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the general transcription factors and promotes a different set of CTD protein-protein
interactions. These new interactions enable Pol Il to process along the DNA template
strand and elongate the nascent RNA chain. Transcription termination in eukaryotes is
not as well understood as initiation or elongation, though it is closely linked with further
processing of the transcript (Washburn and Gottesman, 2015).

The nascent pre-mRNA contains interspersed non-coding sequences known as
introns that are removed from the nascent RNA chain to connect the protein coding
sequences known as exons through the process of splicing. Splicing is performed by the
spliceosome, a highly dynamic, megadalton ribonucleoprotein complex (RNP) comprised
of dozens of proteins and small nuclear RNA (snRNAs) that catalyzes the
transesterification reactions required to piece exons together (Black, 2003). While many
exons are constitutively incorporated into the pre-mRNA chain, some are selectively
included in a regulated fashion. This process is known as alternative pre-mRNA splicing
(AS), and it occurs in >95% of all human multiexonic genes (Pan et al., 2008). AS
significantly increases proteomic diversity by expanding the range of transcripts that can
be produced from a single protein-coding DNA gene.

In addition to splicing, nascent transcripts also undergo modifications at both the
5" and 3’ ends. At the 5’ end, a 7-methylguanylate cap is added in a three-part reaction
as soon as Pol Il has generated a 25 nucleotide (nt) chain. This cap is unique to
MRNAs, and it distinguishes this class of RNAs from the other types produced by human
cells. At the transcript 3’ end, a series of enzymatic reactions results in cleavage of the
transcript and the addition of an approximately 200 nt long poly-A tail. This poly-A tail is
critical for mRNA stability, transport, and translation. Similar to splicing, cleavage and
polyadenylation does not always occur at the same location for different transcripts from

the same gene. Instead, there often multiple possible polyadenylation sites in a
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transcript. The choice of polyadenylation site usage depends on many factors, including
transcription rate and the presence or absence of nuclear factors that influence the
polyadenylation enzymes (Mayr, 2016). No matter which site is used, a transcript is
considered a mature mRNA (ready for export and translation) when splicing, capping,
and polyadenylation are all complete.

Though typically presented as a rigidly ordered series of steps, the components
of the mRNA biogenesis pathway often occur simultaneously, and each process can
affect the rate or completion of the others (Bentley, 2014; Braunschweig et al., 2013).
Transcription kinetics can influence splice site choice, introducing inclusion or exclusion
pressure on variable exons. In turn, alternative splicing can alter the availability of
different polyadenylation sites and force changes in transcript length that can alter
MRNA stability and protein expression. Likewise, cleavage and polyadenylation can
remove splice sites and force inclusion of exons or cause intron retention.

The coupling of transcription and mRNA processing reflects the biochemical
realities of the mRNA biogenesis pathway. While all of the information for mRNA
processing is encoded in the cis sequence of the transcript itself, processing events and
regulation of this pathway is mediated by a large number of trans RNA-binding proteins
(RBPs). These RBPs decorate the RNA, shielding it from untimely degradation while
orchestrating subsequent processing events. This realization—that RBPs are the driving
factor behind RNA production and regulation— has sparked a decades-long effort to
catalog these proteins and understand the characteristics that allow them to control gene

expression pathways.

Introduction to RBPs and RBDs



RBPs are proteins that bind single- or double-stranded RNA. RBPs are among
the most abundant classes of proteins in the cell, with one recent estimate placing the
total number of human RBPs at >1500, ~7.5% of protein coding genes. This same
analysis estimated that there might be as many as 600 structurally unigue RNA-binding
domains (RBDs) (Gerstberger et al., 2014b). However, this range of RBD diversity is
less pronounced for mRNA-binding proteins, the majority of which bind RNA using RNA
recognition motifs (RRMs), hnRNP K homology (KH) domains, DEAD box motifs, and
zinc finger domains (Gerstberger et al., 2014b). In many cases, RBPs have evolved
duplicates of a single RBD or a combination of multiple types of RBDs that diversify the
RNA nucleotide sequences or motifs bound by these polypeptides. This expansion of
RBDs allows RBPs to bind a wider range of mRNA and other RNA targets in the cell,
contributing to the functional diversity exhibited by RBPs.

The most common RBD — and the RBD most relevant to this dissertation — is
the RRM. RRMs were the first RBD to be discovered and characterized, and they are by
far the most common RBD found in eukaryotic proteins. Approximately 500 human
proteins contain at least one RRM, and single RBPs often contain more than one RRM
(Maris, Dominguez et al. 2005, Daubner, Clery et al. 2013). The sheer abundance of
RRMs in the human proteome is indicative of their importance for protein function and
overall gene expression.

The first structure of an RRM domain was reported in 1994 by the group of K.
Nagai (Oubridge et al., 1994). Since then, more than 150 additional structures for RRMs
from a wide range of proteins have been deposited in the Protein Data Bank (PDB).
These structures agree on the core features of an RRM: a highly conserved Bappaf fold
that consists of a four-stranded anti-parallel beta sheet packed against two alpha

helices. Though all RRMs share this basic structure, RRMs from different protein
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families do vary to some degree, with some RRMs featuring extra short beta strands or
alpha helices. Additional variation comes from the length and amino acid composition of
the interceding loops, the length of the constituent helices and sheets, and the presence
or absence of several highly conserved residue stretches (Maris et al., 2005).

Data from the earliest investigations of RRM structures revealed that RRMs
“canonically” recognize discrete RNA motifs using a set of conserved residues located in
the B-sheet face known as RNP-1 and RNP-2. RNP-1, located in 33, consists of a Lys/
Arg-Gly-Phe / Tyr-Gly / Ala-Phe / Tyr-Val / lle / Leu-X-Phe / Tyr consensus motif where X
is any amino acid; RNP-2, found in 31, is defined as lle /Val /Leu-Phe / Tyr-lle /Val /
Leu-X-Asn-Leu (Maris et al.,, 2005; Query et al., 1989). Interrogation of these RRMs
showed that RNA is bound through a combination of base-stacking and hydrophobic
interactions between the RNP aromatic residues and the nitrogenous bases and sugars
of the nucleic acid, respectively. These interactions are supplemented by salt bridges
formed by positively charged RRM sidechains and RNA phosphates.

Though the overall level of conservation found in RRMs is high, the above four
interactions are not always present in an RRM-RNA complex. In fact, recent studies
demonstrate that RRMs have evolved a wide variety of approaches for interacting with
nucleic acids (Figure 1.1). For instance, so-called pseudo-RRMs use invariant residues
in a1 to non-specifically contact up to three RNA nucleotides with hydrogen bond
formation between additional helix and sheet residues and the nucleotide bases
providing the requisite sequence specificity (Clery et al., 2008). Members of another
subclass of RRMs, termed quasi-RRMs, use highly conserved loops to form molecular
cages around compact stacks of nucleotides with neither the 3 sheet face nor the a
helices contributing to RNA-recognition (Dominguez et al., 2010). Neither pseudo-RRMs

nor quasi-RRMs preserve the RNP-1 or RNP-2 sequences, indicating that these RRMs
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likely never use “canonical” RNA-interaction modes. While structural analysis of RRMs
will continue to uncover different RNA-recognition modes, there is no reason to believe
that all RRMs will slot into rigidly defined classes. Instead, there is likely to be fluidity in
the specific residue locations and types used by RRMs from different families, with some

RRMs using combinations not yet seen in the above-mentioned categories.

hnRNPA1 RRM2 SRSF1 pseudo-RRM2 hnRNP F quasi-RRM2
B sheet mediated primarily a helix mediated primarily loop mediated

Figure 1.1. Different modes of RRM/RNA interaction. Despite high structural conservation, RRMs have evolved to bind
RNA in a variety of different registers. Canonical RRM/RNA interactions are mediated by conserved 3 sheet residues
(hnRNPA1 RRM2, left). Pseudo-RRMs primarily recognize RNA using a conserved set of residues on helix al, with
contributions from the sheet edge (SRSF1 RRM2, center). Quasi-RRMs can engage RNA without use of the RRM helices
or sheets, instead using loop residues (hnRNP F RRM2, right). For all, proteins are depicted in orange and nucleic acids
in blue. Based on PDB entries 2UP1, 2M8D, and 2KGO, respectively. Models built using PYMOL.

Despite their moniker, RRMs do not only bind RNA. In fact, experimental
evidence shows that many RRMs may be functionally important due to their interactions
with proteins, not nucleic acids (Clery et al., 2008; Maris et al., 2005). For example,
U2AF homology (UHM) family members have noncanonical RRMs that feature a third
helix C-terminal to the core RRM structure. This helix actually covers the 3 sheet face

and prevents RNA interaction. Still, the Sattler group has demonstrated that UHM



member SPF45 uses its RRMs to mediate protein-protein contacts that underlie its role
as a regulator of alternative splicing (Corsini et al., 2007). It should be noted that some
RRMs are capable of binding proteins and RNA simultaneously so long as the residues
involved in RRM-RNA interaction are not occluded by RRM-protein interaction (Rideau

et al., 2006).

Regulation of RBPs is critical for proper cell function

Given their centrality to numerous gene expression pathways, especially mRNA
biogenesis, it is crucial that cells maintain tight control over the expression and function
of RBPs. This represents an imposing challenge for several reasons. As mentioned
above, RBPs are highly abundant in humans, and many are ubiquitously expressed
across tissue types. Moreover, RBPs are highly degenerate proteins that often feature
multiple copies of RBDs, a combination of factors that causes broad overlap in the RNA
motifs recognized by these proteins (Ray et al., 2013). While this builds a layer of
redundancy that likely helps cells overcome loss or mutation of a given RBP, it also
means that, in the absence of proper regulation, there are incalculable opportunities for
deleterious protein-RNA interactions.

The importance of proper regulation of RBPs is underscored by the numerous
(Lukong et al., 2008) disease states associated with RBP loss or dysfunction. Changes
in RBP levels or activity have been associated with cancers (Wurth and Gebauer, 2015),
neurological disorders (Nussbacher et al., 2015), muscular atrophies (Lukong et al.,
2008), and aging (Burgess et al., 2012). Because they control the generation of mMRNA,
loss of RBPs that direct production of any protein critical to human health can
theoretically be as dangerous as posttranslational damage to the protein itself. Despite

they invaluable role RBPs play in normal human development and health, we still have
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an incomplete understanding of how RBPs are regulated. Recent advances in genetics,
molecular biology, microscopy, and proteomics have provided a better understanding of
how global changes in RBP expression, localization, interaction networks, and
posttranslational modifications influence RBP function. Still, insufficient work has been
done to link these factors together and demonstrate how they ultimately influence RBP
biochemistry in response to changes in cellular environment. In this dissertation, |
explore the mechanism underlying regulation of one vital RBP, PSF, in response to
antigen signaling in T cells. In doing so, | contribute to our understanding of how a
confluence of factors regulates an RBP and provide insight that will enable further

exploration of this truly multifunctional protein factor.

PSF, a multifunctional nuclear mediator

PSF or SFPQ (PTB-associated Splicing Factor/Splicing Factor Proline-Glutamine
rich), as the names imply, was first identified as a protein required for pre-mRNA splicing
that interacts with the splicing regulatory protein PTB (Polypyrimidine Tract-Binding
protein)(Patton et al., 1993). Cloning and sequencing of this protein also revealed it to be
markedly enriched for proline and glutamine residues (Patton et al., 1993). However,
these names belie the complexity of protein domains, interacting partners, and cellular
activities that have subsequently been ascribed to PSF in the 20+ years since its initial
characterization. Indeed, we are only just beginning to fully appreciate the broad
importance of this protein, and much remains to be understood about how PSF carries
out its many roles in DNA and RNA stability and expression.

PSF belongs to a conserved family of multifunctional nuclear factors termed

DBHS (Drosophila Behavior Human Splicing) proteins, which also includes human



NONO (also known as p54nrb) and PSPC1 (Paraspeckle Protein Component 1) (Bond
and Fox, 2009; Shav-Tal and Zipori, 2002). All three of these DBHS proteins are
conserved throughout vertebrate species, while flies, worms and yeast express a single
DBHS protein. DBHS proteins are defined by a core domain arrangement consisting of
tandem RRMs, an approximately 100-residue coiled-coil domain, and a conserved
intervening sequence referred to as a NONA/Paraspeckle (NOPS) domain. Importantly,
the NOPS and RRM2 domains mediate the formation of homo- and heterodimers
amongst the DBHS proteins (Passon et al., 2012). Not surprisingly, therefore, all three
DHBS proteins often co-localize and co-purify together (Fox et al., 2005; Kuwahara et
al., 2006)

In terms of sub-cellular localization, PSF and the other DHBS proteins can
usually be found in the nucleoplasm and nucleolar caps as well as in paraspeckles
(Bond and Fox, 2009; Fox and Lamond, 2010; Shav-Tal and Zipori, 2002). Although not
completely understood, the partitioning of PSF into these various compartments may be
controlled by cellular environment and/or post-translational modifications (see
Regulation below). Of particular interest is the location of PSF in paraspeckles, as this is
a definitive feature of DBHS proteins (Bond and Fox, 2009). Paraspeckles are
subnuclear bodies that are often present adjacent to, but distinct from, speckles and are
defined by the presence of the NEAT1 (Nuclear Enriched Abundant Transcript 1) non-
coding RNA and the DHBS proteins (Bond and Fox, 2009; Chen and Carmichael, 2009).
Knock-down studies have shown that both PSF and NONO are required for the
formation of paraspeckles, while PSPCL1 is less critical for paraspeckle formation and
may localize to these structures as a consequence of the protein-protein interactions

amongst all the DHBS proteins (Sasaki and Hirose, 2009). As discussed below, the



unique structural characteristics of PSF and the other DBHS proteins seemingly underlie
paraspeckle formation and function.

In addition to the common DHBS core, PSF features additional domains that are
not present in NONO or PSPC1 (Shav-Tal and Zipori, 2002). These PSF-specific
domains confer unique functions and regulatory sites to PSF that are not matched in the
other DBHS proteins. Notably, PSF, but not the other vertebrate DBHS proteins, is
essential for cellular viability. In cultured human cells, reduction of PSF expression by as
little as 2-3 fold induces rapid apoptosis (Heyd and Lynch, 2011). Conversely, NONO is
readily knocked-down with little phenotype, and some mammalian cell types do not
express detectable amounts of PSPC1 (Ha et al., 2011; Kaneko et al., 2007; Melton et
al., 2007). In zebrafish, PSF is necessary for general cell survival and for neuronal
development, while in mice even modest depletion of PSF in thymocytes is sufficient to
block T cell development (Heyd and Lynch, 2011; Lowery et al., 2007). Moreover,
somatic mutations in the gene encoding PSF, or gene fusion events between PSF and
other proteins, have been linked to multiple diseases including autism (Stamova et al.,
2013), Alzheimer’s disease (Ke et al., 2012), renal cell carcinoma (Mathur et al., 2003),
acute myeloid and lymphoblastic leukemia (Dolnik et al., 2012; Duhoux et al., 2012) and
prostate cancer (Jiang et al., 2013). It remains to be determined whether PSF
expression or function is altered in these disease states.

In sum, PSF is a unique multi-domain protein that is essential to the viability of
many, if not all, eukaryotic cells. However, the precise reason PSF is required for cell
growth and development remains unknown. As described below, PSF has been shown
to play a role in many aspects of nucleic acid biology, from genome stability to RNA
processing. Moreover, PSF has the potential to serve as a bridge between nuclear

processes, a critical consequence of PSF's multifaceted existence and a theme
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highlighted by several studies. Is there one cellular process for which PSF is particularly
indispensable, or does the loss of PSF result in cell death through partial compromise or
disconnection of many processes simultaneously? In order to answer these questions,
we need a better understanding of the mechanism by which PSF contributes to each of
its known activities and of how the participation of PSF in this assortment of activities is

regulated.

PSF domains and structural information

PSF encompasses 707 amino acids and has a molecular weight of 76 kDa,
although it anomalously migrates on an SDS-PAGE gel at an apparent molecular weight
of ~100 kDa. Proteolytic cleavage products of apparent molecular weights of 47 and 68
kDa, and an alternatively spliced form of 669 amino acids, have also been described in
various cell types (Gozani et al., 1994; Patton et al., 1993; Shav-Tal et al., 2000). These
truncated forms differ from the full-length protein in the fraction of the C-terminus
included. Differences in function or regulation have not been ascribed to these
truncations, though they are certainly possible. At least seven distinct domains or
features have been defined within PSF by sequence, function, and/or structural analysis
(Figure 1.2), though they can be grouped broadly into three regions: the N-terminus, the
DHBS core, and the C-terminus. Below is an overview of what is known and about each

of these domains to facilitate analysis of PSF’s structure/function relationships.
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Figure 1.2 Domain structure of PTB-associated splicing factor (PSF). A schematic of the domains of PSF
along the primary sequence of the protein. Numbers indicate amino acid. Domains are as discussed in the text.
RGG, RGG box; P, proline-rich domain including proline/glutamine-rich subdomain (P, Q); PRL, PR linker; NLS,
nuclear-localization sequence. RRM1, RRM2, NOPS, and coiled-coil domains are as listed. The portion of PSF
that comprises the DBHS core region is noted. Exact amino acid boundaries of the NLS are also given below.

1) N-terminal Region
RGG Box

The first N-terminal 27 amino acids of PSF are highly enriched in arginine and
glycine residues, including multiple trimeric RGG repeats, a motif known as an RGG box
(Kiledjian and Dreyfuss, 1992). RGG boxes are relatively rare, being present in only
about 100 proteins in humans; however, proteins that contain RGG motifs are highly
enriched for RNA-binding activity (Thandapani et al., 2013). In cases in which the RNA
binding specificity has been studied, the RGG motif mediates association with G-quartet
structures (Thandapani et al., 2013). RGG boxes have also been shown to mediate
interaction with DNA and protein partners, as well as to control protein localization
(Thandapani et al., 2013). In PSF, the N-terminal RGG box is essential for cleavage and
polyadenylation, but is dispensable for interaction with the Pol Il CTD, and has only a
minor effect on splicing (Rosonina et al., 2005). The mechanism by which the RGG box
of PSF influences 3’ end processing remains unknown.

Notably, RGG motifs are substrates for several arginine methyltransferases

(PRMTSs), and methylation of RGG repeats has been shown to influence the interaction
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of RGG boxes with other proteins (Thandapani et al., 2013). Therefore, it is possible that
methylation toggles RGG motifs between nucleic acid- and protein-binding. Evidence for
methylation of the RGG box of PSF exists (Ong et al., 2004; Snijders et al., 2010),
however, relevant PRMTs have not been identified nor has the functional relevance of

PSF methylation been established.

Proline/glutamine repeats

The ~200 amino acids following the N-terminal RGG box are characterized by an
enrichment of prolines and glutamine residues. This includes an approximately 50-
residue stretch where all but six are proline or glutamine, followed by an additional 150
or so residue stretch where over a third of the residues are prolines. From a practical
standpoint, this proline-rich region can sometimes hinder expression and solubility of the
full-length protein, precluding a detailed understanding of the functional aspects of the
proline-rich domain of PSF. Nevertheless, this portion of PSF has been shown to
contribute to protein function, and it may be regulated by post-translational modification
(Stoehr et al., 2016).

Based on our understanding of short proline-rich domains within signaling
proteins, it is likely that the proline-rich region of PSF plays an important role in
mediating protein-protein interactions, particularly with non-DBHS proteins. PSF has
been shown to interact with the proline-binding SH3 domain of the T cell signaling
molecule Nck, at least within cell lysates (Lettau et al., 2010). Furthermore, deletion of
the proline-rich domain abolished the ability of PSF to associate with the strong
transcriptional enhancer VP16 (Rosonina et al., 2005). Finally, at least one report has
convincingly demonstrated that this domain contributes to DNA binding activity

(Morozumi et al., 2009). It has thus far not been determined whether all of the prolines
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are required for all function ascribed to this domain, or if there is redundancy or

separable activities within this peptide region.

PR Linker

Between the P/Q rich repeats and the DBHS core lies a ~ 33 AA stretch between
that | refer to here at the Proline-RRM (PR) linker. While understudied to date, the PR
linker may play a key role in PSF function for several reasons. First, though relatively
short, this region contains many identified sites of post-translational modifications
(PTMs) that may regulate the interactions and/or activity of PSF (see below). Second,
recent structural and biochemical analysis of PSF performed by the Bond group
suggests that the PR-linker should be included as part of the PSF DNA-binding domain,
though it should be noted this the linker alone is not sufficient for interaction with DNA
and seemingly requires PSF dimerization for activity (Lee et al., 2015). Interestingly, the
PR-linker has the capability to form a short a-helix; however, a high degree of flexibility
in this region prevented further analysis and may indicate that this helix only forms in
response to target binding or PTM. Lastly, the PR-linker may have a role as a protein-
protein interaction domain, something | will provide evidence for in later Chapters.
Further functional and structural characterization of this PR linker is necessary for a
more complete understanding of how these 33 amino acids contribute to the activity and

regulation of PSF.

2) DBHS Core
While repetitive sequence elements and predicted disorder have precluded
structural analysis of most of PSF, there are several structures of the DBHS cores of

PSF (Lee et al., 2015), NONO/PSPC1 (Passon et al., 2012), and the C. elegans DBHS
14



orthologue (Knott et al., 2015). These structures agree in terms of how the domains that
comprise the core (RRMs 1&2, NOPS, and coiled-coil) are arranged to form homo- or
hetero-dimers (Knott et al., 2016), and they point to the DBHS proteins as a structurally

unique family of RBPs.
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Figure 1.3. Structure of the PSF DBHS core homodimer. (A) Cartoon model of the PSF DBHS core (Crystal3, PDB
4WII). PR linker (partial) = green; RRM1 = red; RRM2 = orange; NOPS = blue; coiled-coil (partial) = gray. (B) Space-filling
model of Crystal 3. (C) Cartoon model of PSF Crystal 1 structure (PDB 4WIJ) showing longer coiled-coil domain. PR-
linker is not present in this structure. (D) Space-filling model of Crystal 1 (Lee et al., 2015).
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The PSF structures to date (PDB 4WIl, 4W1J, 4WIK) reveal three important facets of the
DBHS core arrangement (see Figure 1.3). First, both RRM1 and RRM2 largely possess
canonical BaBaap folds, although RRM2 has extra beta sheet character versus RRML1.
Second, interchain contacts are confined to RRM2/NOPS’ and the extended right-
handed antiparallel coiled-coil formed by residues C-terminal to the NOPS domain of
each chain. Finally, RRMs 1 and 2 are held in restricted conformations with RRM1’s bulk
solvent-accessible beta sheet surface facing upwards and RRM2's beta sheet surface
facing inward toward a 20 A, solvent-filled channel. Comparison of this arrangement
among all reported DBHS family structures suggests that conserved basic residues in
the NOPS and RRM2 domains, coupled with conserved aromatic and charged residues
in RRM1, form a nucleic-acid or other binding surface (Knott et al., 2016; Knott et al.,
2015). However, | will provide analysis in Chapter 3 showing that these residues are not
required for binding mRNA, and in some cases my actually suppress binding. Below are
short summaries of what is known about each of the constituent components of the PSF
DBHS core.

RNA-recognition Motifs (RRMSs)

Without question, the best-characterized domains of PSF are the RNA-
recognition motifs. In the case of PSF, the two tandem RRMs are present roughly in the
middle of the primary sequence of the protein, where they are separated from each other
by an unstructured seven amino acid alanine-rich linker (FATHAAA). Both RRMs are
~70-80 amino acids, as is typical of human RRMs.

As mentioned above, the most “canonical” mode of RNA-RRM interaction
involves stacking of aromatic residues on the beta-sheet of the RRM with nucleobases
or sugar moieties of the RNA (Daubner et al., 2013), though structural analyses of RRMs

show that they can employ a range of strategies for binding targets. To date, no
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definitive mode of RNA-binding has been confirmed for PSF. RRM1 has traditionally
been thought to possess this ability as it features conserved aromatic residues (F300,
F334, and F336) that are naturally mutated to polar or Gly residues in RRM2. In this
dissertation, however, | will provide evidence that PSF uses RRM2 to bind at least some
RNA targets. This lack of canonical interactions, coupled with PSF's unusual
arrangement of RRMs, may explain PSF’s ability to bind a wide variety of RNA targets
including pyrimidine-rich RNAs (Melton et al., 2007; Patton et al., 1993), GA-rich
sequences (Cho et al., 2014; Peng et al., 2002) and GU-rich sequences (Ray et al.,
2013), and structured RNAs (Greco-Stewart et al., 2006; Peng et al., 2002; Ray et al.,
2011).

Importantly, while RRM domains are named for their ability to bind RNA, studies
of numerous RRMs have shown them to also participate in protein-protein interactions
(Clery et al.,, 2008; Maris et al., 2005). Perhaps because of this multiplicity and
complexity of function, the two RRMs of PSF are not interchangeable. For example,
structure-function studies have shown RRM1 to be required for association with VP16
but dispensable for interaction with the Pol Il CTD, whereas the converse is observed for
RRM2 (Rosonina et al., 2005). By contrast, both RRMs are required for splicing activity
(Rosonina et al., 2005) and for stable association with NEAT1 (Imamura et al., 2014),
even though, only RRM2 is likely required for direct RNA binding, and only RRM2 is
required for subnuclear localization (Dye and Patton, 2001). The precise division of labor
for RRM1 versus RRM2, and the sequence or structural features that dictate the
observed functional differences, remains to be determined for most activities of PSF.
NOPS

Immediately following RRM2 is the novel NOPS domain (NONA/Paraspeckle

domain), defined by virtue of its homology and structure in the NONO/PSPC1 dimer. In
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older literature, a portion of the NOPS domain was denoted as an extension of RRM2
(Rosonina et al.,, 2005); however, as mentioned above, the crystal structure of the
NONO/PSPC1 heterodimer clearly reveals that the 52 amino acids following RRM2 fold
into a distinct domain that interacts extensively with RRM2 of the dimeric partner
(Passon et al., 2012). This NOPS domain also makes contacts with the coiled-coil
domain of the dimeric partner (Passon et al., 2012). Based on homology to the
NONO/PSPC1 heterodimer structure, mutation of residues of the NOPS domain that
interact with the RRM2 or the coiled-coil domain abolish the ability of PSF to interact with
wildtype DBHS proteins or localize to speckles in cells (Passon et al., 2012). Therefore,
the NOPS domain can best be described as a protein-protein interaction domain that is
essential for formation of functional dimers in the cell.

Coiled-coil domain

In all three DBHS proteins, the NOPS domain is followed by a highly charged
sequence of ~60-100 amino acids. As discussed above, this charged sequence forms a
right-handed coiled-coil with the corresponding domain of the partner protein (Lee et al.,
2015; Passon et al., 2012). Notably, virtually the entire coiled-coil domain is necessary
for targeting of the DBHS proteins to paraspeckles, while only half this domain is needed
for dimerization (Passon et al., 2012). This observation suggested that the full coiled-coil
domain is required for the DBHS proteins’ role in paraspeckle formation and “functional
aggregation” in the cell. Indeed, evidence provided by the Bond group confirms that
coiled-coil mediated polymerization of PSF underlies paraspeckle formation and is
required for its DNA-binding and transcriptional activity. These data partially contradict
observations that PSF’s transcriptional activity is downregulated as a consequence of its
localization to paraspeckles. The cell's use of this sort of regulatory mechanism will be

discussed in more detail below.
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3) C-terminus

In keeping with a model in which the C-terminus of PSF dictates protein
localization, both a portion of the coiled-coil region (AA 547-574) as well as the final
seven residues of PSF mediate nuclear localization. The final seven amino acids
conform to a canonical NLS (nuclear localization signal), while the internal NLS functions
as a complex bipartite signal (Dye and Patton, 2001). No additional striking sequence or
structural feature has been proposed for the C-terminal most ~100 amino acids of PSF,
although the sequence is moderately enriched for glycine (~30%) suggesting flexibility of
the region. Similar to the N-terminal RGG and Pro-rich sequences, the C-terminal ~100
amino acids also contain no notable homology to the other DBHS proteins.

Interestingly, there is evidence that the C-terminus plays a critical role in
regulating the interaction of PSF with other molecules. In addition to the predicted
flexibility of this region, the C-terminus contains sites of post-translational modification
(PTM) that may alter PSF’s function (Knott et al., 2016). Previous work in the Lynch lab
demonstrated that phosphorylation of T687 is required for PSF to interact with its
regulatory partner TRAP150 (thyroid hormone receptor-associated protein complex 150
kDa component) (Heyd and Lynch, 2010). Notably, deletion of the final C-terminal amino
acids (AA 667-707) also permits association of PSF with TRAP150, demonstrating that
TRAP150 does not interact directly with T687, but rather that phosphorylation of this site
functions as a regulatory switch (Heyd and Lynch, 2010). The mechanism underlying
TRAP150's effect on PSF is the subject of this dissertation, and will be discussed in
more detail below. Whether the C-terminus also regulates other protein-protein
interactions of PSF, and whether additional PTMs control the activity of the C-terminus,

remains an open and active area of study.
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Figure 1.4 Cellular activities of PSF. A schematic highlighting the cellular activities which PSF has thus far been
reported to regulate. Black activities are those for which the mechanism of PSF activity is best understood. Gray activities
are those with less experimental support or unclear mechanism. Dotted double arrow indicates coordination of activities
through PSF.

Cellular functions of PSF

PSF has been implicated in a wide range of cellular activities, and recent trends
in the literature suggest that the full scope of its activity has not yet been completely
delineated. The following is a summation of what is known about PSF's cellular
functions, presented to highlight areas with the strongest evidence and to show which
functions of PSF are bona fide and which may be indirect or need further evidence to
confirm their validity.

MRNA Splicing

The first activity attributed to PSF was pre-mRNA splicing. In 1991, Patton and
colleagues demonstrated that a complex containing the RNA binding protein PTB and an
unknown splicing factor of apparent molecular weight of 100 kDa was required to splice
an alpha-tropomyosin pre-mRNA substrate in nuclear extracts (Patton et al., 1991). They

went on to clone this unknown protein in 1993 and coined the name PSF (Patton et al.,
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1993). In nuclear extract, pre-mRNA splicing requires the step-wise assembly of multiple
spliceosome subunits and co-factors to form the final enzymatic spliceosome complex
(Wahl et al., 2009). Immunodepletion of nuclear extract with antibodies to PSF was
shown to block spliceosome assembly at the earliest steps (Patton et al., 1993). These
in vitro experiments were interpreted to suggest that PSF has a general and essential
role in early spliceosome formation; however, with hindsight it seems likely that many
PSF co-associated proteins were also lost during immunodepletion of PSF. Moreover, it
is now known that individual pre-mRNA substrates often have distinct sensitivities to
even “core” splicing factors (Papasaikas et al., 2014; Park et al., 2004). Accordingly,
caution should be taken in over-interpreting these initial experiments. Indeed, later
proteomic studies have identified PSF in catalytic or immediately pre-catalytic
spliceosome complexes (Ajuh et al., 2000; Jurica and Moore, 2003; Makarov et al.,
2002), and biochemical studies have demonstrated a role for PSF in the second catalytic
step of splicing (i.e. exon joining) of some (Gozani et al., 1994), but not all (Lindsey et
al., 1995), pre-mRNA substrates.

These early studies of PSF function, together with two decades of increased
knowledge of splicing regulation, suggest a model in which PSF is loosely associated
with the spliceosome in such a way that it can influence spliceosome assembly in a
substrate-dependent manner. Such activity is typical of proteins we now call splicing
regulators, which are broadly defined as any protein that controls alternative splicing (Fu
and Ares, 2014). PSF has recently been shown to influence alternative splicing of both
the CD45 (Cluster of Differentiation 45) and Tau genes through direct interaction with
specific RNA sequences. In the Tau gene, PSF interacts with a stem-loop structure at
the exon-intron boundary downstream of exon 10 to repress inclusion of this exon in the

final MRNA (Ray et al., 2011). Similarly, PSF represses inclusion of exon 4 of the human
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CD45 gene by binding to a pyrimidine-rich region within this exon (Heyd and Lynch,
2010; Melton et al., 2007).

PSF can also promote exon inclusion. For example, PSF induces the neural-
specific inclusion of the N30 exon of nhonmuscle myosin heavy chain II-B by promoting
binding of the splicing regulator Rbfox3 (RNA-binding protein, fox-1 homolog 3) to the
substrate pre-mRNA through protein-protein interaction (Kim et al., 2011). Furthermore,
Cho and colleagues demonstrate that the inclusion of exon 7 of SMN2 (Survival of Motor
Neuron 2) in neuroblastoma cells is induced by binding of PSF to a purine-rich sequence
in the exon (Cho et al., 2014). Interestingly, the mis-splicing of SMN2, like Tau, has been
implicated in neurologic pathology (Cartegni and Krainer, 2002; Jiang et al., 2000),
lending further support to a possible role for PSF in human disease.

Despite more than two decades of study of PSF in splicing, the exact
mechanism(s) through which PSF regulates exon use remains unknown. The case of
Tau exon 10 likely represents an example of direct steric hindrance, in which the binding
of PSF to the hairpin structure precludes binding of the Ul snRNA component of the
spliceosome to the 5 splice site embedded within this hairpin (Ray et al., 2011).
However, it is less clear how binding of PSF within an exon may repress (CD45) or
enhance (SMN2) exon inclusion. One intriguing possibility in the case of SMN2 is that
PSF may aid in the recruitment of the U4/U5/U6 tri-snRNP (small nuclear
ribonucleoprotein) subunit of the spliceosome, as it has been shown to interact directly
with stem-loop 1 of the U5 snRNA component of the tri-snRNP (Peng et al., 2002).
Finally, although there is much evidence to support direct regulation of the spliceosome
by PSF, it may also impact splicing through its effect on transcription and/or
polyadenylation. These additional activities, and the potential PSF-mediated coupling of

transcription, splicing and polyadenylation, are described below.
22



3’ End Processing

Similar to many proteins initially characterized as splicing factors, PSF is now
known to be involved in many additional aspects of mMRNA biogenesis. Indeed, within a
few years of the initial discovery of PSF, evidence began to emerge that this protein
might also regulate the 3’ polyadenylation of mRNAs. The role of PSF in 3’ end
formation was first identified as part of a search for protein components of a complex
(SF-A) containing the U1A protein distinct from the UlsnRNP (O'Connor et al., 1997).
Sucrose gradient fractionation and immunoprecipitation of HeLa cell extracts suggested
that the SF-A complex contained five proteins in addition to U1A, the largest of which
was identified as PSF (Lutz et al., 1998). Furthermore, the SF-A complex was found to
contain additional splicing factors such as NONO, and antibodies to the complex
affected coupled splicing and polyadenylation at suboptimal polyadenylation sites (Hall-
Pogar et al., 2007; Liang and Lutz, 2006). Finally, tethering of PSF adjacent to the sub-
optimal polyadenylation signal from the COX-2 (cyclooxygenase 2) 3'UTR was shown to
activate use of this polyadenylation site in the absence of any other regulatory
sequences, demonstrating a direct role of PSF in 3’ processing site choice (Hall-Pogar et
al., 2007). Additional reports have also shown an effect of PSF in stimulating cleavage
and polyadenylation at a weak site in the prothrombin F2 gene and in reporter constructs
containing the SV40 polyadenylation site (Danckwardt et al., 2007; Rosonina et al.,
2005), and have observed PSF within the 3’ end processing complex purified from
mammalian cells (Shi et al., 2009). Taken together, these studies suggest that PSF and
associated protein factors may help ensure that polyadenylation at noncanonical or sub-

optimal polyadenylation signals can take place. The PSF-driven mechanisms that
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promote the use of polyadenylation signals have not yet definitively been elucidated, but

they may include recruitment or stabilization of the basal polyadenylation machinery.

Nuclear retention

As mentioned above, PSF is often localized within the nucleus to structures
known as paraspeckles. Paraspeckles are built around the long non-coding RNA
(ncRNA) NEAT1, and are directly involved in regulating nuclear retention of mRNAs
(Chen and Carmichael, 2009; Fox and Lamond, 2010; Nakagawa and Hirose, 2012).
This signal for nuclear retention appears to be the inclusion of the atypical nucleobase
inosine in messages to be retained (Zhang and Carmichael, 2001). Inosine (l) is the
product of deamination of adenosine (A). Such A-to-I deamination is catalyzed by the
ADAR (Adenosine De-Aminase RNA-specific) RNA-editing enzymes, which
preferentially bind to double-stranded RNA (Hundley and Bass, 2010). Most
paraspeckle-retained messages appear to contain long inverted repeats that are
predicted to form extended RNA duplexes, which are then extensively edited by ADAR
(Chen and Carmichael, 2009; Hundley and Bass, 2010). PSF, together with Matrin 3,
PSPC1 and NONO, bhinds with high affinity to hyper A-to-l edited mRNAS, presumably
through specific recognition of the inosines (Zhang and Carmichael, 2001). This high
affinity interaction anchors hyper-edited RNAs within paraspeckles and prevents their
export to the cytoplasm (Chen and Carmichael, 2009; Zhang and Carmichael, 2001).
Notably, such PSF-dependent nuclear retention has been observed to be relieved either
by loss of NEAT1 expression and concomitant dissociation of paraspeckles (Chen and
Carmichael, 2009), or by specific cleavage of the inosine-containing portion of the

message, typically in an extended 3' UTRs (Prasanth et al.,, 2005). Thus, nuclear
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retention by PSF is an important regulatory layer in determining the export and

expression of mammalian mRNASs.

mMRNA Transport and Translation

Although PSF is usually localized to the nucleus, there are reports of PSF
cytoplasmic localization that are worth consideration. These reports expand the
functional purview of this protein and/or point toward PSF as a possible marker for
certain cell states. For example, several reports have suggested a role for PSF in
cytoplasmic IRES (Internal Ribosome Entry Site)-mediated translation (King et al., 2014;
Sharathchandra et al.,, 2012). Translation typically initiates at the capped 5 end of
MRNAs. However, translation can also initiate at internal ribosome entry sites, or IRESS,
which are complex secondary or tertiary RNA structures internal to the mRNA that
facilitate ribosome assembly (Filbin and Kieft, 2009). In one study, Sharathchandra and
co-authors demonstrated that in cell lysates and purified in vitro assays PSF can bind
directly to an IRES element located within the p53 gene (Sharathchandra et al., 2012).
Whether PSF interacts with the p53 IRES in cells remains unclear; however, knockdown
of PSF in H1299 cells decreased both IRES and non-IRES dependent expression of
p53, suggesting an indirect effect (Sharathchandra et al., 2012). More convincing
evidence for a role of PSF in translation comes from a study showing that PSF
participates in IRES-mediated translation of a set of apoptotic-regulated genes during
TRAIL (TNF-Related Apoptosis-Inducing Ligand)-induced apoptosis (King et al., 2014).
Importantly, this IRES-activity correlated with mis-localization of PSF to the cytoplasm in
response to TRAIL-induced apoptosis (King et al., 2014). These results suggest that
cytoplasmic localization and activity of PSF might be used by cells as a gauge of cellular

crisis.
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Nevertheless, there is evidence that PSF functions normally in extranuclear
roles, specifically in neural cells. PSF is known to be a stable component of kinesin-
associated RNP granules associated with mRNA transport to dendrites in mice (Kanai et
al., 2004). In addition, Sury and colleagues found that PSF interacts with JNK1 in the
cytoplasm of rat neuroblasts and that it likely functions in the JNK pathway to regulate
neurite outgrowth (Sury et al., 2015). While these studies provided evidence that PSF
functions in neuronal mMRNA transport, they did not indicate whether the transported
transcripts were functionally related or specifically bound by PSF. A more recent study,
however, asserts that PSF promotes dorsal root ganglion sensory neuron axon survival
by organizing an mRNA regulon (Cosker et al., 2016). The authors of that report show
that axonal MRNAs such as Lmnb2 and Bcl2l2 contain PSF binding motifs that are
recognized by the protein and mark these mRNAs for transport out of the nucleus in a
PSF-dependent, neurotrophin-responsive manner. Together, these results point to a role
for PSF in neuronal mRNA transport and cell viability. It remains to be seen whether

normal cytoplasmic function of PSF is recapitulated in other cell types.

Transcription

Though essential for mMRNA biogenesis, it is important to note that PSF (and
some other RBPs) can also bind DNA targets and function in DNA metabolism and
surveillance. Balance between DNA-centric and RNA-centric functions is a critical
component of the regulation of PSF, and thus PSF'’s roles as a DNA-binding protein will
be briefly reviewed here.

The first DNA-related role to be uncovered for PSF was the regulation of
transcription. Indeed, it is now known that PSF can act as both a positive and a negative

transcriptional regulator. Roepcke et al. showed that in HEK293 cells PSF and NONO
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Figure 3.6. PSF requires residues outside of the RRMs to bind double-stranded RNA. EMSAs were performed
using a probe known to form a stable RNA hairpin (see Materials and Methods) and the minimal RRMs, extended RRMS,
or full length PSF at the concentrations shown above.

Discussion

PSF’s interactions with nucleic acids are central to its function in the cell. These
interactions determine if certain genes or transcripts fall under PSF’s regulatory purview
and exert a powerful effect on PSF’s subnuclear localization and its overall balance of
activity. Unfortunately, we have an incomplete picture of how PSF mediates these critical
interactions, especially its protein/RNA interactions. This lack of insight precludes a
mechanistic understanding of how different domains and residues of PSF are targeted
for regulation by protein co-factors and PTMs. Here, | expand our knowledge of PSF’s
nucleic acid interactions by isolating RRM2 as the domain chiefly responsible for
PSF/mRNA interactions. | further demonstrate that mutations in RRM2 can substantially
alter its affinity for mRNA. Finally, | show that PSF's RRMs are insufficient for binding
dsRNA. These data support a model of PSF/nucleic acid interaction in which PSF uses
RRM2 to bind ssRNA but draws upon residues in other domains to bind DNA or complex

forms of RNA.
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PSF-regulation (Figure 4.2). These results greatly expand the set of known PSF splicing
targets and imply that PSF plays a significant role in shaping isoform expression in T

cells.

Figure 4.2. Expression of TRAP150 antagonizes the majority of PSF-dependent splicing events. (A) Model of
TRAP150 regulation of PSF in unstimulated and stimulated T cells based on studies of the CD45 pre-mRNA. (B) Western
blots showing knockdown of TRAP150 in resting cells (to simulate stimulated conditions) and knockdown of PSF in
stimulated cells (to simulate unstimulated conditions). (C) Representative RT-PCR to assay inclusion of PSF-target exons
in cell conditions shown in panel (B). (D) Graphical representation of inclusion of variable exons in the indicated genes in
unstimulated or stimulated wildtype and PSF or TRAP150-depleted cells. Top graph shows exons that are enhanced by
PSF in stimulated cells and repressed by TRAP150 in unstimulated cells. The middle graph shows exons that are
repressed by PSF in stimulated cells and enhanced by TRAP150 in unstimulated cells. The bottom graph shows exons
that are regulated in the same direction by both PSF and TRAP150. In all cases, %inclusion is derived from low-cycle RT-
PCR and is the average of at least three independent experiments. Standard deviation in all cases is < 5.
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Table 4.1. PSF-dependent, PMA-induced splicing events (determined by RASL-Seq) expressed as percent spliced
isoform

Gene symbol WT Unstim WT Stim PSF KD Stim
LEF1 36 88 48
DKFZp43410612 46 61 24
LUC7L 31 66 32
AMOTL1 70 86 58
BAT2L 8 38 11
MYO5A 59 77 54
PRPF3 18 41 19
TRA2A 33 50 32
PPIL5 34 56 40
NFYA 5 28 15
BBX 14 25 10
SNHG3-RCC1 36 55 42
ITGA6 34 44 32
C200rf72 80 70 82
HISPPD2A 26 9 21
USP33 33 21 35
KLC1 93 7 91
HNRNPH3 78 64 80
ATP11C 44 32 48
GNAS 73 62 80
MATR3 80 68 85
SESTD1 67 33 51
C100rf28 42 32 53
PEX5L 87 77 96
WHSC1L1 40 29 49
NCOR2 81 66 86
CCDC7 53 38 61
ADNP 84 69 92
DTNB 27 12 36
CDCA7L 37 21 48
CTTN 73 43 70
SNHG3-RCC1 44 25 53
APP 89 63 92
C20rf33 46 25 56
RPGR 76 64 95
TPIP 80 59 92
KCNAB2 33 22 57
SRPK2 48 32 68
OPA1l 52 33 75
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