies also identified mRNAs
that undergo 3’UTR lengthening during cancer progression, suggesting that while there is a
general trend towards proximal polyA site usage in cancer cells, there are exceptions to this

generalization (Mayr and Bartel 2009).
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Cancer-relevant APA changes are not limited to 3’-UTR APA as there are also changes in
intronic polyadenylation. For example, in chronic lymphocytic leukemia, there is aberrant
production of truncated mRNAs for tumor suppressor genes caused by enhanced intronic
polyadenylation. These truncated proteins either lacked their tumor-suppressive functions or
were even oncogenic (Lee et al. 2018). In addition, intronic polyadenylation is also relevant
within BRCA tumors, which are frequently caused by loss of function mutations with
homologous repair (HR) genes. Interestingly CDK12 is one of the 22 genes common in BRCA
tumors and is the only gene not involved in HR. Recently it was discovered that CDK12
globally suppresses intronic polyadenylation, particularly within genes critical for homologous
repair upon DNA damage in human tumors. (Dubbury, Boutz, and Sharp 2018).

The precise mechanism that regulates the cancer-specific APA profile is relatively unknown.
Several studies have identified different polyA factors as being dysregulated in cancer,
suggesting that the APA changes may not have a universal but are in fact cancer-type specific.
CFIm25 was shown to be downregulated in glioblastoma, leading to both 3> UTR shortening and
increased proliferation (Masamha et al. 2014). Consistently, CFIm is also downregulated in lung
cancer and regulates APA of oncogenes (Huang et al. 2018). In addition to CFIm, CPSF73 was
recently discovered to be the target of the anti-cancer compound JTE-607, suggesting that
CPSF73 may also play a role in carcinogenesis in acute myeloid leukemia and Ewig’s sarcoma
(Ross et al. 2020). Other polyA factors that have been linked to cancer progression include

Pcfl1 and CstF64 (Ogorodnikov et al. 2018; Hwang et al. 2016).

1.3 PRE-mRNA SPLICING
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In addition to polyadenylation, eukaryotic pre-mRNAs undergo additional processing events that
also include splicing, or the exclusion of non-coding introns and the joining together of protein-
coding exons. Like polyadenylation, splicing can also be alternatively regulated, which is
critical for diversification of the genome. As both splicing and 3’ processing are key regulatory
events in gene expression, it is crucial not only understand their regulation but also their
relationship to each other. In this section, I will examine the mechanism of splicing, splicing

regulation, and its link to polyadenylation.

Splicing Mechanism

Splicing, or the removal of non-coding introns and joining together of protein coding exons, is
mediated by the interaction of cis regulatory elements and the spliceosome, a complex of the U1,
U2, U4, US and U6 small nuclear proteins (snRNPs) and its associated proteins. Each snRNP is
composed of small nuclear RNAs and associated proteins (Black 2003; Wilkinson, Charenton,
and Nagai 2020).

Critical sequences for intron definition include the 5’ splice site, the 3’ splice site and the branch
point site (Figure 1.5). The 5’ splice site is located at the exon-intron boundary. It is highly
conserved and consists of the sequence AG/GURAGU (where R represents a purine [A or G]
and / represents the exon-intron boundary). The 3’ splice site is located at the intron-exon
boundary. While less conserved than the 5’ splice site, it consists of 3 elements: the YAG
sequence directly preceding the intron-exon boundary, the branch point sequence with the
consensus sequence YNYURAY (where Y represents a pyrimidine [C or U]), and the
polypyrimidine tract characterized by a high frequency of pyrimidines (C or U) (Black 2003;

Wilkinson, Charenton, and Nagai 2020; Moore, Query, and Sharp 1993).
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Figure 1.5 Cis Elements for Splice Site Selection

Schematic of 5’ splice site (exon/intron) and 3’ splice site (intron/exon) junctions
and associated cis elements. Y is a pyrimidine (C or U), R is a purine (A or G),
N is any nucleotide, and / is junction between intronic and exonic regions. Exons
are represented by boxes and introns are represented by a thin solid line.

5’ss: 5’ splice site BPS: branch point site

Py: polypyrimidine tract 3’ss: 3’ splice site

26



Spliceosome assembly is initiated by the direct base pairing of the Ul snRNP to the 5’ splice site
and the binding of the U2 auxiliary factor (U2AF) to the 3’ splice site. U2AF consists of 2
subunits: U2AF35 which binds to the YAG sequence at the 3’ splice site and U2AF65 which
binds to the polypyrimidine tract, frequently a series of T and C. This binding of the Ul snRNP
and U2AF forms the E complex, which is the only ATP-independent step of spliceosome
assembly. Additionally, Sf1 binds to the branch point. The next step in spliceosome assembly is
the formation of the pre-splicesome or A complex when Sf1 is displaced and the U2 snRNP is
recruited to the branch point. Subsequently, the tri-snRNP complex consisting of U4-U5-U6 is
recruited and the mRNA is incorporated into the fully assembled pre-spliceosome during pre-
catalytic B complex formation. Structural rearrangements lead to the disassociation of the Ul
and U4 snRNPs to form the catalytic B complex, which is followed by formation of C complex
following further structural rearrangements and the association of the U6 snRNP with both U2
and the 5” splice site. Once the catalytic B complex is formed, the first transesterification
reaction of splicing occurs. During this reaction, the 2’OH of the branch point adenosine attacks
the 5° phosphate of the 5’ splice site; this causes the 5’ end of the intron to be ligated to the
branch site and produces two reaction intermediates: a detached 5 exon and the lariat
intermediate consisting of the intron-3’exon fragment. During the second transesterification
reaction, the free 3’OH of the free 5’ exon attacks the 5° phosphate of the 3’ exon. The exons are
now ligated together and the intron is released in the lariat conformation (Black 2003; Moore,
Query, and Sharp 1993; Wilkinson, Charenton, and Nagai 2020) (Figure 1.6).

Alternative Splicing

Approximately 95% of eukaryotic mRNAs undergo alternative splicing, greatly expanding the

diversity of the human genome (Q. Pan et al. 2008). Four general categories of alternative
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Splicing is catalyzed by the spliceosome which consists of the U1, U2, U4, U5
and U6 snRNPs. Spliceosome components assemble on the pre-mRNA in a
stepwise manner and transitions between E, A, pre-B, and C complexes. The
mature mRNA contains exons that have been joined together and intron is
released as a lariat byproduct.



splicing include cassette exons (exon is alternatively included or excluded), intron retention
(intron is either included or excluded), and alternative 5’ or 3’ splice sites (altering the 3’
boundary of the upstream exon or the 5’ boundary of the downstream exon respectively) (Figure
1.7). Alternatively spliced exons frequently have weaker 5’ and 3’ splice sites than constitutive
exons and are therefore less efficiently recognized by the spliceosome (Baek and Green 2005;
Garg and Green 2007; Zheng, Xiang-Dong, and Gribskov 2005). As a result, alternatively
spliced exons rely on other regulatory factors to promote proper exon inclusion or exclusion. In
this section, I will highlight the RNA cis elements and protein factors involved in alternative

splicing regulation as well as its biological significance.

Alternative Splicing Regulation

Many variables influence whether an alternative splicing event will occur. First, 5’ and 3’ splice
sites have variable strengths based upon their ability to be recognized by Ul and U2AF
respectively. 5’ splice site recognition is mediated by direct base-pairing of the Ul snRNA to
splice site. As aresult, 5° splice sites with high complementarity to the Ul snRNA are strong 5’
splice sites, whereas 5’ splice sites with lower complementarity are weaker (Roca,
Sachidanandam, and Krainer 2005). 3’ splice sites, by contrast, are defined by three sequence
features: the branch point sequence, the polypyrimidine tract, and the intron/exon junction. Of
these sequences, the polypyrimidine tract is the most variable, and therefore 3’ splice site
strength is determined by the ability of U2AF65 to recognize the polypyrimidine tract. Factors
that influence polypyrimidine tract strength include length and composition, with strong 3’ splice
sites being defined by longer, contiguous polypyrimidine tracts with a high enrichment of uridine

(Coolidge, Seely, and Patton 1997; Hertel 2008). Exons with strong 5” and 3’ splice sites are
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Schematic of alternative splicing events. Constitutive exons are represented by
dark pink boxes, alternative events are represented by either light pink or maroon
boxes, and introns are represented by solid lines. Alternative splicing events are
represented by dashed gray lines.
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more frequently constitutive exons while exons with weaker 5 and/or 3’ splice sites are more
frequently skipped (Zheng, Xiang-Dong, and Gribskov 2005).

Additionally, splicing regulatory elements (SREs) can modulate alternative splicing by
promoting or inhibiting recruitment of members of the splicing machinery. Broadly, SREs can
be divided into two categories: splicing enhancers and splicing inhibitors. Both enhancers and
inhibitors can be either exonic (exonic splicing enhancers [ESE] or exonic splicing silencers
[ESS]) or intronic (intronic splicing enhancers [ISE] or intronic splicing silencers [ISS]).

SREs are recognized by two main families of trans-acting protein factors: SR proteins and
hnRNPs. SR proteins are characterized by an N-terminal RNA recognition motif and a C-
terminal RS domain which is enriched with arginine serine repeats. There are twelve canonical
SR proteins that are designated SRSF1-12. There are also numerous SR like proteins that also
regulate alternative or constitutive splicing and share an RS domain but either lack or have a
different RNA binding domain or do not have the ability to complement splicing reactions
(Busch and Hertel 2012). SR proteins activate splicing when bound to ESEs by recruiting U2AF
and U1 to 3’ and 5’ splice sites respectively (Dvinge 2018; J. C. Long and Caceres 2009;
Graveley, Hertel, and Maniatis 2001). By contrast, hnRNPs are characterized by one or more
RNA binding domains as well as unstructured regions that are frequently engaged in protein-
protein interactions. The RNA binding domain can consist of an RNA recognition motif, a
quasi-RRM, a KH domain, or a RGG box, with the RRM being most common. There are over
20 major hnRNPs as well as minor hnRNPs which sometimes lack RNA binding capabilities but
regulate major hnRNPs (Geuens, Bouhy, and Timmerman 2016). Over half of alternative
splicing events are regulated by more than one hnRNP, which can act both synergistically and

antagonistically (Dvinge 2018; Huelga et al. 2012).
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Historically, SR proteins were considered activators of splicing and hnRNPs were repressors.
However, it was more recently demonstrated that both protein families have position dependent
effects with SR proteins activating splicing when bound to ESEs and inhibiting splicing when
bound to ISSs and hnRNPs have the converse effect: activating splicing when bound to ISEs and
inhibiting splicing when bound to ESSs (Erkelenz et al. 2013). This highlights that the context

of SR protein or hnRNP binding is highly relevant to its role in splicing regulation.

Biological Relevance of Alternative Splicing

Like other RNA processing events, regulation of alternative splicing is critical, and mis-
regulation can cause numerous disease phenotypes including various forms of cancer, retinitis
pigmentosa, and neurological disorders including Alzheimer’s disease (Scotti and Swanson
2015).

Splicing is of particular relevance in cancer. Analysis of 8000 tumors over 32 cancer types
revealed thousands of alternatively spliced variants and cancer-specific markers and neo-
antigens. Over 119 cancer driver mutations have been discovered within splicing factors or
regulators and over 70% of splicing factors change expression levels during tumorigenesis,
within cancer subtypes showing independent signatures in both alternative splicing events and
mis-regulated factors (Bonnal, Lopez-Oreja, and Valcéarcel 2020). Splicing-relevant mutations
frequently increase cell proliferation, induce angiogenesis, enhance invasion and/or metastasis,
or alter energy metabolism. They can also either activate oncogenes or inhibit tumor
suppressors. The most frequently mutated splicing regulatory proteins include SF3B1
(component of the U2 snRNP), U2AF35, and SRSF2. These mutations are frequently missense

mutations and resemble oncogenes (Bejar 2016).
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Interestingly, it has been hypothesized that while splicing alterations can be advantageous to
tumors, this comes at the cost of decreased splicing fidelity and efficiency. This can be exploited
in chemotherapy treatments as further perturbations such as mutations or inhibitors can cause
selective cytotoxicity against cancer cells. For example, cancer driver mutations are usually
heterozygous and mutually exclusive and co-mutation of SRSF2 with Sf3bl causes cell death.

In addition, Myc driven cancers are especially vulnerable to the depletion of splicing inhibitors
or splicing inhibitors, likely due to increased burden on the spliceosome caused by activation of
gene expression induced by Myc (Bonnal, Lopez-Oreja, and Valcarcel 2020). This suggests that
while dysregulation of splicing can enhance tumor progression, it is also an important therapeutic

target.

Links Between Polyadenylation and Splicing

Several lines of evidence suggest that splicing and polyadenylation are not in fact isolated events
but are in fact tightly coupled. First, affinity purifications of the spliceosome have identified
members of the core polyadenylation machinery as co-purifying including subunits of CFIm,
CPSF, and CstF (Zhou et al. 2002; Rappsilber et al. 2002). Consistently, purification of the
polyadenylation machinery also co-purified members of the splicing machinery including
spliceosomal components and U2AF (Shi et al. 2009). Together, this indicates that the splicing
and polyadenylation machineries are tightly linked with each other. One possible explanation for
this phenomenon is that both polyadenylation and splicing are co-transcriptional RNA
processing events, suggesting that they may occur simultaneously (McCracken et al. 1997; Zeng

and Berget 2000; Bittencourt and Auboeuf 2012). As both splicing and polyadenylation are co-
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transcriptional and their machineries interact, it seems likely that they may be able to cross-
regulate.

Polyadenylation and splicing factors both regulate terminal exon recognition. The exon
definition model of splicing states that splicing occurs when U1 recognizes the downstream 5’
splice site of the exon and U2AF recognizes the upstream 3’ splice site. However, first and
terminal exons each lack one of these features: the upstream 3’ splice site and the downstream 5’
splice site respectively (Berget 1995). Previously, it has been shown that terminal exon
recognition is regulated by U2AF binding at the 3’ splice site and interactions between the
polyadenylation and splicing machineries, specifically CFIm or PAP with U2AF (Millevoi et al.
2006; Cooke, Hans, and Alwine 1999; Vagner, Vagner, and Mattaj 2000). In addition, terminal
exon recognition is also likely regulated by interactions of CPSF with SF3B (which is a part of
the U2 snRNP) as the presence of CPSF was necessary for efficient splicing activity and,
likewise, mutation of the U2 snRNP impaired cleavage activity in addition to splicing (Kyburz et
al. 2006). While it has been demonstrated that splicing and polyadenylation are linked for
terminal exon recognition and processing, little is known about how the polyadenylation
machinery may affect upstream alternative splicing events or vice versa, making this an
interesting area of research as it is a potentially novel way to diversify the genome.

A final well-known example of splicing regulators regulating alternative polyadenylation is U1l
snRNA-mediated inhibition of intronic polyA sites, also known as telescripting. Telescripting is
caused by Ul snRNA binding within introns and involves formation of complexes that are
distinct from the Ul-snRNP (Kaida et al. 2010). This highlights that the splicing machinery and
polyadenylation machineries may be in competition for regulation of intronic polyadenylation

sites.
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1.4 SUMMARY

Polyadenylation and splicing are two highly-regulated RNA processing events that require the
precise coordination of numerous cis-regulatory elements and trans-acting factors. Changes to
this regulation can be detrimental and cause aberrant disease phenotypes. This chapter has
outlined what is currently known about their regulatory mechanisms as well as the outcomes
when these regulatory mechanisms are altered. However, there are still many unanswered
questions. This work will provide insight into the interconnected relationship between RNA
processing events, particularly splicing and polyadenylation. Specifically, RNA binding proteins
with well-established functions in one particular RNA processing event will be re-evaluated to
identify previously uncharacterized roles in other RNA processing events.

Chapter 2 utilizes a dual-luciferase reporter to screen RNA binding proteins for novel roles in
alternative polyadenylation regulation. Many of the RBPs utilized within the screen have
previously characterized roles in other RNA processing events including splicing, transcription,
RNA export, and mRNA stability, highlighting the often-overlapping roles of RNA binding
proteins in RNA processing. As predicted, we identified several novel regulators of APA,
particularly polyA site inhibitors. Interestingly, we also establish that the SR family of proteins
that activate splicing in fact inhibit polyadenylation.

Chapter 3 narrows in on a new mechanism for the regulation of one specific type of
polyadenylation event: intronic polyadenylation. Through genome-wide sequencing and
biochemical analyses, it was discovered that the core polyadenylation machinery complex
component cleavage factor I (CFIm) promotes intronic polyadenylation site selection in a variety

of genes in addition to its canonical role in enhancing distal polyA sites. In fact, CFIm regulates
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the intronic polyadenylation of one subunit of each other member of the core polyadenylation
machinery, indicating that it may be a master regulator of 3* processing. By promoting both
distal and intronic polyA sites, CFIm also regulates global protein abundance, which may play a
role in linking 3’ processing to cell fate determination.

Finally, Chapter 4 explores another new role for CFIm, in this case in linking 3’ processing and
splicing. In addition to being a 3’ processing factor, CFIm is determined to be a global
alternative splicing regulator at exons upstream of the terminal exon. CFIm interacts with U2AF
and binds to 3’ splice sites, thereby activating a subset of 3’ splice sites. In addition to proposing
a new role for CFIm, our finding also presents an intriguing model for 3’ splice site recognition
in which a variety of RNA binding proteins can compete to complex with U2AF to activate

unique 3’ splice sites.
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CHAPTER 2

RNA BINDING PROTEINS HAVE NOVEL ROLES IN

REGULATING ALTERNATIVE POLYADENYLATION

2.1 SUMMARY

Over 70% of eukaryotic pre-mRNA contain more than one polyadenylation site, allowing them
to be alternatively regulated. As mis-regulated alternative polyadenylation has been associated
with many human diseases including neurological disorders and cancers, it is critical to
understand the mechanisms involved in polyA site selection. However, despite the importance
of understanding the mechanisms involved in APA, there is still limited ability to predict polyA
site selection based upon our knowledge of the core polyadenylation machinery itself, suggesting
that additional mechanisms may be involved.

One factor that contributes to our inability to predict how alternative polyadenylation will occur
is that although the polyadenylation machinery has been characterized, it is in fact highly
dynamic and includes many proteins outside of its core components, suggesting that by
analyzing RNA binding proteins, we may be able to better understand how polyA sites are
selected (Shi et al. 2009). The human genome encodes over 1500 RNA binding proteins (RBPs)
(Dominguez et al. 2018). Given the abundance of RBPs, it is likely that there are additional
proteins that regulate APA, particularly in context-specific manners including cell type. Among
the potential candidates for polyadenylation regulators are splicing regulatory (SR) proteins

because the polyadenylation factor cleavage factor I (CFIm) is structurally similar to SR
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proteins; in addition, CFIm and SR proteins use similar mechanisms to regulate polyA site and
splice site selection respectively (Zhu et al. 2017).

To identify novel APA regulators, we screened splicing regulatory proteins and other RBPs for
polyadenylation regulatory activity using a dual luciferase reporter. In addition to recapitulating
known regulators of alternative polyadenylation such as hnRNP H, we identified several RBPs
with likely roles in polyA site selection that have not previously been identified in humans
including several hnRNPs as well as Musashil. We also identify SR proteins as a novel class of
proteins that inhibit polyadenylation, suggesting cross-regulation between polyadenylation and
splicing. Finally, we establish that for many RBPs, regulation of APA is position independent,
with similar effects when RBPs binding upstream and downstream of the cleavage site within
our reporter. Our study not only identifies novel polyadenylation regulators, but also provides
insight into the types of RNA binding proteins that regulate APA and therefore allows us to
make predictions about other related proteins or RBP subtypes that may have additional roles in

APA.

2.2 INTRODUCTION

mRNA 3’ processing requires a wide range of both protein-RNA and protein-protein interactions
to occur. Many of these protein factors are subunits of the core polyadenylation machinery
consisting of CPSF, CstF, CFIm, and CFIIm. These protein complexes have been extensively
studied to better understand how they select polyadenylation sites. Understanding how polyA
sites are selected is especially important in the context of alternative polyadenylation, which
occurs on the approximately 70% of pre-mRNAs that contain more than one polyadenylation site

(S. Chan, Choi, and Shi 2011). Mis-regulation of alternative polyadenylation is linked to many
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human diseases including neurological disorders and cancer, so it is critical to understand the
mechanisms involved in polyadenylation site selection. However, studies have shown that in
cases of alternative polyadenylation, only 70% of the dominant cleavage sites have the canonical
polyadenylation signal A(A/U)UAAA. In addition, while binding of CstF and CFIm are
considered the most predictive of dominant polyA sites, CstF binding only successfully predicts
the dominant site 50% of the time and CFIm binding has an even lower predictive rate at only
39-42%. While joint binding of CstF and CFIm has a higher prediction accuracy than either
protein complex alone at 60%, 40% of cleavage sites still cannot be predicted by binding of the
core polyadenylation machinery, suggesting that other mechanisms are involved (G. Martin et al.

2012).

One additional mechanism may include regulation by RNA binding proteins (RBPs) that are not
members of the core polyadenylation machinery. Recent studies estimate that the human
genome encodes over 1500 RNA binding proteins, which is approximately 7.5% of the human
genome (Dominguez et al. 2018; Weille et al. 2020). RBPs are a broad family of proteins that
have one or more RNA-binding domain. These RNA binding domains can include RNA
recognition motifs (RRMs), K-homology domains, RGG boxes, and zinc fingers, among others.
Of these, RNA recognition motifs are the most common (Oliveira et al. 2017). Given the general
abundance of RBPs, it seems likely that there may be additional members of the RBP family that
regulate alternative polyadenylation. Additionally, 3’ UTRs are enriched for binding sites of
RNA binding proteins, in particular AU-rich elements which are bound by trans-acting factors
that can have diverse roles including regulating mRNA stability and translation efficiency.

There are at least 10 RBPs known to bind AU-rich elements; for example, KHSRP destabilizes
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mRNAs while HuR stabilizes (Mayr 2019). As 3’ UTRs are enriched for binding sites of RBPs,

it seems likely that they may be able to regulate APA as well.

There are a variety of models by which RBPs may regulate APA. For example, an RBP could
bind to a cis regulatory element on pre-mRNA and recruit the core polyA machinery to a nearby
site, leading to polyA site activation (Figure 2.1A). Alternatively, an RNA binding protein might
compete for binding to or near a polyadenylation site, leading to decreased polyadenylation site
usage (Figure 2.1B). At the same time, many proteins have charged amino acids including
arginine, histidine, and lysine (positive) or aspartic acid and glutamic acid (negative) that when
clustered together in the amino acid sequence create a net charge on a protein or domain. RBPs
with opposing charges to members of the core polyadenylation machinery may activate
polyadenylation through recruitment (Figure 2.1C) whereas RBPs with similar charges may
interfere with machinery binding through repulsion (Figure 2.1D). While there are no reported
cases of attraction or repulsion affecting 3’ processing machinery binding, it has been shown in
prostate cancer that different subcategories of transcription factors can inhibit tandem binding by

electrostatic repulsion of positively charged residues (Madison et al. 2018).

Supporting the role for RBPs in APA, in 2009, an affinity purification and proteomic
characterization of the polyadenylation machinery was performed to identify the proteins
involved in 3’ processing. In addition to identifying all known core polyadenylation machinery
members expect for Clpl (a subunit of CFIIm), the study revealed that the 3’ processing
machinery consists of approximately 85 proteins, many of which were not members of the core
machinery. Other associated proteins have a wide range of functions including DNA damage
response proteins, transcription factors, and splicing factors. Interestingly, two of these proteins,

Wdr33 and Rbbp6, were later determined to be critical members of the core polyadenylation
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Figure 2.1 Potential Models for RBP Regulation of APA

A. Recruitment: When an RBP interacts with a member of the core 3’ processing
machinery and binds to a region nearby a polyadenylation site, it recruits the
polyadenylation machinery and activates the polyadenylation site.

Competition: If an RBP binding sequence overlaps with the polyadenylation

site, it may compete with the 3’ processing machinery for binding and inhibit

the polyadenylation site.

C. Attraction: When a RBP or RBP domain has an opposing charge to the core
polyadenylation machinery, it can attract the polyadenylation machinery and

enhance binding.

Repulsion: When an RBP or RBP domain has a similar charge to a member of

the 3’ processing machinery, it can repel the machinery and inhibit 3’

processing.
pPAS: Proximal polyA site
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machinery, with Wdr33 being a subunit of CPSF and Rbbp6 associating with CPSF and being
essential for RNA cleavage (Shi et al. 2009; Boreikaite et al. 2022; Schmidt et al. 2022). This
indicates that the affinity purification was able to identify novel polyadenylation factors.
Additionally, it suggests that other associated proteins may have real roles in 3’ processing,

despite having known roles in other RNA processing events.

There are also several individual reports of RBPs with roles in polyadenylation site selection.
For example, hnRNP H2 has been reporter to activate proximal polyadenylation sites by
recruiting CstF whereas the closely related hnRNP F inhibits polyadenylation (Katz et al. 2010;
Erson-Bensan and Apa 2016; Alkan, Martincic, and Milcarek 2006). In other cases, RBPs
regulation of APA can be position dependent such as in the case of Muscleblind1 (Mbnl1).
Mbnll activates polyadenylation when bound upstream of the polyadenylation site by recruiting
members of the core polyadenylation machinery but inhibits when its binding site overlaps with

the A(A/U)UAAA hexamer (Erson-Bensan and Apa 2016; Batra et al. 2014).

Another family of RNA binding proteins that may regulate APA is the SR family of proteins.
SR proteins are a family of 12 proteins that all contain at least 1 RNA recognition motif and a C-
terminal RS domain (Figure 2.2A). SR proteins have roles in both constitutive and alternative
splicing. During constitutive splicing, SR proteins promote pairing of 5’ and 3’ splice sites
across introns (Shepard and Hertel 2009). In addition, to regulate alternative splicing, SR
proteins bind to 2 different regions: exons and introns with position dependent effects. Within
exons, SR proteins bind to exonic splicing enhancers and promote exon inclusion (Cho et al.
2011; Saha and Ghosh 2022; J. Y. Wu and Maniatis 1993; Graveley, Hertel, and Maniatis 2001).
Conversely, SR proteins also bind to intronic splicing silencers thereby repress alternative

splicing (Erkelenz et al. 2013). SR proteins likely to regulate APA because they use similar
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Figure 2.2 CFIm and SR Proteins Use Similar Regulatory
Mechanisms

A. Schematic comparing domain of canonical SR proteins and SR-like proteins

B.

CFIm59 and CFIm68.

Model comparing regulation of polyadenylation by CFIm and splicing by SR
proteins. The RS domain of CFIm59 and CFIm68 recruits CPSF to nearby
polyadenylation sites by interacting with the RE/D domain of Fipl. Similarly,
SR proteins bind to exonic splicing enhancers and recruit U2AF or U170K to
nearby 3’ splice site or 5’ splice sites respectively by interacting with the RS
domain of U2AF35 or U170K.
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mechanisms to regulate splicing as CFIm uses to regulate polyadenylation. CFIm59 and
CFIm69, the large subunits of CFIm, are categorized as SR-like proteins because they share in
common several key functional domains with SR proteins including the RRM and RS domains
(Figure 2.2A). CFIm is an activator of distal polyA sites that binds to the UGUA enhancer motif
enriched upstream of distal polyA sites through the Nudix domain of the small subunit, CFIm25.
CFIm then recruits the rest of the core polyadenylation machinery to the A(A/U)UAAA motif
approximately 50 nucleotides downstream through interactions of its RS domain with the RE/D
domain of Fip1, a subunit of the cleavage and polyadenylation specificity factor (CPSF). This is
strikingly similar to the role that SR proteins play in splicing regulation because SR proteins
activate splicing when bound to exonic splicing enhancers by recruiting U2AF to the 3’ splice
site and U170K to the 5’ splice site of the exon through RS-RS interactions (Cho et al. 2011;
Saha and Ghosh 2022; J. Y. Wu and Maniatis 1993; Graveley, Hertel, and Maniatis 2001). As
both CFIm and SR proteins use their RS domains to regulate polyadenylation and splicing
respectively, we hypothesized that SR proteins may play a role in polyadenylation site selection

(Figure 2.2B).

Additionally, individual SR proteins have previously been shown to regulate APA. For example,
knockdown of SRSF3 promotes 3’ UTR shortening and cellular senescence. Mechanistically,
SRSF3 binds stronger to proximal polyA sites than distal polyA sites, making it likely that
SRSF3 inhibits proximal polyA sites (T. Shen et al. 2019). Additionally, SRSF7 has been found
to promote distal polyA sites by recruiting Fip1l, a mechanism similar to that which we propose
is universal for SR proteins (Schwich et al. 2021). As SRSF3 and SRSF7 seem to have opposing

roles, it will be important to gain further knowledge about the SR family in polyadenylation to
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establish whether all proteins regulate APA and if this is true, whether they all have similar
functions.

In this chapter, I utilize a dual luciferase reporter to perform a large-scale screen to characterize
RNA binding proteins with novel roles in polyA site selection. In addition to confirming the
regulatory capability of RBPs such as hnRNP H, our screen identifies RBPs with no previous
known role in APA including Musashil (Msil) and several hnRNPs. We also establish SR
proteins as a novel family of proteins with an inhibitory effect on APA. Finally, as most RBPs
screened within our study have similar effects when bound upstream and downstream of the
cleavage site, we propose that in the majority of cases, the role of RBPs on polyA site selection
is position independent. While previous studies have reported individual cases of RBPs that
regulate APA, there has never previously been an unbiased and comprehensive effort to identify
both the types of RBPs that regulate APA but also to compare their regulatory capacity with one

another. As a result, our screen provides critical insight into how APA is regulated.

2.3 RESULTS

Dual-Luciferase Reporter Screen Identifies To Test for Regulation of APA by RBPs

To investigate the role of RBPs in polyadenylation regulating, approximately 60 RBPs of interest
were first identified for the screen (Table 2.1). RBPs came from several categories. Due to the
interest in understanding whether splicing regulatory proteins also regulate polyadenylation, all
12 canonical SR proteins and 21 canonical hnRNPs were included. In addition, several RBPs
with either known or predicted roles in APA were selected. For example, ElavL1 (HuR) has
previously been identified to autoregulate its own expression by inhibiting binding of CstF to

proximal polyA sites and thereby causing 3’ UTR lengthening. This proximal to distal shift
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Table 2.1 RBPs for Dual Luciferase Reporter Screen and
Function

Splicing Regulatory Proteins
SRSF1 SRSF8 hnRNPA2/B1 hnRNP F hnRNP M
SRSF2 SRSF9 hnRNP C1 hnRNP G hnRNP Q1
SRSF3 SRSF10 hnRNP D hnRNP H hnRNPR1
SRSF4 SRSF11 hnRNPE1 hnRNP H2 hnRNP U
SRSF5 SRSF12 hnRNP E2 hnRNP I
SRSF6 hnRNPAO | hnRNPE3 hnRNP J
SRSF7 hnRNPA1 | hnRNPE4 hnRNP L
Other Splicing Regulators
Celfl Celf3 Celf4 Celf6 Rnpsl
Upf3 Mbnll Mbnl2 Mbnl3 Magoh
Elavll ElavI2 Elavl3 Fus Tdp43
Rbfox2 Dek Gpkow Fmrl Khsrp
Transcription Regulations
Fus Msi2 Khsrp
Export and Shuttling
Aly/Ref | Dkcl Upf3a Y14 Fmrl
mRNA Stability
ElavL1 Upf3a Y14 Fmrl
Translation
Tdp43 Puml Pum? Msil Elavll
Elavl2 Elavl3
Histone 3’ Processing
Lsmll
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causes production of an mRNA that contains an AU-rich element that destabilizes ElavL1
mRNA, thus creating a negative feedback loop (Dai, Zhang, and Makeyev 2012). Because of the
known role of ElavL1 in APA, ElavL1 and the closely related, predominantly neuronal ElavL.2,
3, and 4 were all included within the screen. Finally, RBPs that bind near polyadenylation sites
were included as well because it was hypothesized that they are likely APA regulators. To
identify these proteins, publicly available ENCODE eCLIP data was examined to identify RBPs
that are enriched for binding from 200 nucleotides upstream to 200 nucleotides downstream of
polyA sites genome-wide (Figure 2.3B). eCLIP is a modified version of iCLIP (individual
nucleotide resolution cross-linking immunoprecipitation) and is a technique that utilizes UV-
irradiation of cells to crosslink RNA binding proteins to RNAs. Proteins of interest are then
immunoprecipitated and RNA is released and sequenced (Van Nostrand et al. 2016) (Figure
2.3A). Analysis of the eCLIP data revealed that members of the core polyadenylation machinery
were enriched for binding near polyadenylation sites, with CstF enriched between 50-100
nucleotides downstream of the AAUAAA hexamer and CFIm enriched approximately 50
nucleotides upstream (Figure 2.3C). As both CstF and CFIm binding profiles are consistent with
their known roles in polyA site selection, this suggests that eCLIP data may accurately predict 3’
processing regulators. Additional RBPs that were enriched for binding near polyA sites and
therefore included within the screen include Fmrl1, Khsrp, Lsm11, and GPKOW (Figure 2.3A).
Notably, Fmrl is the most enriched RBP, even more so that the polyA factor CstF64t (a paralog
of CstF64), which is the second-most enriched protein. Fmrl is enriched for binding
downstream of the polyA site. Both Khsrp and Lsm11 are enriched upstream of the AAUAAA

hexamer. Khsrp has maximal enrichment approximately 100-50 nucleotides upstream whereas
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Figure 2.3 Enrichment of RBPs Near Polyadenylation Sites

A. Schematic depicting CLIP protocol. RNA is UV-crosslinked to protein
followed by immunoprecipitation of RPB of interest. RNAs bound by protein
are subsequently sequenced and aligned to reference genome.

B. eCLIP signal for 90 RNA binding proteins from 200 nucleotides upstream of
the A(A/U)UAAA hexamer to 200 nucleotides downstream genome-wide.
RBPs are ranked by enrichment. PolyA factors are indicated with a red box.

C. eCLIP signal for core polyadenylation machinery components CstF64 (left)
and CFIm68 (right) from 200 nucleotides upstream to 200 nucleotides
downstream of the AAUAAA hexamer genome-wide.

D. eCLIP signal for KHSRP (left) and Lsmll (right) from 200 nucleotides
upstream to 200 nucleotides downstream of the AAUAAA hexamer genome-
wide. 48



Lsm11 has a broader enrichment from approximately 200-100 nucleotides upstream of the
AAUAAA hexamer (Figure 2.3C)

After determining the RBPs that would be tested, a dual-luciferase reporter was generated from
the dual luciferase reporter pPPASPORT (Lackford et al. 2014a). The pPASPORT reporter
contains Renilla and Firefly luciferase co-expressed on a bicistronic mRNA. Both luciferases
can be translated because an IRES element between Renilla and Firefly luciferase allows for
translation of Firefly luciferase. Firefly luciferase is followed by the globin polyadenylation site,
a strong polyA site (Figure 2.4). This strategy allows for the approximation of the strength of the
polyA site following Renilla luciferase. If the polyadenylation site is strong, cleavage and
polyadenylation are efficient so only Renilla luciferase is expressed. However, if the polyA site
is weaker, there will be transcription readthrough and both Renilla and Firefly luciferase are
expressed. Polyadenylation site strength is thus measured as the ratio of Renilla to Firefly
luciferase.

The polyA site following Renilla luciferase is the L3 viral polyA site with two BoxB hairpins
nearby. Due to the strong interaction between AN peptides and BoxB hairpins, cotransfection of
the reporter with AN-tagged RBPs effectively tethers RBPs to the Renilla polyA site, allowing
for evaluation of the RBP’s effects on polyA site selection (Figure 2.4). Activation of
polyadenylation is represented as an increase in the ratio of Renilla to Firefly luciferase in
comparison to a reporter-only control because there is increased cleavage and polyadenylation at
the first cleavage site. In contrast, inhibition of polyadenylation decreases this ratio as there is
inefficient cleavage and polyadenylation, leading to increased transcription readthrough and

increased expression of Firefly luciferase.
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Figure 2.4 Dual Luciferase Reporter for Monitoring APA
Regulations by RNA Binding Protein

Schematic of pPPASPORT dual luciferase reporter for APA analysis. Renilla and
Firefly luciferase are co-expressed on a bi-cistronic mRNA in which an IRES
element allows for translation of Firefly luciferase. Renilla luciferase is followed by
the test polyA site, which contains 2 BoxB hairpins either upstream (top) or
downstream (bottom) of the cleavage site of the L3 viral polyA site. Reporter is co-
transfected with AN-tagged RBPs , which bind to the boxB hairpin. Activation of
polyadenylation is expressed as an increase in the ratio of Renilla to Firefly
luciferase in comparison to a vector only control whereas inhibition is expressed as
a decrease in this ratio.
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It has been previously shown that RBPs have position-dependent effects on polyadenylation. For
example, Mbnl1 activates polyadenylation when upstream of the polyadenylation site but inhibits
when its binding site overlaps with the A(A/U)UAAA hexamer (Batra et al. 2014). In addition,
one of the purposes of the screen was to examine the roles of the SR family of proteins on APA.
As SR proteins have been shown to have a position dependent effect on splicing, it was predicted
that their effect on APA may also be position dependent (Erkelenz et al. 2013). To establish the
position dependence of APA regulation, two different dual luciferase reporters were generated,
with the BoxB hairpins upstream and downstream of the polyadenylation site. In the upstream
position, the boxB hairpins were added at the location of the two UGUA motifs that are found
within the L3 viral polyA site. In the downstream position, the two BoxB hairpins are located
downstream of the U/GU rich region where CstF binds (Figure 2.4).

Reporters were cotransfected with AN tagged RBPs and the ratio of Renilla to Firefly luciferase
was calculated relative to a reporter-only control (Figure 2.5). As a positive control, CFIm25
was transfected as it has previously been to activate polyadenylation 6-fold when bound
upstream of the polyadenylation site (Zhu et al. 2017). All overexpressed proteins were verified
by western blotting with an antibody specific to FLAG tag, as all proteins were tagged with an
N-terminal FLAG tag downstream of the AN tag (Figure 2.6).

The reporter recapitulated the role of several RBPs with known roles in activating polyA sites.
First, hnRNP H was found to activate polyadenylation site selection (fold change 1.9 and 2.5
upstream and downstream of the AAUAAA hexamer respectively), consistent with studies that
found that hnRNP H promotes proximal polyA sites by recruiting CstF64 to nearby
polyadenylation sites (Katz et al. 2010). hnRNP F, which is closely related to hnRNP H, was

also observed to activate 3’ processing (fold change 2.4 upstream and 2.9 downstream).
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Figure 2.5 Tethering of RBPs to Dual Luciferase APA Reporter

47 unique RNA binding proteins were tethered using to the pPASPORT APA reporter
using the interaction of BoxB hairpins and the AN peptide. RBPs were tethered both
upstream (blue) and downstream (red) of the cleavage site of the L3 viral polyA site.
Activation is shown is represented as an increase in the ratio of Renilla to Firefly
luciferase whereas inhibition is a decrease in the ratio.
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Figure 2.6 Expression of AN-flag RBPs

Western blot analysis of expression of AN-flag-tagged RBPs. RBPs are co-transfected
into 293T cells with dual luciferase reporter for polyA site strength analysis. All blots are
shown with an anti-flag antibody.
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Previously, hnRNP F has had conflicting roles in alternative polyadenylation. While it was first
identified to inhibit polyadenylation by repressing CstF64 binding in mouse B cells, it was later
found to promote polyadenylation sites within the 3> UTR of the MeCP gene (Veraldi et al.
2001; Newnham et al. 2010). Our data supports the role of hnRNP F as an activator, although
this result does not eliminate the possibility that it may have context-specific effects such as cell
type. Finally, the hnRNP E family (also known as the PCPB family) was found to be activators
of polyA site selection (hnRNP E1 fold change 1.8 upstream and 1.2 downstream; hnRNP E2
fold change 1.6 upstream and 1.9 downstream; hnRNP E3 fold change 2.2 upstream and 1.9
downstream), consistent with reports that the PCBP proteins are global enhancers of 3’
processing (Figure 2.5) (X. Ji et al. 2013).

Some polyadenylation site repressors recapitulate previous studies as well. hnRNP C was found
to be the strongest inhibitor of polyadenylation (fold change 0.3 upstream and 0.1 downstream),
consistent with previous studies that have found that hnRNP C regulates cancer specific APA
and also binds to the U-rich region downstream of simian virus 40 late polyadenylation signal
(Fischl et al. 2019; Wilusz1 and Shenk2 1990) (Figure 2.5). Overall, this suggests that our
reporter screen is an effective method to identify RBPs that regulate polyadenylation site
selection and therefore may also be able to identify novel APA regulators as well.

Tethering assay data suggests that generally there are more strong inhibitors of polyadenylation
than activators. Mbnl3, the strongest activator, causes an approximately 4-fold increase in the
ratio of Renilla to Firefly luciferase, similar to the activation effect of CFIm25. Besides Mbnl3,
only hnRNP F, Mbnl2, and hnRNP F and hnRNP E3 have fold changes above 2. By contrast,
the repressors hnRNP C1 and hnRNP G both have an approximately 8-fold affect, and 11 other

factors decrease the ratio to Renilla to Firefly luciferase more than 2-fold (Figure 2.5).
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Reporter Screen Identifies Novel APA Regulators

In addition to validating previous studies that identified roles for RBPS in polyA site selection,
our reporter screen also identifies several novel regulators of polyA site selection. First, all
tested SR proteins reduce the ratio of Renilla to Firefly luciferase and therefore repress polyA
site selection (Figure 2.5). SRSF12, SRSF3, and SRSF5 have the greatest inhibitory effect on
polyadenylation with fold changes of 0.4, 0.4, and 0.3 tethered upstream and 0.3, 0.3, and 0.4
tethered downstream of the polyA site respectively. While only 9 of the 12 SR proteins were
tested within this study, the consistent repressive role suggests that the SR family as a role inhibit
polyadenylation site usage.

In addition, despite having no previously identified role in APA, hRNP G and hnRNP A0 had the
second and third largest inhibitory effects on polyA site usage respectively. hnRNP G (RBMX)
is an alternative splicing regulator that preferentially binds the sequence CC(A/C) (Heinrich et al.
2009). hnRNP G induced a fold change of 0.4 when tethered upstream of the polyA site and a
fold change of 0.1 tethered downstream of the polyadenylation site (Figure 2.5). While hnRNP
G has no known role in polyA site selection, a GWAS study that used a computational model to
identify the effects of genetic variation on alternative 3° UTRs found that single nucleotide
polymorphisms (SNPs) that alter RBMX binding sites are associated with APA changes
(Mariella et al. 2019), supporting the finding of this study. One method to characterize the
mechanism for regulation of APA by RBPs such as hnRNP G is to determine the members of the
core polyadenylation machinery that it interacts with. Previously, flag-immunoprecipitation or
endogenous immunoprecipitations of core polyA factors followed by mass spectrometry was
performed to identify proteins that interact with each polyA factors. hnRNP G was found to

interact with the core polyA machinery members CPSF100 and CFIm25, which supports a role
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for hnRNP G in 3’ processing although further functional studies will be necessary to elucidate
the precise mechanism (Table 2.2).

Tethering hnRNP A0 also repressed polyA site selection, with a fold change of 0.4 tethered
upstream of the polyA site and a fold change of 0.25 when tethered downstream of the polyA
site. Notably, another member of the hnRNP A family, hnRNP Al, also causes a fold change of
0.5 when tethered both upstream and downstream of the polyA site (Figure 2.5). The hnRNP A
family, while also includes hnRNP A2/B1 and hnRNP A3, has never previously been shown to
regulate APA but Nab4p, a yeast protein structurally related to hnRNP A1, was previously
shown to repress cleavage at cryptic polyA sites in a concentration dependent manner (Krecic
and Swanson 1999; Minvielle-Sebastia et al. 1998). As both hnRNP A0 and hnRNP A1l were
found to inhibit polyadenylation, it is possible that they use a similar mechanism as the yeast
homolog. Also consistent with the hnRNP A family of proteins regulating 3’ processing, flag
immunoprecipitation of core 3’ processing factors indicates that hnRNP A1 interacts with
members of subunits of CstF (CstF64, CstF64tau and CstF77) as well as CPSF (CPSF160,
Symplekin and Wdr33) (Table 2.2). Similarly, hnRNP A2/B1 interacts with components of CstF
(CstF64), CFIm (CFIm68 and CFIm25), and CPSF (CPSF160 and Symplekin) and hnRNP A3
interacts with CFIm25 and CPSF160 (Table 2.2).

A final example of a RBP that may have a novel role in 3’ processing is Musashil (Msil). Msil

is a neural-progenitor marker that is important for brain development. It is also a marker for
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Table 2.2 RBPs Co-Immunoprecipitated by Core Polyadenylation Factors (data
from Serena Chan)




Table 2.2 (continued) RBPs Co-Immunoprecipitated by Core Polyadenylation
Factors (data from Serena Chan)

CFIm25

SRSF1 SRSF3 SRSF4 SRSF5 SRSF7 SRSF9

SRSF10 hnRNP hnRNP A3 hnRNP C hnRNP D hnRNP F
A2/B1

hnRNP G hnRNP H1 ~ hnRNP I hnRNP K hnRNP L hnRNP M

hnRNP Q hnRNP R hnRNP U  ElavL1 Fus Magoh

CFImS9

hnRNP C hnRNP F hnRNPH  hnRNP H2 Fus

CFImé68

SRSF2 SRSF11 hnRNP hnRNP F hnRNP H1 hnRNP H2

A2/B1
hnRNP H3  hnRNP K hnRNP R

Cip1

SRSF3

hnRNP L
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Table 2.2 (continued) RBPs Co-Immunoprecipitated by Core Polyadenylation
Factors (data from Serena Chan)
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some adult stem cells and is upregulated in tumors including breast, prostate, lung, and brain
(Forouzanfar et al. 2020). In our screen, Msil is identified as a repressor of polyadenylation,
with fold inhibition of 0.8 when tethered upstream and log2 fold inhibition of 0.4 when tethered
downstream (Figure 2.5). One possible explanation for the role of Musashil in 3’ processing is
that an interactome study identified that the C. elegans ortholog for Musashil interacts with the
homolog of CstF64 and CstF77. Strikingly, the same screen also identified Wdr33 as interacting
with subunits of CPSF (CPSF73, CPSF160, Fipl1L1, and CPSF30) as well as PAP, and CstF77.
In 2006, Wdr33 was not known to be a polyadenylation factor but it is now known to be a
subunit of CPSF, indicating that Msil may be a true APA regulator as well (Gandhi et al. 2006).
Msil was not identified as interacting with any core polyA machinery components, but this does
not suggest the Msil is not a true interactor because immunoprecipitations were performed in
either 293T cells or from HeLa cell nuclear extract, neither of which express Msil.

One important consideration, however, is that Msil is a known translation repressor. Musashil
binds to the 3’UTR of Numb and represses translation by competing with polyA binding protein
for interacting with eIF4G; as a result, Msil inhibits ribosome assembly (Kawahara et al. 2008).
Currently, our screen cannot differentiate between changes in APA and changes in translation
because the readout is luminescence, which is determined by the protein levels of Renilla and
Firefly luciferase. If Musashil represses translation of Renilla luciferase when tethered to the L3
polyA site, there would also be a decrease in the ratio of Renilla to Firefly luciferase. While
currently untested, one way to differentiate between the two would be to analyze the mRNA
itself through 3’ RACE. 3’ RACE is a cDNA amplification technique utilized for polyA site
analysis. cDNA is synthesized by using a reverse primer oligo(dT) for the polyA tail that has a

linker at the 3’ end. ¢cDNA is subsequently used for two rounds of PCR using two forward
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primers in the same PCR reaction that bind to either the shared region upstream of the Renilla
luciferase polyA site or a Firefly luciferase polyA site specific region along with a reverse primer
that binds to the linker. The ratio of Renilla to Firefly is used to compare distal polyA site usage
to proximal polyA site usage and therefore the effect of Musashil on polyA site selection at the

mRNA level (Figure 2.7A).

Most RBPs Have Position-Independent Effects on 3° Processing

It has previously been shown for 3’ end processing as well as other RNA processing events such
as splicing that the effects of RBPs on RNA processing are position dependent. As a result, the
dual luciferase reporter was designed with the 2xBoxB hairpins both upstream and downstream
of the cleavage site to test any position dependent effects (Figure 2.4B)

Generally, we found that tethered RBPs have similar effects, whether it be activation or
activation and inhibition, when tethered upstream and downstream of the polyA site, although
the magnitude of change sometimes differs. For example, while hnRNP C1 and hnRNP G
inhibit polyadenylation site usage from both positions, they both have stronger inhibitory effects
when tethered downstream (fold change of 0.125 for both) than upstream (fold change of 0.3 and
0.4) (Figure 2.5).

Most strikingly, all members of the SR protein family have position independent repressive
effects on polyA site selection. In splicing, SR proteins activate alternative cassette exon

inclusion when bound to exonic sequences and inhibit exon inclusion when bound to intronic
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Figure 2.7 APA Analysis at the mRNA Level by 3’ RACE and PAS-Seq

A. Schematic demonstrating procedure to use 3> RACE to verify APA changes
induced by tethering of RBP. While initial studies analyzed APA events by
measuring changes in the ratio of Renilla to Firefly luminescence, 3° RACE
allows for analysis at the mRNA level.

Schematic of polyadenylation site sequencing (PAS seq), a method to map
polyadenylation sites globally and quantify the relative usage of alternative sites.
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sequences (Erkelenz et al. 2013). This suggests that the mechanism regulating SR protein-
mediated regulation of APA may be different from the mechanism governing SR-mediated
splicing regulation. hnRNPs have also been shown to have position dependent effects with the
opposite role of SR proteins: inhibiting exon inclusion from exonic positions and activating exon
inclusion from intronic positions. However, like SR proteins, most hnRNPs have similar results
tethered upstream and downstream of the polyA site, as exemplified by hnRNP F which activates
both upstream and downstream of the polyA site (fold change of 2.5 and 2.8 respectively) and
hnRNP C1 when inhibits both upstream and downstream of the polyA site (fold change of 0.3
and 0.1 respectively) (Figure 2.5). As a result, it is unlikely that SR proteins and hnRNPs have
the same global position dependent effects on alternative polyadenylation as they do on
alternative splicing.

There are, however, some notable exceptions of RBPs that do have position dependent effects.
The first is fused in sarcoma (Fus), which has a previously characterized role in position
dependent APA. Fus is an RNA binding protein whose mutation is associated with amyotropic
lateral sclerosis (ALS). It has previously been implicated in transcription, RNA splicing, and
mRNA 3’ processing. ChIP-seq analysis revealed that Fus promotes pausing RNA Pol 11
pausing upstream of APA sites that are upregulated upon Fus knockdown and downstream of
APA sites downregulated upon Fus knockdown. This suggests that Fus-mediated APA
regulation is both co-transcriptional and position dependent. This likely occurs because when
Fus is bound downstream of polyA sites, it promotes CPSF160 binding. By contrast, when Fus
binds upstream of the polyA site, it induces Pol II stalling and reduced gene expression (Masuda,
Takeda, and Ohno 2016; Masuda et al. 2015). This finding is recapitulated within our tethering

assay as there is a stronger activation effect when Fus is tethered downstream of the polyA site
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(fold change 1.6) than upstream, where the effect is minimal (log2 fold change 1.1) (Figure 2.5).
This suggests that while few position-dependent effects on APA were identified within the
screen, the screen itself is capable of identifying position dependent effects. As a result, it
appears more likely that there are few RBPs within position dependent effects on APA.

Another RBP with position dependent effects on polyA site selection is Rnps1, which activates
polyadenylation when tethered upstream of the polyadenylation site (fold change 1.7) and
inhibits when tethered downstream of the polyadenylation site (fold change 0.6) (Figure 2.5).
Rnpsl is a splicing activator with an extensive serine-rich region (Mayeda et al. 1999; Sakashita
et al. 2004). Rnpsl1 has also previously been shown to activate 3’ cleavage but the stimulatory
affect was strongly dependent on the splicing of the last intron (McCracken et al. 2003). This
dependency may explain why Rnps1 has a position dependent effect on APA: at the upstream
position, Rnps1 is closer to the terminal exon of Renilla luciferase. If the cleavage activation is
dependent on association of Rnps1 with members of the splicing machinery, it is possible that at
the downstream position, Rnpsl is too far separated from the splicing machinery to activate
cleavage. Importantly, Rnps1 is also part of the exon junction complex and its tethering to the 3’
UTR of B-globin can trigger non-sense mediated decay so it will be essential to differentiate
between the effects of Rnps1 on APA and mRNA degradation through direct analysis of mRNA

by 3’ RACE (Lykke-Andersen, Shu, and Steitz 2001).

2.4 DISCUSSION

In this chapter, a large-scale screen was performed to identify RNA binding proteins with novel
roles in APA regulation. A pPASPORT reporter in which Renilla and Firefly luciferase are

expressed on a bi-cistronic mRNA with the L3 viral polyadenylation site downstream of Renilla
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luciferase was modified to have two BoxB hairpins either upstream or downstream of the L3
cleavage site. AN-tagged RNA binding proteins were tethered at the polyA site and the change in
the ratio of Renilla to Firefly luciferase is analyzed to identify RBPs that either activate or inhibit
polyA site selection.

Our screen identified several RBPs with a potentially novel roles in APA. These proteins
include, but are not limited to, several hnRNPs including hnRNP G, the hnRNP A family, as well
as Musashil, all of which were identified to be polyadenylation site repressors. Another family
of proteins with a novel role in polyA site repression is the SR family of proteins. SR proteins
were of particular interest in this study because they are structurally similar to cleavage factor I
(CFIm), a polyadenylation site enhancer. SR proteins and CFIm both use RS domains to recruit
members of the core splicing and polyadenylation machineries and thereby activate RNA
processing (Zhu et al. 2017; Graveley, Hertel, and Maniatis 2001) (Figure 2.1). Because both
CFIm and SR proteins use similar recruitment mechanisms, it was hypothesized that SR proteins
may also be able to promote polyA sites. Surprisingly, however, all 9 of the 12 SR proteins
utilized within this study inhibited polyA site selection. One potential explanation for this
finding is that the RS domains of CFIm59 and CFIm68 are in fact different from that of SR
proteins. The RS domain of SR proteins consists of RS dipeptide repeats. By contrast, the RS
domain of CFIm59 and CFIm68 contains RE/D dipeptides in addition to RS dipeptides. Another
difference is that the RS domain of SR proteins is phosphorylated, which is critical for its
function as unphosphorylated SR proteins have limited interaction with U1-70K (Xiao and
Manley 1997). While hyperphosphorylation inhibits the function of both SR proteins and CFIm,
unphosphorylated CFIm59 and CFIm68 can still interact with Fipl (Zhu et al. 2017). These

differences in RS domain properties may explain why SR proteins repress polyadenylation sites
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instead of activating them, as was originally proposed. While all SR proteins tested inhibit
polyadenylation, some have stronger effects than others, with the strongest effects for SRSF12,
SRSF3, and SRSF5. Importantly, some studies have shown that different SR proteins have
different phosphorylation levels, with SRSF3 having hypo-phosphorylation in vitro (Y. Long et
al. 2019). If phosphorylation status is determined to be the mechanism behind the inhibition of
polyadenylation by SR proteins, it will be interesting to evaluate whether SR proteins that are
more extensively phosphorylated have differential effects than those that are hypo-
phosphorylated.

Inhibition by SR proteins may also be explained by the fact that when polyadenylation sites lie
within introns, there is a competition between the core polyadenylation machinery and the
splicing machinery to determine whether intronic polyadenylation will occur or the intron will be
removed by splicing (Tian et al. 2005). One line of evidence for this competition is mutations of
intronic polyA sites enhance splicing and, conversely, mutations of splicing regulatory sequences
enhance intronic polyadenylation. It is possible that repression by SR proteins exists as another
mechanism to enhance splicing when intronic polyadenylation sites are present. In support of
this, it has recently been shown that SRSF10 binds near intronic polyA sites and represses
intronic polyA sites. SRSF10 is dysregulated in non-alcoholic fatty liver disease, leading to
increased intronic polyadenylation and decreased expression of key metabolic genes. SRSF10
likely prevents the interaction of the 3* processing machinery with intronic sites because there is
increased interaction of the polyadenylation machinery with these sites when SRSF10 is depleted
(Jobbins et al. 2022). Other SR proteins may also use similar mechanisms to repress

polyadenylation sites as well.
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While the findings of this study do identify potentially novel APA regulators, there are also
several critical future experiments to both validate their regulatory activity as well as determine
the precise mechanism for regulation. First, while reporter data suggests that several RBPs
regulate APA when physically tethered to polyadenylation sites, it does not necessarily mean
they regulate APA endogenously. In addition, even if the proposed regulation does occur
endogenously, the identities of the mRNAs that are regulated are unknown. Crosslinking and
immunoprecipitation sequencing (CLIP-seq) and polyadenylation site sequencing (PAS-seq) can
be used to determine whether these RBPs bind to 3° UTRs and regulate APA of endogenous
RNAs. CLIP-seq is utilized to identify the endogenous RNAs that a particular RBP interacts
with (Figure 2.6A). If an RNA binding protein regulates 3’ processing, we would predict to see
it binding within 3’ UTRs of endogenous RNAs near polyadenylation sites. It will also be
important to test for direct regulation of endogenous APA by knocking down RBPs and
performing PAS-seq. PAS-seq is a 3’-end sequencing method used to map polyadenylation sites
globally and quantify the relative usage of alternative sites (Figure 2.7B) (Yoon, Soles, and Shi
2021). If an RBP regulates 3’ processing, we would predict to see widespread APA changes. To
verify that these APA changes are not due to off target effects, mRNAs that undergo PAS-seq
would be overlapped with those that are bound by the RBP of interest; extensive overlap would
suggest that the RBP directly regulates APA of these mRNAs.

After determining that the RBPs identified within this study directly regulate APA, the precise
mechanism for this regulation can be determined. One aspect of this is to identify the domain(s)
of each RNA binding protein that are critical for APA regulation. To do so, different domains
within the RNA binding protein can be tested to see if they are either necessary or sufficient for

APA regulation. To test if a domain is necessary, each domain can be individually deleted, and
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the domain deletion constructs can then be co-transfected with the pPASPORT reporter and
tested for APA regulation. If a particular domain is necessary for APA regulation, when the
domain is deleted, there will be reduced APA regulation in comparison to the wildtype protein.
Similarly, to test if a domain is sufficient, each domain can be independently co-transfected with
the dual luciferase reporter and again tested for APA regulation. If the domain is sufficient, there
will be similar levels of APA regulation as with the wildtype protein. In addition to helping
identify how individual RBPs regulate APA, this strategy can also be used to make predictions
about RBPs that were not identified within this study that may also have the potential for APA
regulation. Once the domains of individual RBPs that are necessary and/or sufficient for APA
regulation have been identified, they can be compared across to identify commonalties.
Identifying these commonalities will allow us to compare with the over 1500 human RBPs and
predict those with higher likelihood for APA regulation.

Another critical aspect of investigating the mechanism for APA regulation will be to identify the
core polyadenylation machinery components that these RBPs interact with. Previous mass
spectrometry data for flag immunoprecipitated core polyadenylation machinery subunits
provides some insight into these interactions (Table 2.2). For example, Fus, which was
identified to be a position dependent APA activator when downstream of the cleavage site,
interacts with CPSF160. Interestingly, Fus has also previously been shown to promote CPSF160
binding to polyadenylation sites at positions downstream of the cleavage site co-transcriptionally
(Masuda, Takeda, and Ohno 2016; Masuda et al. 2015). Mass spectrometry data should be
validated by flag immunoprecipitation of the identified RBPs to gain further insight into their

interactions with the core polyadenylation machinery.
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It is also important to note a potential caveat of this experiment. In the design of the dual
luciferase reporter, the two boxB hairpins upstream of the polyadenylation site have been added
to replace the two UGUA motifs that are normally present in the L3 viral polyadenylation site.
UGUA is the binding site for CFIm so by removing the UGUA motif, any effects that are
mediated by CFIm will not be observed. Future reporters may need to be designed with the
boxB hairpins in a different location to investigate the effects of CFIm.

In summary, we have both identified putative regulators of APA and also established a system to
screen for the roles of many other RNA binding proteins in APA. While further experiments are
required to provide a mechanistic understanding of this regulation, our study provides a baseline
for understanding how polyadenylation sites are selected, which cannot be determined by
examining the core polyadenylation machinery alone. Importantly, we have also established the
SR family of proteins as APA inhibitors, the mechanism for which will be important to elucidate.
Finally, we have shown that the majority of RBPs tested have position independent effects on

polyA site selection.

2.5 METHODS

Identification of RBPs with Enriched Binding Near PolyA sites

eCLIP sequencing for 90 unique RBPs was downloaded from the ENCODE Project and
processed using deepTools to find average binding genome-wide (Van Nostrand et al. 2020;
Ramirez et al. 2014). Within each 3” UTR, a region from 200 nucleotides upstream to 200
nucleotides downstream of the AAUAAA hexamer of a polyA site was selected and eCLIP
signal at each position within the window was analyzed. RBPs were ranked by enrichment near

polyadenylation sites.
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Clones

Previously, a modified pcDNA3.1 construct was created with a AN tag added between restriction
sites HindIII and Kpnl and a FLAG tag added between restriction sites Kpnl and BamHI. RNA
binding proteins (Table 2.2) were cloned into AN-flag pcDNA3.1 using restriction sites BamHI

and either Xhol or Xbal.

Reporters

A pPASPORT reporter was modified to have the L3 viral polyA site following Renilla luciferase
(Lackford et al. 2014a). Two unique pPASPORT reporters were generated. In the first, two
BoxB hairpins were added in the location of two UGUA motifs upstream of the AAUAAA
hexamer, removing the UGUA motifs. In the second, 2 BoxB hairpins were added downstream
of the GU rich region following the cleavage site.

Upstream BoxB Sequence

GGATCCTTCTTTTTGTCACTTGAAAAACAGGGCCCTGAAGAAGGGCCCAAAATAAG
GGCCCTGAAGAAGGGCCCTAGGAGACACTTTCAATAAAGGCAAATGTTTTTATTTGT
ACACTCTCGGGTGATTATTTACCCCCCACCCTTGCCGTCTGCGAGGTACCGAGCTCG
AATTCT

Downstream BoxB Sequence

GGATCCTTCTTTTTGTCACTTGAAAAACATGTAAAAATAATGTACTAGGAGACACTT

TCAATAAAGGCAAATGTTTTTATTTGTACACTCTCGGGTGATTATTTACCCCCCACCC
TTGCCGGGGCCCTGAAGAAGGGCCCTCTGCGGGGCCCTGAAGAAGGGCCCAGGTAC
CGAGCTCGAATTC

BoxB hairpin is highlighted in yellow. AAUAA hexamer is in red letters.

Luciferase Assay
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110ng of AN-flag-tagged RBP was co-transfected with 110ng of pPASPORT dual luciferase
reporter in triplicate. 110ng of each pPASPORT reporter was singly transfected as a control. 48
hours post-transfection, cells were washed with PBS and levels of Renilla and Firefly Luciferase
were monitored with the Dual Luciferase Reporter Assay System according to standard protocol
(Promega). Cells were resuspended in 50ul 1x Passive Lysis Buffer and shaken vigorously for
20 minutes. 10ul of lysate was mixed with 30ul of LAR II Reagent and Firefly luciferase
luminescence was measured with luminometer. 30ul of Stop Solution was added and Renilla
luciferase luminescence was measured with luminometer. The ratio of Renilla to Firefly
luciferase was then calculated.

The remaining 40ng of cell lysate was mixed with 3x SDS loading dye and utilized for western

blotting analysis to verify protein expression with an antibody specific for the FLAG tag.

Mass Spectrometry Analysis of PolyA Factors

Immunoprecipitations

Mass-spectrometry for many polyA factors previously performed within the lab was utilized for
analysis of RBPs that interact (Serena Leong Chan 2014). Stable cell lines were generated in
HEK 293T cells for subunits of CPSF (CPSF30, CPSF73, and CPSF160), CstF (CstF50, CstF64,
CstF64tau, and CstF77) CFIm (CFIm25 and CFIm59) and CFIIm (Clp1 and Pcf11) using either
flag-pcDNA3.1 or pCMV14-3x Flag mammalian expression vectors (Serena Leong Chan 2014).
After selection with G418, individual clones were selected, expanded, and screened for
expression of Flag-tagged proteins near endogenous protein levels.

Stable cell lines were used for FLAG immunoprecipitation. Five to ten 15cm plates of each cell

line were spun down at 1.5krpm for 5 minutes at 4°C. Cell pellets were resuspended in 5x pellet
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volume Buffer A (10mm Hepes pH 7.9, 10mM KCIl, 1.5mM MgCl, 10mM BME) and incubated
on ice for 10 minutes before addition of NP-40 to 0.5%. Samples were spun at 4krpm for 10
minutes at 4°C and the nuclear pellet was resuspended in 1.5x the pellet volume with Buffer C
(20mM Hepes pH 7.9, 420mM NaCl, 1.5mM MgCI2, 0.2mM EDTA, 25% glycerol, 10mM
BME, protease inhibitor cocktail) and homogenized with an 18g needle. Nuclear extract was
rotated at 4°C for 30 minutes and spun at 14krpm for 15 minutes. Supernatant was then mixed
with Anti-FLAG M2 Affinity beads (Sigma) for 2 hours at 4°C. Beads were washed 3x with
Buffer D300 (20mM Hepes pH 7.9, 300mM NaCl, ImM MgCl, 0.2mM EDTA, 10mM BME)
with 0.1% NP-40 and 1x with Buffer D100 (20mM Hepes pH 7.9, 300mM NaCl, ImM MgCl,
0.2mM EDTA, 10mM BME) followed by elution in Buffer D100 + 3x FLAG peptide. Elutions
were acetone precipitated and utilized for mass spectrometry.

For FLAG-CPSF30 stable cell line, proteins were immunoprecipitated from whole-cell lysate.
Cells were centrifuged at 1.5krpm for 5 minutes at 4°C, resuspended in Buffer D300, and
sonicated. Protease inhibitor cocktail and 0.1% NP-40 were added, and sample was rotated at
4°C for 30 minutes followed by centrifugation at 4°C at 14krpm for 10 minutes. Whole cell
lysate was utilized for FLAG-immunoprecipitation as above.

Endogenous immunoprecipitation was used for Fipl (Bethyl A301-462A), CPSF100 (Bethyl
A301-581A), Symplekin (Bethyl A301-465A), Wdr33 (Bethyl BL4833), and CFIm68 (Bethyl
A301-458A). 10ug of antibody was incubated with Protein A/G agarose beads (Pierce) for 1hr at
room temperature. Beads were washed 2x with 0.2M sodium borate pH 9 followed by addition
of 20mM DMP for 30 minutes to conjugate antibody to beads. Reaction was quenched with
0.2M ethanolamine pH 8 for 2hrs and beads were washed 2x with Buffer D300 + 0.1% NP-40.

Beads were mixed with ImL of HeLa cell nuclear extract for 2hrs at 4°C and subsequently
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washed 3x with Buffer D300 + 0.1% NP-40 and 1x with Buffer D100. Proteins were eluted 3x
with 0.2M glycine pH 3.5 for 2 minutes. The entire protocol was repeated 2x. Elutions were

combined, acetone precipitated, and analyzed by mass spectrometry.

Mass Spectrometry and Analysis

Immunoprecipitations were submitted to the Yates Lab at the Scripps Research Institute for high
throughput liquid chromatography and tandem mass spectrometry (LC/MS/MS).
Immunoprecipitations were digested with proteases to generate peptide fragments which were
separated by LC followed by fragmentation in a tandem mass spectrometer. The mass:charge
ratio of the peptides was measured followed by the mass:charge ratios of the daughter peptides.
Fragmentation patterns were aligned to the genome to identify proteins immunoprecipitated.
SAINT (significance analysis of interactome) was used to analyze mass spectrometry data by
using probabilistic scoring to derive bona fide protein-protein interactions (Choi et al. 2010).
The strengths between bait and prey were measured using sequence coverage. Next, Cytoscapes
was used to visualize interactions with a probability of 0.95 and sequence coverage greater than
10%. Proteins identified were compared to the FLAG immunoprecipitation negative control and
common proteins were filtered out to preserve only proteins that interacted with the 3’

processing factor.

74



CHAPTER 3

CFIm REGULATES APA TO ATTENUATE GLOBAL GENE

EXPRESSION AND MODULATE CELL FATE

3.1 SUMMARY

Of the core polyadenylation machinery, cleavage factor I (CFIm) is unique in that it is not
essential for cleavage or polyadenylation (Boreikaite et al. 2022). Instead, CFIm enhances
specific polyA sites by binding to UGUA enhancer motifs that are enriched upstream of distal
polyA sites and recruiting the rest of the core polyadenylation machinery to nearby polyA sites
(Zhu et al. 2017). As aresult, CFIm is a critical regulator of alternative polyadenylation. In fact,
it has been demonstrated that for an mRNA with multiple polyadenylation sites, binding of CFIm
is the most indicative of the dominant cleavage and polyadenylation site of all members of the
core polyadenylation machinery (G. Martin et al. 2012).

Because CFIm has a strong effect on the regulation of gene expression, we chose to characterize
the effects of CFIm on APA genome-wide by knocking down CFIm25, the small subunit, and
performing both RNA sequencing and polyadenylation site sequencing (PAS-Seq). In addition
to confirming its known role in enhancing distal polyA sites, we also found a novel role for
CFIm in activating intronic polyA sites, an alternative polyadenylation event in which one of the
polyadenylation sites lies within the intronic region of a gene instead of within the 3’
untranslated region. Intronic polyadenylation often results in mature mRNAs that are not
translated; those that are translated create proteins that are severely truncated and lack functional
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domains. Strikingly, we found that CFIm promotes intronic polyadenylation within one subunit
of each of the other core polyA machinery members, suggesting that CFIm controls the levels of
the rest of the core polyA machinery.

In addition to its role in APA regulation, we and our collaborators recently showed that
knockdown of CFIm25 leads to a 30-fold increase in the reprogramming of mouse embryonic
fibroblasts into induced pluripotent stem cells. Importantly, CFIm25 knockdown still enhanced
reprogramming when Myc was omitted, suggesting that CFIm depletion can substitute for myc
overexpression (Justin Brumbaugh et al. 2018). Because knockdown of CFIm25 can eliminate
the necessity of myc (a gene expression amplifier) (Bradner, Lee, and Young 2013; Nie et al.
2012) we propose that CFIm is a global gene attenuator that regulates cell fate through regulation

of both 3° UTR APA and intronic polyadenylation.

3.2 INTRODUCTION

In addition to being an essential step in mRNA processing, 3’end processing can be alternatively
regulated, leading to mature mRNAs with unique 3’ ends and distinct regulatory properties. One
member of the core polyadenylation machinery that is particularly relevant in the context of
alternative polyadenylation is cleavage factor I (CFIm). CFIm is not necessary for reconstitution
of 3’end processing in vitro and has no yeast homolog, indicating that it is not essential for
cleavage or polyadenylation (Boreikaite et al. 2022; Schmidt et al. 2022). However, PAR-CLIP
analysis of polyadenylation factors revealed that in cases of alternative polyadenylation, CFIm68
is the best predictor of the most frequently utilized polyA site, followed by CstF64 and
CstF64tau, CFIm59, and CFIm25 (G. Martin et al. 2012). In addition, the polyA sites activated

by CFIm were frequently distal polyA sites, indicating that while CFIm is not an essential
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member of the 3 processing machinery, it is a critical regulator of APA that likely enhances
distal polyA sites (G. Martin et al. 2012).

CFIm consists of two subunits: a small subunit CFIm25 and one of two alternative large
subunits, either CFIm59 or CFIm68. The CFIm complex is a hetero-tetramer formed by a
homodimer of CFIm25 and the two large subunits (Kim et al. 2010) (Figure 3.1A). CFIm25 is a
non-canonical member of the Nudix hydroxylase family of proteins. Unlike other members of
the Nudix hydroxylase family, the Nudix domain of CFIm25 is catalytically inactive and instead
is used to bind to the UGUA motif of polyA site RNAs through hydrogen bonding and stacking
interactions, which provide sequence specificity (Brown and Gilmartin 2003; Q. Yang,
Gilmartin, and Doublié 2010) (Figure 3.1B). The large subunits, CFIm59 and CFIm68, are SR-
like proteins that contain an N-terminal RNA recognition motif (RRM), a proline-rich region
(PRR), and a C-terminal RS domain (Figure 3.1B). Although both large subunits contain an
RNA recognition motif, RNA binding in vitro is stronger for CFIm25 than either CFIm59 or
CFIm68, indicating that CFIm25 is more important in RNA binding (Q. Yang, Gilmartin, and
Doubli¢ 2010). One explanation for this is that although both CFIm59 and CFIm68 have an
RRM, it forms an interaction surface with CFIm25 instead of binding to RNA (Dettwiler et al.
2004). It is more likely that CFIm59 and CFIm68 modulate RNA binding by CFIm25 because
crystal structures have revealed that CFIm25 forms a homodimer that binds to two UGUA
motifs, which are clasped on opposite sites by two CFIm68 RRMs that enhance RNA binding
and RNA looping (Q. Yang et al. 2011) (Figure 3.1C). The RS domain of CFIm59 and CFIm68
is involved in both protein-protein interactions with members of the core polyA machinery as
well as other SR proteins in addition to nuclear localization in paraspeckles (Dettwiler et al.

2004; Zhu et al. 2017).
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CFIm59/
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Yang et al (2011) Structure

Figure 3.1 Structure of the CFIm Complex

A. Schematic depicting the two variants of the CFIm complex. Each consists of two
CFIm25 subunits with either CFIm59 or CFIm68. Both complexes bind to the
UGUA motif upstream of polyA sites.

B. Schematic of domain structure of CFIm subunits.
RRM: RNA recognition motif PRR: Proline rich region
RS: Argine-Serine Rich Domain

C. Crystal structure demonstrating interaction of CFIm25-CFIm68 complex with
RNA. RNA molecules are shown as a stick model.
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Several lines of evidence indicate that CFIm is an enhancer of 3’ processing. First,
preincubation of RNA substrates with CFIm enhances both the rate and efficiency of cleavage in
vitro (Riiegsegger, Blank, and Keller 1998). In addition, several studies have indicated that
depletion of CFIm25 leads to a widespread shift from distal to proximal polyA sites.
Interestingly, knockdown of CFIm68 leads to a similar shift in APA profile, while depletion of
CFIm59 does not, suggesting that although highly structurally similar, CFIm59 and CFIm68 may
not be completely redundant for each other (G. Martin et al. 2012; Masambha et al. 2014; Zhu et
al. 2017; W. Li et al. 2015; Kubo et al. 2006). Recently, our lab demonstrated that CFIm
specifically enhances distal polyA sites. CFIm binds to the UGUA enhancer motif, which is
enriched approximately 50 nucleotides upstream of distal polyA sites. It can then recruit the core
polyA machinery to nearby polyA sites through interactions of the RS domain of CFIm68 with
the RE/D domain of Fip1, a subunit of the cleavage complex CPSF (Figure 1.3). This model is
not only consistent with but also provides the mechanistic basis for the previous observations.
First, pre-incubation of RNA with CFIm enhances in vitro cleavage because it allows CFIm to
recruit CPSF to the polyA site. Second, CFIm depletion causes a widespread shift from distal to
proximal polyA sites because when CFIm levels are high, CFIm promotes distal polyA sites,
leading to longer 3 UTRs. However, when CFIm levels are depleted, there is no longer an
enhancement of distal polyA sites, leading to preferential usage of proximal sites that are
transcribed first and therefore have an inherent advantage.

In addition to its role in 3’ processing, CFIm also plays a critical role in cell fate determination.
It has previously been shown that stem cells display a unique APA profile in comparison to
differentiated cells. Specifically, stem cells have a high proportion of transcripts with shorter 3’

UTRs resulting from polyadenylation at proximal polyA sites. Conversely, during mouse
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Figure 3.2 CFIm Regulates Cell Fate Decisions

A. Schematic depicting reprogramming of mouse embryonic fibroblasts (MEFs) into

induced pluripotent stem cells (iPSC).
MEF: mouse embryonic fibroblast
iPSC: induced pluripotent stem cell

B. Reprogramming of MEFs into induced pluripotent
absence of CFIm. Reprogramming levels are
phosphatase) staining.
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embryonic development, there is progressive lengthening of 3° UTRs (Z. Ji et al. 2009). CFIm
likely plays a role in this differential APA profile because it was recently shown to regulate
reprogramming. During reprogramming, some differentiated cell types including fibroblasts can
be reverted to a stem-cell like state known as induced pluripotent stem cells (iPSCS) by
overexpression of transcription factors such as Oct4, KIf4, Sox2, and Myc. Like stem cells,
iPSCS are pluripotent and can self-renew (Nakagawa et al. 2008; Takahashi and Yamanaka
2006) (Figure 3.2A). In addition, consistent with lengthening of 3° UTRs during cellular
differentiation, there is also progressive shortening of 3° UTRs during reprogramming of mouse
embryonic fibroblasts, with opposing APA changes during differentiation and reprogramming
for many genes (Z. Ji and Tian 2009). Recent work with our collaborators revealed that
knockdown of CFIm25 leads to a 30-fold increase in the ability to reprogram mouse embryonic
fibroblasts into iPSCs (Figure 3.2B). Upon reprogramming, there were widespread APA
changes, predominantly 3> UTR shortening, consistent with the role of CFIm in promoting distal
polyA sites (Justin Brumbaugh et al. 2018). This data suggests that CFIm promotes a
differentiated cell fate, which is relevant because current reprogramming protocols are highly
inefficient, often resulting in only 0.1-0.3% reprogramming. The inefficiency of reprogramming
has been hypothesized to be a result of “road-block genes” that protect cell fate and prevent
aberrant cell identity changes. If this hypothesis is true, depletion of these road-block genes
should enhance reprogramming, which is exactly the case with CFIm. Together, this indicates
that CFIm is an important link between 3’ processing and cell fate determination, but the precise
mechanism is yet undetermined.

In this chapter, I further uncover the role of CFIm in both APA regulation and in cell fate

determination. There are two competing hypotheses for the role of CFIm in linking APA and
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reprogramming. Under the first hypothesis, a small subset of APA events regulated by CFIm are
relevant for reprogramming. Alternatively, CFIm may have a more global role in regulating
gene expression and the sum of many APA changes together regulates reprogramming
efficiency. To test this, I depleted CFIm and performed genome-wide sequencing analyses.
Upon depletion of CFIm, I made the novel discovery that CFIm promotes intronic
polyadenylation, in addition to corroborating previous studies that implicate CFIm in promoting
distal polyA sites. Specifically, we found that CFIm regulates intronic polyadenylation within
one factor of each of the other core polyA machinery members, suggesting that it is a master
regulator of the 3’ processing machinery. In addition, I found that CFIm depletion enhances
gene expression on both the mRNA and protein level for a large number of genes, indicating that
CFIm is a global attenuator of gene expression. Interestingly, the transcription factor c-myc,
which is important but not essential for reprogramming to occur, amplifies gene expression
(Bradner, Lee, and Young 2013; Nie et al. 2012). If CFIm has the opposing function as myc on
gene expression, it may explain how CFIm depletion enhances reprogramming, providing novel

insight into how CFIm links 3’ processing to cell fate.

3.3 RESULTS

CFIm Regulates Both 3° UTR APA and Intronic Polyadenylation

To investigate the role of CFIm in regulating gene expression genome-wide, I knocked down the
small subunit CFIm25 in human 293T cells and performed paired-end RNA sequencing. By
knocking down CFIm25, CFIm68 was partially co-depleted and CFIm59 was co-depleted,
indicating depletion of the CFIm complex as a whole (Figure 3.3A). Polyadenylation site usage

was then compared between control and CFIm25 knockdown using DaPars, a computational
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Figure 3.3 CFIm Mediates APA

A. Knockdown of CFIm25 in mammalian 293T cells using RNAi. Depletion of

B.

CFIm2S5 led to partial codepletion of CFIm68 and codepletion of CFIm59.
Scatterplot of CFIm-mediated APA events as determined by RNA sequencing and
DaPARs analysis. Each point represents a specific the levels of distal polyA site
usage for a specific polyA site. Control knockdown is on the x-axis and CFIm25
knockdown on the y-axis. Significant 3’UTR lengthening is indicated in red and
shortening is indicated in blue.
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program that performs de-novo polyA site identification and analyzes APA changes in RNA
sequencing data (Xia et al. 2014). Consistent with data from both our group and others, there
was a widespread shift from distal to proximal polyA site usage upon CFIm depletion, with 2665
genes showing a distal to proximal APA change and only 293 genes showing a proximal to distal
APA change (G. Martin et al. 2012; Masamha et al. 2014; Zhu et al. 2017; W. Li et al. 2015)
(Figure 3.3B). This bias towards distal to proximal APA shifts upon CFIm depletion is
consistent with the known role of CFIm in polyadenylation regulation as CFIm is a
polyadenylation enhancer and its binding sites are enriched upstream of distal polyA sites. Two
examples of genes that undergo 3’ UTR shortening regulated upon knockdown of CFIm25
include Vma21 and Spcs3 (Figure 3.4A). In both cases, within control cells there is strong usage
of a downstream, distal polyA site. However, upon knockdown of CFIm25 there is shift to an
upstream, proximal polyA site, indicating 3’ UTR shortening. These APA changes were
validated experimentally by 3° RACE, a cDNA amplification technique utilized for polyA site
analysis, as shown with the example gene VMA21. In 3” RACE, cDNA is synthesized using a
reverse oligo(dT) primer that recognizes the polyA tail and has a linker at the 3” end. cDNA is
subsequently used for PCR using two forward primers in the same reaction that bind to either the
shared region upstream of the proximal polyA site or a distal polyA site specific region and a
reverse primer that binds to the linker added during reverse transcription. PCR products are then
used for a second round of PCR to increase specificity. The ratio of common to extended
isoforms is used to compare distal polyA site usage to proximal polyA site usage (Figure 3.4B).
Consistent with the RNA-seq data, 3> RACE revealed Vma21 3° UTR shortening upon

knockdown of CFIm25 (Figure 3.4C).
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Figure 3.4 CFIm Enhances Distal PolyA Sites
A.

RNA sequencing tracts demonstrating distal to proximal shift in polyA site usage

upon knockdown of CFIm25 in Vma21 (left) and Spcs3 (right).

B.
3’ RACE for control and CFIm25 depletion cells
Vma2l.
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Despite this clear trend towards 3 UTR shortening upon CFIm depletion, in 293 cases, there was
a shift in the opposite direction from proximal to distal polyA site usage, the mechanism for
which cannot be explained by the known role of CFIm in polyA site selection. Further
investigation into these 293 cases revealed that for the majority of these non-canonical APA
changes, CFIm promotes intronic polyadenylation. Intronic polyadenylation occurs when a
polyA site is localized in an intronic region before the end of the protein coding region of the
mRNA. When intronic polyadenylation occurs, it frequently causes nonsense-mediated decay
although occasionally a truncated fragment may be produced if adenosines within the 3° UTR
create a stop codon (Vasudevan, Peltz, and Wilusz 2002; P. Yao et al. 2012). Two examples of
genes that undergo CFIm mediated intronic polyadenylation include Wwp2 and CSTF3 (also
known as CstF77) (Figure 3.5). In both cases, within control cells, there is strong usage of an
intronic polyA site and limited expression of the full-length mRNA isoform. However, upon
CFIm depletion, there is decreased usage of the intronic site and an increase in the full-length
mRNA. Notably, these 293 cases are likely an underestimate because only Refseq annotated
polyA sites were included within the analysis and many intronic polyA sites are missing from

Refseq.

CFIm Complex Regulates APA

As CFIm is a multi-subunit protein complex, we were next interested in whether the large
subunit, either CFIm59 or CFIm68, also regulates intronic polyadenylation. To directly compare
the effects of CFIm25, CFIm59 and CFIm68 on intronic polyadenylation, all three subunits were
knocked down in mammalian 293T cells and RNA was utilized for polyadenylation site

sequencing (PAS-Seq) (Figure 3.6A). PAS-Seq is a 3’-end sequencing method used to map
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Figure 3.5 CFIm Promotes Intronic Polyadenylation

RNA sequencing tracts demonstrating decreased intronic polyA site usage upon knockdown
of CFIm25 in Wwp2 (left) and CstF77 (right). In addition to decreased intronic polyA site
usage, CFIm25 depletion RNAs exhibit increased full length RNA isoform levels.
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polyadenylation sites globally and quantify the relative usage of alternative sites (Figure 2.8B)
(Yoon, Soles, and Shi 2021). PAS-Seq analysis revealed that knockdown of all three subunits
affected polyadenylation site selection, with 128, 2045, and 2139 polyadenylation sites showing
differential regulation upon knockdown of CFIm59, CFIm25, and CFIm68 respectively (Figure
3.6A). 56 APA events were regulated by all three CFIm subunits (Figure 3.6B). For example,
the genes Arll4ep and Lnpep both displayed distal to proximal shifts in polyA site usage upon
knockdown of all CFIm subunits, as indicated by a shift an upstream polyA site (Figure 3.6A).
Both genes also show similar 3> UTR shortening in RNA sequencing samples upon knockdown
of CFIm25, confirming that RNA sequencing and PAS-seq both accurately identify APA (data
not shown).

Although there were APA events regulated by all CFIm subunits, there were a greater number of
APA events regulated by CFIm25 and CFIm68 than CFIm59, which suggests that CFIm25 and
CFIm68 have a larger effect on alternative polyadenylation, a result that is consistent with
previous data (Zhu et al. 2017) (Figure 3.6A). Even for Arl14ep and Lnpep, which exhibited
significant APA changes, there was a larger change in APA upon knockdown of CFIm25 or
CFIm68 than CFIm59. For example, in CFIm25 or CFIm68 knockdown cells there was either a
complete shift from the distal to the proximal polyA site of Lnpep (CFIm68) or the proximal
isoform became predominant (CFIm25). However, while CFIm59 knockdown increased
proximal polyA site usage, there was an approximately equal ratio of the two isoforms (Figure
3.6C). Additionally, 1480 APA changes were regulated solely by CFIm25 and CFIm68, which
is approximately 75% of all APA events regulated by CFIm25 (Figure 3.6B). Examples of genes
with APA events regulated by both CFIm25 and CFIm68 include Dpy1914 and Hipkl. Both

genes displayed 3’ UTR shortening upon knockdown of CFIm25 and CFIm68 but were not
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Figure 3.6 CFIm Subunits Have Unique and Overlapping Effects on 3’
UTR APA

A. Knockdown of CFIm25, CFIm59 and CFIm68 in mammalian 293T cells (top)
Scatterplot of CFIm-mediated APA events as determined by PAS-Seq. Each point
represents the levels of distal polyA site usage for a specific polyA site. Control
knockdown is on the x-axis and CFIm knockdown on the y-axis. Significant 3’UTR
lengthening is indicated in red and shortening is indicated in blue.

B. Overlap of APA changes regulated by CFIm25, CFIm59, and CFIm68 as identified
by PAS seq.

C. PAS sequencing tracts depicting APA changes caused by knockdown of CFIm25,
CFIm59, and CFIm68 in example genes Alrl4ep (left) and Lnpep (right). In both
cases, all three subunits enhance distal polyA sites.

D. PAS sequencing tracts depicting APA changes caused by knockdown of CFIm25,
CFIm59, and CFIm68 in example genes Dpy1914 and Hipkl. For both genes,
knockdown of CFIm25 and CFIm68 but not CFIm59 causes a distal to proximal
polyA site usage shift.
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significantly regulated by CFIm59, which looked more similar to control knockdown (Figure
3.6D). A final difference between CFIm59 and the other CFIm subunits was that knockdown of
CFIm25 and CFIm68 induced a widespread shift from distal to proximal polyA site usage, with
approximately 75% and over 90% of APA changes being 3’ UTR shortening for CFIm25 and
CFImo68 respectively. Interestingly, however, the opposite was true upon knockdown of
CFIm59: 47 APA changes showed a distal to proximal shift and 81 showed a proximal to distal
shift (Figure 3.6A). Together, this suggests that two CFIm complexes have different effects on
APA, which is consistent with previous studies that suggest that while CFIm59 and CFIm68
were once considered synonymous, they in fact play distinct roles and that the CFIm25-CFIm68
complex regulates APA more strongly than the CFIm25-CFIm59 complex (Zhu et al. 2017;
Tseng et al. 2021).

RNA sequencing analysis also revealed a novel role for CFIm25 in promoting intronic
polyadenylation, so we were next interested in which subunit or subunits are directly involved.
PAS-Seq analysis of CFIm25 knockdown cells revealed that although the majority of APA
changes were within the 3’ UTR, there were 362 cases of CFIm25-regulated intronic
polyadenylation events. 155 or approximately 40% of CFIm-regulated IPA events showed a
proximal to distal to shift, which is particularly striking as only approximately 25% of all CFIm-
regulated APA events were distal to proximal shifts (Figure 3.7A). This finding is consistent
with RNA sequencing data that suggests that CFIm25 promotes intronic, leading to increased
full-length mRNA production upon knockdown of CFIm25. As an example, the gene Ankrd10
showed strong usage of an intronic site within control cells but showed decreased usage of this
same intronic polyA site upon knockdown of CFIm25, CFIm59 or CFIm68 as well as increased

usage of a polyA site within the terminal exon (Figure 3.7B).
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Figure 3.7 All CFIm Subunits Regulate Intronic Polyadenylation

A. Scatterplot of CFIm-mediated IPA events as determined by PAS-Seq. Each point
represents the levels of distal polyA site usage for a specific polyA site. Control
knockdown is on the x-axis and CFIm knockdown on the y-axis. Significant 3’UTR
lengthening is indicated in red and shortening is indicated in blue.

PAS sequencing trats depicting APA changes caused by knockdown of CFIm25,
CFIm59, and CFIm68. All three subunits promote intronic polyadenylation within
Ankrd10.

PAS sequencing tracts depicting APA changes caused by knockdown of CFIm25,
CFIm59, and CFIm68 in example gene Znf286a. Knockdown of CFIm25 and
CFIm59 but not CFIm68 increase full length mRNA expression.
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As with the case of Ankrd10, both CFIm59 and CFIm68 regulated intronic polyadenylation in
addition to CFIm25. Ofthe 2115 APA events regulated by CFIm68, 311 are intronic events, a
proportion that is similar to that of CFIm25 regulated intronic polyadenylation events.
Approximately 30% of these intronic polyadenylation events exhibited proximal to distal shifts,
which is proportionally lower than that of CFIm25-promoted IPA sites but still higher than the
only 8% all CFIm68 regulated APA events that displayed proximal to distal shifts (Figure 3.7B).
Interestingly, of the 128 APA events regulated upon knockdown of CFIm59, 82 included an
intronic event. In addition, close to 70% of regulated intronic polyadenylation events displayed a
distal to proximal shift and therefore increased full-length mRNA production. This indicates that
the CFIm25-CFIm59 complex may have a larger effect on promoting intronic polyadenylation
than the CFIm25-CFIm68 complex, further expounding on the differences between the two
CFIm complexes. In fact, between 60%-70% of APA events that were regulated by both
CFIm25 and CFIm59 were intronic events (19 out of 30 total events). For example, the Ips site
of Znf286a is utilized in control and CFIm68 knockdown cells, but has decreased utilization
upon knockdown of either CFIm59 or CFIm25, indicating that CFIm25-CFIm59 complex
promotes intronic polyadenylation at this site (Figure 3.7C).

Together, our study indicates that the two CFIm complexes, CFIm25-CFIm59 and CFIm25-
CFImo68, have partially overlapping but also unique functions in regulating APA. Overall,
CFIm68 has a larger effect on APA than CFIm59, particularly within the 3> UTR. However,
CFIm59 may play a more important role in promoting intronic polyadenylation, which is a novel

function of CFIm in RNA processing regulation.

CFIm Binds Intronic polvA Sites to Regulate IPA
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Figure 3.8 CFIm Binds to RNA to Regulate Intronic Polyadenylation

A. Genome-wide UGUA distribution at intronic and downstream polyA sites of
genes containing CFIm-regulated IPA sites

B. PAS sequencing (top) and PAR-CLIP sequencing tracts (bottom) comparing
CFIm-mediated intronic polyadenylation site regulation and CFIm binding.
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To investigate the mechanism for CFIm-mediated intronic polyadenylation regulation, we
analyzed the enrichment of the CFIm-binding UGUA binding motif within these genes. For all
genes containing a CFIm-regulated IPA site, we analyzed the frequency of UGUA from 100
nucleotides upstream of the cleavage site to 100 nucleotides downstream for both the intronic
polyA site as well as for downstream, 3’ UTR polyA sites in comparison to randomly selected
sequences. Strikingly, there was an enrichment for UGUA approximately 50 nucleotides
upstream of the cleavage site of these intronic polyA sites, consistent with previous studies that
have shown that CFIm exerts maximal enhancer activity when bound 50 nucleotides upstream of
cleavage sites (Figure 3.8A) (Zhu et al. 2017). This suggests that CFIm binds to and activates
these intronic polyA sites. By contrast, there was no enrichment for UGUA upstream of the
cleavage site within downstream polyA sites within the terminal exon. Instead, there was a
modest enrichment of UGUA exon downstream of the polyA site (Figure 3.8A). This binding
enrichment pattern indicates that CFIm may in fact compete with CstF for binding because CstF
is known to bind to U or G/U rich regions downstream of the polyA site (Y Takagaki and
Manley 1997). This provides further insight into how CFIm promotes intronic polyA sites as
the intronic sites are stronger than downstream sites due to activation by CFIm. In addition, if
CFIm competes with CstF for binding to the downstream element, CFIm may further inhibit
downstream sites, providing a secondary mechanism by which intronic polyA sites are activated.
Enrichment of UGUA motifs upstream of polyA sites is not direct evidence of binding so we
analyzed publicly available PAR-CLIP data for both CFIm59 and CFIm68 to compare CFIm
binding at [PA sites and downstream sites in the terminal exon (G. Martin et al. 2012). Like
other iterations of CLIP, PAR-CLIP (photoactivatable ribonucleoside-enhanced crosslinking and

immunoprecipitation) is a technique that utilizes UV-irradiation of cells to crosslink RNA
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binding proteins to RNA. The RBP of interest in is then immunoprecipitated and bound RNAs
are sequenced (Figure 2.4A). What makes PAR-CLIP unique is that it allows for single
nucleotide resolution (Danan, Manickavel, and Hafner 2016). Consistent with the enrichment
data, PAR-CLIP analysis revealed that CFIm binds near the intronic polyA site of genes such as
Pcfl1 and CstF77, both of which show decreased intronic polyadenylation upon CFIm
knockdown (Figure 3.8C) (G. Martin et al. 2012). In addition, for CstF77 there was stronger
PAR-CLIP signal for both CFIm59 and CFIm68 at the intronic site than in the downstream 3’
UTR; this was also observed for CFIm68 on Pcf11, although the CFIm59 PAR-CLIP signal was
similar at the IPA and the downstream 3° UTR polyA site. Together, UGUA enrichment and

PAR-CLIP analysis of CFIm59 and CFIm68 indicate that CFIm binds to intronic polyA.

CFIm is a Master Regulator of Other PolyA Factors

Upon determining that CFIm regulates intronic polyadenylation, we next investigated the types
of genes that are affected. Gene ontology (GO Term) analysis of genes exhibiting CFIm-
mediated intronic polyadenylation revealed moderate enrichment for “regulation of mRNA
processing” and specifically “RNA 3’-end processing” (Figure 3.9). Analysis of the genes
within these categories revealed that CFIm promotes intronic polyadenylation events within one
component of each of the other core polyA complexes, specifically Wdr33 (CSPF), CstF77
(CstF), and Pcf11 (CFIIm)as well as both polyA polymerase (PAP) and Rbbp6 (Figure 3.9B).
Consistently, PAS-seq analysis revealed that knockdown of all three CFIm subunits significantly
decreased usage of an intronic polyA site within CstF77 and Wdr33.

To validate that CFIm regulates the levels of the polyA machinery on the mRNA level, RT-

qPCR on CFIm25-depleted and control 293T cells was performed to compare the ratio of a
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region common to both the truncated and full-length isoforms to the 3’-UTR of the full-length
isoform; this ratio indicates the ratio of the full-length isoform to the truncated isoform produced
by intronic polyadenylation (Figure 3.9C). Consistent with the bioinformatic data, there was an
increase in the ratio of full length Pcf11, Wdr33 and CstF77 in comparison to the truncated
version produced by intronic polyadenylation upon CFIm depletion, validating that CFIm
promotes intronic polyadenylation within one member of each other polyA complex (Figure
3.9D).

Upon determining that CFIm promotes intronic polyadenylation of polyA factors, we next
evaluated polyA factors at the protein level. Numerous studies have indicated that changes at the
mRNA and protein levels are not always directly correlated; in fact, across many studies, mRNA
has approximately 40% explanatory power (De Sousa Abreu et al. 2009; Vogel and Marcotte
2012). Proteins are the functional unit for regulation of polyA site selection, so it is important to
study how CFIm regulates expression levels at the protein level to gain a better understanding
the true nature of CFIm’s role in regulating 3’ processing factors. Consistent with the mRNA
results, western blotting analysis indicated that there was an increase in expression of full length
Wdr33, CstF77, Pcfl1 and PAP upon knockdown of CFIm25 (Figure 3.9E). Importantly, there
was no increase in levels of other core polyA factors that do not contain a CFIm-regulated
intronic polyA sites including CstF64 and CPSF100 as well as other RNA processing factors
such as U1 70K (which is involved in splicing), indicating that the increase in expression is
caused by regulation of intronic polyadenylation. This strongly suggests that CFIm specifically
suppresses the expression of at least one subunit of each of the core polyA machinery complexes

at both the mRNA and protein levels by promoting intronic polyadenylation.
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Figure 3.9 CFIm Regulates Expression of 3’ Processing Factors

A. Gene Ontology (GO) analysis of genes exhibiting CFIm-promoted intronic
polyA sites as determined by RNA-sequencing.

B. RNA sequencing (top) and PAS sequencing (bottom) tracts for 3’ processing
machinery components CstF77 (CstF), Wdr33 (CPSF), and Pcfl1 (CFIIm).
All three subunits contains CFIm-regulated intronic polyA sites.

C. Schematic depicting qPCR analysis of intronic polyA site usage. Primers bind
to either a common region upstream of the IPA site or the 3° UTR of the full-
length isoform. IPA is analyzed by the ratio of the common/extended isoform.

D. gPCR analysis of ratio between full length and truncated mRNA isoforms of
Wdr33, Pcfll, and CstF77. All data is shown as relative to Ctrl Rnai for
respective gene.

E. Western blotting analysis of expression levels of Wdr33, CstF77, Pcfl1, and
PAP following knockdown of CFIm25. Other polyA factors and RNA
processing factors are included as controls.
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CFIm-mediated regulation of core polyA machinery is a transient phenotype. A western blot
time-course from 1 to 5 days post knockdown of CFIm25 indicated that at the protein level, there
was a peak in levels of Wdr33, Pcfl1, and CstF77 at early time points, followed by a return to
levels closer to wildtype 293T cells at later time points (Figure 3.10A). The transient nature of
this phenotype is likely due to known autoregulatory mechanisms within Pcf11 and CstF77 in
which overexpression of the full length isoform induces increased production of the shorter
isoform (Kamieniarz-Gdula et al. 2019; R. Wang et al. 2019; Z. Pan et al. 2006). This transient
regulation is also recapitulated on the mRNA level because a similar time-course followed by
RT-qPCR revealed that there is stronger activation of the full-length isoform of CstF77, Pcfl1,
and Wdr33 at early time points than later time points, particularly for Wdr33 and Pcf11 (Figure
3.10B).

If CFIm regulates levels of Wdr33, CstF77, PAP, and Pcf11 by promoting usage of intronic
polyA sites, when these IPA sites are deleted, CFIm depletion should no longer regulate polyA
factor levels. To test this hypothesis, the IPA site of Pcf11, Wdr33, PAP, and CstF77 were
knocked out using CRISPR Cas9. Two guide RNAs were designed approximately 100
nucleotides upstream and downstream of the IPA site cleavage site to delete the IPA site as well
as flanking regions, as performed previously; in total, a region of approximately 300 nucleotides
was removed (Kamieniarz-Gdula et al. 2019) (Figure 3.11A). The only exception was PAP as
there were no appropriate guides for removal of a 300 nucleotide region with adequate
specificity and efficiency; as a result, a region of 600 nucleotides was removed. Colonies were
screened by genomic DNA PCR for IPA site knockout using primers that bind to genomic

regions upstream and downstream of the region removed by genome editing (Figure 3.11B).
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Figure 3.10 CFIm-Mediated Regulation of 3’ Processing Machinery
is Transient

A. Western blotting analysis of expression levels of Wdr33, Pcfl1, and CstF77
from Days 1 to 5 post-CFIm25 knockdown.

B. gPCR analysis of the ratio between the full length and truncated mRNA
isoform produced by IPA for Wdr33, Pcfl1 and CstF77 from Days 1 to 5 post
CFIm25 knockdown. All data is shown relative to control RNAI.
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Following single colony selection, IPA site knockout cells were utilized for western blotting to
analyze the effects of IPA site knockout on protein expression levels. It is predicted that
knockout of an intronic polyadenylation site should increase the levels of both full-length mRNA
and protein production as it prevents the utilization of the intronic site and therefore activates the
downstream sites. Consistent with this hypothesis and previous reports, western blotting analysis
revealed a 1.6-fold increase (standard deviation=0.25, n=3) in expression of Pcf11 upon
knockout of the IPA site in 3 independent knockout cell lines (Kamieniarz-Gdula et al. 2019)
(Figure 3.11C and 3.11D). However, there was no concomitant increase in other polyA factors
including subunits of CPSF (CPSF100, CPSF73, and CPSF30), CstF (CstF50 and CstF77), and
CFIm (CFIm25 and CFIm59), although two of the three Pcf11 IPA site knockout cell lines
exhibited increased levels of Wdr33 and one of the three cell lines exhibited increased polyA
polymerase levels (Figure 3.11C). Together, this evidence suggests that removal of the intronic
polyA site of Pcfl1 specifically promotes expression of the full-length isoform of Pcf11 and not
a global increase in polyA factor levels, although some specific subunits may also display
expression changes.

Similar to the increased expression of Pcf11 upon knockout of the IPA site, knockout of the IPA
sites of Wdr33, CstF77 and PAP also increased expression of each factor, with average fold
increases of 1.43 (standard deviation=0.65, n=10) for Wdr33, 1.48 (standard deviation=0.49,
n=4) for CstF77, and 16.9 (standard deviation=10.3, n=5) for PAP (Figure 3.11D and 3.11E).
Notably, knockout of the Wdr33 IPA site led to variable expression levels of Wdr33 with
expression levels both higher and lower than wildtype 293T cells. This may be due to a
compensatory mechanism or even an autoregulatory mechanism as other members of the core

polyA machinery have previously been shown to autoregulate (R. Wang et al. 2019; Kamieniarz-
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Gdula et al. 2019; Z. Pan et al. 2006), but this remains unknown and was not investigated further
within this study. As a whole, however, this indicates that knockout of an intronic polyA site
increases the levels of the full-length protein product.

Upon determining that deletion of an intronic polyA site controls expression levels of the
protein, we next used IPA site knockout cells to test whether CFIm suppresses levels of other
polyA factors by promoting intronic polyA sites. If this model is true, CFIm depletion should
not increase protein levels of the specific polyA factor that has the deleted IPA site. However,
deletion of this IPA site should not affect the regulation of other polyA factors; thus, CFIm
depletion should increase the expression of other polyA factors with IPA sites to a similar extent
as control 293T cells. Consistent with this hypothesis, western blotting analysis of a five-day
time course post-CFIm25 knockdown revealed that control 293T cells exhibited increased
expression of Pcf11 with highest levels on days 2, 3, and 4 post-knockdown. By contrast,
knockout of the Pcf11 IPA site suppressed this phenotype, with Pcf11 levels remaining constant
throughout the five-day time course. This indicates that CFIm25 regulates Pcf11 protein levels
through its IPA site. Notably, however, both control 293T cells and Pcf11 IPA knockout cells
experienced increased levels of PAP, CstF77 and Wdr33 at various points throughout the time
course, indicating that the loss of regulation by CFIm is specific to the protein whose IPA site
was knocked out (Figure 3.12). Together this data provides evidence that CFIm is a master
regulator that controls expression of other polyA factors by regulating their intronic

polyadenylation.

CFIm Regulates Global Gene Expression
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Figure 3.12 CFIm-Dependent Inhibition of Full Length Pcfl1
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Western blotting analysis of expression levels of Wdr33, Pcfl1, and CstF77
from Days 1 to 5 post CFIm25 knockdown in control (left) and Pcfl1 IPA

Knockout 293T cells (right).
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Our data indicates that CFIm regulates APA in at least two distinct ways. In over 2000 genes,
CFIm promotes polyadenylation at distal polyA sites, leading to the production of mRNAs with
long 3’ untranslated regions (G. Martin et al. 2012; Masambha et al. 2014; Zhu et al. 2017; W. Li
et al. 2015) (Figure 3.13A). This likely affects both mRNA stability and translation efficiency
because 3’ UTRs have a high frequency of binding sites for microRNA, which have previously
been shown to destabilize mRNA and reduce translation efficiency (Sandberg et al. 2008;
Hoffman et al. 2016; Fu et al. 2018). They also have a high frequency of destabilization
elements that are bound by RNA binding proteins (Garneau, Wilusz, and Wilusz 2007). Because
CFIm promotes production of mRNAs with longer 3’-UTRs, more microRNA and RBPs can
bind, leading to an overall decrease in gene expression. In addition to promoting the production
of mRNA isoforms with longer 3’ UTRs, our data indicates that CFIm also promotes intronic
polyadenylation, which results in mRNAs that are frequently degraded or produce truncated,
non-functional protein (Figure 3.13A).

Although CFIm has two distinct roles in the regulation of alternative polyadenylation depending
on the location of the polyA site, in both cases CFIm reduces gene expression. This global role
in gene expression regulation is reminiscent of the role of myc in transcription regulation. Myc
is a transcription factor that is highly overexpressed in many types of cancers as well as stem
cells. One hypothesis for the role of myc in transcription regulation is that it is a gene expression
amplifier that binds to the promoter of all active genes and upregulates transcription. As a result,
when myc levels are high as in the case of stem cells or cancer, there is transcription
amplification and RNA levels are globally higher (Nie et al. 2012; Bradner, Lee, and Young

2013). Because both of CFIm’s roles in regulating alternative polyadenylation likely
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Figure 3.13 CFIm Attenuates Gene Expression

A. Model of effects of CFIm depletion on APA. CFIm promotes distal polyA sites. CFIm

depletion causes a distal to proximal shift in polyA site usage. As 3’ UTRs are enriched
for binding sites of microRNA and RNA binding proteins, 3 UTR shortening may
increase gene expression (left). CFIm also enhances intronic polyA sites so depletion
of CFIm promotes full length gene expression (right). In both cases, CFIm depletion
enhances gene expression, suggesting that CFIm is a gene expression attenuator.

. Model comparing effects of overexpressing the transcription factor c-myc and
depleting CFIm on overall gene expression levels. Myc is hypothesized to be a gene
expression amplifier that binds to the promoter of all active genes and upregulates
transcription (left). When myec is highly overexpressed as in stem cells or cancer, there
is transcription amplification and RNA levels are globally higher (middle). Conversely,
CFIm is an attenuator and CFIm depletion enhances gene expression (right).

PAS: polyA site 1PAS: intronic polyA site CDS: coding
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downregulate protein output, CFIm may have the opposite role as myc in regulating global gene
expression (Figure 3.13B).

To test the role of CFIm in regulating global gene expression, CFIm25 was knocked down in
293T cells and global protein levels were analyzed by Cy5.5 quantitative gel staining.
Interestingly, there was a 1.5-fold increase in global protein levels upon knockdown of CFIm25,
indicating that CFIm attenuates the expression of a large number of genes (Figure 3.14A). Itis
also noteworthy that there is no single protein band that accounts for a substantial fraction of the
increase in protein levels; instead, there are many bands that all show moderate increases,
consistent with a global protein level increase. While this data is still preliminary, it indicates
that CFIm is an anti-myc that attenuates global gene expression.

If CFIm has the opposite role as myc during reprogramming, we hypothesized that CFIm
depletion may substitute for Myc overexpression during reprogramming. It has previously been
shown that while Myc is not necessary for reprogramming, it strongly increases reprogramming
efficiency because there are significantly more reprogrammed cells when Myec is included. This
is unique because other reprogramming factors such as Oct4, Ki1f4 and Sox2 are essential and
reprogramming cannot occur without their overexpression (Nakagawa et al. 2008). To test
whether CFIm depletion may substitute for Myc overexpression, in collaboration with the
Hochedlinger lab, MEFs were reprogrammed with Oct4, K1f4, Sox2 and either control or CFIm
depletion. Strikingly, CFIm25 knockdown significantly enhanced reprogramming efficiency
when myc is omitted, suggesting that CFIm depletion indeed is an alternative to transcriptional
amplification by Myc during reprogramming (Figure 3.14C). Notably, CFIm depletion in
combination with Myc overexpression had a greater effect on reprogramming than CFIm

depletion alone (Figure 3.2 B and Figure 3.14C), indicating that CFIm and Myc may not act on
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Figure 3.14 CFIm Depletion Substitutes for Myc Overexpression
During Reprogramming

A. Quantitative Cy5.5 gel staining analyzing global protein amounts of control and
CFIm25 knockdown protein samples for equivalent numbers of cells.

B. Reprogramming of mouse embryonic fibroblast into induced pluripotent stem
cells in the presence of viral overexpression of Oct4, Klf4, Sox2 and c-Myc
(OKSM) or lacking a single factor.

OKS: Oct4, Kl1f4, Sox2

C. Reprogramming of mouse embryonic fibroblasts into induced pluripotent stem
cells in the presence of OKS but absence of myc. Reprogramming is performed
either in the presence or absence of CFIm.
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the exact same subset of genes and that their combination activates a greater number of genes
than CFIm or c-Myc alone (Justin Brumbaugh et al. 2018). However, this data provides strong
evidence that CFIm attenuate gene expression and, as such, may substitute for c-Myc

overexpression during reprogramming.

3.4 DISCUSSION

In this chapter, a genome-wide approach was utilized to investigate the roles of CFIm in
alternative polyadenylation regulation and cell fate determination. Specifically, CFIm25 was
knocked down in human 293T cells and used for by RNA and PAS-sequencing. Consistent with
previous findings, CFIm depletion led to a distal to proximal polyA site shift in 3> UTRs. This
study also made the novel finding that in addition to regulating 3> UTR APA, CFIm also
promotes intronic polyadenylation in many genes including members of the core polyA
machinery. We also observed a new role for CFIm in attenuating global gene expression, which

may have important implications for reprogramming.

Many of the genes that intronic polyA sites regulated by CFIm were in fact other polyA factors
including Wdr33 (CPSF), CstF77 (CstF), Pcf11 (CFIIm), and polyA polymerase (PAP), which is
interesting on multiple levels. First, our study determined that promotion of full length polyA
factor production induced by knockdown of CFIm25 is transient as production peaked at early
time points then fell back to levels similar to control. Consistently, Pcf11 and CstF77 have
known autoregulatory mechanisms through which overexpression of the full-length isoform
increases production of the shorter isoform (Kamieniarz-Gdula et al. 2019; Z. Pan et al. 2006; R.

Wang et al. 2019). This finding highlights the importance of regulating the levels of the core
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polyA machinery within the cell, which has interesting implications for cancer biology. In recent
years, multiple studies on another RNA processing event, splicing, have indicated that Myc-
driven cancers are particularly sensitive to inhibition of the spliceosome because oncogenic Myc-
activation enhances production of both RNA and protein. Because mRNA levels are high, there
is increased burden on the spliceosome to process RNA and genetic and pharmacological
inhibition of the spliceosome impairs survival and metastasis of several Myc-driven cancer types
(Hsu et al. 2015; Suda et al. 2017). As polyadenylation is also an essential RNA processing
event, 3’ processing, like splicing, may also be a rate-limiting step in cell growth and division,
making it an important area of cancer research. Strikingly, our finding that CFIm promotes
production of truncated polyA factors in combination with known autoregulatory mechanisms
for core polyA factors indicates that intronic polyadenylation within 3’ processing components
may play a critical role in preventing aberrant cell growth. In addition, as CFIm regulates one
subunit of each of the core polyadenylation factors, CFIm appears to be a master regulator of the
core polyadenylation machinery and therefore may limit overall levels of 3° processing. As a

result, CFIm may be an important therapeutic target for cancer treatment.

Secondly, the role of CFIm in regulating polyA factors indicates that the current model for
CFIm-mediated regulation of APA within the terminal exon should be modified. The prevailing
model is that CFIm binds to the UGUA motif, which is enriched upstream of distal polyA sites.
When CFIm binds, it can recruit the rest of the core polyA machinery to nearby polyA sites
through interactions of its RS domain with the RE/D domain of Fip1, a subunit of CPSF. Asa
result, distal polyA sites are preferentially used when CFIm levels are high but there is a shift to
upstream polyA sites and therefore 3’UTR shortening when CFIm levels are low (Zhu et al.

2017). However, our study also found that CFIm regulates intronic polyadenylation within one
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member of each subunit of the core polyA machinery, indicating that CFIm is a master regulator
of mRNA 3’ end processing (Figure 3.15A). When CFIm25 are high, it causes intronic
polyadenylation in other members of the polyA machinery and limited production of the full-
length, functional protein. Because one member of each other component of the polyadenylation
machinery is affected, there is limited levels of the core machinery available to perform 3’
processing. As a result, there is increased dependency on CFIm to enhance polyadenylation site
selection by recruiting CPSF and distal polyA sites are preferentially used because the UGUA
recognition motif is enriched near distal polyA sites. However, when CFIm levels are low as in
the case of CFIm25 knockdown, there is decreased intronic polyadenylation within Wdr33,
CstF77, and Pcfl1, so more polyadenylation machinery is available. When this occurs, the
proximal site has an advantage not only because it is transcribed first but also because there is

higher levels of the core polyA machinery (Figure 3.15B).

In addition to demonstrating the critical role that CFIm plays in intronic polyadenylation, we also
demonstrate that the two CFIm complexes may in fact have distinct but overlapping functions.
Consistent with previous studies, we determined that knockdown of CFIm68 had a greater effect
on APA than knockdown of CFIm59, with over 2000 in comparison to 128 APA changes
respectively (Zhu et al. 2017). Strikingly, however, while over 80% of APA changes regulated
by CFIm68 were within the terminal exon, the opposite was true for knockdown of CFIm59:
over 60% of APA changes occurred at intronic sites. This data indicates that although some
APA events are shared, CFIm59 and CFIm68 may in fact also play more distinct roles. It will be
interesting to further characterize the two CFIm complexes and critically analyze the roles they

play in APA.
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Figure 3.15 CFIm is a Master Regulator of APA

A. Schematic of CFIm-mediated regulation of core 3’ processing machinery. CFIm
limits levels of one of each member of the core 3’ processing machinery: Wdr33
of CPSF, CstF77 of CstF, Pcfl1 of CFIIm, and polyA polymerase.

B. Model comparing 3’ UTR APA in high and low levels of CFIm. When CFIm
levels are high, it promotes intronic polyadenylation within one subunit of each
of the core polyA machinery complexes. This further promotes longer 3° UTRs
as it makes the 3’ end machinery more dependent on the enhancement of distal
polyA sites by CFIm. However, when CFIm levels are low, there is high
expression of the core polyA machinery, promoting binding at the proximal
polyA sites which are transcribed first.
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Finally, our study also suggests that CFIm may regulate cell fate by acting as a gene expression
attenuator. Previously, we and our collaborators demonstrated that knockdown of CFIm25 led to
a 30-fold increase in reprogramming of mouse embryonic fibroblasts into induced pluripotent
stem cells. Although there were many APA changes, no single APA change could account for
the observed change in reprogramming efficiency, indicating that it may be the additive result of
many APA changes (Justin Brumbaugh et al. 2018). Our current study shows that CFIm
depletion impacts APA in at least two distinct manners: enhancing distal polyA sites and
promoting intronic polyA sites. Interestingly, both mechanisms have a similar end result:
reducing gene expression. Genes with longer 3’ UTRs have increased binding sites for
microRNAs and also have decreased translation efficiency (Hoffman et al. 2016; Fu et al. 2018;
Sandberg et al. 2008). Similarly, intronic polyadenylation leads to production of truncated
mRNAs that are oftentimes not translated and if translated, produce truncated proteins.
Consistent with this hypothesis, we observed that knockdown of CFIm25 both increases global
gene expression and also can substitute for myc overexpression during reprogramming (Figure

3.15) (Justin Brumbaugh et al. 2018).

Future experiments will need to be performed to validate the role of CFIm as a gene expression
attenuator. While our current data indicates that there are increased global protein levels upon
knockdown of CFIm25, the exact nature of these proteins is unknown. One way to identify the
proteins that have increased expression upon knockdown of CFIm25 would be through polysome
profiling. Polysome profiling is a technique that infers translation efficiency of mRNAs.

Several ribosomes can be associated with and translate a single mRNA because a particular
ribosome only associates with about 20-30 nucleotides. As a result, the mass of the mRNP

complex increases as a function of the number of bound ribosomes, making mRNAs that are
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translated more efficiently heavier than those that are translated less efficiently. During
polysome profiling, ribosomes that are actively translating mRNA are stalled with
cycloheximide, a drug that interferes with ribosome translocation. mRNP complexes are then
run on a sucrose gradient, in which heavier polysomes sediment further in the gradient than less-
translated, lighter monosomes. mRNP fractions are collected and RNA is sequenced, allowing

for identification of mRNAs with high translation efficiency (Chass¢ et al. 2017).

If our hypothesis that CFIm is a global gene expression attenuator is correct, upon CFIm
depletion, there should be increased translation of CFIm target genes. Because we hypothesize
that CFIm depletion should increase translation, we predict to see a global increase in the number
of mRNAs within the polysome fraction in comparison to wildtype cells. In addition, upon RNA
sequencing, we predict that there will be overlap in genes showing increased translation with
genes that showed either decreased intronic polyadenylation or distal to proximal shifts in the
terminal exon upon CFIm25 knockdown as identified by PAS-Seq. This data will provide us
with further insight the exact nature of CFIm regulation of gene expression as well as the

mRNAs with the greatest impact on cell fate determination.

In conclusion, this chapter identified a novel role for CFIm in promoting intronic
polyadenylation in many genes including members of the core polyA machinery. It provides
evidence that CFIm links gene expression regulation with cell fate determination by attenuating
gene expression. Our study highlights that although CFIm is not an essential member of the
polyA machinery, it plays a critical role in promoting diverse 3’ processing events with

important biological impacts.
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3.5 METHODS

Knockdown of CFIm

CFIm25, CFIm59 and CFIm68 knockdown cells were generated from HEK 293T cells using
lentiviral transduction of the pLKO.1 vector containing shRNA template followed by
1.25mg/mL puromycin. Cells were harvested for assays 5 days post-transduction unless

otherwise noted within experimental design.

shRNA sequences: CFIm25: 5" GAACCTCCTCAGTATCCATAT 3’
CFIm25: 5 TGTACCCTCTTACCAATTATA 3’
CFIm59: 5 AAGATATCATGAAGCGAAACA 3°
CFIm68: 5> GGTGATTATGGGAGTGCTATT 3’
CFIm68: 5 GTTGTAACTCCATGCAATAAA 3’

Sequencing and Analysis

RNA Sequencing

CFIm25 was knocked down using above protocol. RNA was extracted from cells using TRIzol
(Invitrogen) and purified using standard protocol. Paired end libraries were prepared by UCI
Genomic High-Throughput Facility (GHTF) using Illumina TruSeq Stranded Kit and sequenced

using HiSeq4000. Samples were split between 2 lanes.

DaPars Analysis

RNA sequencing libraries were aligned to the human genome using STAR (Dobin et al. 2013)
and analyzed for alternative polyadenylation using DaPars (Dynamic analyses of Alternative
PolyAdenylation RNA-Seq) (Xia et al. 2014). DaPars is a bioinformatic algorithm that identifies

APA events from RNA sequencing. RNA-seq data from all input samples were merged to show
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combined coverage. Next, DaPars identified the distal polyA site based upon continuous RNA-
seq signal by identifying the region where coverage is less than 5% of coverage at the preceding
exon. It then used linear regression to infer de novo proximal polyA sites that best explain
localized read density change. Expression values of the two transcripts in different conditions
were estimated and APA changes were quantified as the change in Percentage of Distal polyA
Site Usage Index (APDUI). APA events with FDR < 5%, PDUI with no greater mean difference
than 0.2 within replicates, and mean fold change in PDUI greater than or equal to 1.5 were
identified as significant. To avoid false positives, only genes with >30-fold mean coverage were

included.

UGUA Enrichment Analysis

For each CFIm regulated IPA site, regions from 100 nucleotides upstream to 100 nucleotides
downstream of the cleavage site were selected and the enrichment of the UGUA motif was
calculated using the Bioconductor packages Biostrings, which performs pattern matching and
pair-wise comparisons, and Seqpattern, which visualizes oligonucleotide patterns and motifs
across large sets of sequences. The enrichment of UGUA within the same region at polyA sites

within the 3 UTR was also calculated.

PAS-Seq Library Preparation and Analysis

CFIm25, CFIm59, and CFIm68 were knocked down using above protocol. PAS-Seq libraries
were prepared according to PAS-Seq 2 protocol (Yoon, Soles, and Shi 2021). lug of total RNA
was diluted in 50ul of H2O and polyadenylated RNA was purified using NEBNext PolyA mRNA
magnetic isolation module (NEB) following manufacturers protocol. Next, mnRNA was

fragmented at 70°C for 5 minutes with RNA Fragmentation Reagent (Invitrogen) and stopped
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with Stop solution. RNA was then ethanol precipitated precipitated with sodium acetate at -
80°C. Pellets were resuspended in H2O and reverse transcribed. For reverse transcription,
oligo(dT) primer was bound at 72°C followed by reverse transcription with Superscript III and
template switch oligo. cDNA was purified using AMPure XP beads (Beckman-Coulter) per
manufacturer’s protocol and amplified with 2x Phusion (NEB) with 10uM TruSeq universal
adapter and 10uM TruSeq indexed adapter. Control knockdown was amplified using indexed
adapter 22-24, CFIm25 knockdown was amplified using indexed adapter 13-15, CFIm59
knockdown was amplified using indexed adapter 19-21, and CFIm68 knockdown was amplified
using indexed adapter 16-18. Following amplification, PCR products were run on a 2.5% low
melt agarose gel (80V, 2.5hrs) and a 185-225 base pair band was gel extracted and submitted for
sequencing at the UCI Genomics High Throughput Facility where single read, 100 base pair

sequences were read from the 5° end of the cDNA into the poly(A) tract.

Template Switching Oligo: CTACACGACGCTCTTCCGATCTCATrGrG+G

oligo(dT) primer:
TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTTTTTTTTTTTTTTTTTTV (V:
A/C/G)

Indexed adapter 13:
CAAGCAGAAGACGGCATACGAGATTITGACTGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATC

Indexed adapter 14:
CAAGCAGAAGACGGCATACGAGATGGAACTGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATC

Indexed adapter 15:
CAAGCAGAAGACGGCATACGAGATTGACATGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATC

Indexed adapter 16:
CAAGCAGAAGACGGCATACGAGATGGACGGGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATC

Indexed adapter 17:
CAAGCAGAAGACGGCATACGAGATCTCTACGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATC
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Indexed adapter 18:
CAAGCAGAAGACGGCATACGAGATGCGGACGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATC

Indexed adapter 19:
CAAGCAGAAGACGGCATACGAGATTTTCACGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATC

Indexed adapter 20:
CAAGCAGAAGACGGCATACGAGATGGCCACGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATC

Indexed adapter 21:
CAAGCAGAAGACGGCATACGAGATCGAAACGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATC

Indexed adapter 22:
CAAGCAGAAGACGGCATACGAGATCGTACGGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATC

Indexed adapter 23:
CAAGCAGAAGACGGCATACGAGATCCACTCGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATC

Indexed adapter 24:
CAAGCAGAAGACGGCATACGAGATGCTACCGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATC

Following sequencing, data was analyzed as followed. Sequences were trimmed to remove the
first six nucleotides of each read (which come from the template switch oligo) and consecutive
As (which come from the oligo(dT)) with the program Cutadapt (M. Martin 2011). Trimmed
sequences were then aligned to the reference genome using STAR (Dobin et al. 2013). Next,
internal priming events were removed by identifying reads mapped to genomic sequences
immediately following 6-consecutive As or 7 As out of 10 nucleotides which are a result of
internal priming. 3’ ends of each read were compared to a list of annotated polyA site based
upon PolyA DB (H. Zhang et al. 2005) and a count table was generated. Reads were assigned to
a polyA site if they mapped within 40 nucleotides upstream or downstream. APA analysis was

performed with edgeR using the “exon” mode and FDR scores were assigned to each polyA site.
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To be considered APA, a gene had to have 1) a least 1 PAS reach FDR<0.05 and 2) greater than

15 percent change in usage between conditions.

3’ RACE Analysis of APA

CFIm25 was knocked down in 293T cells using above protocol. The RNA was extracted from
cells using TRIzol (Invitrogen) and purified using standard protocol. ¢cDNA was then
synthesized by reverse transcription using oligo(dT) and linker primer. Following cDNA
synthesis, polyA site usage was analyzed in two rounds of PCR. In the first round of PCR,
equivalent concentrations of primers QO (a reverse linker primer that recognizes all reverse
transcribed cDNA) and two forward primers that bind and amplify either a common region of the
VMAZ21 3° UTR or a region specific to the distal 3> UTR of mRNAs cleaved and polyadenylated
at the distal site are added to the PCR reaction mi2. ¢cDNA was amplified for 20 cycles to avoid
saturation. One microliter of first round PCR was added to the second round of PCR with
equivalent concentrations of Q1, (a reverse primer that binds within the PCR amplified in PCR1)
and two competing forward primers that bind and amplify either a common region or the
VMAZ21 3° UTR or a region specific to the distal 3> UTR of mRNAs cleaved and polyadenylated
at the distal site. As before, cDNA was amplified for 20 cycles to avoid saturation. Following

the second round of amplification, reactions were run on a 1% agarose gel. The proportion of

distal
proximal

distal to proximal site usage was calculated ( ) and compared to pLKO control to

determine fold change upon CFIm25 knockdown.

3> RACE RT Primer:

5’ CCAGTGAGCAGAGTGACGAGGACTCGAGCTCAAGCTTTTTTTTTTITTITTITITTIT 3°
3’ RACE PCR1 R: CCAGTGAGCAGAGTGACG

3’ RACE PCR1 R: GAGGACTCGAGCTCAAGC
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VMAZ2lproximal F 3° RACE PCR1: GCTGCTATTGTTGCAGTGGTC
VMAZ2l1proximal F 3> RACE PCR2: CGTCCATGTGGTGCTGG
VMAZ2ldistal F 3° RACE PCR1: CTGGCCACACTTTCCTTGC
VMAZ2ldistal F 3° RACE PCR2: CCCCACGTTCAGTGTAATCTC

qRT-PCR Analysis of IPA Site Usage of PolvyA Factors

CFIm25 was knocked down in 293T cells using above protocol. RNA was extracted from cells
using TRIzol (Invitrogen) and purified using standard protocol. Following treatment with RQ1
DNAse (Promega) following manufacturers protocol, cDNA was synthesized using All-In-One
5X RT MasterMix (Abmgood) following manufacturer’s protocol. Levels of intronic
polyadenylation was compared between control and CFIm25 depletion cells using qRT-PCR
using PowerUp SYBR Green qPCR Master Mix (Applied Biosystems). qPCR primers were
designed to amplify either the 3’ UTR of the full-length isoform (extended) or a common region

in the exon immediately upstream of the CFIm-regulated IPA site (common). Full length polyA

common

factor production was calculated as the ratio of and compared to a pLKO control to

extended

determine fold change.

Wdr33 common F: GTGAGGGCCATGACGTG

Wdr33 common R: CGCCTCCTTATGTGCCTG

Wdr33 extended F: GGAGGCTCAAGATTGCTTTAGG
Wdr33: extended R: GGTCTCTGGATCCGGTTTTAGC
Pcf11 common F: CAGTCATCGCTCGAAGACC

Pcfll common R: CGGTTTGGGCCTCGATG

Pcf11 extended F: TTCCGAGAGAGCACCGTAGG
Pcfl1 extended R: CTGGATGGTTCTCTATACCTGGAG
CstF77 common F: GCAGCTGAGTATGTCCCAGAG
CstF77 common R: TGCCTCTCGAATGAGAATGC
CstF77 extended F: GTGCCTCTATCACATGGTTCTT
CstF77 extended R: CTGCCACTTTGTACTGTTCTCA
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Generation of Wdr33., Pcfl11, CstE77, PAP, and Rbbp6 IPA Site Knockout Cell Lines

sgRNA were designed using an online tool (https://chopchop.cbu.uib.no/). Paired sgRNA were

designed to flank the IPA site of Wdr33, Pcfl1, CstF77, PAP, and Rbbp6 and remove the
intervening region as described previously (R. Wang et al. 2019; Kamieniarz-Gdula et al. 2019).
sgRNA for Pcfl1 were designed from Kamieniarz-Gdula 2019; all other guides were designed
specifically for this project using a similar method (Kamieniarz-Gdula et al. 2019). In all cases
except PAP, each sgRNA was designed to target a region approximately 100-200nt upstream or
downstream of the IPA site to remove a region of approximately 300 nucleotides total. For PAP,
no sgRNA with high specificity and efficiency were present within the above parameters so they
sgRNA were designed to remove a region approximately 600 nucleotides in total. sgRNA were
annealed and cloned into pX330A using BbsI digestion. 1ug of each pX330A-sgRNA were
transfected into a 6-well plate of HEK 293T cells using Lipofectamine 3000 (Invitrogen). 3 days
post-transfection, cells were reseeded by limiting diluting into 96 well plates at a density of 0.5
cells/well. When colonies formed, they were screened by genomic DNA PCR with primers
flanking region targeted for removal. Homozygous colonies were identified as those with a
single band approximately 300 nucleotides in length shorter than the wildtype 293T cells (or 600

nucleotides in the case of PAP).

Pcfl1 upstream sgRNA F: CACCACCGTCTCTAAACAATATAT

Pcfl1 upstream sgRNA R: AAACATATATTGTTTAGAGACGGT

Pcfl1 downstream sgRNA F: CACCACAAGATACACGGTTTCAGG

Pcfl1 downstream sgRNA R: AAACCCTGAAACCGTGTATCTTGT

Pcfl1 IPA KO gDNA colony screen F:
TCCCTGATAGCGAAGGAGTGTGTTGAGTATGACGAATGCTTCC
Pcfl1 IPA KO gDNA colony screen R: TGTTGAGTATGACGAATGCTTCC

Wdr33 upstream sgRNA F: CACCTGAATTAACCGACAAGATAG
Wdr33 upstream sgRNA R: AAACCTATCTTGTCGGTTAATTCA
Wdr33 downstream sgRNA F: CCACGAGTTACGTGAATTCAGTGG
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Wdr33 downstream sgRNA R: AAACCACTGAATTCACGTAACTC
Wdr33 IPA KO gDNA colony screen F: TCACAGTCATTTTGTAGGTTTTTAC
Wdr33 IPA KO gDNA colony screen R: AGGGTACGGAGTAGAAGGTAC

CstF77 upstream sgRNA F: CCACCATAGCCAATTAGGACAAGG

CstF77 upstream sgRNA R: AAACCCTTGTCCTAATTGGCTATG

CstF77 downstream sgRNA F: CCACTAAATCCTCCTTGTCCTAAT

CstF77 downstream sgRNA R: AAACATTAGGACAAGGAGGATTA

CstF77 IPA KO gDNA colony screen F: ACGGAAGACTTATGAACGCCT
CstF77 IPA KO gDNA colony screen R: AGTGCTTACATTGATAAACCATGC

PAP upstream sgRNA F: CCACTAAGTGCTTCGGGACAAAAA

PAP upstream sgRNA R: AAACTTTTTGTCCCGAAGCACTTA

PAP downstream sgRNA F: CCACTTGCCTTGGCCCAAAAGGTG

PAP downstream sgRNA R: AAACCACCTTTTGGGCCAAGGCAA

PAP IPA KO gDNA colony screen F: GATAGGTTGGGAAATCAGTTAC
PAP IPA KO gDNA colony screen R: TGGTGGCATAACCACATTTTC

Rbbp6 upstream sgRNA F: CCACTGTACAACACAGTGTCATAC

Rbbp6 upstream sgRNA R: AAACGTATGACACTGTGTTGTACA

Rbbp6 downstream sgRNA F: CCACTCATAGGGGGCCCCAGGTTC

Rbbp6 downstream sgRNA R: AAACGAACCTGGGGCCCCTATGA

Rbbp6 IPA KO gDNA colony screen F: CACATTGCTTTTACCTTTATAATGTAG
Rbbp6 IPA KO gDNA colony screen R: AGGTACAGCTTTCAATGGCC

Quantitative Gel Staining

Cells were resuspended to 1x10° cells per 100ul in RIPA buffer, vortexed and incubated on ice
for 30 minutes. Following incubation, lysates were centrifuged at 14krpm for 15 minutes at 4°C
and the supernatant was transferred to a new tube for further analysis. Lysates were labeled for
quantitative staining with Amersham QuickStain (GE Healthcare). Samples were diluted 1:10 in
labeling buffer (Tris-HCI labeling buffer with 0.1% SDS, pH 8.7 at 25°C) and 1ul Cy5 was
added. Following a 30 minute incubation at room temperature, samples were mixed with 3x
SDS loading dye containing lysine to quench the reaction as well as DTT and beta-

mercaptoethanol for denaturation. Samples were heated at 95°C for 3 minutes and run on a 10%
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polyacrylamide gel at 70V for 30 minutes followed by 120V. Gels were imaged on an

Amersham Typhoon Biomolecular Imager (GE Healthcare).
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CHAPTER 4

CFIm PLAYS A ROLE IN 3’ SPLICE SITE SELECTION AND

REGULATES ALTERNATIVE SPLICING

4.1 SUMMARY

In addition to polyadenylation, splicing is another critical RNA processing event. One of the
first steps in the assembly of the spliceosome is the recognition of the 3’ splice site by the U2
auxiliary factor (U2AF), which binds to the polypyrimidine tract sequence upstream of the 3’
splice site and, in some cases, the 3’ splice site itself. However, sequences preceding the 3’ splice
sites are highly variable, and it remains unclear how U2AF can recognize such a wide variety of

sequences.

In this chapter, we report the surprising finding that the polyadenylation factor cleavage factor I
(CFIm) is responsible for recognizing a subset of 3’ splice sites and regulating thousands of
alternative splicing events. Mechanistically, CFIm forms a complex with U2AF65 via an
interaction between the RS domains of the CFIm large subunits (CFIm68 and CFIm59) and that
of U2AF65. Such a CFIm-U2AF complex recognizes a subset of noncanonical 3’ splice sites,
which lack polypyrimidine tracts, but have UC-rich sequences instead. Additionally, CFIm
competes with other splicing factors for binding to U2AF and indirectly regulates additional

alternative splicing events. Based on these results, we propose a model in which U2AF65 binds

124



to a number of RNA-binding proteins, including CFIm, to recognize the highly variable 3’ splice

site regions.

4.2 INTRODUCTION

Splicing, or the excision of noncoding introns and joining together of protein coding exons, is an
essential step in the regulation of gene expression. It has been estimated that approximately 25%
of the human genome consists of introns, which is 4-5 times that encoded exons, highlighting the
necessity of the removal of these sequences (Jo and Choi 2015). Additionally, 92-94% of genes
have alternatively spliced isoforms, with approximately 86% of genes having an alternative
isoform with an expression of 15% or more. While the impact of alternatively spliced mRNA
isoforms on proteomic diversity has historically been debated, recent studies indicate that
splicing in fact makes significant contributions to proteomic diversity in humans (Liu et al. 2017;
X. Wang et al. 2018). As a result, it is critical to study both RNA splicing in general and, more

specifically, the mechanisms involved in alternative splicing.

Alternatively spliced exons frequently have weaker 5° and 3’ splice sites than constitutive exons
and are less efficiently recognized by the spliceosome (Baek and Green 2005; Garg and Green
2007; Zheng, Xiang-Dong, and Gribskov 2005). 3’ splice sites consist of 3 elements: the YAG
sequence directly preceding the intron-exon boundary, the branch point sequence with the
consensus sequence YNYURAY (where Y represents a pyrimidine [C or U]), and the
polypyrimidine tract characterized by a high frequency of pyrimidines (C or U) (Black 2003;
Wilkinson, Charenton, and Nagai 2020; Moore, Query, and Sharp 1993). As the polypyrimidine

tract is the most variable of these sequences, the primary determinant of 3’ splice site strength is
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the ability of the U2 auxiliary factor (U2AF) to recognize the polypyrimidine tract. U2AF is a
heterodimer of U2AF35, which recognizes the AG dinucleotide at the intron-exon boundary of
the 3’ splice site, and U2AF65, which directly interacts with the polypyrimidine tract (Figure
2.3B). Factors that influence polypyrimidine tract recognition by U2AF65 include length and
composition, with strong 3’ splice sites being defined by longer, contiguous polypyrimidine
tracts with a high enrichment of uridine (Coolidge, Seely, and Patton 1997; Hertel 2008).
Despite the importance of the polypyrimidine tract, its sequence is in fact highly variable. In
vitro assays suggest that when polypyrimidine tracts are short and/or have a higher frequency of
purine residues, the AG dinucleotide is essential for splicing but when the polypyrimidine tract is
longer, the AG nucleotide is no longer required (Reed 1989; Coolidge, Seely, and Patton 1997).
In addition, U2AF can only directly regulate approximately 88% of 3’ splice sites, indicating that
there may be additional mechanisms involved in 3’ splice site selection (Shao et al. 2014).
Remaining questions include how U2AF recognizes such a wide variety of polypyrimidine tract
sequences, whether U2AF35 is still important for splice site recognition if the polypyrimidine
tract is strong, and whether there are additional mechanisms involved in 3’ splice site selection of
exons with weaker polypyrimidine tracts, particularly those that cannot be directly bound by
U2AF65.

One area of particular interest in understanding 3’ splice site selection is cross-regulation
between splicing and polyadenylation. Components of the spliceosome, other splicing factors
including as SR proteins and U2AF, and polyadenylation factors such as CPSF all associate with
the RNA Polymerase II C-terminal domain (CTD), suggesting that both processes are co-
transcriptional (Pandya-Jones and Black 2009; Listerman, Sapra, and Neugebauer 2006; Marvin

and Inada 2018). As both processes are co-transcriptional, it seems likely that they may also be
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Polypyrimidine  3'ss 5'ss
Tract

Figure 4.1 Recognition of the 3’ Splice Site by U2AF

Schematic depicting 3’ splice site recognition by the U2 auxiliary factor (U2AF). U2AF
is a dimer of U2AF65, which recognizes the polypyrimidine tract, and U2AF35, which
recognizes the AG dinucleotide at the intron/exon boundary.
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able to cross-regulate as their machineries are likely closely associated. Previous studies also
indicate that polyadenylation factors and splicing factors mutually regulate terminal exons. The
exon definition model of splicing states that splicing occurs when U1 recognizes the downstream
5’ splice site of an exon and U2AF recognizes the upstream 3’ splice site. However, first and
terminal exons each lack one of these features and terminal exons are regulated by both the
splicing and polyadenylation machineries (Berget 1995). U2AF binds the 3’ splice site through
interactions with CFIm or PAP (Millevoi et al. 2006; Cooke, Hans, and Alwine 1999; Vagner,
Vagner, and Mattaj 2000). In addition, terminal exon recognition is also regulated by
interactions of CPSF with SF3B (part of the U2 snRNP) as the presence of CPSF was necessary
for efficient splicing activity (Kyburz et al. 2006). While some studies suggest that the links
between polyadenylation and splicing are exclusive to terminal exon recognition and processing,
the extent of cross-regulation between splicing and polyadenylation at RNA processing events

upstream of the terminal exon is still relatively unknown (Movassat et al. 2016).

One polyadenylation factor of particular interest as a putative global alternative splicing
regulator is cleavage factor [ (CFIm). Two independent affinity purifications of the spliceosome
both identified members of the core polyadenylation machinery as co-purifying including
subunits of CFIm, CPSF, and CstF (Zhou et al. 2002; Rappsilber et al. 2002) (Table 4.1).
Interestingly, although these purifications used different purification methods as well as different
pre-RNA splicing targets, the one complex that they had in common was CFIm, suggesting that
CFIm may be an important link between polyadenylation and splicing. Additionally, the large
subunits of CFIm (CFIm59 and CFIm68) are categorized as SR like proteins because they share
several key functional domains with SR proteins, which regulate splicing (Figure 2.3A). SR

proteins are characterized by the presence of C-terminal RS domain as well as one or more RNA
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Table 4.1 Polyadenylation Factors Associated with Spliceosome

Rappsilber et al, (2002), Genome
Res

Zhou et al, (2002), Nature

CFIm25 CFIm68

CPSF30 CFIm25

Similar to CFIm68 fSAP94 (related to Drosophila
CstF64)

CPSF100

CPSF73

CPSF160

CstF77
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recognition motif. In addition, they have the ability to complement splicing-deficient nuclear
extract. SR-like proteins are similar in that they have the characteristic RS domain, but have a
different class of RNA binding domain or cannot complement splicing-deficient nuclear extract
(J. C. Long and Caceres 2009). SR-like proteins such as CFIm function in a variety of aspects of
RNA metabolism including transport, stability, and translation (Wagner and Frye 2021).

In addition to having structural similarities with SR proteins, CFIm and SR proteins also use
similar mechanisms to regulate polyadenylation and splicing respectively. Recently, our lab
demonstrated that CFIm is an activator of distal polyA sites. CFIm binds to the UGUA enhancer
motif which is enriched approximately 50 nucleotides upstream of the AAUAAA hexamer
through interactions of the Nudix domain of CFIm25 with RNA. CFIm then recruits the rest of
the core polyadenylation machinery to the nearby polyA site through interactions of its RS
domain with the RE/D domain of Fip1, a subunit of the cleavage and polyadenylation specificity
factor (CPSF). Because the UGUA motif is specifically upstream of distal polyA sites, CFIm
promotes mRNA isoforms with longer 3° UTRs. This is strikingly similar to the role that SR
proteins play in splicing regulation. During splicing, SR proteins bind to exonic splicing
enhancers (ESEs) and recruit U2AF to the 3’ splice site and U170K to the 5’ splice site of the
exon through interactions of the RS domain of SR proteins with the RS domain of either
U2AF35 or U170K (Cho et al. 2011; Saha and Ghosh 2022; J. Y. Wu and Maniatis 1993;
Graveley, Hertel, and Maniatis 2001). As both CFIm and SR proteins use their RS domains to
regulate polyadenylation and splicing respectively, we hypothesized that CFIm plays a global
role in alternative splicing regulation that is not limited to terminal exons (Figure 2.3B).

In this study, I used genome-wide approaches to investigate the role of CFIm in alternative

splicing and found that it regulates thousands of alternative splicing events. Mechanistically,
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CFIm interacts with U2AF65 and recruits it to weak polypyrimidine tracts, leading to increased
exon inclusion. In addition, we propose a model by which a variety of RNA binding proteins

compete for interaction with U2AF65 to recognize non-canonical 3’ splice sites.

4.3 RESULTS

CFIm Regulates Alternative Splicing

To investigate the role of CFIm in alternative splicing, the small subunit, CFIm25, was knocked
down in human HEK 293T cells and paired-end RNA sequencing was performed. By knocking
down CFIm25, CFIm68 was partially co-depleted and CFIm59 was co-depleted, indicating
depletion of the CFIm complex as a whole (Figure 4.2A). Alternative splicing was then
analyzed using rMATS (S. Shen et al. 2014). rMATS is a computational tool that uses replicate
RNA sequencing data to analyze the percentage of inclusion or exclusion of different features
including exons, introns, and 5” or 3’ splice sites and compare between different conditions to
identify alternative splicing changes. Knockdown of CFIm25 induced over 2000 alternative
cassette exons. 749 exons showed decreased exon inclusion upon CFIm depletion, indicating
that CFIm activates exon inclusion for this subset. There were also 1039 exons that showed
increased inclusion, indicating that CFIm represses exon inclusion for this subset of exons
(Figure 4.2A). Two examples of genes with CFIm mediated alternative cassette exons include
Lrrfip2 and hnRNP LL. Lrrfip2 contains a CFIm activated exon as there was high exon
inclusion within control cells but decreased exon inclusion upon knockdown of CFIm25. The
exact opposite is true for hnRNP LL which contains a CFIm repressed cassette exon. In this
case, the cassette exon showed increased inclusion upon CFIm depletion (Figure 4.2B). Both

CFIm activated and CFIm repressed alternative cassette exons could be validated by RT PCR
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Figure 4.2 CFIm Regulates Alternative Cassette Exon Splicing

A.

mon

Knockdown of CFIm25 in human 293T cells (left). RNA sequencing analysis of
alternative splicing changes induced by knockdown of CFIm25 (right). Shown is
alternative cassette exon splicing.

RNA sequencing tracts depicting examples of CFIm activated Lrrfip2 (left) and CFIm
repressed hnRNP LL (right) alternative cassette exons.

RT-PCR analysis of CFIm activated cassette exons. Quantification of 3 replicates.
RT-PCR analysis of CFIm repressed cassette exons. Quantification of 3 replicates.
Schematic representation of split eGFP reporter to analyze usage of CFIm regulated
alternative cassette exons.

RT-PCR analysis of CFIm cassette exon eGFP reporter splicing for CFlm activated
exons. Quantification of 3 replicates.

RT-PCR analysis of CFIm cassette exon eGFP reporter splicing for CFIm repressed
exons. Quantification of 3 replicates.
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using primers that bind to the exons immediately upstream and downstream of the alternative
cassette exon (Figures 4.2C and 4.2D).

To further validate that the effects seen on alternative cassette exon splicing are a direct effect of
CFIm25 knockdown, a series of split eGFP reporters were created. CFIm-regulated cassette
exons as well as upstream and downstream intronic regions were cloned between 2 regions of an
eGFP gene sequence to interrupt the eGFP reading frame. This reporter was then transfected
into control or CFIm25 knockdown cells and splicing was analyzed through either eGFP
expression or RT-PCR with primers that bind to the eGFP regions upstream and downstream of
the inserted CFIm-regulated exon (Figure 4.2E). For CFIm activated exons, there was a high
level of consistency between the eGFP reporters and both RNA sequencing and endogenous RT-
PCR as represented by RT-PCR results for BPTF, Lrrfip2, and Uap1, which all showed
decreased exon inclusion upon knockdown of CFIm25. This indicates that these alternative
cassette exons are likely direct targets of CFIm (Figure 4.2F). However, for CFIm repressed
exons, many of the eGFP reporter results were inconsistent with the RNA sequencing and
endogenous RT-PCR data as represented by eGFP reporter RT-PCR results for Cask, hnRNP
LL, and Gpbpl. For both hnRNP LL and Gpbpl, there was a modest increase in exon inclusion,
consistent with the RNA sequencing data. However, the increase was variable across replicates
and not significant. In addition, Cask exhibited decreased exon inclusion, contradictory to the
RNA-seq data (Figure 4.2G). This suggests that CFIm-repressed exons may not in fact be direct
targets of CFIm, mechanism for which will be proposed later.

Importantly, knockdown of CFIm25 did not only affect alternative cassette exons. Instead, other
categories of alternative splicing events were also affected, although they were not the focus

within this study. Approximately 100 genes exhibited changes in intron retention, with
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Figure 4.3 CFIm Regulates Other Alternative Splicing Events

A. RNA sequencing tract depicting example of CFIm-dependent intron retention event
with GrinA.

B. RNA sequencing tract depicting CFIm-dependent alternative 5’ splice site selection
within gene Mrpl55.

C. RNA sequencing tract depicting CFIm-dependent alternative 3’ splice site selection
within gene Stag314.
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approximately equal numbers showing increased or decreased intron inclusion. For example, the
gene GrinA contains an intron that showed increase retention upon knockdown of CFIm25
(Figure 4.3A). In addition, CFIm depletion altered both alternative 5’ and 3’ splice site usage.
CFIm regulated approximately 200 alternative 5° splice sites. As an example, the gene Mrlp55
contains a 5’ splice regulated by CFIm because upon knockdown of CFIm25, there was a shift to
an upstream 5’ splice site (Figure 4.3B). CFIm also regulated approximately 200 alternative 3’
splice sites with the example gene of Stag314 showing a shift to an upstream 3’ splice site upon
knockdown of CFIm25 (Figure 4.3C). Together, this data suggests that CFIm regulates the
alternative splicing of thousands of alternative splicing events. While it primarily regulates
alternative splicing of cassette exons, it also can regulate other splicing events including intron

retention and alternative 5° and 3’ splice sites.

All Subunits of CFIm Participate in Splicing Regulation

As CFIm is a multiple subunit protein complex, the role of the large subunit, either CFIm59 or
CFImo68, was then evaluated. To test this, previously generated CFIm59 and CFIm68 knockout
293T cells were utilized for paired-end RNA sequencing (Zhu et al. 2017). As before, splicing
analysis was performed using rMATs with FDR <0.05 and the absolute value of APSI (percent
spliced in) greater than 0.15. Consistent with the hypothesis that the large subunit directly
regulates alternative splicing through CFIm59 and CFIm68, there were alternative splicing
changes upon knockout of CFIm59 and CFIm68, with 653 alternative splicing changes being
regulated by all three conditions: knockdown of CFIm25 and knockout of both CFIm59 and
CFIm68. Importantly, however, the greatest number of alternative splicing changes induced by

knockdown of CFIm25, with other over 1300 changes solely regulated by CFIm25 in
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Figure 4.4 All CFIm Subunits Regulate Alternative Splicing

A. Overlap of alternative cassete exon splicing events regulated by CFIm25
(pink), CFIm59 (green), and CFIm68 (blue).

B. Heat map depicting changes in percent spliced in (APSI) upon CFIm25
knockdown, CFIm59 knockout, or CFIm68 knockout for alternative cassette
exons.

C. RNA sequencing tract depicting alternative cassette usage upon knockdown of
CFIm25 or knockout of CFIm59 or CFIm68 for Lrrfip2.

D. RT-PCR analysis of alternative cassette exon usage of CFIm activated exon
BPTF and Lrrfip2 upon co-depletion of CFIm59 and CFIm68.

E. Western blotting analysis of CFIm59 and CFIm68 co-depletion. Both co-
depletion methods also deplete CFIm25.
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comparison to only 557 for CFIm59 knockout and 322 for CFIm68 knockout (Figure 4.4A). In
addition, when alternative splicing changes were compared genome-wide, for the majority of
alternative splicing changes, there was a greater magnitude of change upon knockdown of
CFIm25 than knockout of either CFIm59 or CFIm68 as measured by APSI (Figure 4.4B). For
example, Lrrfip2 contained a CFIm activated exon that showed decreased exon inclusion upon
knockdown of CFIm25. Although Lrrfip2 also experienced decreased exon inclusion upon
knockout of CFIm59 or CFIm68, the percent of change is smaller (Figure 4.4C). The stronger
regulation by CFIm25 knockdown than either CFIm59 or CFIm68 knockout likely indicates that
the two alternative larger subunits are partially redundant for each other. When CFIm25 was
knocked down, both CFIm59 and CFIm68 were co-depleted. However, when CFIm59 and
CFIm68 were knocked out, the levels of the alternative larger subunit as well as CFIm25
remained unchanged. As a result, if CFIm59 and CFIm68 are partially redundant, it would
explain why there is a greater magnitude of change for CFIm25 knockdown. However, the
possibility that the differences in affect size are caused by differences in the depletion system
cannot be ruled out. With the development of CRISPR-Cas9 genome-editing technologies in
molecular biology, scientists have observed discrepancies between knockdown and knockout
experiments. While this was originally believed to be due to off-target effects, it has been shown
that cells can also compensate for knockout of some proteins, often by upregulating other
proteins with similar functions (Salanga and Salanga 2021). This is likely not the case with
CFIm59 and CFIm68 knockout as levels of the alternative large subunit as well as CFIm25
remain equal to wildtype 293T cells, but this possibility has not been followed up further and

therefore cannot be ruled out entirely.
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Next, co-depletion studies were performed to further investigate whether CFIm59 and CFIm68
are partially redundant for each other. For co-depletion experiments, the alternative large
subunit was knocked down in the CFIm59 and CFIm68 knockout cell lines. Co-depletion of the
alternative large subunit further altered splicing to an extent more similar to knockdown of
CFIm25. For example, for the CFIm activated exons Lrrfip2 and BPTF, while knockout of
CFIm59 or CFIm68 individually decreased exon inclusion, the magnitude of change was less
than that of knockdown of CFIm25. However, when CFIm59 was co-depleted in CFIm68
knockout cells, there was decreased exon inclusion, with similar results upon co-depletion of
CFIm68 in CFIm59 knockout cells (Figure 4.4D). While this data suggests that CFIm59 and
CFIm68 mediate changes in alternative splicing and that they are partially redundant for each
other, western blotting analysis revealed that co-depletion of CFIm59 and CFIm68 also depleted
CFIm25, likely through a change in stability (Figure 4.4E). As a result, the possibility that the

results seen are due to the decrease in CFIm25 levels cannot be eliminated.

CFIm Regulated Exons Have Distinct Sequence Features

Upon determining that CFIm regulates alternative splicing, the precise mechanism was
determined. To do so, cassette exons were sorted as either CFIm activated exons, CFIm
repressed exons, or exons with no change and the percent enrichment of each nucleotide was
calculated from 100 nucleotides upstream and 20 nucleotides downstream of the 3’ splice as well
as 20 nucleotides upstream to 100 nucleotides downstream of the 5” splice site. For unchanged
exons as well as CFIm repressed exons, the most highly enriched nucleotide was U, consistent
with strong polypyrimidine tracts (Coolidge, Seely, and Patton 1997; Reed 1989; Hertel 2008).

However, CFIm activated exons had an enrichment of both C and U, indicating weaker
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Figure 4.5 CFIm Regulated Exons Have Distinct Sequence Features

A.

Genome-wide enrichment of nucleotides from 100 nucleotides upstream of
3’ splice site to 20 nucleotides downstream of 3’ splice site as well as from
20 nucleotides upstream to 100 nucleotides downstream of 5’ splice site for
CFIm activated exons (top), repressed (middle), or exons with no change
(bottom).

Genome-wide nucleotide enrichment as fraction of all nucleotides from 100
nucleotides upstream of 3’ splice site to 20 nucleotides downstream of 3’
splice site for CFIm repressed exons (left), CFIm activated exons (right), or
exons with no change (middle).

Genome-wide analysis of 5’ splice site MaxEnt Scores for CFIm repressed
(left), no change (middle) or CFIm activated (right) exons.

Genome-wide analysis of exons length for CFIm repressed (left), no change
(middle) or CFIm activated (right) exons.

Genome-wide analysis of exon GC content for CFIm repressed (left), no
change (middle) or CFIm activated (right) exons.
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polypyrimidine tracts (Figure 4.5A). In addition, when exons were categorized as either
activated, repressed, or unchanged, CFIm activated exons have the lowest enrichment of U and
the highest enrichment of C. This suggests that CFIm may be important for activating exons
with weaker polypyrimidine tracts that are more C/T rich (Figure 4.5B)

Additional features of CFIm regulated exons including 5’ splice site strength, exon GC content,
and exon length were also analyzed. CFIm activated exons had the lowest 5’ splice site strengths
as measured by MaxEnt Scores (Yeo and Burge 2004), suggesting that in additional to non-
canonical 3’ splice sites with weak polypyrimidine tracts, CFIm activated exons also have weak
5’ splice sites. This further supports a model in which CFIm promotes exon inclusion of exons
with poor splice sites (Figure 4.5C). CFIm activated exons were also longer and had a higher GC
content that either CFIm repressed or non-regulated exons. CFIm repressed exons also had
significantly lower GC content than non-regulated exons. (Figure 4.5D and 4.5E). Interestingly,
it has previously been shown that exon GC content is related to splicing efficiency, with more
GC rich exons being more efficiently spliced. While it is originally proposed this differential
splicing is mediated by nucleosome deposition, these exons also seem to rely on CFIm to
promote their exon inclusion, so it is possible that CFIm is also important for the recognition of

these GC-rich exons (Amit et al. 2012).

CFIm Binds Near 3’ Splice Sites and Interacts with U2AF

To further explore the mechanism for CFIm-mediated splicing regulation, publicly available
PAR-CLIP (Figure 2.4A) data for both CFIm59 and CFIm68 was utilized to investigate where in
the genome CFIm binds (G. Martin et al. 2012). Excluding 3’ UTRs, PAR-CLIP analysis

revealed that over 50% of CFIm binds within introns (Figure 4.6A). Aligning PAR-CLIP signal
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to cassette exons genome-wide revealed an enrichment of CFIm binding at both 3 and 5’ splice
sites, which is very reminiscent of U2AF and Ul in recognizing 3’ and 5’ respectively. Next,
U2AF65 iCLIP was performed to compare its binding distribution with that of CFIm. Strikingly,
there was a similar enrichment of U2AF65 at 3’ splice sites (Figure 4.6B). When average iCLIP
signal is compared along cassette exons genome-wide, the peak binding for CFIm and U2AF65
overlap specifically at 3’ splice sites, with a stronger iCLIP signal for U2AF65 than for CFIm59
or CFIm68 (Figure 4.6C). When cassette exons were additionally sorted as either CFIm
activated or CFIm repressed exons, it became apparent that CFIm activated and repressed exons
were regulated differently. For CFIm activated exons, there was a stronger enrichment of
CFIm68 than CFIm59 with a peak in binding near the 3’ splice site. The exact opposite is true
for CFIm repressed exons: enrichment for CFIm59 binding is stronger than CFIm68 with
stronger enrichment near the 5’ splice site (Figure 4.6D). This suggests that both the nature of
the CFIm complex as well as the location of binding can impact how an exon is regulated. It is
not entirely unexpected that CFIm59 and CFIm68 may have unique roles in the regulation of
alternative splicing. While the two CFIm heterodimers were originally considered to be
equivalent, recent reports have revealed that they have overlapping and unique roles in the
regulation of alternative polyadenylation (Zhu et al. 2017; Tseng et al. 2021).

As CFIm and U2AF both bind near 3’ splice sites, they are likely to interact. FLAG co-
immunoprecipitations performed with flag-U2AF65-overexpressing 293T cells in the presence
of RNase revealed that in addition to interacting with the small subunit U2AF35, U2AF65
interacts with CFIm25 as well as both CFIm59 and CFIm68, with stronger interaction with

CFIm68 than CFIm59 (Figure 4.7A).
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Figure 4.6 CFIm Binds to 3’ and 5’ Splice Sites

A. Genome-wide PAR-CLIP enrichment for CFIm59 and CFIm68 in different
genomic regions excluding 3° UTRs.

B. PAR-CLIP signal for CFIm59 (green) and CFIm68 (blue) of iCLIP signal for
U2AF65 (purple) across cassette exons genome-wide from 500nt upstream to
500nt downstream.

C. Average genome-wide iCLIP signal of CFIm59 (green), CFIm68 (blue), and
U2AF65 (purple) across CFIm-regulated cassette exons genome-wide from 500nt
upstream of 3’ splice site to 500nt downstream of 5 splice site.

D. Average genome-wide PAR-CLIP signal of CFIm59 (green) and CFIm68 (blue)
CFIm-regulated cassette exons genome-wide from 500nt upstream of 3’ splice site
to 500nt downstream of 5’ splice site. Cassette exons are sorted as either CFIm
activated (left) or CFIm repressed (right).
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Figure 4.7 CFIm Interacts with U2AF Through the RS Domain

A.
B. Western blotting analysis of U2AF65 flag-immunoprecipitation for either

Western blotting analysis of U2AF65 flag-immunoprecipitation.

control 293T, CFIm59 knockout 293T, or CFIm68 knockout 293T cells.
Loading is normalized to by flag-U2AF65 intensity.

Western blotting analysis of U2AF65 flag-immunoprecipitation from either
control or CFIm68 knockout 293T cells. CFIm68 knockout is rescued with
either HA-CFIm68 or a HA-CFIm68 construct lacking a single domain of
CFIm68. Loading is normalized to by flag-U2AF65 intensity.

RRM: RNA recognition motif PRR: proline rich region

RS: arginine-serine rich domain

Schematic representation of domains of U2AF65.

RS: arginine-serine rich domain ULM: U2AF ligand motif

RRM: RNA recognition motif UHM: U2AF homology motif

Western blotting analysis of U2AF65 flag-immunoprecipitation with either full-
length U2AF65 or U2AF65 lacking a single domain. Loading is normalized to
by flag-U2AF65 intensity.

Coomassie staining of recombinant His-tagged CFIm25-CFIm59 complex,
His-tagged CFIm25-CFIm68 complex, Strep-tagged U2AF65 and Strep-tagged
U2AF65-U2AF35 complex.

Western blotting analysis of recombinant strep-U2AF65 affinity purification.
U2AF65 or the U2AF65-U2AF35 complex is incubated with either CFIm25-
CFIm59 or CFIm25-CFIm68 to analyze effects on interaction in vitro.
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As CFIm is a heterodimeric protein complex, the hypothesis that it is the large subunit of CFIm
that interacts with U2AF65 was tested by repeating the U2AF65 FLAG immunoprecipitation in
CFIm59 and CFIm68 knockout 293T cells. In CFIm59 knockout cells, there was no change in
the interaction of U2AF65 with CFIm25. However, upon knockout of CFIm68, there was
decreased interaction of CFIm25 with U2AF65, indicating that CFIm68 is necessary for the
interaction with U2AF65 (Figure 4.7B). CFIm68 contains an N-terminal RNA recognition
motif, a proline-rich region, and a C-terminal RS domain (Figure 2.2A). To interrogate the
domain(s) of CFIm68 that are responsible for interacting with U2AF65, the FLAG
immunoprecipitation was repeated in CFIm68 knockout cells that were rescued with either full
length HA-tagged CFIm68 or a HA-tagged CFIm68 mutant that lacks a single domain. When
the CFIm68 knockout cells were rescued with either wildtype CFIm68 or a mutant CFIm68
lacking the proline rich region, the interaction of CFIm25 with U2AF65 was restored, indicating
that the proline rich region is not necessary for interacting with U2AF65 (Figure 4.7C). In
contrast, when CFIm68 knockout cells were rescued with mutants lacking either the RNA
recognition motif or RS domain of CFIm68, the interaction between U2AF65 and CFIm25 was
not rescued. The deletion of the RNA recognition motif likely does not rescue the interaction
between CFIm25 and U2A65 because the RNA recognition motif of CFIm68 interacts with
CFIm25 (Q. Yang et al. 2011). As a result, it seems likely that the RS domain of CFIm68 is
necessary for interacting with U2AF65.

U2AF65 also contains multiple domains: an N-terminal RS domain, a U2AF ligand motif
(ULM), two RNA recognition motifs (RRM), and a C-terminal U2AF homology motif (UHM)
(Figure 4.7D). UHMs are protein-protein interaction domains that are structurally related to

RNA recognition motifs and interact with ULMs. Like RRMs, UHMs have the characteristic
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BapPap topology, but the first helix is extended. During splicing, the two canonical RRMs of
U2AF65 bind to the polypyrimidine tract. The interaction of U2AF65 is strengthened by the
interaction of the UHM of U2AF65 with the ULM in Sfl, which recognizes the branch point. In
addition, the ULM of U2AF65 interacts with the UHM of U2AF35 (Kielkopf, Liicke, and Green
2004).

To investigate the domain(s) of U2AF65 that interact with CFIm, the U2AF65 FLAG
immunoprecipitation was performed with constructs lacking a single domain of U2AF65.
Consistent with an interaction between U2AF65 and U2AF35 through the ULM of U2AF65,
deletion of the ULM of U2AF65 disrupted the interaction with U2AF35. In addition, deletion of
the RS domain of U2AF65 impaired the interaction with CFIm25, CFIm59, and CFIm68,
indicating that the RS domain of U2AF6S5 is critical for interacting with CFIm. Importantly,
deletion of the RS domain did not impair the interaction of U2AF65 with U2AF35, suggesting
that the change in interaction with CFIm is not due to a change in the structural integrity of
U2AF65 upon deletion of the RS domain (Figure 4.7E).

While the flag immunoprecipitation results indicate that CFIm and U2AF interact, it is unknown
whether the interaction is direct or indirect. To test for direct interaction between CFIm and
U2AF, recombinant CFIm and U2AF were purified from Sf9 insect cells. For U2AF, either
strep-tagged U2AF65 alone (denoted U2AF65) or in complex with his-tagged U2AF35 (denoted
U2AF65-U2AF35) was purified. For CFIm, his-tagged CFIm25 was purified in complex with
either CFIm59 or in complex with CFIm68 (denoted CFIm25-CFIm59 or CFIm25-CFIm68)
(Figure 4.7F). An excess of CFIm was incubated with U2AF followed by strep purification.
Western blotting analysis revealed that there was a direct interaction between U2AF and CFIm

as CFIm can be co-purified with U2AF (Figure 4.7G). There is no apparent difference between
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the two CFIm complexes in interaction with U2AF. Both the U2AF65-U2AF35 and U2AF65
alone interacted with both CFIm complexes, with slightly stronger interaction with U2AF65 than
U2AF65-U2AF35.

Together, the flag immunoprecipitation data and in vitro pulldown data suggest that there is a
direct interaction between CFIm and U2AF65 through the RS domain of CFIm68 and the RS

domain of U2AF65.

CFIm and U2AF Collectively Regulate Alternative Splicing

After determining that CFIm and U2AF both bind 3’ splice sites and interact with each other, we
investigated how CFIm binding at regulated exons may regulate alternative splicing. To do so,
the BPTF cassette exon was selected as a representative CFIm-activated exon and a series of
CFIm binding mutations were created. To determine the sequence of CFIm binding sites near
regulated exons, PAR-CLIP data for both CFIm59 and CFIm68 was analyzed to identify the
most highly enriched sequences for CFIm binding near regulated exons (Table 4.2). For
CFIm59, the most highly enriched sequence was UGU followed by various iterations of the
UGUA motif that CFIm is known to bind to in 3> UTRs. Similarly, the most highly enriched
sequence for CFIm68 binding was UGUAU. Both CFIm59 and CFIm68 data validate that CFIm
binds to sequences related to the canonical UGUA sequence when bound near cassette exons,
confirming that CFIm binds similar sequences to regulate splicing and polyadenylation.

Several single or double mutations were created within an eGFP splicing reporter that either
altered a UGUA motif, a sequence related to the UGUA motif such as UGUC that is likely still
bound by CFIm, or the polypyrimidine tract (Figure 4.8A). The polypyrimidine tract of BPTF is

noncanonical and contains a G-rich region. By mutating the C-rich region to a G-rich region, it
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Table 4.2 CFIm Binding Motifs at Cassette Exons

Motif Enrichment Motif Enrichment
e 1.3e-2420 2.06e-2644
g EUGUHAA- ]UGUAUQC
6.5¢-1164 . 4.5¢-536
@CUGUA Lalhyy
g:{\ AUc Aﬁ 2.7¢-935 *%AUAQQ 1.9¢-311
2.4¢-884 o e 7.4¢-291
]UGUAUGUA ‘Wl
4.2¢-776 g e 1.1e-290
iU.UQUAUAA oA
2.1e-506 : 4.8¢-248
L AUy ' 9AUUGUA.
2.2e-505 : 2.9¢-235
' VAAUU, AU
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was predicted that the percentage of exon inclusion may increase. At the same time, G to C
mutation also changes a UGUA motif to UCUA, making this splicing event independent of
CFIm. By contrast, mutations that are necessary for CFIm binding will likely decrease exon
inclusion as BPTF is a CFIm activated exon that requires CFIm for recruitment of BPTF to the
3’ splice site.

BPTF mutant reporters were transfected into 293 T cells and the effects on alternative splicing
were evaluated by RT PCR. The polypyrimidine tract mutation that mutated the G rich sequence
to a C rich sequence increased cassette exon inclusion, consistent with the BPTF polypyrimidine
tract being weak and non-canonical. Additional single mutations had limited effect on
alternative splicing, while double mutations had larger effect sizes (Figure 4.8B). Interestingly,
mutating exonic UUGG and UGUC sequences increased exon inclusion. It is possible that these
sequences are not critical for CFIm binding, particularly as they are not canonical CFIm binding
sites; any observed result may be caused by an alternative mechanism. In addition, as these
sequences are exonic, it may indicate that it is the region upstream of the 3’ splice site not the

exonic region itself that CFIm binds to and regulates recruitment of U2AF.

CFIm Regulates U2AF-RNA Interactions

As CFIm and U2AF interact and both bind near 3’ splice sites, it seemed likely that CFIm may
regulate U2AF-RNA interactions. To test this, U2AF65 iCLIP was performed in CFIm25
knockdown and control knockdown cells. Upon segregation for CFIm activated and repressed

exons, it can be observed that specifically for CFIm activated exons, there is decreased
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Figure 4.8 CFIm Binding Sites at BPTF Regulated Exon Affect
Alternative Splicing

A. eGFP reporter splicing reporter with CFIm-regulated cassette exon of BPTF.
Region has 3 putative CFIm binding sites (1, 2, and 3), a UUGG sequence that
may also be bound by CFIm, and a G-rich polypyrimidine overlapping the first
UGUA element.

B. Left: Table of single or double mutants created for eGFP BPTF reporter.

Right: RT-PCR analysis for wildtype and mutant eGFP reporters.
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interaction of U2AF65 with RNA at 3’ splice sites. The decrease in U2AF65 binding caused by
CFIm depletion is likely a result of loss of CFIm binding because U2AF65-RNA interactions

of downstream exons is not affected (Figure 4.9A). This indicates that CFIm activated exons
may require CFIm to recruit U2AF to nearby 3’ splice sites, which is interesting as CFIm
activated exons had weaker polypyrimidine tracts than either control or CFIm repressed exons
(Figure 4.4A). By contrast, there was no observed effect of U2ZAF65 binding on CFIm repressed
exons, indicating that these may be indirect effects whereas the CFIm may directly recruit
U2AF65 to CFIm activated exons (Figure 4.9A). An example of a gene that exhibits decreased
U2AF65 binding upon knockdown of CFIm25 is Dmn2. Dmn2 contains a CFIm activated exon
and U2AF65 iCLIP reveals that upon knockdown of CFIm25, there is decreased binding of
U2AF65 to the 3’ splice site of the regulated exon (Figure 4.9B).

The role of CFIm in regulating U2AF65-RNA interactions was subsequently evaluated in vitro.
Candidate CFIm activated and repressed exons were selected for MS2-MBP affinity purification.
Publicly available PAR-CLIP data for CFIm59 and CFIm68 binding was analyzed to determine
the region of BPTF (a CFIm activated exon) and hnRNP LL (a CFIm repressed exon) that were
bound by CFIm. Based upon the PAR-CLIP analysis, for BPTF, a region from approximately 50
nucleotides upstream of the 3’ splice site to the first 40 nucleotides of the regulated exon were
cloned downstream of 3 MS2 hairpins to allow for in vitro transcription of an the BPTF
regulated exon tagged with MS2 hairpins. Similarly, for hnRNP LL, a CFIm repressed exon, a
region from approximately 70 nucleotides upstream of the 3’ splice site to the first 30
nucleotides of the regulated exon was cloned. First, we tested whether these candidate RNAs are

bound by CFIm and U2AF. RNA was in-vitro transcribed and used for an MS2-MBP affinity
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Figure 4.9 CFIm Regulates U2AF-RNA Interactions

A.

Genome-wide average of U2AF65 iCLIP-seq on either control or CFIm25
knockdown cells normalized to downstream exon. Exons are segregated as
either CFIm activated or CFIm repressed.

Sequencing tracts comparing of RNA sequencing (top) and U2AF65 iCLIP-seq
(bottom) upon knockdown of CFIm25 on example CFIm activated exon Dnm2.
Left: Schematic depicting MS2-MBP affinity purification strategy for CFIm
activated and CFIm repressed exons.

Right: Western blotting analysis for MS2-MBP aftinity purification of control
exon AAML, CFIm activated exon BPTF, and CFIm repressed exon hnRNP LL
3’ splice sites

Western blotting analysis depicting depletion of CFIm from HeLa cell nuclear
extract. Nuclear extract was incubated with protein A/G agarose beads bound
to either IgG or CFIm25 antibody for two rounds of depletion.

Western blotting analysis for MS2-MBP affinity purification of control exon
AdML, CFIm activated exon BPTF, and CFIm repressed exon hnRNP LL 3’
splice sites. Affinity purification was performed with either IgG or CFIm25
depleted nuclear extract.
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purification assay in which it was bound to MS2-MBP protein, incubated with HeLa cell nuclear
extract and purified using amylose beads which bind to MS2-MBP. RNA and the associated
proteins were then eluted with maltose. MS2-MBP affinity purification from nuclear extract
indicated that both exons can be bound by all subunits of both CFIm and U2AF (Figure 4.9C).
AdML, a commonly used in vitro splicing substrate, is used as a control as it contains a strong
polypyrimidine tract that should not be dependent on CFIm. AdML was strongly bound by both
U2AF65 and U2AF35 but more weakly bound by CFIm subunits, as would be predicted (Figure
4.9C).

After determining that CFIm and U2AF can both bind to CFIm regulated exons, the binding of
endogenous U2AF in the presence and absence of CFIm was compared. CFIm was depleted
from HeLa cell nuclear extract by incubating with either a CFIm25 antibody or an IgG antibody
covalently bound to protein A/G agarose beads. Two rounds of depletion were used to further
reduce CFIm levels. Importantly, while CFIm was depleted from nuclear extract, other proteins
including U2AF65 and U2AF35 were not co-depleted, indicating that depletion of CFIm was
specific (Figure 4.9D). Following CFIm depletion, MS2-MBP affinity purification was
performed for the AAML, BPTF, and hnRNP LL RNAs as above with either HeL A cell nuclear
extract or an equal volume of CFIm-depleted nuclear extract. Western blotting analysis revealed
that while both U2AF65 and U2AF35 binding to AML and hnRNP LL RNAs are not affected
by depletion of CFIm, depletion of CFIm reduces binding of both U2AF65 and U2AF35 to the
BPTF RNA, indicating that CFIm may be important for recruiting U2AF to this region (Figure
4.9E)

Constructs were then used for in-vitro pulldown assays using recombinant U2AF and CFIm to

identify which subunits are responsible for interactions with RNA. Recombinant CFIm25 was
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Figure 4.10 CFIm and U2AF Collectively Regulate RNA Binding

Western blotting analysis of MS2-MBP affinity purification of control AdmL, CFIm
activated exon BPTF, and CFIm repressed exon hnRNP LL 3’ splice sites. RNA was
incubated with recombinant CFIm25 alone (top) or either the CFIm25-CFIm59
(middle) or CFIm25-CFIm68 (bottom) complexes as well as either U2AF65 alone
(left) or the U2AF65-U2AF35 complex (right).
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purified from E. coli whereas recombinant CFIm complexes and U2AF were purified from Sf9
insect cells. For U2AF, strep-tagged U2AF65 (denoted U2AF65) was purified alone or in a
complex with his-tagged U2AF35 (denoted U2AF65-U2AF35) was purified. For CFIm, his-
tagged CFIm25 was purified as a single subunit (denoted CFIm25) or in a complex with CFIm59
or CFIm68 (denoted CFIm25-CFIm59 or CFIm25-CFIm68) (Figure 4.10). As with the
experiments with endogenous CFIm and U2AF, RNA was bound by MS2-MBP, incubated with
recombinant CFIm and U2AF, and purified using amylose beads. For both substrates, the
presence of U2AF increases binding of CFIm, indicating that binding of CFIm is partially
dependent on U2AF. We also see that U2AF increases binding of CFIm on the control substrate
AdML. As AdML is not likely to be dependent on CFIm for splicing activation and binding of
CFIm to the ADML RNA is quite weak in the absence of U2AF, this provides further evidence
that U2AF may recruit CFIm through direct interactions (Figure 4.10).

There are also distinct differences between U2AF65 alone and the U2AF65-U2AF35 complex.
For the CFIm activated substrate BPTF, while CFIm25 promotes U2AF65 binding, it decreases
binding of the U2AF65-U2AF35 complex, suggesting that there may be some competition
between CFIm25 and U2AF35. Similarly, for the CFIm repressed exon hnRNP LL, while
U2AF35 increases U2AF65 binding to the substrate in the absence of CFIm25, when CFIm25 is
present, binding of U2AF65 alone is unchanged while binding of both U2AF subunits is
abolished in the presence of U2AF35 (Figure 4.10). Similar results are also seen for both CFIm
heterodimers. For both BPTF and hnRNP LL, when either CFIm heterodimer is incubated with
U2AF65, there is increased interaction of U2AF65 with the RNA, indicating that CFIm recruits
U2AF65 to these 3 splice sites. However, when the CFIm heterodimers are incubated with the

U2AF65-U2AF35 complex, there is a less substantial change in recruitment of U2AF to these
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RNAs or no change (Figure 4.10). This indicates that CFIm likely promotes U2AF65
recruitment, but competes with U2AF35, potentially for interacting with U2AF65. Alternatively,
U2AF65 binding may be stronger in the presence of U2AF35 than in the absence, making CFIm
less important for U2AF65 binding when abundant U2AF35 is present. As U2AF65 interacts
with CFIm through its RS domain and U2AF35 through its ULM and these domains are
consecutive, it is possible U2AF65 cannot interact with both proteins at the same time, causing

competition between the different proteins.

CFIm Competes for Interaction with U2AF

Unlike CFIm activated exons which are likely direct targets for CFIm binding and recruitment of
U2AF, iCLIP revealed that CFIm repressed exons did not exhibit changes in U2AF65 binding
upon knockdown of CFIm25, indicating potential indirect effects on alternative splicing (Figure
4.9A). One potential source of indirect effects could be explained by competition with other
RNA binding proteins for interaction with U2AF65, similar to what was seen in in-vitro assays
with U2AF35 (Figure 4.10). As U2AF65 contains a U2AF ligand motif (ULM), it interacts with
U2AF homology motifs (UHMs) of many RNA binding proteins. This group consists of the
small subunit U2AF35 as well as many others including Rbm39, Puf60 and Spf45, many of
which are implicated in 3’ splice site selection. For example, as many as 20% of 3’ splice sites
can be regulated by both U2AF and Rbm39 (Mai et al. 2016). While it was originally believed
that these proteins only interact with U2AF65 through the U2AF65 ULM domain, recent studies
indicate that the RS domain of U2AF65 also plays a role in interaction beyond its known role in
nuclear localization (Stepanyuk et al. 2016; Kralovicova et al. 2015). As CFIm also interacts

with U2AF65 using the RS domain, these proteins may be in direct competition with each other
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Figure 4.11 CFIm Competes with Other RNA Binding Proteins for
Interaction with U2AF65

A. Overlap of RNA sequencing alternative splicing results upon knockdown of
CFIm25, U2AF35, and Rbm39.
B. RNA sequencing tract for CFIm regulated exon in Zzz3 in CFIm25 and Rbm39
knockdown. Upon knockdown of CFIm25, there is increased exon inclusion
but there is decreased exon inclusion upon knockdown of Rbm39.

on

U2AF65 signal.
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Western blotting analysis of flag immunoprecipitation of U2AF65.
Western blotting analysis for flag immunoprecipitation of U2AF65 in either
control or CFIm25 knockdown cells.

Loading is normalized to FLAG-



for interaction with U2AF65 and regulation of alternative splicing. A competition model could
also explain why hnRNP LL (a CFIm repressed exon) and BPTF (a CFIm activated exon)
showed similar results from in vitro assays (Figure 4.10); because only CFIm and U2AF were
present and there were no other RBPs to compete with CFIm for binding 3’ splice sites, CFIm
was still able to bind to the 3’ss of hnRNP LL.

Alternative splicing changes upon knockdown of CFIm25 were compared with published
datasets for Rbm39 and U2AF35 knockdown. While there are over 100 alternative splicing
changes shared among the three conditions, the majority of alternative splicing changes upon
knockdown of CFIm25 were unique (Figure 4.11A). Shared changes have a higher likelihood of
being indirect whereas splicing changes unique to CFIm25 are more likely to be direct. The
overlap in alternative splicing changes upon knockdown of CFIm25 with knockdown of Rbm39
also indicates that they may compete for 3’ splice site selection. An example of a gene that
demonstrated potential competition between CFIm25 and Rbm39 is Zzz2. Upon knockdown of
CFIm25, there was increased exon inclusion but upon knockdown of Rbm39 there was decreased
exon inclusion (Figure 4.11B). This indicates that CFIm may inhibit inclusion of the exon by
interfering with 3’ splice site selection by Rbm39.

To verify that these additional RNA binding proteins interact with U2AF65, U2AF65 FLAG
immunoprecipitation was performed. In addition to interacting with U2AF35 and CFIm,
U2AF65 also interacted with Rbm39 and Puf60 (Figure 4.11C). Next, to investigate whether
CFIm and other RNA binding proteins are in competition for binding to U2AF65, U2AF65
FLAG immunoprecipitation was performed in either control or CFIm25 knockdown cells. Upon

knockdown of CFIm25, there was increased interaction of U2AF65 with U2AF35, Puf60, and
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Figure 4.12 CFIm Interacts with U170K Through the RS Domain

A. Western blotting analysis of U1 70K flag immunoprecipitation.
B. Western blotting analysis of U170K flag-immunoprecipitation with either full-
length U170K or U170K lacking a single domain. Loading is normalized to Flag
U170K signal.
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Rbm39 (Figure 4.11D). This supports a competition model because depletion of one competitor
(CFIm) increased the binding of other competitors for U2AF65.

CFIm Binds Near 5° Splice Sites and Interacts with U170K

Analysis of PAR-CLIP data revealed that in addition to binding near 3’ splice sites genome-
wide, both CFIm59 and CFIm68 also bind near 5’ splice sites (Figure 4.6B). 5’ splice sites are
recognized by the Ul snRNP through base pairing of the Ul snRNA with the 5’ splice site. One
of the proteins that composes the Ul snRNP is U1 70K, which, similar to U2AF at 3’ splice sites,
is recruited to 5’ splice site by SR proteins bound to exonic splicing enhancers (Cho et al. 2011).
As SR proteins can interact with both U2AF and U170K and thereby regulate both 3’ and 5’
splice sites, CFIm may also regulate 5’ splice site selection by interacting with U170K in
addition to regulating 3’ splice site selection by interacting with U2AF.

To investigate whether CFIm and U170K interact, a U170K FLAG immunoprecipitation was
performed. Western blotting analysis revealed that in addition to interacting with known
interaction partners including Rbm39 and U2AF35, U170K interacted with CFIm25, CFIm59,
and CFIm68, with stronger interaction with CFIm25 and CFIm68 than with CFIm59
(Kralovicova et al. 2018; Campagne et al. 2022; Day et al. 2012) (Figure 4.12A).

U170K is composed of an N-terminal RRM and two C-terminal RS domains. To determine the
mechanism for the CFIm-U170K interaction, either both RS domains or the RRM domain of
U170K was deleted and the FLAG U170K flag immunoprecipitation was repeated. Western
blotting analysis revealed that the RS domain of U170K was necessary for interacting with CFIm
because there was decreased interaction of all CFIm subunits with U170K when the RS domain
was deleted. However, deletion of the RNA recognition motif had no effect on

coimmunoprecipitation of CFIm, indicating that it is not necessary for interaction (Figure
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4.12B). Deletion of neither domain of U170K completely eliminated the interaction of U170K
with Rbm39. However, both domains may contribute to the interaction because both deletions
RRM and RS domain deletions decreased the level of interaction with Rbm39, consistent with
previous findings that the RRM domain of U170K is important for the interaction but it is
supported by additional RS/RS interactions (Kralovicova et al. 2018; Campagne et al. 2022).
Additionally, FLAG immunoprecipitation reveals that U170K also interacts with Puf60,

potentially through the RNA recognition motif, a finding that has not been previously reported.

4.4 DISCUSSION

In this chapter, CFIm, a polyadenylation factor, is identified as an alternative splicing regulator
involved in 3’ splice site selection. When CFIm25 was knocked down in 293T cells, there were
widespread changes in alternative splicing, with cassette exons that showed increased and
decreased exon inclusion. Mechanistically, the RS domain of CFIm interacts with the RS
domain of U2AF65. By doing so, CFIm activates a subset of cassette exons by recruiting U2AF
to non-canonical 3’ splice sites that are C-rich and have weaker polypyrimidine tracts. By
contrast, CFIm repressed exons may be indirectly regulated as CFIm competes with other RNA
binding proteins including Rbm39 and Puf60 for interaction with U2AF65 and therefore 3’
splice site selection. As a result, when CFIm is depleted, there is increased exon inclusion for
these subsets of cassette exons.

Our findings are novel for several reasons. The accepted model for 3’ splice site selection is that
it is regulated by the U2AF complex consisting of U2ZAF65 and U2AF35, with U2AF65 binding
to polypyrimidine tracts and U2AF35 binding to the AG dinucleotide at the intron-exon

boundary. However, this does not explain how U2AF65 can recognize a wide variety of
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Figure 4.13 CFIm and Other RNA Binding Proteins Compete for
Interaction with U2AF65 and 3’ Splice Site Selection

3’ splice site selection is mediated by the U2AF complex in combination with a
variety of RNA binding proteins including CFIm, Rbm39, and Puf60. Each
subcomplex recognizes a subset of 3’ splice sites and therefore regulates the inclusion
of this subset of cassette exons. However, when one factor is depleted as in the case
of CFIm25 knockdown, there is decreased exon inclusion for this subset of cassette
exons. At the same time, there is now more U2AF available to bind other competitors
including Rbm39 and Puf60, leading to increased 3’ splice site selection and
therefore increased cassette exon inclusion for these subsets.
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polypyridine tract sequences, especially non-canonical sequences. While there have previously
Puf60 (T. Wu and Fu 2015), our competition model of 3’ splice site selection is unique in that it
been reported individual cases of proteins regulating alternative 3’ splice site selection including
suggests that there are many RNA binding proteins that can all regulate a subset 3’ splice sites
and promote the inclusion of these cassette exons. When one of these proteins is depleted, as in
the case of CFIm25 knockdown, there are at least two types of changes. First, for 3’ splice sites
that are recognized by CFIm in combination with U2AF, there is decreased 3’ splice site
recognition and therefore decreased exon inclusion for this subset of cassette exons. At the same
time, there is now more U2AF available to bind to other RNA binding proteins, leading to
increased 3’ splice site selection and these subsets of cassette exons experience increased exon
inclusion (Figure 4.13). Our data expands on the classical model by not only explaining how a
single protein such as CFIm can simultaneously activate a subset of cassette exons and repress
others, but also by demonstrating the important role of U2AF binding partners in 3’ splice site
selection particularly in cases with non-canonical splice sites.

This model is particularly relevant in the context of cancer development. One of the hallmarks
of cancer is mis-regulated splicing, with analysis of over 8,000 tumors from 32 cancer types
revealing thousands of alternative splicing events not found within non-tumorigenic tissues
(Bonnal, Lopez-Oreja, and Valcarcel 2020). RNA binding proteins are known to be a key family
of proteins that are dysregulated during tumor progression, with RBPs showing significantly
increased and decreased expression. In fact, several studies in different cancer types indicate that
differential expression of RBPs can potentially be used for a diagnostic for cancer as well as
cancer prognosis (Qin et al. 2020; J. Li et al. 2021; Kang, Lee, and Lee 2020). For example,

CFIm levels have been shown to be downregulated in glioblastoma leading to enhanced
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tumorigenic properties, Puf60 is overexpressed in breast cancer with Puf60 high-expressing
patients having lower survival than Puf60 low-expression patients, and Rbm39 regulates splicing
of transcription regulators in acute myeloid leukemia (AML) with its knockout increasing overall
survival of AML patients (Xu et al. 2021; D. Sun et al. 2019; Masambha et al. 2014). The
competition model for 3’ splice site selection emphasizes that it is not just the expression of
different RNA binding proteins that is critical during cancer progression but also their relative
expression to one another to prevent aberrant alternative splicing changes.

There are also still many unanswered questions. First, it will be essential to determine the
precise relationship between U2AF35 and CFIm. In-vitro assays suggest that the U2AF65-
U2AF35 complex behaves differently from U2AF65 by itself because there is increased binding
of U2AF65 to reporters RNAs in vitro when CFIm is present, but this same increase is not
apparent when the U2AF65-U2AF35 complex is incubated with the same reporter RNAs.
Additionally, in vivo there is increased interaction of U2AF35 to U2AF65 upon depletion of
CFIm (Figure 4.10). Together this indicates that CFIm competes with U2AF35 for binding to
U2AF65 and that U2AF65 has increased dependence on CFIm for binding to 3’ splice site when
U2AF35 is absent. Notably, U2AF35 is one of the most frequently mutated splicing protein in
cancer, with mutational hotspots at S34 and Q157 (Y. Zhang et al. 2021). As a result, CFIm may
be particularly essential for 3’ splice site selection during conditions such as cancer when
U2AF35 is mutated and splicing patterns have been altered.

Our in vitro assays also found few differences between the interactions of U2AF and CFIm on
hnRNP LL and BPTF, which was a surprising finding as hnRNP LL is a CFIm repressed exon
whereas BPTF is a CFIm activated exon (Figure 4.10). However, this may simply be a caveat of

performing this experiment in vitro with recombinant protein. By the competition model, CFIm
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represses exons by limiting the levels of U2AF available to interact with other proteins such as
Puf60 and Rbm39. However, the in vitro system only contains CFIm and U2AF, removing any
potential competition with other RNA binding proteins. As a result, if CFIm can bind to the
hnRNP LL exon or 3’ splice site region, it may still recruit U2AF as they interact. One way to
further test the competition model would be to test for the levels of Puf60 and Rbm39 that bind
to the BPTF and hnRNP LL RNAs in control and CFIm depleted nuclear extract. If the
competition model is true, we would predict to see increased levels of Puf60 and Rbm39 binding
to hnRNP LL when CFIm is depleted but not necessarily to BPTF.

Next, our preliminary data suggests that CFIm also binds 5’ splice sites and interacts with
U170K, suggesting that in addition to regulating 3’ splice site selection, CFIm regulates 5’ splice
sites. It remains to be determined whether CFIm regulates both 5’ and 3’ splice sites equally, or
whether CFIm binding at either the 5° or 3’ splice site has a stronger influence on alternative
splicing. It has been hypothesized that both SR proteins and Rbm39 bridge 5’ and 3’ splice sites,
which in the case of Rbm39 is transcription dependent (Kralovi¢ova et al. 2018; Day et al. 2012;
Campagne et al. 2022). As CFIm also interacts with both U2AF65 and U170K, it raises the
question of whether CFIm may also serve as a bridge between splice sites. It also remains to be
determined whether multiple CFIm complexes are required or if a single CFIm binding event
may be sufficient. CFIm is a heterodimer of two large subunits (CFIm59 or CFIm68) and two
small subunits (CFIm25), which raises the question of whether because there are two large
subunits in each complex, the two large subunits can simultaneously activate both 5’ and 3’
splices sites by recruiting Ul and U2AF (Figure 4.14). In addition, if CFIm can bridge 5° and 3’
splice sites, it may suggest that there are many other SR-like proteins that function similar to SR

proteins in alternative splicing regulation even if they have additional, previously described
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Figure 4.14 CFIm May Bridge 3’ and 5’ Splice Sites by Interacting with
U2AF and U170K

CFIm interacts with both U170K and U2AF through the RS domain of the large subunit.
CFIm is a heterotetramer and therefore contains 2 copies of either CFIm59 or CFIm68.
One explanation for the ability of CFIm to interact with proteins at both the 5’ and 3’
splice sites is that one copy of the large subunit interacts with each protein.
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functions. In 2001, a genome-wide survey in metazoans estimated that there are over 240
proteins containing an RS domain, including proteins involved in transcription, chromatin
remodeling, phosphorylation, and cell structure (Boucher et al. 2001), highlighting the vast
number of proteins that may have an uncharacterized role in splicing regulation.

Finally, as with the case of polyadenylation, CFIm59 and CFIm68 may have unique roles in
splice site selection. Our data suggests that CFIm59 and CFIm68 affect alternative cassette
exons different, as CFIm68 interacts with CFIm activated exons with a PAR-CLIP peak near the
3’ splice site whereas CFIm59 interacts with CFIm repressed exons with highest binding near the
5’ splice site (Figure 4.7D). Additionally, CFIm68 knockout inhibited interaction of U2AF with
CFIm25 whereas CFIm59 had no effect (Figure 4.8B) and CFIm68 may also have stronger
interaction with U170K than CFIm59 (Figure 4.12). Together, this data indicates that the
CFIm25-CFIm68 complex may be responsible for alternative splicing regulation, which is
consistent with reports that the CFIm25-CFIm68 has a stronger effect on alternative
polyadenylation (Zhu et al. 2017). This also suggests that CFIm59 may repress exons by
reducing the amount of CFIm25 available to interact with CFIm68.

In conclusion, this chapter establishes that CFIm is not merely a regulator of alternative last
exons but is in fact a general alternative splicing regulator that can both activate and repress
exons. We also provide evidence that the model for 3’ splice site selection should be changed to
recognize the importance of RNA binding proteins in recognizing non-canonical 3’ splice sites
as CFIm is just one example of an RNA binding protein that can recruit U2AF to weak
polypyridine tracts. These U2AF complexes each recognize a specific subset of polypyrimidine
tracts and compete for interacting with U2AF, leading to widespread changes in alternative

splicing when a competitor is depleted. Finally, these findings indicate the importance of CFIm,
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a polyadenylation regulator, in alternative splicing, further highlighting the interconnected

relationship between splicing and polyadenylation regulation.

4.4 METHODS

Knockdown of CFIm

CFIm25, CFIm59 and CFIm68 knockdown cells were generated from HEK 293T cells using
lentiviral transduction of the pLKO.1 vector containing sShRNA template followed by
1.25mg/mL puromycin. Cells were harvested for assays 5 days post-transduction unless

otherwise noted within experimental design.

shRNA sequences: CFIm25: 5" GAACCTCCTCAGTATCCATAT 3’
CFIm25: 5 TGTACCCTCTTACCAATTATA 3’
CFIm59: 5 AAGATATCATGAAGCGAAACA 3°
CFIm68: 5> GGTGATTATGGGAGTGCTATT 3’
CFIm68: 5 GTTGTAACTCCATGCAATAAA 3’

Sequencing and Bioinformatic Analysis

RNA Sequencing

CFIm25 was knocked down using above protocol. For CFIm25 knockdown, CFIm59 knockout,
and CFIm68 knockout, RNA was extracted from cells using TRIzol (Invitrogen) and purified

using standard protocol. Paired end libraries were prepared by UCI Genomic High-Throughput
Facility (GHTF) using Illumina TruSeq Stranded Kit and sequenced using HiSeq4000. Samples

were split between 2 lanes.

rMATS Analysis of Alternative Splicing
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Alternative splicing was analyzed from RNA sequencing for CFIm25 knockdown, CFIm59
knockout, CFIm68 knockout, U2AF35 knockdown, and Rbm39 knockdown. CFIm datasets
were generated from this study whereas Rbm39 and U2AF35 were previously published. RNA
sequencing libraries were aligned to the human genome using STAR (Dobin et al. 2013). Next,
alternative splicing was analyzed using rMATS, a bioinformatic analysis that uses RNA-Seq
reads mapped to different mRNA isoforms to estimate isoform proportion. tMATS pipeline can
identify alternative cassette exons, alternative 5’ or 3’ splice sites, mutually exclusive exons, and
intron retention. tMATS calculates percent spliced in (PSI) values as the percentage of exon
inclusion transcripts divided by the total of exon inclusion and exon exclusion transcripts. With
the example of alternative cassette exons, exon inclusion reads include reads from the upstream
splice junction, the alternative exon, and the downstream splice junction. Exon skipping reads
are reads that directly connect the upstream exon to the downstream exon. tMATS then uses a

binomial distribution model to estimate the uncertainty of the PSI value.

To identify alternative splicing between conditions, IMATS compares the binomial distribution
for the uncertainty in replicates and the normal distribution for variability among replicates. It
then uses a likelihood-ratio test to calculate the likelihood that for each alternative splicing event
between conditions, there is a APSI value greater than 0.15 (S. Shen et al. 2014). Alternative

cassette exons with APSI > 0.15 or <-0.15 and FDR < 0.05 were considered significant.

Analysis of Alternative Cassette Exon Features

To identify sequence features of alternative cassette exons, IMATS was first used to identify
exons with increased inclusion (CFIm repressed exons), exons with decreased inclusion (CFIm
activated exons) or exons with no change in splicing upon knockdown of CFIm25. Matt was

then used to analyze sequence features of regulated exons. Matt is a UNIX toolkit for alternative
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splicing analysis that utilizes alternative splicing data to analyze features such as motif
enrichment, 5° and 3’ splice site strength, GC content and exon length. Features are extracted
from each subset of exons and Mann-Whitney U tests are used to compare feature distributions
between groups (Gohr and Irimia 2019). The command get vast was used to extract alternative
splicing events, APSI values, and gene IDs. Next, def cats was used to identifying CFIm

activated, CFIm repressed, and unregulated exons.

Sequence enrichment analysis from 100 nucleotides upstream to 20 nucleotides downstream of
the 3’ splice site as well as from 20 nucleotides upstream to 100 nucleotides downstream of the

5’ splice site were calculated using Matt command get seqs.

Exon length, 5> and 3’ splice site strength were all calculated using Matt command get efeatures

and box plots comparing the distributions of each feature were generated using cmpr_exons.

CFIm25 Knockdown and U2AF65 iCLIP Library Preparation and Analysis

iCLIP was performed according to previously published protocol (Konig et al. 2011). CFIm25
was knocked down using above protocol. 5 days post-transduction, cells were washed with PBS
and irradiated with 150mJ/cm? at 254nm in a Stratalinker. -UV crosslinking and IgG antibody

were used as controls.

Cells were resuspended in lysis buffer (50mM Tris-HCI pH 7.4, 100mM NaCl, 1% NP-40, 0.1%
SDS, 0.5% sodium deoxycholate) and sonicated at 1 Amp for 1 second. Lysate was digested
with 10ul RQ1 DNAse and 10ul of 1:25 diluted RNase I at 37°C 1200rpm for 5 minutes.

Digested lysate was centrifuged at 15,000xg for 20 minutes.

For immunoprecipitation, 80ul of Protein A Dynabeads was added to lysis buffer with Sug of

U2AF65 antibody (Sigma U4758) and rotated at room temperature for 45 minutes followed by
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washing. Cell lysate was mixed with antibody-bound beads and rotated at 4°C for 4 hours
followed by 2x wash with high salt wash buffer (50mM Tris HCI pH 7.4, 1M NaCl, ImM
EDTA, 1% NP-40, 0.1% SDS), 1x wash with wash buffer (50mM Tris-HCI pH 7.4, 10mM
MgCl,, 0.2% Tween-20), and rinse with PNK buffer (70mM Tris-HCI pH 7.4, 10mM MgCL).

3’ cyclic phosphates on RNA were removed by treating with T4 PNK (NEB) at 37°C for 20
minutes followed by 2x wash with high salt wash buffer, 1x wash with wash buffer and rinse
with RNA ligase buffer (50mM Tris-HCI1 pH 7.5, 10mM MgClo). To ligate 3’ linker, beads were

incubated at 16°C overnight with T4 RNA ligase and iCLIP 3° RNA linker.

Beads were washed with wash buffer and rinsed with PNK Buffer followed by addition of 10
units of T4 PNK and 20uCi of [y-*?P]JATP and incubation at 37°C for 10 minutes. 2ul of 10mM
ATP were added for 10 minutes followed by wash with wash buffer. SDS loading dye was
added to beads and heated at 70°C for 5 minutes to elute sample, which was run at 140V for
approximately 2 hours on Nu-Page Bis-Tris 4-12% precast gel (Invitrogen) in NuPage MOPS
SDS Running Buffer. Sample was transferred to nitrocellulose at 390A for 1hr at 4°C and
membrane was exposed to phosphor screen. Following imaging, the region 20-70kDa above the
protein was removed and digested with 200ug of protease K at 37°C 1200rpm for 20 minutes.
PK/Urea buffer (PK buffer + 7M Urea) was added at 37°C 1200rpm 20 minutes to extract RNA

before phenol chloroform extraction and ethanol precipitation.

RNA was pelleted and reverse transcribed by SuperScript III (Invitrogen) following
manufacturer’s protocol with RT Primer that contains 2 cleavage adapter regions and a barcode.

RNase A/T1 was used to digest at 37°C for 20 minutes followed by ethanol precipitation.

Remove free RT primer, cDNA pellet was resuspended in H>O and loading dye, heated at 75°C,

and run on 8% urea page gel at 800V for 40 minutes. The region from 80-300 nucleotides was
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extracted and eluted in TE (10mM Tris-HCI pH 7.4, ImM EDTA) at 37°C 1100 rpm for 2 hours

followed by ethanol precipitation.

To ligate primer to 5° end of cDNA, cDNA pellet is circularized using CircLigase II (Lucigen).
After 2hrs at 60°C, BamHI annealing oligo was annealed by heating at 95°C for 2 minutes
followed by cooling to room temperature. cDNA was then digested with BamHI (NEB) at 37°C

for 30 minutes to linearize and ethanol precipitated.

cDNA was amplified using barcode adapter primers and Phusion Mastermix (NEB) with
annealing at 65°C for 30 cycles. To prepare libraries, PCR products were purified using Ampure
XP beads (Beckman Coulter) following manufacturer’s protocol. Libraries were sequenced at

the UCI Genomics High Throughput Facility.

The CLIP Tool kit (CTK) was used to map protein-RNA interactions genome-wide. CTK is a
software package that analyzes CLIP data from raw reads by filtering and mapping reads,
collapsing PCR duplicates, and calling peaks (Shah et al. 2017). Reads were aligned with the
CTK tool Burrows Wheeler Aligner. After PCR duplicates were collapsed, CTK performed
peak calling using a “valley seeking” algorithm that calculates the number of overlapping CLIP
tags at each genomic position, finds a local maximum, and calls two local maxima as different
peaks only if they are separated by a valley with sufficient depth based upon the height of the
two peaks and the read coverage of the valley. This improves peak calling as CLIP peaks do not

always have clear separation, especially if a transcript is abundant.

Next, CFIm activated and repressed exons as determined by rMATS were compared with CLIP
data using deepTools to identify binding of U2AF65 along CFIm activated or CFIm repressed

exons genome-wide (Ramirez et al. 2014). For each exon, a region from 500 nucleotides
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upstream of the 3’ splice site to 500 nucleotides downstream of the 5’ splice site was selected
and iCLIP signal at each position within the window was analyzed. A similar analysis was
performed for exons downstream of each regulated exon. Finally, U2AF65 iCLIP signal was
compared between CFIm25 and control knockdown and a p value was calculated for each
position within the window.

PAR-CLIP Analysis

PAR-CLIP data for CFIm59 and CFIm68 was downloaded from Martin et al and processed using
deepTools to find average binding genome-wide (G. Martin et al. 2012; Ramirez et al. 2014). 3’
UTRs were excluded and the proportion of CFIm binding in the region 10k upstream of a gene,
5> UTR exons, CDS exons, introns, 3 UTR exons, 10k downstream of a gene, and intragenic
regions was calculated.

Next, all CFIm regulated exons as identified by rMATS were compared with PAR-CLIP data
using deepTools to identify binding of CFIm along regulated exons genome-wide (Ramirez et al.
2014). For each exon, a region from 500 nucleotides upstream of the 3’ splice site to 500
nucleotides downstream was selected and PAR-CLIP signal at each position within the window

was analyzed.

RT PCR Analysis

Endogenous Splicing

CFIm25, CFIm59, and CFIm68 were knocked down using above protocol.
For CFIm25 knockdown and endogenous splicing, 293T cells were transduced with lentivirus
and RNA was extracted using standard TRIzol (Invitrogen) protocol 5 days post transfection and

cDNA was generated using All-In-One 5X RT MasterMix (Abmgood). RT-PCR was performed
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using primers that bind to the exons upstream and downstream of the cassette exons and run on a
2% agarose gel to resolve.

For CFIm59 and CFIm68 co-depletion RT PCR, CFIm59 knockout 293T cells were transduced
with CFIm68 lentivirus or CFIm68 knockout 293T cells were transduced with CFIm59
lentivirus. ¢cDNA synthesis and RT-PCR were performed as above.

OSBPL6 regulated exon F:  ATCTTGCACATTGCCAGTC

OSBPL6 regulated exon R: CTTTCTGTGCGATTAGACAAAA
Gpbp1 regulation exon F: CCGTCTTTAAATCCTGAGTATGAG
Gpbpl regulated exon R: TTTTGTAGGTGGAGCAGCAG
Hmgxb4 regulated exon F: GATAGTGAACTTTACTTCTTGGGGA
Hmgxb4 regulated exon R:  TTTCATTTTTAAACCATCAGGCT
Acinl regulated exon F: ATTGGTGAGGAAATGAGCCA

Acinl regulated exon R: CTGTCTGACCCTAGATGATCG

BPTF regulated exon F: AAGAAATTTTGGAATCCATAAGAGC
BPTF regulated exon R: CTATCTCTTCCTGAATAGAGACAGG
Lrrfip2 regulated exon F: CCTTCATCTCGAAATTCTGCC

Lrrfip2 regulated exon R: CTTTGATTTTTCTTCATTTTCTCTATAAAATT

Uapl regulated exon F: GAAGTTTGTGGTATATGAAGTATTGC
Uapl regulated exon R: TTCTCCAGCATAGGAGATAAGAG
Cask regulated exon F: AGGGAAATGCGGGGGA

Cask regulated exon R: CTGTCGTCCTTTTGGTTGG

hnRNP LL regulated exon F: CCAACTCGTCTAAATGTTATTAG
hnRNP LL regulated exon R: CCATAGCCATCATGTCTAAA

Trmu regulated exon F: GGTTACCAGGTGACAGGG

Trmu regulated exon R: CATTTCTAACTTCAAACCGATTTCT

Wildtype eGFP Reporter Splicing

Split eGFP reporter was generated from pcDNA3.1 plasmid using EcoRI and Xhol restriction
sites. CFIm-regulated cassette exons as well as upstream and downstream intronic regions were
cloned between 2 regions of an eGFP gene sequence to interrupt the eGFP reading frame. For
amplification of CFIm regulated exons, genomic DNA was purified from 293T cells using DNA
QuickExtract (Lucigen) and amplified using the primers below.

293T cells were transduced with lentivirus for CFIm25 knockdown following protocol above. 3

days post-transfection, cells were transfected with 250ng eGFP reporter using PEI per 24 well. 5
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days post-transduction, RNA was extracted using standard TRIzol (Invitrogen) protocol and
cDNA was generated using All-In-One 5X RT MasterMix (Abmgood). RT-PCR was performed
with eGFP primers and resolved on a 2% agarose gel.

hnRNP LL eGFP F: CACGAATTCATTTGGGAAAATTGGCATGC
hnRNP LL eGFP R: GCTCTCGAGCCAATACAACAATTCATAAAAGAAA

Trmu eGFP F: CACGAATTCAGAGGCAGGGTTTTAGTG

Trmu eGFP R: GCTCTCGAGTCACGCTTGTAATCTCAGC

Cask eGFP F: CACGAATTCAGGGTTTTAATATCAAGTCACTC

Cask eGFP R: GCTCTCGAGTACATCCTTTGCATAGGTTTGA

Osbpl6 eGFP F: CACGAATTCAGCTTTGAAGATATGCTTTAGATAC
Osbpl6 eGFP R: GCTCTCGAGTTTTAAGGTAACTTTTTGTTAAAATATATTTTAATG
Gpbpl eGFP F: CACGAATTCAAACACATGTTCATTTGTATTTTTCT
Gpbpl eGFP R: GCTCTCGAGCTGAAACAGTAGAACCAAAATCT

Acinl eGFP F: CACGAATTCTGCTTTCATAGCCCATGAAG

Acinl eGFP R: GCTCTCGAGCTGGTGAAGAGATGAAAAAGA

BPTF eGFP F: CACGAATTCTGCCATTTCCCTATGAAAAAGA

BPTF eGFP R: GCTCTCGAGAATTAAAACCAAAATATCTGCCACTATG
Lrrfip2 eGFP F: CACGAATTCATATAGCTTTTTCCTCCATATATAGC
Lrrfip2 eGFP R: GCTCTCGAGATATAGCTTTTTCCTCCATATATAGC
Uapl eGFP F: CACGAATTCTACTGGTACATAACTGGTTTTACAA
Uapl eGFP R: GCTCTCGAGCCCTGACCTGTAACCTG

eGFP RT PCR F: GGCAAGCTGACCCTGA
eGFP RT PCR R: CTTGTCGGCCATGATATAG

BPTF Mutant eGFP Reporter Splicing

CFIm binding sequences surrounding regulated exons were determined by comparing CFIm25
knockdown rMATS analysis with CFIm59 and CFIm68 PAR-CLIP. CFIm regulated exons were
classified as either CFIm activated or CFIm repressed exons and compared with PAR-CLIP data
using DeepTools to identify CFIm59 and CFIm68 binding motifs along activated and repressed
exons genome-wide.

Upon determining CFIm binding sites, a series of eGFP BPTF mutant reporters were generated
from eGFP BPTF splicing reporter above. Mutations included mutating the C rich region in the

polypyrimidine tract to Gs (G -> C), mutating the second UGUA to UCUA (UGUA2 -> UCUA),
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mutating the third UGUC to both CAUC or UCUA (UGUA3 -> CAUC and UGUA3 -> UCUA),
and mutating the exonic TTGG sequence to CCGG (TTGG -> CCGG). In addition to single
mutations, double mutations of G->C and UGUA2 -> UCUA as well as UGUA3 -> CAUC and
TTGG -> CCGG were created to compare the effects of mutating more than one CFIm binding
site on splicing.

Single mutations were created by PCR linearization using eGFP BPTF reporter as a template.
Primers were 5’ phosphorylated by T4 PNK (Fisher) according to manufacturer’s protocol.
Following PCR amplification with Phusion HF Mastermix (NEB) according to manufacturer’s
protocol, PCR products were digested with Dpnl (NEB) to remove template DNA and ligated
with T4 DNA ligase (NEB). Double mutatants were created as above except substituting either
1) eGFP BPTF UGUA2 -> UCUA or 2) eGFP BPTF UUGG -> CCGG single mutant plasmids
to create 1) eGFP BPTF G->C and UGUA2 -> UCUA or 2) eGFP BPTF UGUA3 -> CAUC and
UUGG -> CCGG double mutant reporters respectively.

250ng Reporters were transfected into a 24-well of 293T cells. 2 days post transfection, RNA
was purified and utilized for RT-PCR following protocol for wildtype reporters above.
GAATTCGCCATTTCCCTATGAAAAAGAACTATTCTTTAATATTATACCAGAGTATAC
ACTTTTGTATGTGATAAAATGTTCATTTTTATATTAATTACTTAAGCATTCTTAATAT
ATTATTAAATATTCTTAAATACTCTCTGAATTACCTATTGCAGCAATATCCGAGAATC
TACTTGCTTTAAAATGGCCGTTCAATGGAAGCAGGTTTTTTGTGATTATTTAGTAGTT
GACTGAATGTGGCCATTTGCCCTGAAGCAATTTTAAAGAATATCTTTGAAGTTTTGTT
GTGCATTTTGCTGTAGAGCCAACAGAAG GGATAAAGGTAACTCTGIGTCAGCA
AATCTTGGCGACAACACAACAAATGCAACTTCAGAAGAGACTAGTCCCTCTGAAGG
GAGGAGCCCTGTGGGGTGTCTCTCAGAAACCCCCGATAGCAGCAACATGGCAGAGA
AGAAGGTGGCATCTGAGCTCCCCCAGGATGTGCCAGGTACAGAGGGCAGCGTATCA
ATGCCTCTGTAATGGGGGGAATCCTTCCCTTTTGTAGTAAAAGCCGAATGTCACCTA
AAACCTTAAACTATGTGTTCATTCATGCTGCTTGCTTACAGTGCCATCCCCATTTGCT
AAATTGTCACCTAACATTTGGAGTTTGATAAATGTCCTCGCAGTTAGTGCTTGAAAC

TCATCATAATTTTCATGCTTCTTAAACTTCATTTAGCTGTTTTTGTTTAATAGATTTAT
TTTTATATTTTATCACCAGACCATAGTGGCAGATATTTTGGTTTTAATTACTCGAG
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Sequence of BPTF region cloned into eGFP reporter with intron unhighlighted and exon
highlighted in yellow. Locations of mutations are underlined, bolded, and italicized. Red is
location of G->C mutation, green is UGUA2->UCUA mutation, turquoise is TTGG ->CCGG

mutation, and purple is TGUC3 -> CAUC or UCUC mutation.

Immunoprecipitations

Flag Immunoprecipitations

U2AF65, U170K, and U2AF35 were cloned into flag pcDNA3.1 using restriction sites BamHI
and Xbal (U2AF65, U170K) or BamHI and Xhol (U2AF35). 20ug of flag pcDNA3.1 plasmid
was transfected into a 15cm plate of 293T cells using PEL. 2 days post transfection, cells were
resuspended in PBS and spun down at 1.5krpm at 4°C for 5 minutes. Cell pellets were
resuspended in ImL of cold Buffer A (10mM Hepes pH 7.9, 10mM KCIl, 1.5mM MgCl, 10%
glycerol) and allowed to swell on ice for 10 minutes before addition of NP-40 to 0.5% to lyse
cells. Samples were spun down at 4krpm for 5 minutes and cytoplasmic supernatant was
removed. Nuclear pellet was resuspended in 300ul of Buffer D 300 (20mM Hepes pH 7.9,
300mM NaCl, ImM MgClz, 0.1mM EDTA) and homogenized through 18g needle 5 times.
Phosphatase inhibitor, proteinase inhibitor, and 0.2ug/ul RNAse were added and nuclear extract
was rotated at 4°C for 30 minutes. Samples were spun down at 10krpm for 5 minutes. Pellet
was removed and supernatant was used as nuclear extract. Nuclear extract was mixed with 300ul
Buffer D 100 (20mM Hepes pH 7.9, 100mM NaCl, ImM MgClz, 0.1mM EDTA) and rotated
with 20ul Anti-FLAG M2 Affinity Beads (Sigma) overnight at 4°C. Following overnight
incubation, beads were washed with Buffer D150 (20mM Hepes pH 7.9, 150mM NaCl, ImM

MgCl,, 0.1mM EDTA) with 0.05% NP-40 4x, 10 minute each. Proteins were eluted in Buffer
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D100 (20mM Hepes pH 7.9, 100mM NaCl, ImM MgCl, 0.1mM EDTA, 10% glycerol) with 3x
FLAG Peptide. Elutions were combined and precipitated overnight at -20°C in acetone followed
by pelleting at 14krpm for 20 minutes, resuspension in 1x SDS loading dye, denaturation at 95°C

for 10 minutes, and western blotting analysis.

CFIm59 and CFIm68 Knockout U2AF65 Flag Immunoprecipitations

Flag-pcDNA3.1 U2A65 was transfected into CFIm59 and CFIm68 knockout 293T cells and

harvested for flag immunoprecipitation according to above protocol.

For rescue experiments, 15ug of flag-pcDNA3.1 U2AF65 was cotransfected with 15ug of
previously generated pcDNA wildtype HA-CFIm68 or HA-CFIm68 lacking either the RNA
recognition motif (RRM), proline rich region (PRR) or RS domain into a 15c¢m plate of CFIm68
knockout 293T cells. 2 days post transfection, cells were harvested for flag immunoprecipitation
according to above protocol. Loading of samples was normalized to levels of FLAG signal for

each domain deletion construct.

Domain Deletion Flag Immunoprecipitations

Domain deletion U2AF65 and U170K constructs were cloned into flag pcDNA3.1 using BamHI
and Xbal restriction sites with a nuclear localization signal added to the C-terminus. For
U2AF65, the RS (amino acids 17-47), U2AF ligand motif (ULM) (amino acids 78-110), RNA
recognition motif 1 (RRM1) (amino acids 249-231), RNA recognition motif 2 (RRM2) (amino
acids 259-337), and U2AF homology motif (UHM) (amino acids 385-466) were each deleted in
separate constructs using overlap extension PCR. Similarly, for U1 70K, the RRM (amino acids
102-187) or the RS domain (amino acids 231-377) were each deleted in separate constructs using

overlap extension PCR. Domain deletion constructs were transfected into 293T cells and used
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for flag immunoprecipitation according to above protocol. Loading of samples was normalized

to levels of FLAG signal for each domain deletion construct.

U2AF65 Flag Immunoprecipitations upon Knockdown of CFIm25

CFIm25 was knocked down according to above protocol. 3 days post transduction, 20ug of flag
U2AF65 was transfected into a 15c¢m plate of CFIm25 knockdown or control cells. 5 days post
transfection, cells were harvested for flag immunoprecipitation according to above protocol.

Loading of samples was normalized to flag signal for each sample.

Recombinant Protein Expression and Purification

CFIm25

CFIm25 was cloned into pRSET and transformed into BL21 competent cells. 100ul of overnight
culture was added to 500mL of LB media and grown at 37°C 225rpm until OD 0.5. IPTG was
added at 0.2mM to induce protein expression at 16°C overnight. Bacteria were spun down at
4krpm 10 minutes, resuspended in 30mL of lysis buffer (20mM Hepes pH 7.9, 300mM NaCl,
10mM imidazole, 10% glycerol), and sonicated at for 10 cycles of 10 amps for 10 seconds.
Following sonication, lysate was spun down at 10krpm for 20 minutes at 4°C. Supernatant was
incubated with 1ml HisPur™ Ni-NTA Superflow Agarose beads (Fisher) overnight at 4°C.
Beads were washed 3x with 1M NaCl wash buffer (20mM Hepes pH 7.9, 1M NaCl, 10mM
imidazole, 10% glycerol) and 1x with 300mM NaCl wash buffer (20mM Hepes pH 7.9, 300mM
NaCl, 10mM imidazole, 10% glycerol) for 10 minutes with rotation. Protein was eluted 5x in
elution buffer (20mM Hepes pH 7.9, 300mM NaCl, 200mM imidazole, 10% glycerol) and

elutions were frozen at -80°C. Elutions were combined and dialyzed to Buffer D 100 (20mM
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Hepes pH 7.9, 100mM NaCl, ImM MgCl,, 0.1mM EDTA, 10% glycerol). Protein concentration

was determined by Coomassie stain and comparison with a BSA standard.

CFIm Complexes

Recombinant CFIm complexes (CFIm25-CFIm59 or CFIm25-CFIm68) had previously been
expressed using the MultiBac expression system (Pelosse et al. 2017). MultiBac is a protein
expression system in insect cells that is utilized for expression and purification of multi-protein
complexes by enabling infinite gene insertions with an assembly of restriction sites. Plasmids
are transformed into DH10-Bac competent cells for preparation of bacmid, a large bacterial
plasmid that contains the baculovirus genome, and bacmid is transfected into Sf9 insect cells to
create baculovirus following standard protocol(Pelosse et al. 2017). After expression of complex
in S19 insect cells, cells were resuspended in lysis buffer (20mM Hepes pH 7.9, 300mM NaCl,
10mM imidazole, 10% glycerol), sonicated at 2 Amp for 5 cycles of 5 seconds and centrifuged at
10,000xg for 20 minutes. Lysate was added to HisPur™ Ni-NTA Superflow beads and
incubated at 4°C for 2 hours. Beads were washed twice with high salt wash buffer (20mM
Hepes pH 7.9, 1M NaCl, 10mM imidazole, 10% glycerol) and once with low salt wash buffer
(20mM Hepes pH 7.9, 500mM NaCl, 10mM imidazole, 10% glycerol). Protein was eluted five
times in elution buffer (10mM Hepes pH 7.9, 300mM NaCl, 20mM imidazole, 10% glycerol)
and stored at -80°C. Protein concentration was determined by Coomassie stain and comparison

with BSA standard.

U2AF65 and U24F65-U2AF35 Complex

Strep-U2AF65 was cloned into pFastBac using BamHI and Xbal restriction sites. U2AF35 was
cloned into pFastBac HTB using BamHI and NotI restriction sites. Plasmids were transformed

into DH10-Bac competent cells for preparation of bacmid and bacmid was transfected into Sf9
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insect cells for production of baculovirus. For U2AF65-U2AF35 complex, insect cells were co-
infected with baculovirus for U2AF65 and U2AF35. Following baculovirus infection, cells were
resuspended in Buffer W (100mM Tris pH 8, 150mM NaCl, ImM EDTA), sonicated for 6 cycles
of 10 Amps for 30 seconds and centrifuged at 15,000xg for 30 minutes. After 30 minutes, the
supernatant was removed and centrifuged at 15,000xg for 30 minutes. Lysate was applied to a
20mL column (BioRad) pre-packed with 2mL of Streptactin XT-4flow suspension (IBA
Lifesciences) (1mL column volume) and allowed to flow-through column. Column was washed
with 5x column volume Buffer W. Protein was eluted six times in 0.5x column volume Buffer
BXT (100mM Tris pH 8, 150mM NaCl, ImM EDTA, 50mM Biotin) and stored at -80°C.

Protein concentration was determined by Coomassie stain with BSA standard.

In Vitro Interaction of CFIm and U2AF

3ug of CFIm25 in complex with either CFIm59 or CFIm68 (CFIm25-CFIm59 and CFIm25-
CFIm68) were pre-incubated with either Buffer D100, 1ug U2AF65, or lug of U2AF65 in
complex with U2AF35 (U2AF65 and U2AF65-U2AF35) as well as 100ug BSA, and 0.1% NP-
40 for 2 hours at 4°C. Following pre-incubation, protein was incubated with 100ul Streptactin
Sepharose (IBA Lifesciences) for 2 hours at 4°C. Beads were washed 3x with short wash in
Strep Wash Buffer (100mM Tris HCI pH 7.9, 150mM NacCl, 0.1% NP-40). Proteins were eluted
3x in Buffer E (IBA) containing desthiobiotin. 3x volumes of acetone and 1ul of Glycoblue
were added and proteins were precipitated overnight at -20°C. Following acetone precipitation,
proteins were centrifuged at max speed for 20 minutes. Pellets were resuspended in 20ul 1x SDS

loading dye and used for western blotting analysis.
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MBP-MS2 Affinity Purification

MBP-MS?2 Affinity Purification from Nuclear Extract

AdML, BPTF, and hnRNP LL were cloned into a pBlueScript plasmid downstream of 3MS2
binding sites. Plasmid was linearized by digestion with EcoRV (NEB) and DNA was purified by
phenol chloroform extraction. AAML, BPTF, and hnRNP LL substrates were in vitro transcribed

using T7 RNA polymerase following standard protocol.

Following transcription, 3.75pmol of RNA was mixed with 28.125pmol MBP-MS?2 for 7.5-fold
excess MS2-MBP. Following incubation, ATP was added to a final concentration of 1mM,
creatine phosphate to 20mM, and tRNA to 100ng/ul. 100ul of HeLa cell nuclear extract to reach
40% of the total reaction volume of 250ul. Samples were incubated at 30°C for 20 minutes.
Samples were incubated with 25ul of amylose resin (NEB) for 1hr at 4°C followed by washing
4x with wash buffer + 0.5% NP-40 (10mM Hepes pH 7.9, 100mM KCI, ImM MgCl,, 0.1mM
EDTA) and 1x with wash buffer -NP-40. Samples were eluted in wash buffer + 20mM maltose
and acetone precipitated at -20°C. Following acetone precipitation, samples were centrifuged at
max speed to pellet and resuspended in 1X SDS loading dye for western blotting analysis for

U2AF65, U2AF35, CFIm25, CFIm59, and CFIm68.

AdML:
TTTCCTTGAAGCTTTCGTGCTGACCCTGTCCCTTTTTTTTCCACAGCTGCAGGTCGAC
GTTGAGGACAAACTCTTCGCGGTCTTTCCAGTACTCTTGGATCC

BPTF:
GCCCTGAAGCAATTTTAAAGAATATCTTTGAAGTTTTGTTGTGCATTTTGCTGTAGAG
CCAACAGAAGTTGGGGATAAAGGTAACTCTGTGTCAGCAAATCT

hnRNP LL:
CAGGTGTTTGTAAATATGTGCATATACTTATAAAATACTCTGTGTTTACTGATTGTGA
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AACCATGTAATACAGGTTGTTGTTGGCTTATGCTGAAACTTCTTGAAA

Yellow highlighted region represents the regulated exon of AAML, BPTF, and hnRNP LL. Gray
strikethrough region represents region of the CFIm regulated exon of BPTF and hnRNP LL that

1s not included within the in vitro substrate.

MBP-MS?2 Affinity Purification from CFIm Depleted Nuclear Extract

CFIm was depleted from nuclear extract by immunoprecipitation of CFIm25. CFIm25 antibody
(Proteintech 10322-1-AP) of an IgG control was coupled to 20ul of protein A/G agarose beads.
Sug of CFIm25 was incubated with 20ul of protein A/G agarose beads for 1 hour at room
temperature. Beads were washed with 10 volumes of 0.2M sodium borate pH9 and 20mM DMP
(which reacts with primary amines) was added to covalently crosslink antibody to beads for 30
minutes at room temperature. The reaction was quenched with 0.2M ethanolamine pH 8 for 2

hours at room temperature.

Following coupling, antibody-bound beads were incubated with nuclear extract at 4°C for 2
hours followed by removal of nuclear extract. Beads were recycled by incubation with 0.1M
glycine pH 3.5 for 5 minutes. CFIm levels in nuclear extract were analyzed by western blotting.
Depletion was repeated using protocol above until CFIm levels were less than 10% of HeLa

nuclear extract.

Following generation of CFIm depleted nuclear extract, MBP-MS?2 affinity purification occurred

as above with either CFIm or IgG depleted nuclear extract.

MS2-MBP Affinity Purification with Recombinant CFIm and U2AF

15pmol of AAML, BPTF, and hnRNP LL substrates in vitro transcribed as above were incubated

with 112.5pmol of MBP-MS2 on ice for 30 minutes. BSA was added to 500ug/mL and tRNA
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was added to 100ng/mL. 8pmol of CFIm and/or U2AF were added to each reaction according to

table below.
1 2 3 4 5 6 7 8 9 10 11
CFIm25 | CFIm25 CFIm25 | CFIm25 | CFIm25 | CFIm25
CFIm25 1 CFimso | CFIm68 CFIm25 | CFIm25 | Cpimso | CFImS9 | CFIm68 | CFIm68
U2AF65 U2AF65 U2AF65 U2AF65
U2AF6S | ey | U2AF6s | (D002 | U2AFES | (5 ias | U2AF6S | 50

Reactions were incubated at 30 degrees for 20 minutes and added to 70ul of amylose resin.
Proteins were incubated with amylose resin, washed, and eluted as above. Following acetone
precipitation, samples were resuspended in 1x SDS loading dye and utilized for western blotting

for U2AF65, U2AF35, CFIm25, CFIm59, and CFIm68.
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CHAPTER 5

OVERALL CONCLUSIONS AND PERSPECTIVES

RNA processing events are dynamic, interconnected, and highly regulated. In this manuscript, |
have shown that RNA binding proteins play critical roles in regulating RNA processing events,
many of which have not yet been discovered. In chapter 2, RNA binding proteins with no
known role in human APA were identified as putative polyadenylation regulators by were
tethered near polyadenylation sites to test for a role in polyA site selection. The identified
regulators included Musashil, hnRNP G, and hnRNP A0, all of which inhibit 3* processing.
One of the most surprising results was that all 9 of the 12 SR proteins tested inhibit polyA site
selection from both upstream and downstream of polyA sites, indicating that the SR family as a
whole represses polyadenylation. SR proteins are traditionally studied as splicing activators that
use a similar activation mechanism as CFIm (a member of the core polyA machinery) uses to
promote polyA sites (Graveley, Hertel, and Maniatis 2001; Zhu et al. 2017). In addition, SR
proteins have position dependent effects on splicing as they activate splicing when bound to
exonic splicing enhancers but inhibit splicing when bound to intronic splicing silencers. As this
study found that SR proteins have a position independent inhibitory effect on polyA site
selection, it suggests that the role that SR proteins play in 3’ processing is unique from that in
splicing. One possible explanation for this phenomenon is that the ability of SR proteins to

repress polyA sites evolved to compete with the polyadenylation machinery at intronic sites.
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When polyadenylation sites lie within introns, there is a competition between the core
polyadenylation machinery and the splicing machinery to determine whether intronic
polyadenylation will occur or the intron will be removed by splicing (Tian et al. 2005). Several
models have been proposed to explain how this competition occurs including U1 telescripting,
which occurs when Ul snRNA suppresses premature polyadenylation (Kaida et al. 2010; Berg et
al. 2012). It is possible that repression by SR proteins exists as another mechanism to enhance
splicing when intronic polyadenylation sites are present and, consistently, this has been reported
for SRSF10 (Jobbins et al. 2022)

Ultimately, to understand exactly how SR proteins and other RNA binding proteins regulate 3’
processing, further mechanistic studies will have to be performed. Currently, RBPs were

physically tethered to a reporter polyadenylation site, indicating that they can regulate APA but

not whether they do endogenously. Endogenous APA regulation can be analyzed by depletion of
these proteins and performing PolyAdenylation Site Sequencing (PAS-seq), which will not only
confirm that these RBPs have a role in APA but also provide mechanistic information about both
the types of RNAs and APA changes that are regulated. Regardless of being in its initial stages,
this study supports the hypothesis that many RBPs outside of the core polyadenylation
machinery play roles in 3° processing. There are over 1500 RNA binding proteins in humans,
many of which have tissue or other context specific expression (Kang, Lee, and Lee 2020).
Identifying those proteins with the capacity to directly influence polyA site selection will greatly

increase our ability to predict APA patterns.

In the next two chapters, I show that the 3° processing factor cleavage factor I (CFIm) has
uncharacterized functions in both 3’ processing as well as another RNA processing event:

splicing. In chapter 3, CFIm is shown to promote intronic polyA sites of many genes in addition
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to its role in enhancing distal polyA sites in the 3> UTR. Interestingly, CFIm was shown to
regulate intronic polyadenylation within one subunit of each other complex in the core 3’
processing machinery: Wdr33 (CPSF), CstF77 (CstF), and Pcfl11 (CFIIm) as well as polyA
polymerase and Rbbp6 on both the mRNA and protein level. This finding supports a modified
model for 3> UTR APA. By this model, when CFIm levels are high, there is IPA within
members of the core polyadenylation machinery and therefore limited availability of each
complex. This increases the dependency on CFIm to enhance polyadenylation sites; distal polyA
sites are preferentially used because of the enrichment of the UGUA recognition motif.
However, when CFIm levels are low, there is decreased intronic polyadenylation within Wdr33,
CstF77, and Pcfl11, increasing levels of the polyadenylation machinery available to perform
3’end processing. When this occurs, the proximal site has an advantage because it is transcribed

first (Figure 3.17B).

The findings from chapter 3 also suggest a mechanism for CFIm to link 3’ processing with cell
fate decisions. Previously, it was demonstrated that depletion of CFIm enhances reprogramming
of mouse embryonic fibroblasts into induced pluripotent stem cells 30-fold, indicating that CFIm
is an important cell fate regulator (Justin Brumbaugh et al. 2018). Strikingly, the findings of our
current study suggest that both CFIm-mediated 3’ UTR APA and IPA regulation reduce protein
production. In 3> UTR APA, CFIm promotes production of mRNA transcripts with longer 3’
UTRs and therefore increased binding sites for microRNAs and RNA binding proteins that can
decrease mRNA stability and translation efficiency (Mayr and Bartel 2009; Tushev et al. 2018;
Hoffman et al. 2016; Garneau, Wilusz, and Wilusz 2007). We also find that CFIm promotes
intronic polyadenylation within many genes, leading to production of truncated mRNAs that are

oftentimes degraded or produce non-functional protein products. As a result, upon CFIm
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depletion, we would predict to see a global increase in protein production by both mechanisms,
which was seen with quantitative protein staining (Figure 3.15). This finding provides insight
into the role of CFIm in cell fate determination because CFIm has the opposite role of myc, a
gene expression amplifier that is also one of the Yamanaka factors for reprogramming

(Takahashi and Yamanaka 2006; Nie et al. 2012; Bradner, Lee, and Young 2013).

Importantly, there is still no direct link between CFIm mediated APA regulation and the increase
in protein production seen upon knockdown of CFIm25, which is necessary to support our
hypothesis that CFIm is a global gene expression attenuator. To test this, polysome profiling
should be performed to identify the exact identities of the RN As that undergo increased protein
production and compared to the mRNAs that undergo CFIm-mediated APA. However, our

study still furthers our understanding of how 3’ processing and cell fate determination are linked.

In chapter 4, I investigate another novel role for CFIm, this time in splicing regulation. Genome-
wide sequencing after CFIm25 knockdown revealed that CFIm regulates alternative splicing
genome wide, with exons that are both activated and repressed by CFIm. Mechanistically, we
establish that CFIm interacts with both U2AF and U170K. In addition, CFIm regulates
U2AF65-RNA interacts at 3’ splice sites for CFIm activated exons, which typically having
weaker polypyrimidine tracts with a higher enrichment of C. While it has been previously
established that CFIm interacts with U2AF65 and can terminal exon splicing, this is the first
study to show that CFIm is a general alternative splicing regulator (Movassat et al. 2016;

Millevoi et al. 2006).

Our findings also support a new model for recognition of 3’ splice site by U2AF. Under our
proposed model, CFIm and other RNA binding proteins all compete to interact with U2AF65.

Each U2AF65 complex recognizes a subset of cassette exons and their exon inclusion. When
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one factor is depleted such as in the case of CFIm25 knockdown, there is decreased exon
inclusion for the subset recognized by CFIm but there is simultaneously more U2AF65 available
to interact with other binding partners, leading to increased exon inclusion (Figure 4.13). This
model not only explains how CFIm can both activate and repress cassette exons, but also
suggests that there are many other unknown RNA binding proteins that can interact with U2AF

and also play a role in 3’ splice site selection and alternative splicing.

Future experiments will be needed to directly test whether CFIm regulates splicing in vitro. One
way to do so would be to perform in vitro splicing assays with CFIm depleted nuclear extract to
test whether there is a decrease exon inclusion for CFIm activated exons. In addition, as U2AF
levels do not change upon CFIm depletion from nuclear extract (Figure 4.8D), we could also test
whether there is increased exon inclusion for CFIm repressed exons which are likely regulated

by other RBPs.

Strikingly, we also establish that CFIm uses a common mechanism to regulate both
polyadenylation and splicing. In both cases, the RS domain of CFIm is necessary for
interactions; in the case of polyadenylation, it interacts with the RE/D domain of Fipl and in
splicing, it interacts with the RS domain of both U2AF65 and U170K. CFIm also has previously
been shown to enhance distal polyA sites and we additionally show that it increases U2AF
binding to weak polypyrimidine tracts (Zhu et al. 2017). The findings of chapters 3 and 4

indicate that CFIm uses a unified model for regulate of polyadenylation and splicing.

Similar to our findings on CFIm, chapters 2 and 4 have also established that splicing and
polyadenylation are highly interconnected, with SR proteins and hnRNPs regulating APA and
the converse: CFIm regulating splicing. It will therefore be critical to redefine how we study

these RNA processing events to account for their cross-regulation instead of treating them as two
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independent events, as they have traditionally been studied. Remaining questions include the
precise timing of splicing and polyadenylation in relation with each other and whether it is

distinct regulatory proteins that cross-regulate or whether it is the core machineries themselves.

Overall, the work in this manuscript has identified novel roles for many RNA binding proteins.
Sometimes, it is merely a redefined role, as with CFIm regulating intronic polyadenylation in
addition to 3> UTR APA. At other times, it can be a role in a unique RNA processing event such
as SR proteins and other RBPs regulating APA or CFIm regulating alternative splicing. With the
over 1500 RBPs encoded within the human genome, it is highly likely that we will continue to
identify new regulators of RNA processing. Interestingly, another source of novel RNA
processing regulators may in fact be DNA binding proteins were once considered to be a
functionally distinct class of proteins and therefore studied independently but in more recent
years have been shown to be involved in RNA translation, miRNA biogenesis, and telomere
maintenance (Hudson and Ortlund 2014). As a result, it is critical to not limit our understanding
of these nucleic acid binding proteins to one specific type of processing event or even one

specific species of nucleic acid.
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