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ABSTRACT OF THE DISSERTATION

STUDIES OF POLYADENYLATION REGULATION OF U1A mRNA BY AN

RNP COMPLEX CONTAINING U1A AND U1 snRNP

By Rose Marie Caratozzolo

Dissertation Director:

Samuel I. Gunderson, Ph.D.

The 3’-end processing of nearly all eukaryotic pre-mRNAs comprises multiple
steps which culminate in the addition of a poly(A) tail, which is essential for mMRNA
stability, translation, and export. Consequently, polyadenylation regulation is an
important component of gene expression. One way to regulate polyadenylation is to
inhibit the activity of a single poly(A) site, as exemplified by the U1A protein that
negatively autoregulates itself by binding to a Polyadenylation Inhibitory Element (PIE)
site within the 3’ UTR of its own pre-mRNA. U1 snRNP, which is primarily involved in
splice site recognition, inhibits poly(A) site activity in papillomaviruses by binding to 5’
splice site-like sequences, which have recently been named “Ul-sites”. Here, a recently
identified Ul-site in the human U1A 3'UTR is examined and shown to synergize with the
adjacent PIE site to inhibit polyadenylation. However, unlike the sites found in
papillomaviruses, the ULA U1l-site has no inhibitory activity on its own and is dependent
on a wild-type PIE. This lack of activity is due to the site being masked within a

phylogenetically conserved stem structure (U1-STEM). The secondary RNA structure of



this region was confirmed by RNase digestion analysis. Mutation of the U1-STEM,
thereby opening up the U1-site, greatly increases U1-site mediated inhibition. The region
between the U1-STEM and PIE (referred to as Region C) was also revealed to be
required for synergy. Since biotin pulldown assays indicated that U1 snRNP binding to
the Ul-site was not affected by the presence of the U1-STEM, a model was proposed
suggesting that U1 snRNP binds to the U1-STEM, but remains trapped in an inactive
conformation until PIE is bound by two U1A molecules. However, further experiments
showed that U1 snRNP binding did actually increase when the U1-STEM was mutated,
but no corresponding change to the U1-STEM structure was detected. The discrepancies
within these data suggest there is still much to be determined regarding the binding of U1
SnRNP to the U1-Site. A more refined model is then presented which involves

remodeling of Region C and part of the UL-STEM.
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Chapter I: Introduction

In Eukaryotes, the 3’-end processing of nearly all pre-mRNAs is comprised of
two steps: 1) endonucleolytic cleavage of the transcript and 2) synthesis of a poly(A) tail
at the 3’-end of the upstream cleavage product (Figure 1.1, Zhao et al., 1999). This 3’-
end modification is essential for mMRNA maturation. Interference with this process can
lead to errors in cell development and function, as well as effect cell viability. For
example, 3’-end processing promotes transport of the mRNA from the nucleus to the
cytoplasm (Vinciguerra and Stutz 2004). Additionally, since mRNAs are degraded 3’ >
5, the addition of the poly (A) tail (with associated proteins) serves to increase transcript
stability (Sachs and Wahle 1993; Ford et al., 1997; Wickens et al., 1997). Translation
of mRNA into proteins is also greatly enhanced by 3’-end processing. The poly(A) tail
and associated proteins form a pseudo-circular structure with the 5’-end to promote
translation (Sachs et al., 1997; Wilusz et al., 2001). Other processes, such as transcription
and splicing have also been linked to 3’-end processing (Hirose and Manley 2000;
Proudfoot et al., 2002). The study of the mechanisms of 3’-end processing and its
regulation are essential in order to further understand their wide-ranging roles in cellular

processes.
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Figure 1.1 Mammalian 3’end Processing: Cleavage and Polyadenylation

The mammalian mRNA 3’end processing reaction comprises two steps: 1)
endonucleolytic cleavage and 2) polyadenylation. The processing machinery
includes the pre-mRNA, 3’ end processing sequences (boxed sequences) and
multiple protein factors. Cleavage results in an upstream product that is
polyadenylated and a downstream product that is degraded. After cleavage, most
protein factors are released from the complex and a full-length poly(A) tail is added.
This modified mRNA can then circularize via interaction with the 5’-cap to provide
stability and aid in translation. See text below and Figure 1.2 for more detailed
description of sequences and protein factors. (Modified from Danckwardt et al.,
2008)



A. 3’-End Processing of Mammalian Pre-mRNAs

RNA Cis-Acting Sequence Elements: The cleavage and polyadenylation machinery is

directed to the pre-mRNA via conserved sequence elements located within the 3’
untranslated region (3°-UTR). Almost all Eukaryotic pre-mRNA that is processed
contains these sequences. One notable exception are certain histone pre-mRNAs which
are cleaved but do not undergo polyadenylation (Gilmartin 2005). These sequence
elements comprise a core cleavage and polyadenylation signal and contain three primary
sequences that define the polyadenylation site. There are also two auxiliary sequences,
located both upstream and downstream of the primary elements, which serve to increase

the efficiency of cleavage and polyadenylation (Figure 1.2, Zhao et al., 1999).

* Polyadenylation Signal (PAS): This sequence element was the first element identified
to be involved in 3’-end processing (Proudfoot and Brownlee 1976). It is highly
conserved and consists of the hexamer sequence AAUAAA, located between 10-30 bases
upstream of the cleavage site (Figure 1.2). Recent studies of human and mouse expressed
sequence tags (ESTs) determined that approximately 70% contained this canonical
sequence, while 15% contained the single nucleotide variant- AUUAAA, and 4% had no
discernable PAS (Beaudoing et al., 2000, Tian et al., 2005). The remaining 11%
contained single and double nucleotide variants of the canonical AAUAAA. Mutational
studies in Xenopus laevis showed that point mutations in the PAS resulted in reduced

polyadenylation and increased levels of unprocessed pre-mRNA transcripts (Wickens and



Stephenson 1984). Therefore, the canonical signal (and close variants) is necessary for

efficient 3’-end processing.

* Downstream Sequence Element (DSE): This sequence element is less conserved than
the PAS (Zhao et al., 1999), and is located downstream of the cleavage site (Figure 1.2).
The DSE has two parts: 1) a U-rich sequence, located 15-25 bases from the cleavage site,
and 2) a GU-rich sequence, located approximately 5-10 bases from the cleavage site, with
MRNASs containing one, none or both of these sequences (McLauchlan et al., 1985; Gil
and Proudfoot 1987; Sittler et al., 1994; Salisbury et al., 2006). These sequences lack
sequence conservation, which means that point mutations have little effect on DSE
functionality, while deletions/insertions are less tolerated (Zhao et al., 1999; McDevitt et
al., 1986; Zarkower and Wickens 1988). Deletions/insertions that alter the proximity of
the DSE to the cleavage site can result in alternate cleavage site choice and decreased

cleavage efficiency (Zhao et al., 1999).

* Cleavage Site (pA): The site of endonucleolytic cleavage, also called the poly(A) site
(pA), is positioned between the PAS and the DSE (Figure 1.2, Chen et al., 1995; Shatkin
and Manley 2000), usually 10-30 nucleotides downstream of the PAS and 20-30
nucleotides upstream of the DSE (Zhao et al., 1999). Approximately 70% of cleavage
sites in vertebrates are adenosine (A) residues, with other bases preferred A>U>C>>G
(Sheets et al., 1990). While the sequence surrounding the cleavage site is not highly

conserved, 59% of the sequences studied by Sheets et al. found that a cytosine residue



preceded the poly(A) site, indicating that CA is the optimal cleavage site (Sheets et al.,

1990).

* Auxiliary Elements: The majority of known auxiliary elements are located upstream of
the PAS (e.g. upstream sequence element, USE). There is no consensus sequence, but
usually these elements are short U-rich sequences- UUUU, UGUA or UAUA (Figure 1.2,
Zhao et al., 1999; Hu et al., 2005). USEs have been found in many cellular genes and,
although the accumulated evidence is limited, they are thought to help promote the
binding of polyadenylation factors to the cleavage site (Brackenridge et al., 1997;
Moreira et al., 1995 and 1998; Natalizio et al., 2002). Downstream auxiliary elements are
less documented, and while they lack a conserved sequence or distance from the poly(A)
site, they are generally G-rich (Figure 1.2, Bagga et al., 1995; Zhao et al., 1999; Oberg

etal., 2005).

Cleavage and Polyadenylation Protein Factors: The cleavage and polyadenylation

machinery in mammals requires over 14 protein factors, which combine to form the core
complex required for 3’-end processing (Figures 1.1 and 1.2). The core complex
encompasses the cleavage/polyadenylation specificity factor (CPSF), cleavage
stimulatory factor (CstF), mammalian cleavage factors | and Il (CF I, and CF Ilp),
poly(A) polymerase (PAP), poly(A) binding protein 1l (PABII) and symplekin. The C-
terminal domain (CTD) of RNA Polymerase Il (Pol Il) is also part of the overall
complex. All of these proteins are involved in the cleavage reaction, except for PABII,

while only CPSF, PABII and PAP are required for polyadenylation (Zhao et al., 1999).
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Figure 1.2 Cleavage and Polyadenylation Sequence Elements and Protein Factors
Schematic of the mammalian 3’-end processing machinery and the sequences
recognized by individual factors. Cis-acting RNA sequences elements are boxed and
approximate distances between elements are indicated. CPSF recognizes the PAS,
while CstF recognizes the DSE, and together they help to define the Cleavage Site,
CA. CF I, CF Ill,and symplekin act as scaffolding proteins to strengthen protein-
protein and protein-RNA interactions. (Modified from Mandel et al., 2008)

* Cleavage/Polyadenylation Specificity Factor (CPSF): Mammalian CPSF consists of
five subunits: CPSF-30, CPSF-73, CPSF-100, CPSF-160 and hFipl, all of which have
homologs in yeast (Zhao et al., 1999). The largest subunit, CPSF-160, binds directly to
the PAS (Figure 1.2). It has the highest affinity for the canonical AAUAAA signal, with
reduced affinity for PAS variants (Bienroth et al.,1991; Keller et al., 1991; Zhao et al.,
1999). This binding is dependent on the cooperative binding of a CstF subunit, CstF-77,
to the DSE (Murthy and Manley 1995). UV-crosslinking and biochemical studies have

provided strong evidence that CPSF-73 is the subunit responsible for the actual



endonucleolytic cleavage reaction at the cleavage site (Figures 1.1 and 1.2, Ryan et al.
2004; Mandel et al., 2006). This activity is not sequence specific, which agrees with the
current theory that CPSF-160 and CstF-64 define the cleavage site by binding to the
upstream and downstream elements flanking the CA nucleotides. The CPSF-30 subunit
has five zinc finger motifs that preferentially bind poly(U) sequences that flank the
cleavage site (Barabino et al., 1997 and 2000). These zinc finger domains could also
allow CPSF-30 to coordinate/recruit other proteins for cleavage and polyadenylation via
protein-protein interactions. This subunit may also be involved in coupling 3’-end
processing with splicing by association with the spliceosome (Li et al., 2001; Rappsilber
et al., 2002). The primary function of the hFipl subunit is most likely to help recruit and
stimulate PAP along with CPSF-160 (Kaufmann et al., 2004). The function of the final
subunit CPSF-100 is still unknown, but its homolog is necessary for cell viability in yeast

(Preker et al., 1997) indicating it has an essential function.

* Cleavage Stimulatory Factor (CstF): This factor has three subunits: CstF-50, CstF-64
and CstF-77 (Zhao et al., 1999). CstF-64 binds to the GU-rich DSE (Figure 1.2,
MacDonald et al., 1994), and together with CPSF-160 helps to define the cleavage site.
This subunit has also been shown to effect expression of genes by inducing alternative
poly(A) site choice (Shell et al., 2005). CstF-77 interacts with CPSF-160 (see above) and
PAP (Murthy and Manley 1995; Takagaki and Manley 2000). The interaction between
CPSF-160 and CstF-77 is theorized to stabilize their interactions with the pre-mRNA
(Wilusz et al., 1990; MacDonald et al., 1994; Murthy and Manley 1995) and more recent

biochemical studies showed that CPSF and CstF associate prior to poly(A) signal



recognition (Takagaki and Manley 2000). Examination of the Drosophila homolog Su(f)
has suggested that CstF-77 can self-associate and may act as a dimer during 3’-end
processing (Simonelig et al., 1996; Benoit et al., 2002). While CstF-77 can also bind to
the CTD of Pol 1l, CstF-50 binds with higher affinity (McCracken et al., 1997). This
subunit also interacts with the splicing factor SRm160 (McCracken et al., 2003),

providing more evidence of the link between 3’-end processing and transcription.

* Mammalian Cleavage Factor I (CF I,): This factor functions as a heterodimer
featuring a CF 1,-25 subunit paired with one of three larger subunits: CF 1,,-59, CF 1,-68
or CF I,-72. While all of these polypeptides co-purify from HelLa nuclear extract, CF I,
activity can be reconstituted in vitro with CF 1,-25 and CF 1,,-68 (Figure 1.2, Rlegsegger
etal., 1996 and 1998). The subunits CF 1,-25, CF 1,-59 and CF 1,,-68 preferentially bind
to sequences (UGUAA) usually located close to the PAS (Brown and Gilmartin 2003).
This binding enhances recognition of both the canonical and non-canonical poly(A)
signals (Venkataraman et al., 2005). This canonical signal enhancement is further aided
by interactions between CF I, and hFipl and PAP. In addition to this augmentation of
cleavage and polyadenylation, CF I, can also inhibit cleavage for certain genes. Studies
in vitro have shown that CF I, , when bound to UGUAA sequences within the pre-
MRNA of the CF 1,-68 subunit can suppress cleavage (Brown and Gilmartin 2003). This
suggests that CF 1, may control its own pre-mRNA processing in vivo through
autoregulation. This factor can also interact with U1 snRNP via CF I,-25 interaction,
indicating that it aids to couple 3’-end processing and splicing (Awasthi and Alwine

2003).



* Mammalian Cleavage Factor II (CF IlI,,): This factor is less characterized than CF
Im. Purification from HeLa cells has allowed its activity to be separated into two parts:
CF 1lA,, and CF 11By, (de Vries et al., 2000). CF Il1An, is essential for cleavage and is
made up of two polypeptides: hClpl and hPcfl1l. The hPcf1l polypeptide interacts with
the CTD of Pol Il via a Pol Il interacting domain (CID, Sadowski et al., 2003; Zhang and
Gilmour 2006). Mutations to this CID result in cell death due to errors in transcriptional
termination (Sadowski et al., 2003; Noble et al., 2005; Zhang et al., 2005), which is
further evidence of the coupling of transcription to 3’-end processing. In addition to the
CID, this subunit has CstF and RNA binding domains, allowing it to act as a scaffold for
the 3’-end processing machinery (Zhang et al., 2005). The second polypeptide, hClp1,
also acts as a scaffold to tether CPSF and CF I,, (de Vries et al., 2000). CF I1By, is a non-
essential, yet stimulatory component of CF Il that did not co-purify with any known
processing factors (de Vries et al., 2000), indicating it may be a new factor involved in

stimulating 3’°-end processing.

» Symplekin: This protein was originally identified as a component of tight junctions
(Figure 1.2, Koen et al.,, 1996) and has high similarity to a yeast polyadenylation
machinery factor- Ptalp (Zhao et al., 1999; Takagaki and Manley 2000). It was also
found to form a stable complex with CPSF and CstF in the nucleus (Takagaki and
Manley 2000), and likely acts as a scaffold for the assembly of the cleavage and
polyadenylation machinery. More recently, symplekin was found to co-localize with
CPSF-100 during oocyte maturation in Xenopus laevis and was required for cytoplasmic

polyadenylation in those oocytes (Hofmann et al., 2002). This data implies that this
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protein is involved in both 3’-end processing in the nucleus and regulation of
polyadenylation in the cytoplasm. This model was supported by studies which found that
symplekin interacts with cytoplasmic polyadenylation element binding protein (CPEB)
and is required for CPEB-mediated cytoplasmic polyadenylation (Barnard et al., 2004).
Symplekin may also be a target for polyadenylation regulation through phosphorylation,
as increased amounts of phosphorylated Ptalp resulted in shortened poly(A) tails (He and

Moore 2005).

* Poly(A) Binding Protein 1l (PABPII):  This protein is not required for
polyadenylation, but it is necessary to regulate poly(A) tail length (Bienroth et al., 1993;
Amrani et al., 1997; Wahle and Riiegsegger 1999). PABPII binds to short stretches of 11-
14 adenosine residues as they are produced by PAP, and continue to bind until the desired
tail length is reached (Figure 1.1, Keller et al., 2000; Meyer et al., 2002). It recognizes
the adenosine bases via its RNA-recognition motifs (RRMs, Deo et al., 1999; Wahle and
Riegsegger 1999). This protein also has a stimulatory effect on PAP by binding directly
to the pre-mRNA, adjacent to PAP (Kerwitz et al., 2000). This interaction increases

polyadenylation efficiency 80-fold by increasing PAP processivity.

* The CTD of RNA Polymerase II: Evidence for the coupling of transcription and pre-
mRNA processing (5’-end capping, splicing and 3’-end cleavage and polyadenylation)
has steadily accumulated over the last decade. The majority of this evidence points to
RNA Polymerase Il (Pol I1), specifically it’s CTD, as the link between these processing

steps. The PAS and DSE are known regulators of Pol Il mediated transcription
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termination (Whitelaw and Proudfoot 1986; Logan et al., 1987; Connelly and Manley
1988). Also, in the absence of transcription, the CTD of Pol Il is still required for
cleavage in vitro (Hirose and Manley 1998), while in vivo, the CTD interacts with CPSF
and CstF and is required for efficient splicing and 3’-end processing (McCracken et al.,
1997; Fong and Bentley 2001; Ryan et al., 2002). Different segments of the CTD can
independently stimulate the various steps of 3’-end processing (Fong and Bentley 2001).
Consequently, the CTD of Pol Il is proposed to function as a scaffold or recruitment

platform for RNA processing factors (Figure 1.3, Bentley 2005).

Figure 1.3 The CTD of Pol II Acts As A Scaffold For The 3’-end Processing
Machinery

A graphic representation of the role of the CTD of Pol II during 3’-end processing.
The CTD interacts with subunits of CPSF and CstF (shown here as a dimer) and
provides a platform for other processing factors. (Modified from Mandel et al.,
2008)
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e Poly(A) Polymerase (PAP): In mammals, PAP is required for cleavage and
polyadenylation. It interacts with many factors of the 3’-end processing machinery, and
while these interactions are important, they are not necessary for polyadenylation in vitro
(Edmonds 2002). Multiple isoforms of PAP have been discovered from human, bovine,
mouse and frog (Ryner et al., 1989; Astrom et al., 1991; Wahle et al., 1991; Raabe et al.,
1994; Thuresson et al., 1994; Ballantyne et al., 1995; Zhao and Manley 1996). Three
human isoforms have been found in HeLa cells- 90, 100 and 106 kDa (Thuresson et al.,
1994). The 106 kDa isoform is the phosphorylated form of the 100 kDa isoforms, and
together they are named PAPII. It is this protein that the majority of PAP function has
been derived from. The 90 kDa isoform was more recently characterized and named
PAPy (Kyriakopoulou et al., 2001; Topalian et al., 2001). PAPII localizes to both the
nucleus and cytoplasm, while PAPy is strictly nuclear (Thuresson et al., 1994,
Kyriakopoulou et al., 2001; Topalian et al., 2001). The structures of the PAP catalytic
core (about 400aa) from human, bovine and yeast have been determined (Bard et al.,
2000; Martin et al., 2000 and 2004) and show that PAP is arranged into three domains-
N-terminal (NTD), middle and C-terminal (CTD). The NTD contains the catalytic site
and coordinates two metal ions (Mg or Mn®*) required for catalysis (Martin and Keller
1996; Martin et al., 2000 and 2004). The active site is located in the large cleft between
the NTD and CTD, while the CTD binds hFiplp, CPSF-160 and CF 1,-25 (Martin and

Keller 1996; Kim and Lee 2001).
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Cleavage and Polyadenylation Reactions: In summary, the cleavage and

polyadenylation reactions occur as follows (see Figure 1.1): CPSF-160 recognizes and
binds to the PAS (Bienroth et al., 1991; Keller et al., 1991), and CstF-77 recognizes and
binds to the DSE (MacDonald et al. 1994). Together, they help to define the cleavage site
and the interactions between the subunits stabilize their binding to RNA (Wilusz et al.,
1990, Macdonald et al., 1994, Murthy and Manley 1995). Next, CF I, binds to the pre-
MRNA and CPSF, which enhances the assembly of the processing machinery and the
cleavage reaction (Riegsegger et al., 1996 and 1998). The CTD of Pol Il also helps to
recruit CPSF, CstF and other processing factors to the pre-mRNA (McCracken et al.,
1997; Fong and Bentley 2001; Ryan et al., 2002; Bentley 2005). PAP is recruited through
interactions with CPSF-160, CstF-77 and CF 1,-25 (Murthy and Manley 1995, Kim and
Lee 2001). CF Il and symplekin join the forming complex and once the entire cleavage
complex is assembled, CPSF-73 works as the endonuclease to cleave the pre-mRNA at
the cleavage site (Ryan et al. 2004; Mandel et al., 2006).

Following cleavage, CstF, CF I, CF Iln,, symplekin and Pol Il dissociate from the
complex, leaving only CPSF and PAP. The downstream cleavage fragment is rapidly
degraded while PAP adds approximately 11-14 adenosine residues at the PolyA site
(Bienroth et al., 1993; Zhao et al., 1999). The process of adding these initial adenosines
is very slow until PABPII binds, upon which PAP, along with the help of CPSF, rapidly
increases the length of the tail to approximately 150-250 residues in mammals (Wahle

1991 and 1995) and 55-90 residues in yeast (Brown and Sachs, 1998).
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B. Regulation of Polyadenylation

Significance of Polyadenylation: The extensive coupling of 3’-end processing (capping,

splicing and polyadenylation) and transcription has recently emerged as vital for the
regulation of cellular processes and gene expression. For example, transcription
termination requires functional polyadenylation signals and factors (Rosonina et al.,
2006; Kaneko et al., 2007; Danckwardt et al., 2008). Mutations in these factors or
signals have been linked to multiple human diseases including cancer and thalassemia
(Danckwardt et al., 2008). Polyadenylation factors interact with 3’-terminal intron
splicing factors to promote splicing, cleavage and polyadenylation (Niwa et al., 1990;
Lutz et al., 1996; Gunderson et al., 1997; Vagner et al., 2000b; Millevoi et al., 2000 and
2006; Kyburz et al., 2006; Danckwardt et al., 2007). The poly(A) tail itself protects the
mRNA from nuclear degradation, conferring stability to the transcript (Bousquet-
Antonelli et al., 2000). In addition, the poly(A) tail is needed for mRNA export and
localization outside of the nucleus (Bousquet-Antonelli et al., 2000; Proudfoot 2001).
Finally, PABP, while attached to the poly(A) tail, interacts with the 5’-end cap binding
protein elF4E, which causes circularization of the mRNA (Sachs et al., 1997; Wells et
al., 1998; Eldad et al., 2008). This interaction facilitates translation initiation and
increases its efficiency (Gallie 1991; Preiss and Hentze 1998; Borman et al., 2000;
Sachs et al., 2000; Kahvejian et al., 2005; Eldad et al., 2008). The mRNA can become
physically compacted through circularization mediated by protein-protein bridging,
forming a closed-loop structure that can promote reloading of terminating ribosomes

back onto the 5’-end of the transcript (Wells et al., 1998; Sachs et al., 2000; Eldad et al.,
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2008). Taken together, the above demonstrates the importance of efficient
polyadenylation. Defects or mutations in this process can have significant effects on

overall gene expression, as well as cell growth and viability.

 Alternative Polyadenylation: There are two types of regulation of polyadenylation,
both of which involve PAS site choice and usage. Genes that possess a single poly(A) site
are regulated in an “on/off” manner, in which the site is either used (i.e. “on”) or
inhibited (i.e. “off,”). Conversely, genes which contain multiple poly(A) sites employ
alternative polyadenylation, in which one site is utilized, while the other sites are
inhibited (Zhao et al., 1999; Shatkin and Manley 2000). Bioinformatic analysis of
human, mouse and rat cONA and ESTs determined that 54% of human, 32% of mouse
and 28% of rat genes undergo alternative polyadenylation (Tian et al., 2005; Yan and
Marr 2005). Many human genes exhibit tissue-specific differences in poly(A) site choice
(Beaudoing and Gautheret 2001; Zhang et al., 2005). For example, mRNAs from brain
tissues generally have long 3’-UTRs due to the use of a downstream poly(A) site (Zhang
et al., 2005). Poly(A) site choice can also be affected by the cell’s developmental stage,
as 3’-UTRs can shorten in proliferating cells (Sandberg et al., 2008) or lengthen during
embryonic development (Ji et al., 2009).

Genes that undergo alternative polyadenylation can be classified into three classes
(Figure 1.4, Edwalds-Gilbert et al., 1997; Tian et al., 2005; Yan and Marr 2005; Neilson
and Sandberg 2010). The first class involves 3’-UTRs that utilize one of two mutually

exclusive terminal exons and are referred to as skipped-exon associated 3’-UTRS
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(Figurel.4A). This type of regulation often results in the modification of the C-terminus

of the resulting protein (Neilson and Sandberg 2010).

pl(A) p(A) p(A) plA)
.

p(A) plA) plA)

D Coding regions
mmm 3' Untranslated regions

Figure 1.4 The Three Types Of Alternative Polyadenylation

The three types of alternative polyadenylation include (A) skipped-exon associated
3’-UTRs, which have two mutually exclusive poly(A) sites; (B) composite exons,
where a single exon can contain competing splicing and polyadenylation signals, and
(C) tandem UTRs that contain multiple poly(A) sites within the terminal exon.
(Modified from Neilson and Sandberg 2010)

The second class, called composite exons, is defined by competing splicing and
polyadenylation actions within a single exon. In these cases, the final mMRNA transcript
would contain at least part of the exon’s original sequence (Figure 1.4B). The final class

contains multiple poly(A) sites within the 3’-terminal exon, which are called tandem

UTRs (Figure 1.4C). Unlike the first two classes, tandem UTRs generally have no direct
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influence on the resulting protein's coding sequence. This class is also the most common
type of alternative polyadenylation, accounting for more than half of known cases (Yan

and Marr 2005; Neilson and Sandberg 2010).

e Cis/Trans-Acting Factors: Variation in the 3’-end of mMRNAs due to alternative
polyadenylation can result in the exclusion or inclusion of regulatory motifs- cis-acting
sequence elements and/or trans-acting factor binding motifs (Wilusz and Spector 2010).
Cis-acting elements include miRNA targets, which recruit small, non-coding microRNAs
to the mRNAs of protein-coding genes, thereby marking them for posttranscriptional
repression (Lewis et al., 2005). AREs are AU-rich elements that are between 50-150
nucleotides and are commonly found in the 3’-UTRs of genes that encode proteins
involved in cell growth or in the response to external stimuli (Barreau et al., 2006). The
presence of AREs promotes the destabilization of the mRNA via degradation of the
poly(A) tail (Chen and Shyu 1995). Various ARE-binding proteins can bind to these
sequences (Barreau et al., 2006) and recruit/promote the association of the multi-protein
exosome complex that is involved with 3’-5” degradation of mRNAs (Chen et al., 2001;
Mukherjee et al., 2002; Gherzi et al., 2004; Barreau et al., 2006). GU-rich sequence
elements (GREs) can also be found in the 3’-UTRs of short-lived transcripts (Vlasova et
al., 2008). These 11-mer sequences are bound by the RNA-binding CUG-binding protein
(CUGBP1) and promote the decay of the mRNA, most likely through deadenylation
(Paillard et al., 2003; Moraes et al., 2006; Vlasova et al., 2008). It is worth noting that

this protein has also been shown to inhibit poly(A) site usage when bound to a GU-rich
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element in the late gene of human papillomavirus type 16 (Goraczniak and Gunderson

2008).

U1lA and Polyadenylation Regulation: The complex interactions between 3’-end

processing, alternative polyadenylation and cis/trans-acting factors allows for great
flexibility in mRNA transcript formation. Consequently, these processes undergo
extensive regulation. Several models of polyadenylation regulation have been proposed

(Millevoi and Vagner 2010), but this work will focus on the model of regulation by PAP

inactivation. The best-characterized example of this type of regulation is the
autoregulation of the U1A pre-mRNA. Human U1A is a 32 kDa protein that is highly
conserved among vertebrates (Boelens et al., 1993). It is one of ten proteins bound to the
small nuclear RNA (snRNA) of the U1 small nuclear ribonucleoprotein particle (Ul
snRNP), Will and Luhrmann 1997; Klein Gunnewiek et al., 2000). U1A has four
domains: two RNA recognition motifs (RRMs)- an N-terminal RRM1 (amino acids [aa]
1-102) and a C-terminal RRM2 (aa 202-283) which are bridged by a linker region (aa
116-201) and a Polyadenylation Regulatory Domain or PAP Regulatory Domain (PRD,
aa 103-115, Klein Gunnewiek et al., 2000). As a component of Ul snRNP, the N-
terminal RRM1 of U1A binds with high affinity to the stem-loop Il (SLII) sequence
AUUGCAC of the U1 snRNA (Scherly et al., 1989; Lutz-Freyermuth et al., 1990; Klein
Gunnewiek et al., 2000). This protein is predominantly located in the nucleus and is
present in three populations. Approximately 85-95% is associated with U1 snRNP and
not involved in polyadenylation regulation (Gunderson et al., 1997 and 1998). The

remaining two populations consist of pre-mRNA bound U1A, which is involved in
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polyadenylation regulation (see below), and RNA-free U1A that has no known function

(O'Connor et al., 1997).

» U1A Autoregulation: ULA pre-mRNA contains a single poly(A) cleavage site (Figure
1.5A), making it the most characterized example of “on/off” poly(A) site regulation, as
well as PAP inactivation. In vertebrates, the U1A protein is able to regulate its own
expression level through a negative autoregulatory feedback loop (Boelens et al., 1993;
Gunderson et al., 1994; Gunderson et al., 1997). This is accomplished through the
presence of a region known as the Polyadenylation Inhibitory Element (PIE) in the U1A
pre-mRNA 3°-UTR (van Gelder et al., 1993). This 50- nucleotide sequence is conserved
in vertebrates, including human, mouse, Xenopus, fish and platypus (Boelens et al.,
1993), and consists of two seven-nucleotide loops (AUUGUAC and AUUGCAC) which
closely or exactly match the AUUGCAC sequence of SLII of U1 snRNA (Boelens et al.,
1993). These sequences are 19-nucleotides apart and the second loop is 19-nucleotides
upstream of the poly(A) signal (AUUAAA in the human gene, Figure 1.5A, Boelens et
al., 1993). While each of these loops can bind one molecule of U1A (via the N-terminal
RRM1) independently with modest affinity, two molecules of U1A bind with high
affinity, which is indicative of cooperative binding (van Gelder et al., 1993; Klein
Gunnewiek et al., 2000). This homodimerization and cooperative binding is mediated
through the PRD. Endogenous mouse ULIA mRNA levels decreased when U1A was over-
expressed and bound to PIE in mouse cells (Boelens et al., 1993; van Gelder et al., 1993)

and human cells (Guan et al., 2003).
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Figure 1.5 U1A Autoregulation

(A) The human U1lA pre-mRNA 3’-UTR contains the Polyadenylation Inhibitory
Element (PIE) which contains two loops (I and I1), 19 nucleotides apart and loop 11
is 19 nucleotides upstream of the poly(A) signal, PAS. (B) PIE is shown bound by a
homodimer of U1A: two molecules of U1A, one bound to each loop of PIE via their
N-terminal RRM1s. The PRD, which aids in homodimerization and cooperative

binding, interacts with residues within the C-terminal domain of PAP (not shown)
and inhibits its activity. (Part B modified from Klein Gunnewiek et al., 2000)

The resulting (ULA),-PIE complex is able to block polyadenylation by binding to
and inhibiting PAP in vitro and in vivo (Figure 1.5B, Boelens et al., 1993; Gunderson et
al., 1994). PAP inhibition results from direct interaction between the PRDs in U1A and
the C-terminal 20 residues of PAP (Figure 1.5B, Gunderson et al., 1997). In vertebrates,

these 20 residues are the most highly conserved of the 240 total in the C-terminal domain
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of PAP, and are sufficient for interaction with the (U1A),-PIE complex (Martin and
Keller 1996; Gunderson et al., 1997). The inactivation of PAP inhibits polyadenylation,
thereby preventing transport of the ULA pre-mRNA to the cytoplasm. The transcript is
instead rapidly degraded, which lowers the amount of mRNA available for translation,

resulting in decreased U1A protein levels.

* Other Examples of Autoregulation: There have been several other examples of
autoregulation of 3’-end processing reported. As mentioned above, CF I, can regulate
the pre-mRNA 3’-end processing of its own 68 kDa subunit in vitro (Brown and
Gilmartin 2003). CF I, can bind to a set of UGUAA sequence elements found in the 3'-
UTR of the CF 1,-68 pre-mRNA. It is interesting to note that one of the elements
overlaps with the AAUAAA PAS, suggesting inhibition is through steric hindrance
(Brown and Gilmartin 2003).  Autoregulation has also been found to control flowering
in Arabidopsis thaliana. FCA is an RNA binding protein that promotes flowering
(Macknight et al., 1997) and it associates with the mRNA 3’-end processing factor, FY,
and together they negatively autoregulate FCA expression through alternative
polyadenylation (Quesada et al., 2003 and 2005). Four different transcripts can be
produced from the FCA pre-mRNA- a, B, v, and d via alternative splicing and alternative
polyadenylation. FCA-y codes for the functional full-length FCA protein, whereas the
other three transcripts produce truncated, inactive isoforms (Macknight et al., 1997).
FCA binding promotes the usage of a proximal poly(A) site, which results in the
production of the truncated isoforms. In addition, other proteins, including the SR

proteins U2AF65 and SRp75, have protein domains similar to the PRD of U1A and
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inactive PAP accordingly in cell culture when tethered to the 3 UTR of a reporter gene

(Gunderson et al., 1997; Ko and Gunderson 2002).

* ULA Regulation of IgM: U1A has recently been found to regulate the expression of
IgM mRNA. The IgM heavy chain (1) pre-mRNA, a skipped-exon associated 3’-UTR
poly(A) configuration, contains two poly(A) sites- a downstream membrane specific site
located in the 3’ terminal exon and an upstream secretory specific site located within an
upstream intron (Figure 1.6, Alt et al., 1980; Phillips et al., 2001). During B-cell
differentiation, the IgM pre-mRNA is alternatively processed to encode for a membrane-
bound receptor or a secreted antibody (Galli et al., 1988; Edwalds-Gilbert et al., 1997).
The secretory poly(A) site is not expressed in undifferentiated B-cells, instead the
alternative membrane-specific poly(A) site is used that allows for the inclusion of
membrane encoding exons. Upon B-cell differentiation, there is an increase in
cytoplasmic accumulation and stability of secretory mRNA since this is when secreted
