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Thesis Abstract

Noncanonical post-transcriptional roles for SR proteins during microRNA biogenesis

by Marija Dargyte

All biological processes are under regulatory control for efficient and proper homeo-
static function. Dysregulation of these mechanisms results in consequences that the
cell must overcome. RNA binding proteins (RBPs) are a broad class of proteins that
control RNAs. They regulate all aspects of an RNA’s lifecycle. The fate of RNA is
dependent on interactions with its partnered RBPs. My thesis will be focused around

a well characterized group of RBPs belonging to the SR protein family.

Many RBPs are first characterized based on their roles in regulation of mRNAs. How-
ever, there are many different species of RNAs created in the cell that are maintained
by RBPs. MicroRNAs (miRNAs) are short non-coding RNAs that function as regula-
tors of mRNAs. Although the main enzymes that create miRNAs have been revealed,
there are still many questions as to how their synthesis is is regulated during each step

of biogenesis.

In my dissertation I will show that traditionally characterized regulators of mRNA
gene expression, the SR protein family members SRSF1 and SRSF3, have critical
roles in miRNA biogenesis. Using a combination of in vivo and in vitro approaches
we discover that these proteins bind to specific locations outside of the miRNA hair-
pin, a key feature required for miRNA biogenesis. This interaction promotes a struc-
tural conformation that enhances initial cleavage of miRNAs by allowing for better

accessibility of the hairpin by the Microprocessor. My work expands the scope of

Vi



post-transcriptional regulation by SR proteins by defining their roles during miRNA

biogenesis.

vil



Acknowledgments

I would like to very plainly thank the many people that have helped during my gradu-
ate career. Jeremy Sanford for his mentorship, advice, and encouragement. My com-
mittee, Manny Ares and Al Zahler for critical feedback on my experimental process
and thesis writing. Neighboring labs: Jurica, Noller, Ares, Zahler, Arribere for sharing
equipment and reagents at any point when I needed it. The Stone lab, who so kindly
shared their biochemical expertise. There are many current and past lab members that
deserve appreciation. Doyle Coyne for teaching me the foundations of working with
Jeremy. Hanane Ennajdaoui, for being my first lab mentor and teaching me of perse-
verance. Jon Howard for being an exceptionally well-read scientist. Julia Philipp for
helping me answer most bioinformatics-based questions. Ed Kim and Michael Blanco
for being the boys. Victor Tse for working hard and treating me so kindly as I tried

to be a mentor. Jolene Draper, for a friendship that is impossible to describe. I would
like to thank my non-lab people for their support and presence. My family: Dauras,
Asta, Mykolas, and Paule for their words, encouragement, and support. Morgan and
Typewriter Davis for their companionship, protection, and patience during my best
and worst times. To the people I love so dearly but have left off please know I am
eternally grateful for all the difficult conversations, long walks, spontaneous meals,
sleepovers, gossip, tears and laughter. I would not be who I am if it were just up to

me.

viii



Chapter 1: Introduction

Introduction

Gene regulation is important for maintaining the flow of genetic material in a cell.
Molecular biology is centered around how DNA is transcribed to RNA, which is
translated to protein. Within this dogma there are slight variations and adaptations that
add to the complexity of life. For example, retroviruses do not contain DNA, rather
their RNA genome is reverse transcribed upon infection of a host. Another example is
that not all RNAs are translated to protein, rather RNAs such as tRNA, rRNA, In-
cRNA, and miRNA are functional as RNAs. Despite these incongruencies, for prop-
er cellular function, nucleic acids and proteins have to be regulated. Disruptions in
necessary gene regulation are regularly observed in cancers and diseases and must be
compensated for by alternative mechanisms. In the following thesis I will explore the

mechanism by which RNA binding proteins regulate noncoding RNAs.

microRNA discovery

MicroRNAs were first discovered as small regulatory RNAs that function through
antisense complementarity (R. C. Lee, Feinbaum, and Ambros 1993). Ambros and
colleagues made a surprising discovery that RNAs, that do not code for protein, can
be regulators of development. Initial observations show the presence of two distinct
length RNAs, 22 nt and 61 nt, that contain the same sequence where the 22mer was
also observed to bind to the 3° UTR of the lin-4 mRNA (Lee, Feinbaum, and Ambros
1993; Slack et al. 2000; Moss, Lee, and Ambros 1997). The 22 nt and 61 nt sequences

were later revealed to be mature miRNA and its precursor miRNA hairpin. Further re-



search from the Ruvkun lab describes an interaction within the 3’ UTR of lin-14 gene
that results in the negative regulation of lin-14 protein (Wightman, Ha, and Ruvkun

1993). Forming a model for miRNA function. A small RNA can post-transcriptionally
downregulate an mRNA, through base pair complementarity found within its 3’ UTR.
Since their discovery, miRNAs have undergone numerous nomenclature changes, the
numbers of functional miRNAs have continued to grow, and their ability for fine-tun-

ing the transcriptome is being further studied.

microRNA function

MicroRNAs target 3° UTRs of mRNAs to negatively regulate their translational po-
tential. Approximately 50% of 3’ UTRs of human mRNA are regulated by miRNAs
(Agarwal et al. 2015). Mature miRNAs function through base pair complementarity
between the miRNA seed and the 3> UTR. The miRNA seed site is considered nucle-
otides 2-7, relative to the 5° of a mature miRNA and needs to have complete comple-
mentarity for efficient binding. Although there are differences in sequence specificity
and preference for different miRNAs (Agarwal et al. 2015). The 2-7 nt 6-mer is the
most common, although many miRNAs can have a preference for 2-8 when position
1 of the seed is an adenosine (Lewis, Burge, and Bartel 2005; Krek et al. 2005; Bren-
necke et al. 2005). Other miRNAs have requirements for 3’ sequence complementar-
ity of positions 17-22 (Lewis, Burge, and Bartel 2005; Grimson et al. 2007). Thirdly,
there are some species of miRNAs that have preference for complementarity in cen-
tral pairing of the mature miRNA (Shin et al. 2010). Seed sites have been observed
to have variability in conservation, where conserved sites generally are more efficient

sites of translational repression (Agarwal et al. 2015).



A mature miRNA is functional upon complex with the miRNA-induced silencing
complex (miRISC). This complex can be composed of proteins which guide the
miRNA and promote different mechanisms of translational repression. For deade-
nylation and ultimately 3’ directed decay, GW182 is bound to miRISC which recruits
CCR4-NOT, a deadenylase complex (Nakanishi 2016). The binding of this complex
promotes deadenylation and decay from the 3’ end of the mRNA. Deadenylation can
sometimes promote decapping by DCP2 complex causing exonuclease decay from
the 5” end of the targeted mRNA (C.-Y. A. Chen et al. 2009). DDX6, an RNA heli-
case, has been shown to be recruited to the mRNA by GW182 resulting in transla-
tional repression (Mathys et al. 2014). DDX6 is known to function as a translational
repressor by interacting with translation initiation factor, elF4E, inhibiting translation

initiation (Kamenska et al. 2016).

miRNASs in cancer

Although only 22 nucleotides long at maturity, miRNAs are a conserved class of
global gene regulators. Approximately 60% of human protein-coding genes contain
at least one miRNA seed site (Ventura et al. 2008). Due how large the pool of miRNA
targets is, it is not surprising that dysregulation of miRNAs is observed in disease and
cancer. Additionally, miRNA expression profiles have been shown to be even more
accurate than mRNA profiles or protein profiles to characterize cancer types (Lu et al.
2005). These expression profiles are indicative that miRNAs can function as poten-
tial therapeutics for cancer and disease progression. Similar to using antisense oligos
(ASOs), miRNAs can be injected in vivo to target genes for regulation (Rupaimoole
and Slack 2017). They also have dual roles during cancer progression. A miRNA can

be oncogenic (oncomirs) if its overexpression leads to reduced expression of tumor



suppressor genes. Likewise, a miRNA can function as tumor suppressors if its expres-
sion is correlated to a decrease in anti-apoptotic genes. Two examples of such anti-

and pro-oncogenic miRNAs are the let-7 family and miR-17~92 cluster.

The miRNA family let-7 consists of nine orthogonal mature transcripts. Their regu-
lation is important during early differentiation, and dysregulation of let-7 expression
has been linked to cancer initiation (Biissing, Slack, and GroBhans 2008). Many of
let-7 targets are oncogenes, the repressive roles let-7 imparts on oncogene expres-
sion defines this miRNA family as tumor suppressors (Balzeau et al. 2017). Reduced
levels of let-7 in serums extracted from cancer patients are generally associated with
a poor prognosis (Shell et al. 2007; Calatayud et al. 2017; Zhang et al. 2008). Let-7a
is a well studied let-7 member and its expression has been observed to be significantly
decreased in at least 12 different cancers. In ovarian cancer, decreased let-7a expres-
sion is a consequence of genomic deletion rather than insufficient processing (Zhang
et al. 2008). Oncogenic genes targeted by let-7a include: MYC, LIN28, NFkB, and
p53 (Saleh et al. 2011; Z. Wang et al. 2011; Viswanathan, Daley, and Gregory 2008;
[liopoulos, Hirsch, and Struhl 2009). Let-7 can also be utilized as a therapeutic to in-
hibit cancer progression. Overexpression of let-7 in mouse tumors has been observed
to contribute to decreased tumor size and a higher survival rate (Wu et al. 2015; Es-

quela-Kerscher et al. 2008; Tang et al. 2016).

Likewise, the miRNA cluster miR-17~92 can function as an oncomir during cancer
progression. Mir-17~92 is a group of six miRNAs that is transcribed as a single unit
known as a polycistron. The genomic loci of the cluster is also observed to be over-
amplified in certain cancers (He et al. 2005; Hayashita et al. 2005; Olive, Li, and

He 2013). Interestingly, high expression of miR-17~92 is strongly correlated with



decreased cellular apoptosis and increased expression of MYC, an oncogene (He et
al. 2005). Members of the miR-17~92 cluster have been characterized as repressors
of anti-apoptotic genes. PTEN, a cell cycle regulator, is a target of miRs-19a and
-19b (Jia et al. 2013). Overexpression of these miRNAs results in decreased levels of
PTEN mRNA resulting in increased cell division in gliomas (Jia et al. 2013). Anoth-
er miR-17~92 member, miR-92a is elevated in glioblastomas. While knockdown of
miR-92a is correlated with increased cell apoptosis and BAX, a gene part of the well
studied pro-apoptotic Bcl-2 protein family (Niu et al. 2012; Kale, Osterlund, and An-
drews 2018). The large body of work showincasing miR-17-92 as an oncogene makes

it a very good candidate for potential therapeutics.

For the context of this thesis plant miRNAs will not be discussed. Although plant
miRNAs are fundamental for the plant life cycle and function as post-transcriptional
gene regulators. They differ from animal miRNAs greatly (for review see J. Wang,
Mei, and Ren 2019). The differences in mechanism and conservation suggest a dis-
tinct evolutionary path that gave rise to miRNAs in plants when compared to animals,

thus plant miRNAs will not be considered here.

Canonical microRNA biogenesis

The majority of miRNAs are processed in a well characterized canonical pathway
(Figure 1.1). A primary miRNA (pri-miRNA) is transcribed by RNA polymerase 11
in the nucleus (Cai, Hagedorn, and Cullen 2004). Transcriptional control of miRNAs
is still relatively poorly studied. Pri-miRNAs can be found within or between protein
coding genes. MicroRNA promoters and transcription initiation can be dependent or

independent of surrounding protein coding genes (Ozsolak et al. 2008; Monteys et al.



2010). Using deep CAGE and Pol II ChIP-seq data Marsico et al, define transcription
start sites (TSSs) of intronic miRNAs. Cap analysis and gene expression (CAGE)
uses fragmented 5’ ends of mRNA to identify TSSs and measure gene expression
(Shiraki et al. 2003). Deep CAGE incorporates CAGE data and known transcription
factor binding sites which expands the scope of the transcriptional network (de Hoon
and Hayashizaki 2008). While chromatin immunoprecipitation coupled with sequenc-
ing (ChIP-seq) is a genome-wide method that reveals protein interactions with DNA
(Park 2009). The authors note that more intronic miRNAs are regulated by their own
promoters rather than using that of the host gene (Marsico et al. 2013). Surprisingly
they observe poor or negative correlation of gene expression between the host mRNA
gene and the intronic miRNA. Additionally, both exonic miRNAs and intronic miR-
NAs, known as mirtrons, can be transcribed by independent promoters, adding to the
complexity between splicing and miRNA biogenesis (Marsico et al. 2013). Although
miRNA transcripts are primarily Pol II products the transcription factors used by
promoters vary greatly compared to promoters of protein coding genes (Ozsolak et al.
2008). Like protein coding genes, pri-miRNAs are 7-methylguanosine (m7G) capped
and polyadenylated (Cai, Hagedorn, and Cullen 2004).

Pri-miRNAs can range drastically in length, from just over 70 nts to kilobases in
length, and have relatively short half lives due to processing (Cai, Hagedorn, and
Cullen 2004; Y. Lee et al. 2003). Within the long pri-miRNA transcript lies the dis-
tinct miRNA hairpin. The hairpin is typically ~70 nts in length but can vary from
>100 nts to 30 nts. The hairpin possesses certain unique determinants necessary for
miRNA processing, which will be discussed in more detail. The basal segments 5’ and
3’ of the hairpin tend to be single-stranded which promotes Drosha recognition of the

hairpin (Ma et al. 2013; Jinju Han et al. 2006; Zeng, Yi, and Cullen 2005). The stem



contains an embedded mature miRNA, and is predominantly single-stranded. The

apical loop contains a small stretch of unpaired nucleotides.

The initial cleavage of the pri-miRNA is performed by a complex known as the
Microprocessor (Jinju Han et al. 2009; Zeng, Yi, and Cullen 2005). A minimal Micro-
processor complex consists of the RNase III enzyme Drosha, and a dimerized RBP,
DGCRS8 (Macias, Cordiner, and Céceres 2013). Additional cofactors and proteins
such as helicases can be present in the complex to aid in processing and specifici-

ty (Mori et al. 2014). This initial cleavage event determines the mature miRNA as
Drosha defines one of the ends of what will become the mature transcript (J. Han et
al. 2004; Lund et al. 2004). The Microprocessor binds to the hairpin structure within
the pri-miRNA transcript. This binding serves as both a ruler and guide for defining
sequences within the hairpin (H. Zhang et al. 2004). Drosha cleavage occurs ~11 base
pairs from the bottom fork of the stem, or basal junction (Denli et al. 2004; Ma et al.
2013). While, DGCRS as a duplex, binds to the apical junction towards the loop of
the hairpin (Kwon et al. 2016; Nguyen et al. 2015). Typical for RNase III cleavage,
the cut site produces a 2 nt 3’ overhang. The product of Drosha processing is known

as a precursor miRNA (pre-miRNA), varying in length but approximately 70 nts long.

The Microprocessor cleavage product is known as a pre-miRNA, which is essen-
tially the original hairpin containing the mature miRNA. The 3’ overhang of the
pre-miRNA serves as a signal for Exportin-5 (XPOS5) binding which aids transport to
the cytoplasm. When bound to RanGTP, XPOS is able to recognize the unique 2 nt
overhang found on pre-miRNAs (Du et al. 2015; Bohnsack 2004). Through electro-
static interactions with the phosphate backbone XPOS is able to nonspecifically bind

to any pre-miRNA. The complex is moved across the nuclear pore complex into the



cytoplasm where, upon hydrolysis of GTP, RAN releases XPO5 and the pre-miRNA
(Lund et al. 2004; Okada et al. 2009).

In the cytoplasm the pre-miRNA is further processed by another RNase III protein,
Dicer. Dicer is an endonuclease and is also responsible for the final cleavage in the
small interfering RNA (siRNA) biogenesis similar to miRNA biogenesis (H. Zhang et
al. 2004). Dicer contains a double stranded RNA binding domain (dsRBD), a helicase
domain, PAZ domain and RNase III domains (MacRae et al. 2006). Dicer works with
another RBP known as TRBP (trans-activation-responsive RNA binding protein).
TRBP binds Dicer and allows for coordinated binding to a pre-miRNA. The three
dsRBDs allow TRBP to bind both the pre-miRNA stem and a Dicer helicase domain
(Z. Liu et al. 2018; Wilson et al. 2015). The binding of TRBP and Dicer allows for
increased fidelity and flexibility of binding allowing for cleavage by Dicer (H. Y.

Lee and Doudna 2012; Chakravarthy et al. 2010). Dicer is able to bind to the double
stranded pre-miRNA through identification of the 3’ overhang with its PAZ domain
(Park et al. 2011; Tian et al. 2014). Upon binding Dicer helicase activity unwinds the
hairpin and cleaves the terminal loop producing a 22 nt miRNA duplex (Park et al.
2011).

After Dicer cleavage, the resulting duplex contains the mature miRNA and its anti-
sense passenger. The less thermodynamically stable strand is loaded into an Argo-
naute (AGO) protein family member, most commonly AGO2, while the passenger
strand is degraded (Tomari et al. 2004; Khvorova, Reynolds, and Jayasena 2003;
Schwarz et al. 2003; Hammond et al. 2001). Directionality determines nomenclature
of the mature miRNA, 5p strand from the 5’ end of the hairpin while 3p strand from

the 3’ end of the hairpin. Either strand can be loaded into AGO containing complex



(Khvorova, Reynolds, and Jayasena 2003). The cell can contain a major population of
the mature miRNA and small population of companion strand if not degraded (Chiang
et al. 2010). AGO-bound miRNA recruits additional proteins to form miRISC (Ham-
mond et al. 2001; Mourelatos et al. 2002).

Noncanonical microRNA biogenesis

Not all miRNAs are processed through the canonical biogenesis pathway. Many of
the non-canonical miRNAs arise from other noncoding RNAs, rather than bonafide
pri-miRNA transcripts, although the functional relevance of these miRNAs is still
being evaluated (Stavast and Erkeland 2019). Knockout experiments of major bio-
genesis proteins reveal that miRNAs can still be produced. Drosha, XPOS5, and Dicer
knockout followed by small RNA sequencing was done to see how miRNAs are pro-
cessed in the absence of the canonical pathway (Y.-K. Kim, Kim, and N. Kim 2016).
The authors discovered some miRNAs were still processed, suggesting alternative

pathways or redundant proteins in the cell.

A major non-canonical miRNA biogenesis pathway revolves around bypassing

the initial cleavage of pri-miRNAs. Drosha-independent pathways bypass the ini-
tial Microprocessor cleavage of pri-miRNAs in clever ways (Ruby, Jan, and Bartel
2007). MicroRNAs that undergo processing without Drosha are known as mir-
trons (Berezikov et al. 2007). These miRNAs, found within introns, are products of
pre-mRNA splicing (Okamura et al. 2007; Berezikov et al. 2007). During splicing
the intron containing the miRNA (mirtron) is spliced out, and is able to function as
a pre-miRNA. Mirtrons resemble unprocessed miRNAs but contain distinct char-

acteristics (Berezikov et al. 2007). For example, mirtron hairpins are significantly



longer, and they are often 3’ uridylated which requires the 3’ and 5’ tailing ends to be
trimmed (Wen et al. 2015). Another way miRNAs form without Drosha, are co-tran-
scriptionally (Y.-K. Kim and Narry Kim 2007; Morlando et al. 2008; Pawlicki and
Steitz 2008). Nascent pol II transcripts can fold into hairpin structures co-transcrip-
tionally and are released prematurely as ncRNAs (Pawlicki and Steitz 2008; Mor-
lando et al. 2008). These transcripts are capped, which facilities export through the
cap-binding complex-exportin 1 (EXP1) (Martinez et al. 2017). Upon transport to the

cytoplasm the miRNAs are processed canonically.

Cis-regulatory elements direct microRNA Biogenesis

During the biogenesis pathway miRNAs utilize unique sequence and structural ele-
ments to modulate expression (Figure 1.2). A miRNA hairpin contains a stem and an
apical loop. The stem of the hairpin is a conserved, double stranded region that can
possess single nucleotide bulges.The apical loop, also known as a terminal loop, is a

single-stranded, flexible, poorly conserved region within pri- and pre-miRNAs.

Most of the stem of the hairpin of miRNAs are highly complementary, it is not un-
common to see mismatches in the form of one or two nucleotide bulges. More is
known about how bulges affect miRNA processing in plants. Imperfect pairing within
the lower stem of Arabidopsis thaliana miRNAs is a driver of early miRNA biogen-
esis (Song, Axtell, and Fedoroff 2010). It appears that bulges are less important for
processing of mammalian miRNAs. There does appear to be some sequence-specifici-
ty for bulges, and bulge localization on the stem (B. Liu et al. 2016). When examining
bulge sequence variance in pri-miRNA stems, there seems to only be modest effects

on processing. Furthermore, the authors of the study suggest that bulges no bigger

10



than 2 nt did not affect Drosha cleavage (Fang and Bartel 2015). It is unclear how

bulges influence Dicer recognition and cleavage of pre-miRNAs.

Early research focused on understanding optimal sequence content and length of the
loop and stem for efficient processing. A recent consensus is that a stem with a length
of 36 nt is optimal (Roden et al. 2017). Some research suggests a loop of 10 nt is
beneficial for Drosha cleavage, although the effects are somewhat minimal (X. Zhang
and Zeng 2010; Jinju Han et al. 2006). Despite length and sequence variability not
imparting a significant level of regulation, the apical loop still serves a role in recruit-

ing auxiliary proteins.

Other determinants of miRNA biogenesis are sequence motifs. A UGU/UGUG motif
can be found within the apical loop, while the stem can possess a GHG motif in the
lower stem. Found within the stem GHG it is a mismatched motif, where H is any nu-
cleotide besides guanine. GHG mismatch motif is significantly enriched in vertebrate
miRNAs (Fang and Bartel 2015). The authors of the study observe enhanced process-
ing when a GHG motif is inserted in suboptimally processed C. elegans pri-miR-44
in vivo. The 5’ basal junction of the hairpin may contain UG motif (Auyeung et al.
2013). While some pri-miRNAs contain a CNNC motif within the 3’ basal segment
(Auyeung et al. 2013). The CNNC motif is a spatially defined, evolutionarily con-
served motif, present in ~60% of pri-miRNAs. It is located 16-18 nts downstream of
the 3’ site of Drosha cleavage (Auyeung et al. 2013). Both the basal UG and CNNC
motifs provide a single-stranded buffer (Figure 1.2). Single-stranded flanking struc-
tures are important for Drosha recognition of the hairpin and proper cleavage (Ma et
al. 2013). Fang and Bartel, created artificial pri-miRNAs using known sequence de-

terminants to observe if they are efficiently processed in vitro. Artificial pri-miRNAs

11



with only a hairpin and flanking single-stranded regions, were 6-fold less produc-
tive than the artificial pri-miRNA with all sequence motifs. These data suggest that
sequence motifs are important for both Drosha and Dicer recognition and cleavage

potentially functioning through recognition by auxiliary proteins.

Regulation of microRNA biogenesis by RBPs

Although the major enzymes and their binding partners of miRNA biogenesis are
fairly well characterized, there are hundreds of auxiliary proteins that can bind to
miRNA hairpins. Using RNA-affinity chromatography followed by mass spectrom-
etry, Treiber et al., show that hundreds of RBPs can bind to the hairpin of pre- and
pri-miRNAs. This observation expands on ways miRNAs can be regulated in differ-
ent contexts and might explain different phenotypes in disease (Treiber et al. 2017).
Identification of these auxiliary proteins suggests increased regulation of miRNA

biogenesis. Roles for some auxiliary RBPs have already been identified.

The apical loop has been characterized as a platform for many RBPs to bind to and
regulate miRNA biogenesis. The Caceres lab has published on conserved apical loops
and how they can recruit proteins like splicing factor nRNPA1 (Guil and Céceres
2007). By binding to the UGUG motif of the apical loop of pri-miR-18a, hnRNPA1
causes the stem to undergo structural rearrangement which promotes Drosha cleavage
(Michlewski et al. 2008). The authors also use complementary oligos, LooptomiRs,
to bind to the apical loop, which reduces in vitro processing of pre-miRNAs. The
authors do not distinguish if this is solely due to Dicer inaccessibility or that auxiliary

proteins are no longer able to regulate processing by loop binding.

12



Other proteins that regulate miRNA biogenesis through apical loop binding are
LIN28A and RBFOX3. Upon binding the pre-let-7a apical loop, LIN28A recruits a
terminal uridylyltransferase (TUTase) which uridilates the miRNA, leading to degra-
dation (Viswanathan, Daley, Gregory 2008; Nowak et al. 2017). RBFOX3 regulation
of miRNA processing is miRNA specific. Depending on the miRNA, binding of RB-
FOX3 to the hairpin can either enhance or block Microprocessor accessibility to the
pri-miRNA stem loop (K. Kim et al. 2014). In case of pri-miR-15a, RBFOX3 binding
to the apical loop promotes Microprocessor binding and cleavage of the transcript

(K. Kim et al. 2014). While with pri-miR-485, RBFOX3 binds to the stem inhibiting

Microprocessor cleavage of the hairpin, yielding less transcripts (K. Kim et al. 2014).

RNA binding proteins interacting with hairpin flanking regions can also regulate miR-
NA processing. It is unclear how full length pri-miRNA is bound in its entirety, al-
though a preprocessed pri-miRNA intermediate known as a progenitor (pro-miRNA)
has been identified. The miR-17~92 cluster consists of seven miRNAs transcribed

as a single unit (Du et al. 2015). Du et al. discovered the presence of a cis element

5’ of the cluster that acts as an autoinhibtor of processing. This repressive domain is
cleaved by an endonuclease, Cleavage and Polyadenylation Factor (CPSF3) that is
recruited to the site by a poorly characterized splicing protein, ISY1 (Du et al. 2015).
The cleavage product is a truncated intermediate, pro-miR-17~92, and is required for
Drosha processing. This licensing step might be utilized by many different miRNAs
in vivo but might have been missed in biochemical assays, which most likely utilize
artificially trimmed or truncated pri-mIRNA transcripts. Mass spectrometry reveals

35 RBPs, mostly known splicing factors, that interact with pro-miR-17~92 suggesting
the possibility for different complexes that regulate pro-miRNA generation (Du et al.
2015).

13



The regulation by polypyrimidine tract-binding protein 1 (PTBP1) of pri-miR-124 is
another example of regulation by a sequence upstream of the hairpin. During develop-
ment, PTBP1 maintains nonnerual splicing in stem cells (Shibayama et al. 2009). As
cells differentiate PTBP1 expression decreases, in part due to repression by miR-124
(Linares et al. 2015). Yeom et al. discover that despite the presence of pri-miR-124-1
in mouse embryonic stem cells, mature miR-124 levels are not detectable. They show
that PTBP1 binds to a pyrimidine-rich region upstream of the pri-miR-124 hairpin,
which inhibits Drosha cleavage of the hairpin (Yeom et al. 2018). The authors con-
clude that during differentiation as miR-124 levels increase, PTBP1 is down regulat-
ed allowing neuronal specific splicing proteins to promote neuronal differentiation
(Yeom et al. 2018; Makeyev et al, 2007). This feedback mechanism is an example

of splicing factor regulation of miRNA biogenesis, highlighting additional roles for

splicing factors in regulation of noncoding RNAs.

Another class of splicing proteins with emerging regulatory roles in miRNA biogen-
esis are the serine arginine-rich (SR) proteins. Primarily characterized for their roles
in pre-mRNA processing, they are involved in many post-transcriptional regulatory
pathways (see below). SR proteins, mainly SRSF1 and SRSF3, have been recently
defined as functional in processing miRNAs (Wu et al. 2010; Auyeung et al. 2013;
Kim et al. 2018).

Serine Arginine Rich Protein Family

Serine arginine-rich (SR) proteins are a family of twelve C-terminal RS (arginine

serine) domain containing proteins (Table 1.1). The family is conserved throughout
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metazoans, and have prominent roles in pre-mRNA splicing. Due to their essential yet
redundant roles in RNA processing events, SR proteins have been widely studied the

last three decades (for review see Howard and Sanford 2015).

Structural domains of SR proteins

SR proteins are characterized by their modular domain structure. A C-terminal RS
domain, and phospoeptiope reactivity to monoclonal antibody mAb104 (Roth, Zahler,
and Stolk 1991). As RBPs they contain at least one N-terminal RNA recognition mo-
tif (RRM). The RS domain is an unstructured, disordered region which consists of di-
peptide repeats of arginines and serines which vary in lengths between proteins. Upon
phosphorylation the RS domain can take on a more structured conformation, impart-
ing stability and allowing for additional binding interactions (Xiang et al. 2013). The
RS domain influences SR protein localization, specificity, and function and promotes
protein-protein interactions with other RS domain-containing RBPs (Zhu 2000). Half
of the SR family members contain a second RRM. SRSF1, SRSF4, SRSFS5, SRSF6,
SRSF9 contain an RNA recognition motif homolog (RRMH), while SRSF7 contains
a zinc-binding domain, these secondary domains are separated by a linker. The RRM-
Hs bind RNAs by interaction at an a-helix as opposed to a B-sheet, as observed with
RRMs (Table 1.1). RRMHs bind RNA at reduced affinity but are necessary for spec-
ificity of the RRM (van Der Houven Van Oordt et al. 2000). The linker, RRM, and
RS domain of SR proteins are subject to post-translational modifications which can

influence function (Tacke, Chen, and Manley 1997; Sanford et al. 2005).

Regulation and localization of SR proteins
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This multifunctional group of proteins can be regulated by post-translational modifi-
cations (PTMs). PTMs dictate SR protein localization and function. SR proteins pre-
dominantly localize in the nucleus within nuclear speckles (Caceres et al. 1997; J. R.
Sanford and Bruzik 2001). Nuclear speckles are distinguished as either interchroma-
tin granule clusters (IGCs) or perichromatin fibrils. IGCs are believed to be the site of
splicing factor storage and assembly, while perichromatin fibrils are sites of transcrip-
tion of cotranscriptional pre-mRNA splicing (Saitoh et al. 2004). Phosphorylation of
serines within the RS domains directs the localization and function of SR proteins.
Hyperphosphorylated SR proteins are found in nuclear speckles, suggesting that phos-
phorylation is required for their roles during splicing (Colwill et al. 1996). SR kinases
CIk/Sty, SRPK1, and SRPK2 are responsible for cooperative phosphorylation of the
RS domain prior to splicing (Colwill et al. 1996; Ngo et al. 2005). During splicing,
SR proteins become hypophosphorylated, where they enter a cycle of rephosphoryla-
tion to further continue splicing (Xiao and Manley 1997). SR proteins can also retain
their hypophosphorylated state which allows them to stay associated with spliced
mRNA and transport bound mRNA to the cytoplasm (Lai and Tarn 2004). Although
SR proteins are enriched in the nucleus, SRSF1, SRSF3, SRSF4, SRSF6, SRSF7, and
SRSF10 have been shown to shuttle between the nucleus and cytoplasm. Ubiquitous-
ly expressed, SR-specific protein kinases (SRPKs) can phosphorylate SR proteins in
the cytoplasm as well as the nucleus (Zhou and Fu 2013). Upon phosphorylation SR

proteins are recruited back to the nucleus.

SR proteins also utilize negative feedback as autoregulation of protein expression
(Miiller-McNicoll et al. 2019). The mechanism by which SR proteins self-regulate
is known as alternative splicing coupled with nonsense mediated decay (AS-NMD).

NMD is a conserved surveillance pathway that results in the degradation of premature
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termination codon (PTC) containing mRNA. Different SR proteins can utilize AS-
NMD with different mechanisms. SRSF1 and SRSF2 can promote splicing of introns
with 3’ UTRs rendering canonical termination codons useless resulting in NMD (Sun
et al. 2010; Sureau et al. 2001). SRSF3-7, and SRSF9-10 can promote the inclusion
of PTC containing exon. The inclusion of the exon ultimately results in NMD of the
transcript (Jumaa and Nielsen 2000). Lastly, SRSF5 can autoregulate by retention of
intron 5, which contains a PTC, rendering its mRNA a potential NMD target (Lar-
eau and Brenner 2015). In addition to AS-NMD, SR proteins can utilize alternative
polyadenylation and translation inhibition to autoregulate (Sanford et al. 2004; Lou et

al. 1998).

Pre-mRNA splicing and SR proteins

SR proteins were first discovered three decades ago, and soon after their function as
splicing factors emerged (Zahler et al. 1992). In the simplest terms, splicing is a two
step transesterification reaction in which introns of a pre-mRNA are removed and the
remaining exons are joined together (Berget, Moore, and Sharp 1977; Chow et al.
1977; Domdey et al. 1984; Padgett et al. 1984; Ruskin et al. 1984; Lin et al. 1985;
Konarska et al. 1985). Splicing yields a mature mRNA transcript which is translat-
ed in the cytoplasm by the ribosome. Alternative splicing, where the final mRNA
products will have differences in exon composition, yields alternate mRNA isoforms
influence the protein sequence that is ultimately translated (Maniatis and Tasic 2002;
Nilsen and Graveley 2010; Kelemen et al. 2013; Matlin, Clark, and Smith 2005).
Splicing is performed by a complex macromolecular machine known as the spliceo-
some. The spliceosome is composed of RNAs and small nuclear ribonucleoproteins

(snRNPs) which assemble and disassemble during the course of splicing (Wahl, Will,
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and Lithrmann 2009; Abelson 2008; Fica et al. 2013). Although the spliceosome is
responsible for the catalytic steps of splicing, auxiliary proteins are responsible for

guiding and defining regions to be acted on by the spliceosome.

SR proteins are well-characterized as splicing factors. Cis-elements within the
pre-mRNA known as splicing enhancers can be found within introns (ISE) and exons
(ESE). ESEs are commonly used as signals that indicate the retention of the exon and
removal of the adjacent intron by the spliceosome (Schaal and Maniatis 1999; Grav-
eley and Maniatis 1998). ESEs are recognized by SR proteins which recruit major
snRNPs, Ul and U2, along with their auxiliary factors, resulting in the removal of the
intron and inclusion of the ESE-containing exon (Buratti et al. 2004; Maniatis and
Tasic 2002; Hertel 2008). This mechanism of exon definition is what drives different

mRNA isoforms by alternative splicing.

Different post-translational modifications and structures contribute greatly to how SR
proteins regulate splicing. At the beginning of splicing the RS domain of SR proteins
is hyperphosphorylated, imparting rigidity. This allows for recruitment and additional
interactions with other RS domain-containing splicing factors such as U2AF65 and

Ul snRNP, bridging the 5* and 3’ splice sites (Stark et al. 1998).

SR proteins in cancer

Most members of the SR protein family have been found to be oncogenic if the cellu-
lar context demands it. SRSF1, although necessary for maintenance of angiogenesis
and tumor suppression, acts as an protooncogene when overexpressed (D. G. Nowak

et al. 2010). For example, SRSF1 overexpression influences splicing of pro-apoptotic
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protein, BIM. Increased levels of SRSF1 results in two isoforms that lack functional
apoptotic domains resulting in inhibition of apoptosis, a hallmark of cancer (Puth-
alakath et al. 2007). In a similar way, SRSF3 and SRSF5 overexpression results in
anti-apoptotic MCL isoform in human breast cancer cells (Gautrey and Tyson-Capper
2012). SRSF2 has been shown to regulate the transcription and splicing of RON, a
protooncogene. When downregulated, SRSF2 can no longer promote the inclusion of
exon 11, resulting in a constitutively expressed RON (Moon et al. 2014). Addition-
ally, overexpression of SRSF6 results in differential expression of tumor suppressor
genes and oncogenes resulting in increased cancer isoforms in both lung and colon

cancer cells (Cohen-Eliav et al. 2013).

Post-splicing regulatory mechanisms of SR proteins

Six SR proteins possess shuttling capabilities, suggesting functions beyond nuclear
pre-mRNA splicing. SRSF3, SRSF7, and SRSF1 have been shown to promote the
transport of both spliced and unspliced genes to the cytoplasm. SRSF3 and SRSF7
specifically bind to a 22nt cis-element found on the unspliced histone H2a gene,
which promotes export to the cytoplasm (Huang and Steitz 2001), suggesting a splic-
ing independent role for SR proteins as guides for mRNA for translation. Post splic-
ing, hypophosphorylated SRSF1 can interact with nuclear export protein NXF1/TAP,
this interaction facilitates the export of spliced mRNA (Tintaru et al. 2007). Export
of mRNA to the cytoplasm by SR proteins suggests the intriguing hypothesis that SR

proteins are involved in translation.

SRSF1 has been shown to associate with translating ribosomes, perhaps influencing

translation of recently spliced transcripts (Sanford et al. 2008). Furthermore, it has
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been shown that SRSF1 promotes translation initiation through interactions between
the m7G cap and elF-4E by recruitment of the mTOR kinase (Michlewski, Sanford,
and Caceres 2008; Sanford et al. 2004). SRSF3 and SRSF7 have also been shown as
regulators of viral translation. SRSF3 is required for viral translation by stimulating
the internal ribosome entry site (IRES) leading to initiation of viral translation (Be-
dard, Daijogo, and Semler 2007). Hypophosphorylated SRSF7 associates with un-
spliced viral mRNA containing a constitutive transport element (CTE) in monosomes
and light polysome fractions. This observation suggests that SRSF7 is associated with
the viral transcript during export and translation initiation (Swartz et al. 2007). SRSF5
and SRSF6 have also been shown to promote translation of HIV-1 unspliced gag tran-
script resulting in enhanced expression of Gag protein (Swanson, Sherer, and Malim
2010). Unlike SRSF3 and SRSF7, despite translation being cytoplasmic, SRSFS5 and
SRSF6 regulate translation in a shuttling independent mechanism (Swanson, Sherer,

and Malim 2010).

As mentioned above, SR proteins can regulate mRNA fate through AS-NMD by pro-
moting the inclusion of PTC-containing exons. Alternatively, SRSF1 has been found
to stimulate NMD by promoting UPF1 binding to PTC-containing mRNA (Aznarez
et al. 2018). UPF1 is an ATP-dependent helicase required for identification and
degradation of NMD transcripts (Kervestin and Jacobson 2012; Fiorini et al. 2015).
The authors hypothesize that SRSF1 interacting with factors from the post-splicing
complex known as the exon junction complex (EJC), is required for UPF1-dependent
NMD. Typically the presence of an EJC after a PTC-containing exon results in initia-
tion of NMD (Hug, Longman, and Caceres 2016; Le Hir et al. 2000). SRSF1 interac-
tions with the EJC can further enhance UPF1 binding to the NMD target resulting in

increased degradation of the transcript (Aznarez et al. 2018).
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SR proteins and noncoding RNAs

Although the majority of SR protein research focuses on how they regulate protein
coding genes, recent data has emerged on roles in noncoding RNA (ncRNA) lifespan
as well. Advances in techniques such as crosslinking and immunoprecipitation cou-
pled to high-throughput sequencing (CLIP-seq or HITS-CLIP) have revealed novel
protein and RNA interactions in vivo (Licatalosi et al. 2008). One such observation
is that SR proteins can bind several ncRNA species including snoRNA, IncRNA, and

miRNA, expanding the scope of SR protein regulation of the transcriptome.

SRSF3 and SRSF4 were shown to bind snoRNAs, suggesting that SR proteins are
also involved in the removal of snoRNA introns not just mRNA introns (Anké et al.
2012). An alternative hypothesis suggests that SR proteins interact with snoRNAs
during splicing (Anko et al. 2012). Long ncRNA, MALAT1 has been shown to reg-
ulate SR protein phosphorylation. MALAT1 guides and colocalizes with SR proteins
within nuclear speckles (Tripathi et al. 2010). Likewise, A-repeats found within an-
other long ncRNA, Xist, which is required for X-inactivation, have been shown to be
required for binding and splicing by SRSF1 (Royce-Tolland et al. 2010). MicroRNAs
have implicated SR proteins as auxiliary regulators during primary miRNA process-
ing. SRSF3 has been shown to bind to a CNNC motif present on some pri-miRNAs
which stimulates recruitment of the Microprocessor complex which performs the
initial cleavage step in miRNA biogenesis (K. Kim et al. 2018). SRSF1 has also been
implicated in miRNA processing where it binds to the miRNA-7 (miR-7) hairpin
which facilitates Drosha cleavage (Wu et al. 2010).
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miRNA biogenesis regulated by SR proteins

This thesis will revolve around understanding the mechanism of how SR proteins
SRSF1, and to some extent SRSF3, recognize and regulate pri-miRNAs. Data derived
from our research provides more context for previously published studies. As men-
tioned previously SRSF1 and SRSF3 have been identified as being involved during

miRNA biogenesis.

A role for SRSF1, as a regulator of miRNAs was first noted a decade ago by Wu et
al. Since then, little effort has been put forth to understand the mechanism by which
SRSFI1 acts during miRNA biogenesis. The authors of the original study observe that
upon induction of SRSF1 expression, results in differential expression of 40 miRNAs
is seen in HeLa cells (Wu et al. 2010). miR-7 serves as a candidate miRNA whose
levels increased with SRSF1 and interestingly SRSF1 is predicted to contain a miR-7
binding site within its 3> UTR (Wu et al. 2010). The authors observe that with miR-

7 overexpression, there is a decrease in SRSF1 protein levels while SRSF1 mRNA
levels remain unchanged. When examining SRSF1 domain requirements for miR-7
production, there is an observed increase in miR-7 when SRSF1 contains a nuclear
retention signal (Wu et al. 2010). Furthermore there is a significant decrease in miR-7
levels when the RS domain is deleted from SRSF1, suggesting the RS domain is im-
portant for miRNA processing (Wu et al. 2010). RS domains are post-translationally
modified, contributing to SRSF1 shuttling, nuclear granule localization and binding
interactions. Through a PCR based CLIP assay, the authors conclude that SRSF1
binds the pri-miR-7 stem region, and ultimately influences miR-7 biogenesis during
Drosha cleavage. To date there has not been a protein- or RNA-dependent interaction

between SRSF1 and Drosha, it is more likely that SRSF1 binds pri-miRNAs prior to
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cleavage.

Meseguer et al. further explore the feedback aspect of SRSF1 and miR-10b in a
neural differentiation context. The authors explore how retinoic acid (RA)-dependent
neural differentiation affects miRNA expression (Meseguer et al. 2011). Upon RA
treatment of neuroblastoma cells the authors saw an increase in miR-10a and -10b.
They determine that SRSF1 and SRSF10 are targets of miR-10a and -10b. A negative
feedback loop is drawn from this interaction (Meseguer et al. 2011). As miR levels
increased, endogenous SRSF1 decreased, and vice versa. The authors also note that
changes in miR-10a and -10b levels affect SRSF1 dependent splicing, favoring exclu-

sion of previously included exons.

Recently, Xu et al has focused on SRSF1 recruitment of miRNAs to exosomes in
pancreatic cancer cells (PANC1). Exosomes are secretected extracellular vesicles
that contain genetic material and proteins (for review see Kalluri and LeBleu 2020).
They are also utilized as communication pathways between cancer cells resulting
in progression of cancer (Webber et al. 2010; Costa-Silva et al. 2015; Hoshino et al.
2015). Using a biotin labeled miR-1246, the authors capture SRSF1 as an interacting
RBP (Xu et al. 2020). Through differential SRSF1 expression experiments the au-
thors observe reduction of miR-1246 when SRSF1 expression is reduced (Xu et al.
2020), while SRSF1 overexpression results in enrichment of miR-1246 within exo-
somes. This mechanism of cancer progression by SRSF1 recruitment of miRNAs to
exosomes underscores previous studies exploring dysregulation of SR proteins and

miRNA resulting in cancer.

Our understanding of SRSF3 regulation of miRNA biogenesis has made great prog-
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ress since the discovery of SRSF3 binding to the CNNC motif (Auyeung et al. 2013).
Auyeung et al. demonstrate that pri-miR-16-1, which contains a CNNC motif; is
processed more efficiently in the presence of SRSF3. Fernandez et al. hypothesize a
mechanism by which SRSF3 regulates CNNC containing pri-miR-30c. The authors
observe a genetic variant of the pri-miRNA in breast and gastric cancer; coincidental-
ly both cancers have elevated levels of miR-30c (Fernandez et al. 2017). The variant
pri-miR-30c contains a G to A mutation within the apical loop which results in a
larger ssRNA bulge on the lower stem that contains the CNNC motif (Fernandez et
al. 2017). This allows for increased SRSF3 binding, and increased processing. The
wildtype transcript, still capable of binding SRSF3, is processed less efficiently (Fer-
nandez et al. 2017). More recently the molecular mechanism for SRSF3 in regulating
the first cleavage of pri-miRNAs was expanded (K. Kim et al. 2018). Kim et al., show
that upon binding to the CNNC motif, SRSF3 can recruit Drosha to the basal junc-
tion. This interaction orients Drosha and DGCRS in the stem of pri-miRNAs leading
to the first cleavage step. The authors created a mutant pri-miR where the CNNC mo-
tif is further downstream, shifting SRSF3 binding relative to the stem. This change in
position results in Drosha cleavage closer to the basal junction producing non produc-
tive miRNAs. Although the authors fail to show a direct interaction between Drosha
and SRSF3 further research might even reveal stepwise interactions between SRSF3

and Drosha binding that modulate correct pri-miRNA cleavage.

It is apparent that SR proteins have a role within miRNA biogenesis, although there

might be different models depending on if miRNAs are enhanced or repressed. More
research is needed to tease apart the sequence determinants or motifs that guide these
interactions. It is of interest to tease apart the potential feedback mechanisms axis of

SR proteins regulating miRNAs, which in turn regulate SR protein coding genes.
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Conclusions

As the body of research surrounding RBPs and their roles as regulators of miRNA
biogenesis grows it is apparent that their mechanisms of action are complex. Although
RBPs have redundant roles in binding and regulating RNA, it is clear that mecha-

nisms behind these interactions can differ greatly.

SR proteins are an exemplar group of RBPs that have broad roles in RNA regulation.
They are post-translational modified which directs how, when, and where they inter-
act with targeted RNAs or other proteins. Additionally, SR proteins tend to interact
with RNAs with broad specificity, usually in the presence of a motif with preference
for ssSRNA. These observations contribute to the many mechanisms of RNA metabo-
lism that SR proteins regulate. RNA transport, subcellular localization, stability, splic-
ing, alternative splicing, translation initiation, nonsense mediated decay, and miRNA
biogenesis are regulatory pathways SR proteins have had the opportunity to regulate.
Spatial and temporal interactions might differ, influencing how RNA and proteins are
targeted. Thus it is important to not assume SR proteins act upon RNA in the same
manner for each mechanism. In this thesis I attempt to elucidate how SR proteins

deviate from mRNA regulation instead focusing on how they regulate microRNAs.

MicroRNAs are a prevalent species of ncRNAs that regulate translation of protein
coding genes through specific 3’ UTR interactions. MicroRNA biogenesis is a well
studied pathway, with two major identified cleavage events. The emergence of regu-
latory interactions prior to the first cleavage by the Microprocessor is suggestive of

unexplored upstream regulatory steps.
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In my thesis I explore an SR protein dependent regulatory mechanism of miRNA
biogenesis. I show that SRSF1 binds to a sequence 5’ of the hairpin to hundreds of
pri-miRNAs. I characterize that SRSF1 promotes miRNA biogenesis at the Micropro-
cessor dependent cleavage step both in vivo and in vitro. Furthermore I determine that
SRSF1 binding sites within the primary transcripts are required for SRSF1 dependent
control of miRNA biogenesis. Through chemical probing experiments I show that
SRSF1 is likely binding to a single-stranded region upstream of the hairpin, which

is critical for proper Drosha recognition. In my third chapter I explore how SRSF1
and SRSF3 interact together with pri-miRNAs to enhance nuclear processing of the
transcript. I show an SR protein concentration dependent increase of mature miRNA
activity and processing. Taken together my thesis work defines a new role for SR

proteins in regulating the flanking regions of pri-miRNAs.
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Figure 1.1. MicroRNA biogenesis pathway

Overview of canonical microRNA biogenesis. MicroRNAs can be transcribed as
mono or polycistronic, as well as intronic. Primary microRNAs are initially cleaved
by the Microprocessor yielding a precursor miRNA which is transported to the cyto-
plasm by Xportin 5. Further cleavage by Dicer yields a short micoRNA duplex, one of
the strands is loaded into the RNA induced silencing complex for translational repres-
sion. Adapted from Treiber, Treiber, and Meister, 2018, Nature Reviews Molecular

Cell Biology.
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Figure 1.2. Sequence and structural determinants of pri- and pre-miRNAs
Primary microRNA containing annotations for optimal sequence and structural de-
terminants for efficient processing. Colored sequences denote known sequence deter-
minants: UG, UGU/G, and CNNC motifs. Within the stem red region is predicted to

contain a bulge while grey regions a bulge is not preferred. Adapted from Roden et

al., 2017, Genome Research.
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Table 1.1. SR protein family membranes and their known functions

The twelve known SR protein family members with previously used aliases. Linear
RNA binding domain structure depicted for each protein. Mechanistic and biological
functions are defined. Adapted from Howard and Sanford, 2016, Wiley Interdiscip

Rev RNA.
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Abstract

The serine and arginine-rich splicing factor SRSF1 is an evolutionarily conserved,
essential pre-mRNA splicing factor. Through a global protein-RNA interaction survey
we discovered SRSF1 binding sites 25-50nt upstream from hundreds of pre-miRNAs.
Using primary miRNA-10b as a model we demonstrate that SRSF1 directly regu-
lates microRNA biogenesis both in vitro and in vivo. Selective 2’ hydroxyl acylation
analyzed by primer extension (SHAPE) defined a structured RNA element located
upstream of the precursor miRNA-10b stem loop. Our data support a model where
SRSF1 promotes initial steps of microRNA biogenesis by relieving the repressive

effects of cis-regulatory elements within the leader sequence.
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Introduction

MicroRNAs (miRNAs) are important regulators of post-transcriptional gene expres-
sion. Nearly 60% of human protein coding genes contain conserved miRNA target
sites (Friedman et al. 2009). Given the importance of miRNAs in gene regulation, it
is not surprising that spatial and temporal expression patterns of miRNAs are tight-
ly regulated. Canonical miRNA biogenesis begins with transcription of a primary
miRNA (pri-miRNA) by RNA polymerase II (Lee et al. 2004). In the nucleus, the
pri-miRNA folds into a hairpin structure which is excised by the Microprocessor
complex consisting of Drosha and DGCRS, yielding a precursor miRNA (pre-miR-
NA) (Rodriguez et al. 2004; Lagos-Quintana 2003). Upon transport to the cytoplasm
the hairpin is cleaved, by Dicer, into a 22nt miRNA duplex (Denli et al. 2004). The
less thermodynamically stable strand is preferentially loaded into RISC by catalytic
Argonaute protein, Ago2 (Noland and Doudna 2013; Park et al. 2011). Although the
major catalytic steps of miRNA biogenesis and downstream RISC targeting are well

understood, the regulatory checkpoints are only emerging.

RNA binding proteins are broadly implicated in miRNA biogenesis. The terminal
loop region of the hairpin is a central target for many RBPs (Nussbacher and Yeo
2018; Treiber et al. 2017). For example, Lin28 binds to the terminal loop of let-7 fam-
ily members recruiting TUT4 for uridylation (Heo et al. 2009). Competition between
KSRP and hnRNP A1 binding to the terminal loop of pri-miR-18a influences pro-
cessing by Drosha/DGCRS (Guil and Caceres 2007; Michlewski and Céceres 2010).
The functional importance of the terminal loop in regulation of miRNA biogenesis is
underscored by strong phylogenetic conservation of this sequence element across ver-

tebrates. In addition to the terminal loop, other sequence elements within the pri-miR-
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NA are implicated in regulation of biogenesis (Michlewski and Caceres 2018).

The serine and arginine-rich (SR) protein family are evolutionarily conserved RNA
binding proteins. Named for their Arg-/Ser-rich carboxyl terminal domain (RS do-
main), these proteins have diverse functions in post-transcriptional gene regulation in-
cluding, pre-mRNA splicing, mRNA export, mRNA decay, nonsense mediated decay
and mRNA translation (Howard and Sanford 2015). SR proteins are essential splicing
factors and required for pre-mRNA splicing in vitro and in vivo (Zahler et al. 1993;
Krainer et al. 1991; Li and Manley 2005). During spliceosome assembly, SR proteins,
through the RS domain, promote splice site recognition via splicing factor recruitment
(Zhu and Krainer 2000). Alternatively, the RS domain may function to promote RNA-
RNA interactions by neutralizing electrostatic interactions between U snRNAs at the

5’ss and branch point sequence (Shen and Green 2006).

Previous work from our lab and others demonstrated that SR proteins interact with
non-coding mRNA transcripts (Sanford et al. 2009; Royce-Tolland et al. 2010; Trip-
athi et al. 2010). By contrast to their roles in pre-mRNA splicing, the functional roles
of SR proteins in small RNA expression remain poorly described. Two members of
the SR protein family, SRSF1 and SRSF3, have been implicated in miRNA biogen-
esis. SRSF3 recognizes a sequence determinant located downstream of the basal
junction in hundreds of pri-miRNAs (Kim et al. 2018; Auyeung et al. 2013). Whereas,
SRSF1 promotes processing of pri-miR-7 by binding to the lower stem, although its

mechanism remains unclear (Wu et al. 2010).

Here we report the discovery of a new sequence determinant of miRNA biogenesis.

Using ENCODE eCLIP data, we discovered that a wide array of RBPs interact with
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pri-miRNAs. Remarkably, we found the region 25-50nt upstream of miRNA hairpins
was a frequent ligand for RBPs. Using SRSF1 as a model, we validated these data
using iCLIP, which identified hundreds of pri-miRNAs in HEK293T cells with strong
crosslinking signals 35-50nt upstream of the 5° end of the hairpin, which we named
the 5’ leader sequence. We demonstrate that SRSF1 expression levels correlate with
decreased levels of pri-miRNAs and a concomitant increase in functional miRNA
activity. Using pri-miR-10b as a model, we determine that SRSF1 binding sites are
necessary for SRSF1-dependent stimulation of miRNA biogenesis. Taken together
our data demonstrate that for the first time, an upstream cis-acting element recognized

by SRSF1 regulates miRNA biogenesis.

Results and Discussion

Global analysis of primary miRNA-protein interactions

To identify RBPs that preferentially interact with sequences outside of the hairpin,
we used the ENCODE consortium enhanced crosslinking immunoprecipitation and
high throughput sequencing (eCLIP-seq) data (Van Nostrand et al. 2016). We com-
piled more than 120 protein-RNA interactions in HepG2 and K562 cells. We set a
range to genomic regions 100nt upstream and 200nt downstream of the 5’ end of
pre-miRNAs, as annotated by Gencode. Using aggregated eCLIP peaks for all RBPs
in the ENCODE database, we observed a wide array of interactions across pri-miR-
NAs, including a prominent region near the terminal loop region (Figure 2.1B). We
also noted pronounced, but broadly distributed binding sites upstream of the 5’ end
of pre-miRNA. (Figure 2.1B) To determine how specific RBPs interact with pri-miR-

NAs we plotted the binding site density for individual RBPs, with binding sites in at
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least 7 unique miRNAs. Unsupervised hierarchical clustering revealed that different
RBPs preferentially associate with specific regions of pri-miRNAs (Figure 2.1A).
For example, Lin28B interacts specifically with a region encompassing the terminal
loop, a finding that is well-aligned with previous studies (Choudhury and Michlewski
2012). By contrast, we noted several splicing factors, including SRSF1 and U2AFI,

with preferential binding sequences upstream of the pre-miRNA (Figure 2.1A).

Using published CLIP-seq and iCLIP experiments from our lab we validated the in-
teraction of SRSF1 and the 5’ end of pre-miRNAs (Howard et al. 2018; Sanford et al.
2009). As expected, most SRSF1 binding sites identified by CLIPper in protein cod-
ing genes were associated with exonic sequences (Figure 2.2C). We also observed a
purine-rich motif enriched in sequences corresponding to SRSF1 binding sites (Figure
2.2D). At a single nucleotide resolution, crosslinking density was significantly higher
in exon than intron sequences, consistent with previous studies (Figure 2.2E; (Sanford
et al. 2009, 2008; Ankd et al. 2012). We used the 5’ end of SRSF1 iCLIP reads to
approximate the crosslinking position of SRSF1 on hundreds of pri-miRNAs (Fig-
ure 2.1C). In agreement with eCLIP data, we observed a non-uniform distribution of
SRSF1 crosslinking density relative to the 5 end of pre-miRNAs, with a strong bias
to positions ~50nt upstream of the 5’ end of the pre-miRNA (Figure 2.1C). SRSF1
was previously linked to regulation of miRNA processing, although the mechanism
was not described (Wu et al. 2010). A curious finding from the prior study was that
SRSF1 recognized a consensus binding motif located in the basal region of the pre-
miR-7 stem loop. By contrast, eCLIP and iCLIP show SRSF1 interacts with sequenc-

es upstream of pre-miRNAs.

SRSFI stimulates miRNA activity
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Our observations from both eCLIP and iCLIP data suggest that SRSF1 could be
involved in miRNA regulation. To determine if SRSF1 has a global impact on miR-
NA expression, we sequenced small RNAs from control or SRSF1 overexpression
cells. Of the 334 mature miRNAs expressed in HEK293T cells, we identified 21
upregulated and 17 are downregulated (Figure 2.3A, 2B). A significant majority of the
differentially expressed miRNAs, 87% (33/38), were also detected in SRSF1 iCLIP
experiments, suggesting they may be directly regulated by SRSF1. To further inves-
tigate the role of SRSF1 in miRNA expression we picked a handful of miRNAs of
interest due to their robust SRSF1 crosslinking (Figure 2.1C). We measured changes
in pri-miRNA levels bound by T7-SRSF1 in HEK293T cells by RNA immunoprecip-
itation (RIP) followed by RT-qPCR . We overexpressed T7 tagged SRSF1 which we
immunopurfied along with any associated RNA, and then measured levels of bound
pri-miRNAs. We observe significant or non-significant trends of increased pri-miRNA
levels when T7-SRSF1 is immunopurified (Figure 2.1D). Pri-miR-17 and pri-miR-7,
despite predicted to be associated with SRSF1 show reduction in levels by RT-qP-

CR (Figure 2.1D). Interestingly when looking at steady state pri-miRNA levels upon
SRSF1 overexpress we observe significant reduction in expression for each pri-miR-
NA as compared to when SRSF1 is not overexpressed (Figure 2.3C). Suggesting that
the reduced levels of T7-SRSF1 associated pri-miRNAs might be result of T7-SRSF1
overexpression. Taken together, these data suggest that SRSF1 either reduces the

steady state levels of pri-miRNAs by either enhanced processing or RNA decay.
To discriminate between these two hypotheses, we asked if SRSF1 overexpression in-
fluenced mature miRNA activity. We generated luciferase reporters containing target

sites for specific miRNAs within their 3’UTR. Individual miRNA reporter constructs
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or a control reporter lacking the heterologous miRNA target site were co-transfected
with T7-SRSF1 or a control plasmid into HEK293T cells. If SRSF1 stimulates either
mature miRNA activity or expression we expect to see a decrease in reporter activity
or an increase in repression. In all cases, we observed significant reduction in report-
er activity relative to controls upon T7-SRSF1 overexpression (Figure 2.3D). These
data suggest that SRSF1 promotes maturation of miRNAs rather than simply reduc-
ing pri-miRNA levels. To determine if these changes in reporter activity are specific
to SRSF1 we also co-transfected HEK293T cells with the same reporter constructs
as well as hnRNPA 1, another RBP linked to the biogenesis of specific miRNAs. As
expected, over-expression of hnRNPA1 enhanced miR-17 activity (Kooshapur et al.
2018). By contrast, hnRNPA1 had no effect on let-7-al or miR-10b reporter activity
(Figure 2.4B).

SRSF1 shuttles continuously from the nucleus to the cytoplasm and is intimately
involved in mRNA processing, stability and translation (Das and Krainer 2014). To
determine if SRSF1 influences a nuclear or cytoplasmic step in miRNA biogenesis we
co-transfected luciferase reporters with wild type SRSF1 or a non-shuttling mutant
that is retained in the nucleus (Cazalla et al. 2002). If SRSF1 promotes pre-miRNA
export from the nucleus or Dicer activity in the cytoplasm, then we predict that the
non-shuttling mutant would be unable to stimulate miRNA activity. By contrast, we
observed that relative to wild type, the non-shuttling mutant (SRSF1-NRS) exhibits
enhanced repression of the miR-10b reporter (Figure 2.4C). These data suggest that
SRSF1 promotes a nuclear step in the miRNA biogenesis pathway, as previously sug-

gested by the processing of miR-7 (Wu et al. 2010).

SRSF'1 binding sites are required for enhanced miR-10b activity in vivo
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iCLIP revealed SRSF1 interactions with pri-miRNA 5’ leader sequences at single nu-
cleotide resolution. To determine if this broad but specific region of SRSF1 function-
ally relevant for miRNA processing, we created a series of deletion mutants from the
5’ of pri-miR-10b (Figure 2.5A). If the 5’ flanking sequences are required for mature
miRNA activity, we expect an increase in miR-10b luciferase reporter activity. If the
mutations remove repressive elements, we expect a decrease in luciferase activity. To
distinguish between these possibilities we co-transfected expression constructs for
wild type pri-miR-10b or 5’ deletion mutants, along with the miR-10b luciferase re-
porter. We observed a significant decrease in luciferase activity for the more extreme
5°d2 and 5°d3 mutants, but not the more conservative 5’d1 mutant (Figure 2.5A).
These data suggest that there are sequence or structural repressive elements within the

SRSF1 binding sites 5’ of the hairpin.

To determine if these points of interaction are functionally relevant for miRNA pro-
cessing, we generated a series of pri-miR-10b expression constructs containing point
mutations at SRSF1 crosslinking sites. If SRSF1 directly promotes miRNA biogen-
esis, then we predict that mutation of SRSF1 interaction sites could attenuate the
effect of SRSF1 on miRNA activity and expression. As expected, driving pri-miR-10b
expression up in HEK293T cells strongly reduced luciferase activity relative to the
negative control expression construct (Figure 2.5B). Overexpression of SRSF1 further
enhanced miR-10b luciferase reporter activity. By contrast, pri-miR-10b expression
constructs containing crosslinking site mutant 2 attenuated the effect of SRSF1 on
miR-10b luciferase reporters. Similarly we observe a loss of detectable mature miR-
10b with mutant 2 overexpression compared to wild type pri-miR-10b (Figure 2.5B).

Taken together this experiment reveals at least one cis-acting RNA element recog-
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nized by SRSFI functions in regulation of miR-10b expression.

To determine if crosslinking site mutations interfere with SRSF1 pri-miR-10b interac-
tions, we performed filter binding assays using purified recombinant SRSF1 (rSRSF1)
(Figure 2.6). We created minimal pri-miR-10b transcript variants, full length and
minimal, to observe if the context of the binding site within the RNA imparts changes
in affinity. The full length transcripts contain the entire hairpin along with 100nt up
and downstream. The minimal construct is the string of nucleotides upstream of the
hairpin containing the SRSF1 crosslinking sites, defined by iCLIP. To measure bind-
ing affinity of SRSF1 for wild type and mutant pri-miR-10b we performed filter bind-
ing assays. We calculate the fraction of bound RNA by measuring how much RNA

is retained on a nitrocellulose filter compared to free RNA on a positively charged
nylon filter. We observe that rfSRSF1 binds full length pri-miR-10b with an apparent
K, of 27 nM (Figure 2.5C&D). Which is consistent with previously published data
on SR protein affinity to pre-mRNA (Nagel et al. 1998). We observe a decrease in K|
for mutant 2 and mutant 4, 52 nM and 42 nM respectively (Figure 2.5C&D). The Hill
coefficient for all the full length constructs is close to two suggesting two possible
binding sites of rSRSF1, or intramolecular interactions (Figure 2.5D). Since the full
length construct contains the pre-miRNA hairpin we wanted to examine how binding
efficiency and saturation of the RNA changes if we only perform experiments with a
minimal construct. The minimal construct is only the short region upstream of pre-
miR-10b that is bound by SRSF1 in vivo. We observe a decrease in relative K| for all
minimal pri-miR-10b constructs (Figure 2.7). Additionally the Hill coefficient falls

to just around 1 for all minimal constructs, which is lower than full length transcripts
(Figure 2.7). This reduction in K| and Hill coefficient suggests that the hairpin might

impose some competition for SRSF1 binding to the upstream element. The hairpin
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might also contain a second, weaker SRSF1 binding site through intramolecular
interactions, presenting two SRSF1 dependent sequences for binding. We observe
decreased affinity for both full length and minimal mutant 2, which we predict to be
less- or non-responsive to SRSF1. Although affinity for the pri-miR-10b mutants is
reduced in vitro we cannot discount any in vivo interactions that are not accounted for

by filter binding, such as interactions with the Microprocessor or molecular crowding.

Identification of a repressive element in the 5’ leader of pri-miR-10b mutants

To determine if the 5’ leader of pri-miR-10b contains structured RNA elements we
performed chemical probing using 1-methyl-7-nitroisatoic anhydride (1IM7) SHAPE
reagent. IM7 modifies the 2’ hydroxyl of unpaired residues. Modified ribose resi-
dues are revealed as termination sites by primer extension. Using reactive positions
and lowest free energy modeling between base pair interactions we are able to derive
secondary structure predictions (Figure 2.8 and Figure 2.9) (Deigan et al. 2009). We
also performed a computational analysis to derive reproducibility of confidence for
observed structures. Using HITRACE as our algorithm for RNA secondary structure
mapping, we are able to alter parameters that provide insight into heterogeneity of
secondary structures (Yoon et al. 2011; Palka et al.). For example, titrating the slope
parameter for structures produced disfavors secondary helix formation . A persistent
helix at higher slope values is considered a high confidence structure. As proof of
principle, the reference hairpin maintains 100% confidence despite the As expected,
the regions 5’ and 3’ of the hairpin are reactive, indicating they are single-stranded

(Figure 2.8B).

When examining the pri-miR-10b structure we observe a long high confidence hair-
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pin with some reactive bulges, and a highly reactive apical loop, which aligns well
with mirBase prediction of the miR-10b hairpin (Figure 2.8 A&C). Single-stranded-
ness outside of the hairpin is important for efficient Drosha binding and cleavage of
the hairpin (Han et al. 2006; Zeng et al. 2005). We hypothesize that SRSF1 is bind-
ing to this region promoting single-strandness similar to how it prevents R-looping
during transcription (Li and Manley 2005). Surprisingly, a 19nt hairpin emerges just
upstream of the major pri-miRNA hairpin for both mutant 2 and 4 (Figure 2.10). We
hypothesize that the presence of this upstream hairpin is what causes the SRSF1 de-
crease in affinity for the mutant transcripts (Figure 2.5C&D). We hypothesize that the
upstream leader sequence is a binding platform for RBPs prior to Drosha cleavage of

the pri-miRNA.

To determine if a structured 5’ leader was a general feature of pri-miRNAs bound by
SRSF1, we compared the thermodynamic stability of pri-miRNAs predicted to be
bound by SRSF1 to those lacking iCLIP signal signal. Using the DINAmelt web serv-
er application, Quikfold, we were able to generate -dG values for predicted secondary
structures of pri-miRNAs (Markham and Zuker 2005). We observed a slight, yet sig-
nificant difference in the distribution of -dG between those primary miRNAs bound
by SRSF1 and those that are not (Figure 2.11A). These data suggest that perhaps there

is a structured element within the 5’ leader sequence of SRSF1 bound pri-miRNAs.

SRSF'1 promotes the first step of miRNA biogenesis

Taken together, our results suggest that SRSF1 promotes a nuclear step of miRNA

processing, and likely prior to Drosha cleavage. We reasoned that SRSF1 may en-

hance Microprocessor complex activity. To test if SRSF1 directly influences Micro-
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processor cleavage we performed in vitro pri-miR-10b processing assays with immu-
nopurified Drosha/DGCRS in the presence or absence of rSRSF1 (Figure 2.12). We
measured the intensity of pre-miR-10b accumulation at different time points to see if
the addition of rSRSF1 affected processing. In control reactions without rfSRSF1 we
observed a gradual increase in product formation over the course of a reaction (Fig-
ure 2.12, lanes 1-6). However, when pri-miR-10b was incubated in the presence of
rSRSF1 we observed a higher accumulation of pre-miR-10b after 15 minutes (Figure
2.12, lanes 7-10). Since SRSF1 promotes processing by binding to the primary tran-
script, we hypothesize that SRSF1 can recruit Drosha to the transcript through RS
domain interactions, as previously observed between other RS domain containing

proteins (Boucher et al. 2001; Wu and Maniatis 1993).

To test if SRSF1 binds the Microprocessor complex we examined protein coprecip-
itates with Drosha by western blot. We were unable to observe any RNA-dependent
or -independent interactions between exogenously expressed SRSF1 and the Micro-
processor complex (Figure 2.11C). Overall, our data suggest that SRSF1 promotes

pri-miRNA biogenesis by binding to the 5’ leader sequence prior to Drosha cleavage.

In this study we showed that the SR protein SRSF1 promotes the first steps in miR-
NA processing. Global analysis of protein-RNA interactions by iCLIP and eCLIP
revealed that SRSF1, as well as other splicing factors, engage binding sites upstream
of pre-miRNAs (Figure 1). Reporter assays demonstrated that SRSF1 enhances miR-
NA function in vivo and that cis-acting SRSF1 binding sites within pri-miR-10b are
required. Our data suggest that this 5’ leader sequence is inhibitory, and needs to be
relieved for efficient processing. Alleviating a repressive domain for miRNA biogen-

esis has been previously described and is well-supported by our data (Du et al. 2015).
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This observation is strongly supported by in vitro processing assays, which show that
the addition of rSRSF1 promotes early cleavage of pri-miR-10b. Coimmunoprecipi-
tation experiments failed to detect an interaction between SRSF1 and Drosha, argu-
ing against a recruitment model. Instead, we suggest that SRSF1 may influence the
conformation of the pri-miRNA (Figure 2.13). Using SHAPE we noted the presence
of a strong stem loop structure within the 5’ leader region of primary miR-10b. Dele-
tion analysis suggests the 5’ leader region interferes with miR-10b expression. Taken
together our data suggest that SRSF1 binding to pri-miR-10b alters the conformation

of an inhibitory stem loop structure.

Despite decades of research, the mechanisms through which SR proteins regulate
post-transcriptional gene expression remain unclear. Competing models include RS
domain recruitment of splicing factors and RNA-RNA interaction chaperones (Grav-
eley and Maniatis 1998; Shen and Green 2006). Previously, ATP-independent RNA
annealing activity was copurified with SRSF1 (Krainer et al. 1990), suggesting that
SRSF1 disrupted intramolecular RNA structure formation to promote intermolecular
annealing at temperatures well below the Tm. One prediction is that SRSF1 relieves
inhibitory secondary structures in the 5’ leader sequence. We believe such a mecha-
nism is consistent with our observations using pri-miR-10b as a model. This structur-
al change could serve as a checkpoint in hairpin selection by the Microprocessor. A
similar licensing step was described for processing of the pri-miR-17~92 cluster (Du

etal. 2015).

The results presented here demonstrate that SRSF1 promotes miRNA processing
without directly recruiting the Microprocessor. Given the recent discovery that SRSF3

influences miRNA processing through interactions with the basal junction (Kim et
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al. 2018). We hypothesize that SRSF1 and SRSF3 may function collaboratively, by
5’ and 3’ interactions respectively, to define the hairpin for miRNA processing. This
process likely involves remodeling an inhibitory secondary structure adjacent to the
stem loop and consistent with an RNA chaperone function for SRSF1 in miRNA

biogenesis.

Materials and Methods

Analysis of eCLIP and iCLIP datasets

eCLIP data was downloaded from the ENCODE consortium through their dashboard.
Peak definitions from HEPG?2 cells were aligned relative to the 5° end of miRNA
precursors. Data were visualized following unsupervised hierarchical clustering. Only
RBPs with at least 7 annotated binding sites near miRNAs were considered in this
analysis. iICLIP data for SRSF1 was downloaded from (GSE #GSE83923). Repro-
ducible crosslinking sites were defined as previously described (Howard et al. 2018).
Crosslinking density was calculated for all SRSF1 crosslinking data relative to the

5’end of miRNA precursors.

Small RNA sequencing

For small RNA sequencing experiments total RNA was provided to RealSeq Bio-

Sciences (Santa Cruz, CA) and converted to small RNA-seq libraries using the Re-

alSeq-AC kit. Sequencing statistics for each library are available in Supplemental

Table 3.

Cell culture and transfections
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Hek293T cells were grown in 6 well plates with DMEM supplemented with 10%
FBS. At 70% confluence cells were transfected with plasmids using polyethylenimine
(PEI) and 0.35M NaCl. Each transfection was performed a minimum of three times

with two technical replicates per experiment.

RNA immunoprecipitation, RNA purification, and RT-qPCR

Whole cell extracts were isolated 24hr after transfection with RSB-100. After centrif-
ugation, 50% of the supernatant was loaded onto anti T7 agarose beads and rotated at
4C for 1hr. After the immunoprecipitation, the beads were washed three times with
RSB-100. During the last wash, the beads were treated with proteinase K (NEB) to
release any bound RNA. RNA was purified using standard Direct-zol RNA MiniPrep
Kit (Zymo). Final RNAs were resuspended in 15ul volumes. Equal volumes (3ul) of
RNA were reverse transcribed using High-Capacity Reverse Transcriptase kit (Ap-
plied Biosystems). After reverse transcription, a 1:200 dilution was used for gPCR
with Luna qPCR master mix (NEB). qPCR was performed using Luna Universal
qPCR Mix (NEB) and performed on QuantStudio 3 Real-Time PCR System (Applied

Biosystems) according to MIQE guidelines (Bustin et al. 2009).

Luciferase reporter assays

Seed sites for let-7a-1, miRs -1, -7, -9, -17, -100 were inserted into the 3’UTR of
pMIR-REPORT (Life Scientific). miR-10b reporters described previously (Ma et al.
2007) were obtained from AddGene. Reporters were co-transfected with Renilla lucif-

erase (Promega) reporter as a transfection efficiency control. Luciferase activity was
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assayed 24 hours post transfection using Dual-Glo Luciferase Assay System (Prome-
ga). For a 24-well plate, each well was transfected with 100ng of TK-rLUC (Prome-
ga), 800ng or lug of T7-SRSF1 or control plasmid (Céceres et al. 1997), 400ng of
pMIR Luciferase reporter (Life Scientific). Experiments with exogenous pri-miRNAs,
cells were transfected with 200ng of pGK (control) or experimental pGK plasmids

(Ma et al. 2007; Caceres et al. 1997).

In vitro transcription

Oligos were designed containing pri-miR-10b transcripts with a T7 site using Prim-
erize online tool and prepared using standard fragment PCR assembly Primerize
protocol. 8pmol of PCR products were in vitro transcribed using alpha-32P UTP and
MEGAscript T7 polymerase kit (ThermoFisher). Following transcription, RNA was
phenol/chloroform extracted and ethanol precipitated. RNA was resolved on a 6%
denaturing polyacrylamide gel and extracted with a clean razor. RNA containing gel
was incubated overnight at 42°C in elution buffer (0.3M NaOAc pH 5.5, 2% SDS).

RNA was ethanol precipitated and stored at -20°C until use.
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Figure 2.1. Meta analysis of eCLIP data and iCLIP data characterizes a relation-
ship between RBP binding and pri-miRNAs. (A) Heatmap depicting specific RBP
interactions along a subset of pri-miRNA transcripts using HepG2 eCLIP data.
Horizontal axis denotes distance from the 5' end of miRNAs by bins in 25nt. (B)
SRSF1 iCLIP crosslinks density relative to pri-miRNA for six replicates under two
conditions. (C) UCSC genome browser screenshots of three exemplar pre-miR-
NAs with SRSF1 binding. Blue histogram is SRSF1 crosslinking density. Red
track is pre-miRNA genes. Purple histogram is 100 vertebrate conservation. (D)
Relative quantification of T7-RIP RT-qPCR normalized to 18s rRNA for respec-
tive miRNAs with control or SRSF1 overexpression. IP samples were normalized
to respective input (dashed black line). Multiple unpaired, nonparametric t-test (*)
P <0.05.
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Figure 2.2. SRSF1 iCLIP results. (A) Autoradiograph of protein-RNA complexes.
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genome. (C) Consensus motif for SRSF1 derived from above iCLIP. (D) Graph
depicting SRSF1 crosslinking sites relative to intron-exon junctions. Note SRSF1
crosslinks higher over exons. Blue line is SRSF1 crosslinks from SRSF1 overex-
pression background, while red line is SRSF1 crosslinks from a control cell line.
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Figure 2.3. (A) Table depicting degree of overlap between miRNAs identified by
smRNA-seq and iCLIP. (B) Heat map showing miRNAs as defined by MirGeneDB
2.0 that are up (red) and down (blue) regulated after SRSF1 overexpression. (C)
Relative quantification of RT-qPCR of pri-miRNAs normalized to U6 rRNA in
control and SRSF1 overexpressed cells. (*) P <0.05 using unpaired t-test. (D)
Luciferase reporter activity of reporters containing respective mature miRNA seed
sites along with SRSF1. (*) P <0.05 using unpaired t-test.
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Relative luciferase reporter activity for reporters containing respective mature
miRNA seed sites with exogenous miRNA transfection and SRSF1 overexpression
(blue). Multiple unpaired, nonparametric T-test (*) < 0.05. (B) Relative luciferase
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Unpaired, nonparametric T-test (*) < 0.05. (D) Relative quantification of T7-RIP
RT-qPCR data for respective miRNAs with control or SRSF1 overexpression. IP
samples (blue) were normalized to input (black), control IP did not detect enrich-
ment of any pri-miRNA. Multiple unpaired, nonparametric T-test (*) < 0.05.
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Figure 2.5. Mutations within SRSF1 binding site alter miR-10b expression and
activity. (A) Relative luciferase activity of miRNA-10b with overexpression of
exogenous pri-miRNA-10b transcripts containing 5’ truncations. (*) P <0.05 using
unpaired t-test. (B) Luciferase reporter activity for miR-10b reporter when exoge-
nous pri-miR-10b mutants are coexpressed with SRSF1 overexpressed cells. (*) P
<0.05 using unpaired t-test. (C) Wild type and mutant pri-miR-10b binding to
SRSF1. Tables list relative Kps and Hill coefficients for wild type or mutant
pri-miR-10b from filter binding assays. KDs reject null hypothesis using one-way
ANOVA. Using t-Test when comparing WT to MT 2 (p-value=0.001) WT to MT 4
(p-value=0.004) MT 2 to MT 4 (p-value=0.819).
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Figure 2.8. Secondary structure of pri-miR-10b by 1m7 chemical probing. Struc-
tures for wild type pri-miR-10b. (A) Normalized 1M7 reactivity for nucleotide
positions 40-220 of the pri-miR-10b construct. Regions containing SRSF1 cross-
linking sites, and pri-miRNA hairpin are labeled in black solid lines. Upstream
hairpin visible in mutant constructs is annotated with dashed black lines. Regions
of mutations are labeled with purple lines mutant 2 mutation is 62-64nts, mutant 4
single mutation is at 82nt. Nucleotides are color coded based on their normalized
average reactivity. Experiments were performed three times with three technical
replicates. (B) 100 bootstrap replicate confidence percentage for structures calculat-
ed by RNAstructure with increasing SHAPE slope parameter. Observed structures
include: the reference hairpin, pri-miRNA hairpin (from 115-150nt), extended
bottom of pri-miRNA hairpin of a 6bp stem and 4nt bulge (from 105-114nt), and an
upstream hairpin (from 75-96nt). (C) Predicted secondary structure of wildtype
pri-miR-10b. A threshold of 55% bootstrap confidence was used to remove low
confidence structures. Warmer colors denote higher IM7 reactivity at a particular
nucleotide position.
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Figure 2.11. Predicted global RNA structures and protein-RNA interactions. (A)
Predicted Gibbs free energies calculated for pri-miRNAs either bound or not bound by
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Figure 2.13. Model for SRSF1 enhancing miRNA biogenesis. Sequences
upstream of the pri-miRNA hairpin may exist as either structured or unstructured.
A structured element results in reduced accessibility of the hairpin by the Micro-
processor complex. SRSF1 is binding upstream of the hairpin promoting
single-strandedness allowing for efficient recognition and cleavage of the hairpin.
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Chapter 3: Co-regulation of miRNA biogenesis by SRSF1 and SRSF3

Abstract

The serine and arginine-rich splicing factors, SRSF1 and SRSF3 are key regulators
of gene expression. We recently discovered a role for SRSF1 in positively regulating
miRNA biogenesis through interaction with a region upstream of the pri-miR-10b
hairpin. SRSF3 regulates miRNA biogenesis through interactions downstream of
hairpin at the conserved CNNC motif. We hypothesize that SRSF1 and SRSF3 inter-
act together to cooperatively promote the processing of pri-miRNA hairpins. To test
this hypothesis we analyze previously published CLIP data sets to identify miRNAs
bound by both proteins. We perform filter binding assays to characterize the affinity
of SRSF3 for pri-miR-10b. Structure probing of SR targeted transcripts reveals possi-
ble secondary structures flanking the pri-miRNA hairpin that might impede the initial
processing event. Using in vivo reporter assay we observe enhanced activity of mature
miR-10b when both SR protein levels are increased suggesting they cooperatively

regulate processing in vivo.

Introduction

MicroRNAs (miRNAs) are a species of small noncoding RNAs that regulate
post-transcriptional gene expression. They function by base pairing to the 3 UTR of
mRNAs resulting in translational repression or mRNA decay. MiRNA target sites are
highly conserved indicating their importance across evolution (Agarwal et al. 2015).
In addition to their conservation, miRNAs function throughout many processes of cel-

lular growth, including developmental pathways and cellular maintenance (Bracken,
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Scott, and Goodall 2016). Dysregulation of miRNA expression is observed in many
human diseases and correlated in different cancer types (Ventura et al. 2008). Due to
their roles in both normal and diseased cells it is important to understand how miR-

NAs are regulated.

MicroRNA biogenesis begins in the nucleus where a primary transcript (pri-miRNA)
is transcribed by Pol II. Pri-miRNA transcripts vary in length from several hundreds
to thousands of nucleotides. Embedded within the pri-miRNA is the hairpin which
contains a stem-loop structure of 60-80 nts. The hairpin is excised by the Micropro-
cessor complex consisting of Drosha, and DGCRS. This cleavage product,or pre-
cursor miRNA (pre-miRNA), is then transported to the cytoplasm where it is further
cleaved by the RNase III enzyme, Dicer. Dicer generates a short, 22 nt duplex that
consists of a mature miRNA and its antisense pair. The antisense strand is degraded
while the mature miRNA is bound by an Argonaute protein. Argonaute bound miR-
NA complex is known as the RNA induced silencing complex (RISC), which targets
3> UTRs of protein coding genes for translational repression. Although the enzymes
involved in miRNA processing have been identified and characterized it is clear that

many auxiliary proteins interact with both pri- and pre-miRNAs (Treiber et al. 2017).

The Serine Arginine-Rich (SR) proteins can also promote miRNA processing (Wu

et al. 2010; Dargyte et al. n.d,; Auyeung et al. 2013; K. Kim et al. 2018). By con-
trast to their well established roles in pre-mRNA splicing, their regulation of miRNA
processing is an emerging area of research. We recently discovered a global role for
SRSF1 in miRNA processing by binding to an element 5’ of the pri-miRNA hairpin.
We demonstrate that removal of this upstream element allows for efficient miRNA

processing. Similarly, SRSF1 binding to this element enhances pri-miRNA cleav-
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age at the Microprocessor dependent step. SRSF3 also regulates miRNA biogenesis.
Auyeung et al. discovered that SRSF3 binds to a conserved CNNC motif present in
60% of human pr-miRNAs. By contrast to SRSF1, the CNNC motif'is located 13-17
nts downstream of the pri-miRNA hairpin (Auyeung et al. 2013). Upon binding to

the CNNC motif, SRSF3 promotes association of Drosha to the hairpin, enhancing
processing of the transcript (K. Kim et al. 2018). One gap in the field is the lack of in-
teraction between the Microprocessor or any SR protein, which could indicate that SR
proteins bind a step prior initial cleavage of pri-miRNAs. Alternatively SR proteins

could influence processing by promoting a favorable RNA conformation.

During regulation of spliceosome assembly, SR proteins function in context depen-
dent and combinatorial mechanisms. SR protein interactions with each other can
influence their roles during splicing. During pre-mRNA splicing SR proteins can
coordinate binding to exons which regulates alternative exon inclusion or exclusion
(Pandit et al. 2013). Positional regulation of SR proteins on pre-mRNA transcripts
reveals that SR protein binding is dependent on the presence or absence of other SR
proteins (Howard et al. 2018; Pandit et al. 2013). We hypothesize that SR proteins
co-regulate miRNA biogenesis by coordinated binding on the flanking regions of a

pri-miRNA hairpin.

In this study, we test the hypothesis that SR proteins co-regulate miRNA biogenesis.
Using miRNA-10b (miR-10b) as our model we demonstrate that SRSF3 can bind
pri-miRNAs at regions flanking the hairpin, but also within the hairpin. /n vitro and
in vivo experiments reveal that the presence of both SR proteins promotes miRNA

biogenesis.
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Results

SRSF3 binds pri-miRNAs on a global scale

We previously demonstrated that SRSF1 binds upstream of pri-miRNA hairpins
(Dargyte et al. n.d.). To determine where SRSF3 binds pri-miRNAs we analyzed
previously available protein-RNA interactions data (Anko et al. 2012; Xiao et al.
2016). SRSF3 crosslinking and immunoprecipitation (CLIP) was performed in ei-
ther mouse embryonic carcinoma, P19 cells, or huaman cervical cancer HeLa cells.
We observe that a majority of SRSF3 P19 CLIP counts relative to the pri-miRNA
sequence, are outside of the hairpin region (Figure 3.1A). SRSF3 binding 3’ of the
hairpin is expected (Auyeung et al. 2013). Surprisingly, the region 100 nts upstream
of the hairpin contains more SRSF3 counts than 3’ of the hairpin. CLIP counts from.
CLIP data from HeLa cells reveals that SRSF3 binds within the pri-miRNA hairpin
(Figure 3.1B). Interestingly, we observe that 66% of SRSF3 bound miRNAs bind the
mature miRNA sequence within the hairpin (Table 3.1). Suggesting that SRSF3 might
have a role in regulating pri-miRNAs independent of the downstream CNNC motif by

binding upstream within the hairpin.

SRSF3 decreases pri-miRNAs expression in vivo

To validate SRSF3 CLIP data we performed an RNA immunoprecipitation (RIP),
using exogenously expressed T7 epitope tagged SRSF3. Following overexpression
of T7-SRSF3 in HEK293T cells we performed an immunoprecipitation using an
antibody against the T7 epitope (Figure 3.3A). Protein bound RNA was released by

proteinase K digestion, and RNA was characterized by RT-qPCR (Figure 3.3B). Com-
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plimentary SRSF1 data from Dargyte et al. is presented as a comparison. Despite let-
7a-1, miR-7, miR-10b, and miR-100 also being shown to interact with SRSF3, we ob-
serve that pri-miR-1 is the only miRNA that is significantly enriched with T7-SRSF3
(Table 3.1 and Figure 3.2B). The RIP was performed in an SRSF3 overexpression
background. We wanted to determine if T7-SRSF3 overexpression influences endoge-
nous pri-miRNA levels, which might explain reduced precipitation of T7-SRSF3 with

expected pri-miRNAs.

To determine if SRSF3 affects miRNA expression we measured pri-miRNA levels af-
ter T7-SRSF3 overexpression. Whole cell RNA was extracted and pri-miRNA levels
were assessed by RT-qPCR. Similar to steady state pri-miRNA levels when SRSF1 is
over expressed, we observe a significant decrease in pri-miRNA levels when SRSF3
is overexpressed (Figure 3.2C). A decrease in pri-miRNA levels can explain the lack
of association between pri-miRNA and SRSF3 observed with the RIP. The decrease
in pri-miRNA levels could be a result of processing or degradation of transcripts. We

wanted to further characterize the interaction between pri-miRNAs and SRSF3.

SRSF3 interacts with pri-miR-10b in vitro

To quantify SR protein interactions with pri-miRNAs in vitro we performed filter
binding assays. For our study we purified recombinant SRSF1 and SRSF3 (rSRSF1
and rSRSF3) from HEK293T cells (Cazalla et al. 2005). Since SRSF1 and SRSF3
both interact with pri-miR-10b we wanted to biochemically characterize this interac-
tion. To calculate binding affinities between SRSF3 and pri-miR-10b we performed
filter binding assays (Figure 3.3). Radiolabeled pri-miR-10b was incubated with
increasing amounts of either rSRSF1 or rSRSF3. We observe that rfSRSF1 binds pri-
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miR-10b at a relative K of 21nM +/- 2 while SRSF3 binds at a relative K of 82nM
+/- 9 (Figure 3.3). Interestingly the Hill coefficient for SRSF1 and SRSF3 are 1.9
+/- 0.4 and 3.1 +/- 1.3, respectively, suggesting that despite having a weaker affinity,

SRSF3 may bind cooperatively to pri-miR-10b (Figure 3.3).

SRSF'1 and SRSF3 coregulate mature miR-10b activity

We next wanted to examine if SRSF1 and SRSF3 can enhance mature miRNA ac-
tivity in vivo in a coordinated manner. To do so SRSF1 and SRSF3 were co-overex-
pressed at varying titrating concentrations in HEK293T cells and measured miR-10b
activity as fold repression. In the lack of exogenous SR protein, repression of the
reporter is lowest. We observe that when SRSF1 and SRSF3 levels are both 100%
(5ug) that miRNA repression under each condition is ~2 fold, indicating that SRSF1
and SRSF3 are positively influencing processing (Figure 3.4A). Interestingly, when
SRSF1 and SRSF3 are coexpressed at an equal ratio (2.5ug each), or 1:3 ratio
(1.25ug:4ug), we observe slightly higher repression at ~2.4 fold (Figure 3.4A). This
observation is significant when comparing SRSF1 only overexpression to 1:3 SRS-
F1:SRSF3 co-expression, suggesting that SRSF3 might enhance SRSF1°s effect on

miR-10b biogenesis.

Furthermore, we wanted to see if cotransfection with exogenous pri-miR-10b would
further enhance the observed results, as endogenous miRNA levels might result in
only subtle changes. To do so we co-expressed a pri-miR-10b construct along with
SRSF1 and SRSF3, and the miR-10b reporter. As expected we observe an increase
in fold repression with the expression of exogenous pri-miR-10b compared to just

endogenous pri-miRNA expression (Figure 3.4B). Taken together, SRSF1 and SRSF,
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in concert, can enhance mature miRNA activity.

Structural context CNNC motif

Sequence and structural motifs have been shown as determinants of miRNA process-
ing (Du et al. 2015; Auyeung et al. 2013). SRSF3 binding has been shown to have
preference for a downstream CNNC motif. Recently it was discovered that RNA
structure can affect the accessibility of the CNNC (Fernandez et al. 2017). Thus we
hypothesize the presence of structured elements within the SR protein binding site

flanking the pri-miRNA hairpin.

To test our hypothesis that SR proteins bind to secondary structured regions we used
a selective 2'-hydroxyl acylation analyzed by primer extension (SHAPE). SHAPE
allows us to identify secondary structures of RNA by chemical modification of nucle-
otides. M7 (1-methyl-7-nitroisatoic anhydride) acetylates single-stranded, exposed
nucleotides. Upon reverse transcription (RT) by primer extension the modified nucle-
otides result in truncated cDNA. Capillary electrophoresis reveals the RT stops and
secondary structure can be derived. SHAPE is a straightforward yet powerful tool to

examine secondary RNA structures in vitro.

We chose our candidate miRNAs to reflect potential differences in structure based on
if they are bound by SR proteins and the presence of a CNNC motif downstream from
the hairpin. Our candidate pri-miRNAs include pri-miRs-7-1 and -100. Pri-miR-7-1
contains a CNNC motif, and is bound by both SR proteins. Pri-miR-100 is bound
sloley by SRSF3 and contains a CNNC motif.
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When examining the secondary structure of the candidate miRNAs there are some
interesting elements present in each. Firstly a high confidence pri-miRNA hairpin,
with a reactive apical loop, is observed for both pri-miRNAs (Figure 3.5). Previous-
ly generated CLIP data sets have shown pri-miR-7 to be bound by both SRSF1 and
SRSF3 (Dargyte et al. n.d. and Figure 3.1). Upstream of the hairpin from 38-57 nts is
a highly reactive region likely to be single-stranded. Immediately downstream of the
hairpin (161-170 nts) is non-reactive and the CNNC containing regions appears to be
a structured, double stranded segment (Figure 3.5A). Pri-miR-100 is predicted to be
bound only by SRSF3. Both up and downstream regions are generally unstructured,
with some short high confidence double stranded regions. Interestingly we observe

6-8nt long bulges at the lower portion of the hairpin (Figure 3.5B).

Overall, pri-miR-7 has the most structured flanking segments relative to the hairpin,
which might be reflective of regions for SRSF1 and SRSF3 interactions. While the
flanking regions surrounding the pri-miR-100 hairpin are relatively unstructured. Sug-

gestive of structure independent protein-RNA interactions.

SR proteins are predicted to interact with core and auxiliary proteins involved in

miRNA biogenesis

We further wanted to identify any possible interactions between SRSF1 and SRSF3
and critical miRNA biogenesis proteins. Using BioGrid we pulled out observed pro-
tein interactors for SRSF1, SRSF3, Drosha, DGCRS, and Dicer. Overlapping protein
interactions can be seen in Table 3.2, organized by how many times an interaction

is observed. SR proteins and Microprocessor components interact with 16 unique

proteins. Interacting proteins include: SR domain kinases, splicing factors, and heli-
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cases. Two proteins that have been previously uncharacterized as miRNA regulators
that emerged in this data set are, CUL3 and ESR1. CULS3 is a conserved protein and a
component of a scaffolding complex for E3 ubiquitin ligases (Wimuttisuk et al. 2014).
While ESR1 is an estrogen receptor protein. Although not studied together as a whole,
SR proteins, and the aforementioned miRNA biogenesis associated proteins might

be working in concert to regulate and guide pri- and pre- miRNAs during biogenesis.
It would be of interest to explore how these proteins interact with miRNAs and if

changes in their expression can alter miRNA levels or activity.

Discussion

The SR protein functional repertoire has vastly expanded since their discovery. Their
main roles in regulation of protein coding have long been studied, recently an under-
standing of how they regulate noncoding RNAs has emerged. In this study we expand
upon how SRSF1 and SRSF3 regulate miRNA biogenesis. By using previously pub-
lished CLIP datasets we further characterize a global interaction between SRSF1 and
SRSF3 and pri-miRNAs. We also observe a novel interaction between SRSF3 and
mature miRNA sequences in HeLa cells. We characterize in vitro binding affinities for
SRSF1/SRSF3 for pri-miR-10b. Furthermore, we show that SRSF1 in combination
with SRSF3 can stimulate miRNA biogenesis of miR-10b in vivo. We believe this

paper further expands the range of SR protein post-transcriptional gene regulation.

Similar to Du et al, we hypothesize a processing step prior to Drosha cleavage. We
believe this regulatory step is mediated by interactions between RBPs and cis-ele-
ments outside of the pri-miRNA hairpin. During splicing, SR proteins coordinate

exon definition through protein-protein and protein-RNA interactions which allows
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for spliceosome formation (Pandit et al. 2013; Howard et al. 2018). Similarly, SR pro-
teins can coordinate binding surrounding the miRNA hairpin, defining the region for
processing by the Microprocessor complex. It is understood that pri-miRNAs must
contain single-stranded regions up and downstream of the hairpin for efficient Drosha
cleavage; our SHAPE data reveals that this region can be double stranded in vitro
(Ma et al. 2013). We hypothesize that perhaps SR proteins bind to sequences outside
of the hairpin and promote their single-strandedness allowing for Microprocessor
binding and ultimately Drosha cleavage. SR proteins might bind to nascent pri-miR-
NAs during transcription to stabilize the strand, preventing R-loops and exposing the

double stranded hairpin allowing for Drosha binding.

SRSF1 and SRSF3 have previously been shown to not interact with the Microproces-
sor, suggesting they bind before the Microprocessor, or form an auxiliary complex.
We examined what protein interactions occur between major microRNA biogenesis
proteins, SRSF1, and SRSF3 (Table 3.2). Interestingly we notice all have an overlap
with two proteins, ESR1, a nuclear estrogen receptor transcription factor and CULS3,
a conserved scaffolding protein for E3 ubiquitin ligase. CUL3 might be influenc-

ing miRNAs processing by regulating proteins involved in the biogenesis pathway.
Despite CUL3 being implicated in mature miRNA degradation little is known as to
how it might regulate pri- or pre- miRNAs directly (Han et al. 2020). Although SR
proteins and miRNAs are dysregulated the interaction between ESR1 and aforemen-
tioned proteins has been observationally characterized. ESR1 positive (ER+) cancer
cells result in decreased Drosha expression, which is interesting as ER+ breast cancer
tissue and cells have a global increase in miRNA levels (Macias, Michlewski, and
Céaceres 2009; Blenkiron et al. 2007). Additionally, ER- cells have increased levels

of Dicer and Dicer binding partner TRBP, while Ago?2 levels are decreased (Cheng et
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al. 2009). This suggests despite increased levels of miRNAs they are not loaded into
RISC and not able to target overexpressed cancer genes. It is unclear how SR proteins
and ESR1 co-regulate miRNA biogenesis proteins; there might be an unidentified axis

between the three.

We observe that SR proteins and DGCRS can both bind DHX9, DDX17 helicases.
Helicases are often in complex with both the Microprocessor in the nuclease and Di-
cer in the cytoplasm (Kawai and Amano 2012; Robb and Rana 2007). Helicases can
unwind the stem of pri- and pre- miRNAs altering accessibility and stability of the
transcripts. It is unclear whether DHX9 or DDX17 specifically are unwinding bound
transcripts. It is interesting that SRSF1, which has been shown to contain annealing
properties, is observed to be interacting with the helicases DHX9 and DDX17 (Table
3.2) (Krainer, Conway, and Kozak 1990). Perhaps these proteins work in maintaining

stable structures during the first cleavage step by Drosha.

Some important factors to consider for future studies include, examining what
post-translational modifications might be regulating SR proteins while interacting
with pri-miRNAs. SR protein RS domains can be heavily phosphorylated resulting

in different structural confirmations, protein interactions, and localization (Gui, Lane,
and Fu 1994; Xiao and Manley 1997; Cho et al. 2011; Xiang et al. 2013). Insight into
the phosphorylative state can define if pri-miRNAs are sequestered to subcellular
localization, or transported. As the Microprocessor and SR proteins do not directly
interact it would be of interest to also determine if SR proteins are binding miRNAs
alone, or as part of a larger complex. This would also explain any disparities observed
between in vivo and in vitro experiments. Our in vitro experiments utilize recombi-

nant purified SR proteins rather than a natural cellular complex. Finally, it is of inter-
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est to explore if SR protein binding causes nucleotide positional shifting of Drosha
cleavage causing a slightly shifted pre-miRNA or mature miRNA sequence, and if
these transcripts are productive. Great progress in understanding a mechanism for SR
proteins since the first paper explored this novel interaction, more work is needed to

define context and physiological consequences.

Methods

Cell Culture

Hek293T cells were grown in DMEM (Signa) supplemented with 10% FBS. At 70%
confluence cells were transfected with plasmids using Lipofectamine 2000 protocol

(ThermoFisher).

Structure probing

1.2 pmols of RNA in 50 mM Na-HEPES (pH 8) was denatured at 95°C for 3 min-
utes, after cooling to room temperature, 10 mM of MgCI2 was added to the solution.
RNA was modified in presence of 5 mM of 1-methyl-7-nitroisatoic anhydride (1M?7,
provided by Dr. Manuel Ares) at room temperature for 15 minutes, followed by
quenching with 2.55 M Na-MES (pH 6) for 10 minutes. RNA was washed with 70%
ethanol and purified with AMPure Beads (Beckman Coulter). After elution in water,
RNA was reverse transcribed using standard SuperScript III protocol (ThermoFish-
er) and hydrolyzed by 200 mM NaOH. cDNA is purified as previously described on
AMPure beads and eluted with 11ul of formamide-ROX350 mix (ThermoFisher) for

15 minutes at room temperature. Primer extension products were analyzed by Elim

72



Biopharmaceuticals by capillary electrophoresis. Data from capillary electrophoresis
runs was analyzed with HITRACE MATLAB package as previously described (Yoon
etal. 2011; Palka et al. 2020).

In vitro transcription

RNA was generated either by transcribing a linearized plasmid with T3 RNA poly-
merase. T7 RNA polymerase templates were generated using the primerize protocol,
where oligonucleotide sequences were PCR amplified using Phusion polymerase
(ThermoFisher). In vitro transcription was performed using T3 or T7 MegaScript Kit
(ThermoFisher). After transcription the RNA was heat to 90°C for 3 minutes and run
on a 6% denaturing gel. RNA was visualized by UV shadowing and excised from the
gel with a clean razor blade. RNA was eluted overnight shaking in a buffer containing
0.3 M NaOAc and 3% SDS. After elution RNA was ethanol precipitated, washed,

resuspended in RNase free water and stored at -20°C until use.

Filter binding

0.25 nM of body labeled RNA was folded for 3 minutes at 90°C in a buffer of 50 mM
HEPES (pH 8.0) and cooled to room temperature over 15 minutes. RNA was al-
lowed to bind SRSF1 and SRSF3 for 30 minutes at 37°C after the addition of 10 mM
MgCl2. Meanwhile, nitrocellulose (Amersham) and positively charged nylon mem-
brane (Ambion) were pre-soaked in 50 mM HEPES (pH 8.0) and 10 mM MgCl2.
Membranes were layered, with nitrocellulose on bottom, in a 96-well vacuum man-
ifold dot blot apparatus (Whatman) and binding reactions were individually pipette

into wells. Using a house vacuum samples were filtered through the membranes
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and washed with 1 mL pre-soaking buffer. Membranes were air dried and exposed
overnight on a phosphor screen, and visualized with a Typhoon image scanner (GE
Healthcare). Lane analysis of blots was performed using imagelJ, background was
determined in the absence of protein. Filter binding data were plotted as fraction RNA
bound, using GraphPad Prism to generate Hill coefficients and observed dissociation

constants.

Analysis of par-CLIP, and fr-iCLIP datasets

PAR-CLIP data for SRSF3 from HeLa cells was downloaded from (GSM 1826788
and GSM1826793). Fr- iCLIP data for SRSF3 from P19 cells was downloaded from
(GSE30567). Reference genomes for subsequent analysis were hg19 for HeLa cell
PAR-CLIP, and mm9 for P19 fr-iCLIP. Downloaded bed files containing peaks as in-
tervals. Peaks were aggregated to single position binding sites by selecting the center
of each interval. Using miRBase 2.0 defined pre-miRNA hairpins as reference, 100 bp
were extended on either side of the hairpin. FindOverlaps function from the R pack-
age GenomicRanges was used to compute overlaps and relative positions between

miRNAs and CLIP sites (Lawrence et al. 2013).

Luciferase assays

MicroRNA reporters using pMIR luciferase reporters were previously generated by
Dargyte et al. MicroRNA reporters were co-transfected with TK-rLUC (Promega) as
a transfection control. For each 24 well plate 1000 ng of T7-SRSF1 or SRSF3, 200 ng
pMIR, 200 ng pGK (exogenous pri-miRNA if used) and 50ng of TK-rLUC we trans-

fected using Lipofectamine 2000 (ThermoFisher). Titration experiments use above
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mentioned concentrations of either T7-SRSF1 and/or T7-SRSF3. Activity was as-
sayed 24 hours post transfection using Dual-Glo Luciferase Assay System (Promega).

Western blots were performed to confirm SR protein overexpression.
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Figure 3.1. Global interactions of RNA binding proteins in different cell types.
(A) SRSF3 PAR-CLIP from HeLa cells. PAR-CLIP sequencing counts relative to the
5’ or 3’ of annotated pri-miRNA hairpins. 5’ and 3’ hairpin boundaries annotated as 0.
The blue line denotes the position where SRSF3 binds miR-10b relative to miR-10b
hairpin 5°/3” ends. (B) SRSF3 fr-iCLIP in mouse P19 cells. Similar to before, SRSF3
iCLIP sequencing counts were plot relative to 5° and 3’ of pri-miRNA hairpin. SRSF3
crosslink to miR-10b is also observed downstream of the hairpin. Note the differences

in SRSF3 crosslinking comparing human and mouse CLIPs.
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not aligned with mature miRNA [aligned with mature miRNA
hsa-mir-30e hsa-mir-200b
hsa-mir-30c-1 hsa-mir-101-1
hsa-mir-92b hsa-mir-320b-1
hsa-mir-205 hsa-mir-181a-1
hsa-mir-1246 hsa-mir-320b-2
hsa-mir-146a hsa-mir-128-1
hsa-mir-340 hsa-mir-10b
hsa-mir-148a hsa-mir-26b
hsa-mir-106b hsa-mir-26a-1
hsa-mir-30d hsa-mir-128b
hsa-mir-23b hsa-mir-143
hsa-mir-27b hsa-mir-218-2
hsa-mir-532 hsa-mir-30a
hsa-mir-125b-1 hsa-mir-25
hsa-mir-3613 hsa-mir-182
hsa-mir-342 hsa-mir-183
hsa-mir-629 hsa-mir-29a
hsa-mir-328 hsa-mir-320a
hsa-mir-301a hsa-mir-101-2
hsa-mir-769 hsa-mir-7-1
hsa-mir-125a hsa-mir-24-1
hsa-mir-125b-2 hsa-mir-181a-2
hsa-mir-155 hsa-mir-199b
hsa-mir-185 hsa-mir-221
has-let-7g hsa-mir-500a
has-let-7i hsa-mir-502
hsa-mir-92a-2
hsa-mir-224
hsa-mir-452
hsa-mir-146b
hsa-mir-100
hsa-mir-200c
hsa-mir-26a-2
hsa-mir-92a-1
hsa-mir-203a
hsa-mir-7-2
hsa-mir-22
hsa-mir-423
hsa-mir-10a
hsa-mir-142
hsa-mir-21
hsa-mir-122
hsa-mir-7-3
hsa-mir-24-2
hsa-mir-99a
has-let-7a-1
has-let-7-1
has-let-7d
has-let-f-2
has-let-7a-2
has-let-7¢
has-let-7a-3
has-let-7b

Table 3.1. SRSF3 associated miRNAs defined by PAR-CLIP in HeLa cells.
MiRNAs associated with SRSF3 CLIP sequencing tags. MiRNAs were examined
if previous experiments identified the mature miRNA sequence and its expression.

SRSF3 CLIP tags were grouped based on if they overlap with known mature miRNA
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sequences in the UCSC human genome browser (hg19). SRSF3 crosslink tags that do
not overlap with a miRNA cannot be distinguished between if the mature sequence

has not been annotated or if SRSF3 is binding to a different region altogether.
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Figure 3.2. SRSF1 and SRSF3 bind pri-miRNAs and alter pri-miRNA steady
state levels in vivo.

(A) Anti-T7 western blot of samples collected from T7- RNA immunoprecipitation.
Samples were from HEK293T cells overexpressing control, T7-SRSF1, or T7-SRSF3
plasmids. For each condition input lysate (IN), post-immunoprecipitation supernatant
(SUP), immunoprecipitated sample (IP), and proteinase K treated IP sample (PK)

were collected. (B) RT-qPCR of T7-RIP for cells over expressing control, SRSF1,
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and SRSF3 plasmids. Samples were normalized to an endogenous gene, 18s rRNA,
as well as respective inputs. Significance was determined by unpaired T.test, * < 0.05.
(C) RT-gPCR of input lysate samples from (A), for control, SRSF1, and SRSF3 over-
expression. Different pri-miRNA levels were measured and normalized relative to an

endogenous gene and control input samples.
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Figure 3.3. SRSF1 and SRSF3 interact with pri-miR-10b in vitro.

(A) UV label transfer and western blot of SR proteins. Not the presence of high mo-
lecular weight bands in absence of RNase, in presence of SR proteins. T7 western blot
confirms the presence of SR proteins in presence or absence of RNase. (B) In vitro
filter binding assay measures observed affinity of SRSF1 and SRSF3 for pri-miR-10b.
(C) Calculated dissociation constants and hill coefficients using filter binding assay

(B) for SRSF1 and SRSF3.
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Figure 3.4. SRSF1 and SRSF3 coregulate pri-miR-10b processing in vivo

(A,B) Luciferase reporter activity of pMIR-10b with exogenous overexpression of
pri-miR-10b (A) Endogenous miR-10b activity measured by pMIR-10b. Cells were
co-transfected with differing ratios of T7-SRSF1, and T7-SRSF3. Significance was
determined by paired T.test, * < 0.05. (B) MiR-10b activity measured by pMIR-10b
after transfection of exogenous pri-miR-10b along with T7-SRSF1 and T7-SRSF3 at

differing ratios. Significance was determined by paired T.test, * < 0.05.
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Figure 3.5. Observed secondary structures of pri-miRNAs predicted to be bound

by SR proteins
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Secondary structures of pri-miR-1 (A), pri-miR-7 (B) pri-miR-100 as determined by
SHAPE with IM7. Reactivities were assigned by Hi-TRACE. Nucleotides highlight-
ed with warmer (red) colors have highest reactivities, indicative of 1M7 modifica-
tions. The 5’ and 3’ ends of the embedded mature miRNA are annotated with green
arrows. Potential SRSF3 targeted CNNC motifs are marked with a pink line pri-

miR-7 (156-159nt) and pri-miR-100 (137-140 & 178-181nts).
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DROSHA |DGCR8 DICER
CUL3 CUL3 CUL3
ESR1 ESR1 ESR1
SRPK1 SRPK1
SRPK2 SRPK2
WWP2 WWP2
DHX9 DHX9
DDX17
STAU1 STAU1
KIF23 APP PLEKHA4
RBM39 EWSR1 RECQL4
FUS SYNCRIP
HNRNPU
SNRNP70

Table 3.2. Predicted interactions between miRNA biogenesis associated proteins
and SR proteins

Interactors overlap between SRSF1, SRSF3 and Drosha, DGCRS or Dicer. Interac-
tions were derived from BioGrid. List is grouped by recurring interactions between

groups.
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Chapter 4: Conclusions and future directions

In this thesis, I have presented research on how two RNA binding proteins, SRSF1
and SRSF3 can regulate microRNA biogenesis. Using miR-10b as our model, I define
SRSFI1 as binding a single-stranded region upstream of the pri-miRNA hairpin. Using
both in vivo and in vitro experiments I was able to characterize SRSF1-dependent
regulation to positively influence miR-10b processing. Furthermore, I have begun

to explore the co-regulation of SR proteins during miRNA biogenesis. SRSF3 has
been previously characterized in promoting the biogenesis of pri-miRNAs by binding
to a motif downstream of the pri-miRNA hairpin. Using in vivo miRNA reporters, |
observe that co-overexpression of SRFS1 and SRSF3 can result in significant increase
in mature miR-10b activity. Knowing that SR proteins coordinate interactions during
pre-mRNA splicing. I hypothesize that SR proteins coordinate binding to flanking
regions outside of the hairpin, promoting a more accessible secondary structure of the
hairpin which allows for recruitment of the Microprocessor complex during the initial

steps of miRNA processing.

I believe I have contributed to previous studies but also expanded the role for SR
proteins during miRNA biogenesis by interacting with sequences upstream of the
pri-miRNA hairpin. There is still much to learn about how SR proteins regulate mi-
croRNA biogenesis. I began interrogation of the understudied region upstream of the
pri-miRNA hairpin. I believe future experiments should focus on the biochemical and
in vivo interaction between the SR protein and pri-miRNAs in this region. One imme-
diate goal is to optimize structure probing of RNAs in the presence of recombinant
protein to observe any changes in structure during and after protein binding. From a

cellular and molecular aspect, we can examine subcellular localization of SR-miRNA
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complexes, and characterize the domain requirements of SR proteins interacting with
the RNA. Immunoprecipitation and mass spectrometry based experiments may reveal
an SR protein containing complex prior to Microprocessor binding that regulates
biogenesis. I would also like to characterize the sequence context of the pri-miRNA
bound by SR proteins, is it a full length pri-miRNA or a truncated transcript simi-

lar to pro-miRNAs. Lastly, it would be interesting to characterize the cleavage site
produced by the Microprocessor in the presence of SR proteins. SR proteins might
be directing Microprocessor cleavage of the hairpin, contributing to production of

efficient pre-miRNAs.

I am optimistic that my thesis will further the understanding of SR dependent regula-

tion of early miRNA biogenesis.

87



Bibliography

Abelson, John. 2008. “Is the Spliceosome a Ribonucleoprotein Enzyme?”” Nature
Structural & Molecular Biology. https://doi.org/10.1038/nsmb1208-1235.

Abolghasemi, Maryam, Sadra Samavarchi Tehrani, Tooba Yousefi, Ansar Karimian,
Ata Mahmoodpoor, Aliakbar Ghamari, Farhad Jadidi-Niaragh, et al. 2020.
“MicroRNAs in Breast Cancer: Roles, Functions, and Mechanism of Actions.”
Journal of Cellular Physiology 235 (6): 5008—29.

Agarwal, Vikram, George W. Bell, Jin-Wu Nam, and David P. Bartel. 2015.
“Predicting Effective microRNA Target Sites in Mammalian mRNAs.” eLife 4
(August). https://doi.org/10.7554/eLife.05005.

Ameres, S. L., M. D. Horwich, J-H Hung, J. Xu, M. Ghildiyal, Z. Weng, and P. D.
Zamore. 2010. “Target RNA-Directed Trimming and Tailing of Small
Silencing RNAs.” Science. https://doi.org/10.1126/science.1187058.

Anké, Minna-Liisa, Michaela Miiller-McNicoll, Holger Brandl, Tomaz Curk,
Crtomir Gorup, lan Henry, Jernej Ule, and Karla M. Neugebauer. 2012. “The
RNA-Binding Landscapes of Two SR Proteins Reveal Unique Functions and
Binding to Diverse RNA Classes.” Genome Biology 13 (3): R17.

Auyeung, Vincent C., Igor Ulitsky, Sean E. McGeary, and David P. Bartel. 2013.
“Beyond Secondary Structure: Primary-Sequence Determinants
License Pri-miRNA Hairpins for Processing.” Cell 152 (4): 844-58.

Aznarez, Isabel, Tomoki T. Nomakuchi, Jaclyn Tetenbaum-Novatt, Mohammad
Alinoor Rahman, Oliver Fregoso, Holly Rees, and Adrian R. Krainer. 2018.
“Mechanism of Nonsense-Mediated mRNA Decay Stimulation by Splicing
Factor SRSF1.” Cell Reports 23 (7): 2186-98.

Bah, Alaji, and Julie D. Forman-Kay. 2016. “Modulation of Intrinsically Disordered
Protein Function by Post-Translational Modifications.” The Journal of
Biological Chemistry 291 (13): 6696—6705.

Balzeau, Julien, Miriam R. Menezes, Siyu Cao, and John P. Hagan. 2017. “The
LIN28/let-7 Pathway in Cancer.” Frontiers in Genetics. https://doi.
org/10.3389/fgene.2017.00031.

Bedard, Kristin M., Sarah Daijogo, and Bert L. Semler. 2007. “A Nucleo-Cytoplasmic
SR Protein Functions in Viral IRES-Mediated Translation Initiation.” The
EMBO Journal 26 (2): 459—67.

Berezikov, Eugene, Wei-Jen Chung, Jason Willis, Edwin Cuppen, and
Eric C. Lai. 2007. “Mammalian Mirtron Genes.” Molecular Cell.
https://doi.org/10.1016/j.molcel.2007.09.028.

Berget, S. M., C. Moore, and P. A. Sharp. 1977. “Spliced Segments at the 5’
Terminus of Adenovirus 2 Late mRNA.” Proceedings of the National

88



Academy of Sciences of the United States of America 74 (8): 3171-75.

Blenkiron, Cherie, Leonard D. Goldstein, Natalie P. Thorne, Inmaculada Spiteri,
Suet-Feung Chin, Mark J. Dunning, Nuno L. Barbosa-Morais, et al. 2007.
“MicroRNA Expression Profiling of Human Breast Cancer Identifies
New Markers of Tumor Subtype.” Genome Biology.
https://doi.org/10.1186/gb-2007-8-10-r214.

Bohnsack, M. T. 2004. “Exportin 5 Is a RanGTP-Dependent dSRNA-Binding
Protein That Mediates Nuclear Export of Pre-miRNAs.” RNA.
https://doi.org/10.1261/rma.5167604.

Boija, Ann, Isaac A. Klein, Benjamin R. Sabari, Alessandra Dall’ Agnese,
Eliot L. Coftey, Alicia V. Zamudio, Charles H. Li, et al. 2018. “Transcription
Factors Activate Genes through the Phase-Separation Capacity of Their
Activation Domains.” Cell 175 (7): 1842-55.¢e16.

Boland, Andreas, Eric Huntzinger, Steffen Schmidt, Elisa Izaurralde, and Oliver
Weichenrieder. 2011. “Crystal Structure of the MID-PIWI Lobe of a
Eukaryotic Argonaute Protein.” Proceedings of the National Academy of
Sciences of the United States of America 108 (26): 10466—71.

Bomsztyk, Karol, Oleg Denisenko, and Jerzy Ostrowski. 2004. “hnRNP K: One
Protein Multiple Processes.” BioEssays. https://doi.org/10.1002/bies.20048.

Bracken, Cameron P., Hamish S. Scott, and Gregory J. Goodall. 2016. “A Network
-Biology Perspective of microRNA Function and Dysfunction in Cancer.”
Nature Reviews. Genetics 17 (12): 719-32.

Brennecke, Julius, Alexander Stark, Robert B. Russell, and Stephen M. Cohen. 2005.
“Principles of microRNA-Target Recognition.” PLoS Biology 3 (3): e85.

Brodsky, Sagie, Tamar Jana, Karin Mittelman, Michal Chapal, Divya Krishna Kumar,
Miri Carmi, and Naama Barkai. 2020. “Intrinsically Disordered Regions
Direct Transcription Factor /n vivo Binding Specificity.” Molecular Cell
79 (3): 459-71.¢4.

Buratti, Emanuele, Andrés F. Muro, Maurizio Giombi, Daniel Gherbassi, Alessandra
laconcig, and Francisco E. Baralle. 2004. “RNA Folding Affects the
Recruitment of SR Proteins by Mouse and Human Polypurinic Enhancer
Elements in the Fibronectin EDA Exon.” Molecular and Cellular Biology
24 (3): 1387-1400.

Bu, Zimei, and David J. E. Callaway. 2011. “Proteins Move! Protein Dynamics and
Long-Range Allostery in Cell Signaling.” Advances in Protein Chemistry and
Structural Biology 83: 163-221.

Biissing, Ingo, Frank J. Slack, and Helge GroBhans. 2008. “Let-7 microRNAs in

Development, Stem Cells and Cancer.” Trends in Molecular Medicine. https://
doi.org/10.1016/j.molmed.2008.07.001.

89



Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, Mueller R,
Nolan T, Pfaffl MW, Shipley GL, et al. 2009. The MIQE guidelines: minimum
information for publication of quantitative real-time PCR experiments. Clin
Chem 55: 611-622.

Céceres, J. F., T. Misteli, G. R. Screaton, D. L. Spector, and A. R. Krainer. 1997.
“Role of the Modular Domains of SR Proteins in Subnuclear Localization

and Alternative Splicing Specificity.” The Journal of Cell Biology
138 (2): 225-38.

Cai, Xuezhong, Curt H. Hagedorn, and Bryan R. Cullen. 2004. “Human microRNAs
Are Processed from Capped, Polyadenylated Transcripts That Can Also
Function as mRNAs.” RNA 10 (12): 1957-66.

Calatayud, Dan, Christian Dehlendorff, Mogens K. Boisen, Jane Preuss Hasselby,
Nicolai Aagaard Schultz, Jens Werner, Heike Immervoll, Anders Molven,
Carsten Palnas Hansen, and Julia S. Johansen. 2017. “Tissue MicroRNA Pro
files as Diagnostic and Prognostic Biomarkers in Patients with Resectable
Pancreatic Ductal Adenocarcinoma and Periampullary Cancers.” Biomarker
Research. https://doi.org/10.1186/s40364-017-0087-6.

Castello, Alfredo, Bernd Fischer, Katrin Eichelbaum, Rastislav Horos, Benedikt
M. Beckmann, Claudia Strein, Norman E. Davey, et al. 2012. “Insights into
RNA Biology from an Atlas of Mammalian mRNA-Binding Proteins.” Cell.
https://doi.org/10.1016/j.cell.2012.04.031.

Castello, Alfredo, Bernd Fischer, Christian K. Frese, Rastislav Horos, Anne-Marie
Alleaume, Sophia Foehr, Tomaz Curk, Jeroen Krijgsveld, and Matthias W.
Hentze. 2016. “Comprehensive Identification of RNA-Binding Domains in
Human Cells.” Molecular Cell. https://doi.org/10.1016/j.molcel.2016.06.029.

Cazalla D, Sanford JR, Céceres JF. 2005. A rapid and efficient protocol to purify bio
logically active recombinant proteins from mammalian cells. Protein
Expression and Purification 42: 54-58. http://dx.doi.org/10.1016/].
pep.2005.03.035.

Cazalla D, Zhu J, Manche L, Huber E, Krainer AR, Caceres JF. 2002. Nuclear export
and retention signals in the RS domain of SR proteins. Mol Cell Biol 22:
6871-6882.

Chakravarthy, Srinivas, Samuel H. Sternberg, Colleen A. Kellenberger, and Jennifer
A. Doudna. 2010. “Substrate-Specific Kinetics of Dicer-Catalyzed RNA
Processing.” Journal of Molecular Biology 404 (3): 392-402.

Chen, Chyi-Ying A., Dinghai Zheng, Zhenfang Xia, and Ann-Bin Shyu. 2009.
“Ago—TNRC6 Triggers microRNA-Mediated Decay by Promoting Two
Deadenylation Steps.” Nature Structural & Molecular Biology.
https://doi.org/10.1038/nsmb.1709.

Cheng, Chao, Xuping Fu, Pedro Alves, and Mark Gerstein. 2009. “mRNA
Expression Profiles Show Differential Regulatory Effects of microRNAs

90



between Estrogen Receptor-Positive and Estrogen Receptor-Negative Breast
Cancer.” Genome Biology 10 (9): R90.

Chen, Yu, Lorena Zubovic, Fan Yang, Katherine Godin, Tom Pavelitz, Javier
Castellanos, Paolo Macchi, and Gabriele Varani. 2016. “Rbfox Proteins
Regulate microRNA Biogenesis by Sequence-Specific Binding to Their
Precursors and Target Downstream Dicer.” Nucleic Acids Research
44 (9): 4381-95.

Cho, Suhyung, Amy Hoang, Rahul Sinha, Xiang-Yang Zhong, Xiang-Dong Fu,
Adrian R. Krainer, and Gourisankar Ghosh. 2011. “Interaction between the
RNA Binding Domains of Ser-Arg Splicing Factor 1 and U1-70K snRNP
Protein Determines Early Spliceosome Assembly.” Proceedings of the
National Academy of Sciences of the United States of America 108 (20):
8233-38.

Chiang, H. Rosaria, Lori W. Schoenfeld, J. Graham Ruby, Vincent C. Auyeung, Noah
Spies, Daehyun Baek, Wendy K. Johnston, et al. 2010. “Mammalian
microRNAs: Experimental Evaluation of Novel and Previously Annotated
Genes.” Genes & Development 24 (10): 992—-1009.

Choudhury NR, Michlewski G. 2012. Terminal loop-mediated control of microRNA
biogenesis. Biochem Soc Trans 40: 789—793.

Chow, L. T., R. E. Gelinas, T. R. Broker, and R. J. Roberts. 1977. “An Amazing
Sequence Arrangement at the 5° Ends of Adenovirus 2 Messenger RNA.” Cell
12 (1): 1-8.

Cohen-Eliav, Michal, Regina Golan-Gerstl, Zahava Siegfried, Claus L. Andersen,
Kasper Thorsen, Torben F. @rntoft, David Mu, and Rotem Karni. 2013. “The
Splicing Factor SRSF6 Is Amplified and Is an Oncoprotein in Lung and Colon
Cancers.” The Journal of Pathology 229 (4): 630-39.

Colwill, K., T. Pawson, B. Andrews, J. Prasad, J. L. Manley, J. C. Bell, and P. I.
Duncan. 1996. “The CIk/Sty Protein Kinase Phosphorylates SR
Splicing Factors and Regulates Their Intranuclear Distribution.” The EMBO
Journal 15 (2): 265-75.

Cruz, J. de la, D. Kressler, and P. Linder. 1999. “Unwinding RNA in Saccharomyces
Cerevisiae: DEAD-Box Proteins and Related Families.” Trends in
Biochemical Sciences 24 (5): 192-98.

Dargyte, Marija, Julia Philipp, Christina D. Palka, Michael D. Stone, and Jeremy
R. Sanford. n.d. “Splicing Factor SRSF1 Expands the Regulatory Logic of
microRNA Expression.” https://doi.org/10.1101/2020.05.12.092270.

Das S, Krainer AR. 2014. Emerging functions of SRSF1, splicing factor and
oncoprotein, in RNA metabolism and cancer. Mol Cancer Res 12: 1195-1204.

Deerberg, Andrea, Sarah Willkomm, and Tobias Restle. 2013. “Minimal Mechanistic
Model of siRNA-Dependent Target RNA Slicing by Recombinant Human

91



Argonaute 2 Protein.” Proceedings of the National Academy of Sciences of
the United States of America 110 (44): 17850-55.

Deigan KE, Li TW, Mathews DH, Weeks KM. 2009. Accurate SHAPE-directed RNA
structure determination. Proc Natl Acad Sci U S A 106: 97-102.

Denli, Ahmet M., Bastiaan B. J. Tops, Ronald H. A. Plasterk, René F. Ketting, and
Gregory J. Hannon. 2004. “Processing of Primary microRNAs by the
Microprocessor Complex.” Nature 432 (7014): 231-35.

Der Houven Van Oordt, W. van, K. Newton, G. R. Screaton, and J. F. Caceres. 2000.
“Role of SR Protein Modular Domains in Alternative Splicing Specificity in
Vivo.” Nucleic Acids Research 28 (24): 4822-31.

Domdey, Horst, Barbara Apostol, Ren-Jang Lin, Andrew Newman, Edward
Brody, and John Abelson. 1984. “Lariat Structures Are in vivo Intermediates
in Yeast Pre-mRNA Splicing.” Cell. https://doi.org/10.1016/0092-
8674(84)90468-9.

Du, Peng, Longfei Wang, Piotr Sliz, and Richard I. Gregory. 2015. “A Biogenesis
Step Upstream of Microprocessor Controls miR-17-92 Expression.” Cell.
https://doi.org/10.1016/j.cell.2015.07.008.

Esquela-Kerscher, Aurora, Phong Trang, Jason F. Wiggins, Lubna Patrawala, Angie
Cheng, Lance Ford, Joanne B. Weidhaas, David Brown, Andreas G. Bader,
and Frank J. Slack. 2008. “The Let-7 microRNA Reduces Tumor Growth in
Mouse Models of Lung Cancer.” Cell Cycle 7 (6): 759-64.

Fang, Wenwen, and David P. Bartel. 2015. “The Menu of Features That Define
Primary MicroRNAs and Enable De Novo Design of MicroRNA Genes.”
Molecular Cell 60 (1): 131-45.

Fernandez, Noemi, Ross A. Cordiner, Robert S. Young, Nele Hug, Sara Macias, and
Javier F. Caceres. 2017. “Genetic Variation and RNA Structure Regulate
microRNA Biogenesis.” Nature Communications 8 (May): 15114.

Fica, Sebastian M., Nicole Tuttle, Thaddeus Novak, Nan-Sheng Li, Jun Lu, Prakash
Koodathingal, Qing Dai, Jonathan P. Staley, and Joseph A. Piccirilli.
2013. “RNA Catalyses Nuclear Pre-mRNA Splicing.” Nature.
https://doi.org/10.1038/nature12734.

Fierro-Monti, ., and M. B. Mathews. 2000. “Proteins Binding to Duplexed
RNA: One Motif, Multiple Functions.” Trends in Biochemical Sciences
25 (5): 241-46.

Fiorini, Francesca, Debjani Bagchi, Hervé Le Hir, and Vincent Croquette. 2015.
“Human Upfl Is a Highly Processive RNA Helicase and Translocase with
RNP Remodelling Activities.” Nature Communications 6 (July): 7581.

Friedman RC, Farh KK-H, Burge CB, Bartel DP. 2009. Most mammalian mRNAs are
conserved targets of microRNAs. Genome Res 19: 92—-105.

92



Gautrey, Hannah L., and Alison J. Tyson-Capper. 2012. “Regulation of Mcl-1 by
SRSF1 and SRSFS5 in Cancer Cells.” PloS One 7 (12): e51497.

Graveley, B. R., and T. Maniatis. 1998. “Arginine/serine-Rich Domains of SR
Proteins Can Function as Activators of Pre-mRNA Splicing.” Molecular Cell
1 (5): 765-T71.

Gregory, Richard I., Kai-Ping Yan, Govindasamy Amuthan, Thimmaiah
Chendrimada, Behzad Doratotaj, Neil Cooch, and Ramin Shiekhattar. 2004.
“The Microprocessor Complex Mediates the Genesis of microRNAs.” Nature
432 (7014): 235-40.

Grimson, Andrew, Kyle Kai-How Farh, Wendy K. Johnston, Philip Garrett-Engele,
Lee P. Lim, and David P. Bartel. 2007. “MicroRNA Targeting Specificity
in Mammals: Determinants beyond Seed Pairing.” Molecular Cell
27 (1): 91-105.

Gui, J. F.,, W. S. Lane, and X. D. Fu. 1994. “A Serine Kinase Regulates Intracellular
Localization of Splicing Factors in the Cell Cycle.” Nature 369 (6482): 678—
82.

Guil, Sonia, and Javier F. Caceres. 2007. “The Multifunctional RNA-Binding Protein
hnRNP A1 Is Required for Processing of miR-18a.” Nature Structural &
Molecular Biology 14 (7): 591-96.

Hammond, S. M., S. Boettcher, A. A. Caudy, R. Kobayashi, and G. J. Hannon. 2001.
“Argonaute2, a Link between Genetic and Biochemical Analyses of RNAi.”
Science 293 (5532): 1146-50.

Han, Jaeil, Collette A. LaVigne, Benjamin T. Jones, He Zhang, Frank Gillett, and
Joshua T. Mendell. 2020. “A Ubiquitin Ligase Mediates Target-Directed
microRNA Decay Independently of Tailing and Trimming.” Science 370
(6523). https://doi.org/10.1126/science.abc9546.

Han J, Lee Y, Yeom KH, Kim YK, Jin H, Kim VN. The Drosha-DGCRS8 complex in
primary microRNA processing. Genes Dev. 2004 Dec 15;18(24):3016-27.
doi:10.1101/gad.1262504. Epub 2004 Dec 1. PMID: 15574589; PMCID:
PMC535913.

Han, Jinju, Yoontae Lee, Kyu-Hyeon Yeom, Jin-Wu Nam, Inha Heo, Je-Keun Rhee,
Sun Young Sohn, Yunje Cho, Byoung-Tak Zhang, and V. Narry Kim. 2006.
“Molecular Basis for the Recognition of Primary microRNAs by the
Drosha-DGCRS8 Complex.” Cell 125 (5): 887-901.

Han, Jinju, Jakob S. Pedersen, S. Chul Kwon, Cassandra D. Belair, Young-Kook Kim,
Kyu-Hyeon Yeom, Woo-Young Yang, David Haussler, Robert Blelloch,
and V. Narry Kim. 2009. “Posttranscriptional Crossregulation between Drosha
and DGCRS.” Cell 136 (1): 75-84.

Hayashita, Yoji, Hirotaka Osada, Yoshio Tatematsu, Hideki Yamada, Kiyoshi

93



Yanagisawa, Shuta Tomida, Yasushi Yatabe, Katsunobu Kawahara, Yoshitaka
Sekido, and Takashi Takahashi. 2005. “A Polycistronic microRNA Cluster,
miR-17-92, Is Overexpressed in Human Lung Cancers and Enhances Cell
Proliferation.” Cancer Research 65 (21): 9628-32.

He, Lin, J. Michael Thomson, Michael T. Hemann, Eva Hernando-Monge, David Mu,
Summer Goodson, Scott Powers, et al. 2005. “A microRNA Polycistron as a
Potential Human Oncogene.” Nature 435 (7043): 828-33.

Hentze, Matthias W., Alfredo Castello, Thomas Schwarzl, and Thomas Preiss. 2018.
“A Brave New World of RNA-Binding Proteins.” Nature Reviews. Molecular
Cell Biology 19 (5): 327-41.

Heo I, Joo C, Kim Y-K, Ha M, Yoon M-J, Cho J, Yeom K-H, Han J, Kim VN. 2009.
TUT4 in concert with Lin28 suppresses microRNA biogenesis through
pre-microRNA uridylation. Cell 138: 696—708.

Hertel, Klemens J. 2008. “Combinatorial Control of Exon Recognition.” The Journal
of Biological Chemistry 283 (3): 1211-15.

Hnisz, Denes, Krishna Shrinivas, Richard A. Young, Arup K. Chakraborty, and Phillip
A. Sharp. 2017. “A Phase Separation Model for Transcriptional Control.” Cell
169 (1): 13-23.

Howard, Erin W., and Xiaohe Yang. 2018. “microRNA Regulation in Estrogen
Receptor-Positive Breast Cancer and Endocrine Therapy.” Biological
Procedures Online 20 (September): 17.

Howard, Jonathan M., Hai Lin, Andrew J. Wallace, Garam Kim, Jolene M. Draper,
Maximilian Haeussler, Sol Katzman, Masoud Toloue, Yunlong Liu, and
Jeremy R. Sanford. 2018. “HNRNPA1 Promotes Recognition of Splice Site
Decoys by U2AF2 in vivo.” Genome Research 28 (5): 689-98.

Howard, Jonathan M., and Jeremy R. Sanford. 2015. “The RNAissance Family: SR
Proteins as Multifaceted Regulators of Gene Expression.” Wiley
Interdisciplinary Reviews. RNA 6 (1): 93—110.

Huang, Y., and J. A. Steitz. 2001. “Splicing Factors SRp20 and 9G8 Promote the
Nucleocytoplasmic Export of mRNA.” Molecular Cell 7 (4): 899-905.

Hug, Nele, Dasa Longman, and Javier F. Caceres. 2016. “Mechanism and
Regulation of the Nonsense-Mediated Decay Pathway.” Nucleic Acids
Research. https://doi.org/10.1093/nar/gkw010.

Takoucheva, Lilia M., Celeste J. Brown, J. David Lawson, Zoran Obradovi¢, and
A. Keith Dunker. 2002. “Intrinsic Disorder in Cell-Signaling and
Cancer-Associated Proteins.” Journal of Molecular Biology 323 (3): 573-84.

[liopoulos, Dimitrios, Heather A. Hirsch, and Kevin Struhl. 2009. “An Epigenetic

Switch Involving NF-«kB, Lin28, Let-7 MicroRNA, and IL6 Links
Inflammation to Cell Transformation.” Cell. https://doi.org/10.1016/j.

94



cell.2009.10.014.

Ivanov, Pavel, Nancy Kedersha, and Paul Anderson. 2019. “Stress Granules and
Processing Bodies in Translational Control.” Cold Spring Harbor Perspectives
in Biology 11 (5). https://doi.org/10.1101/cshperspect.a032813.

Jia, Zhifan, Kun Wang, Anling Zhang, Guangxiu Wang, Chunsheng Kang, Lei Han,
and Peiyu Pu. 2013. “miR-19a and miR-19b Overexpression in Gliomas.”
Pathology Oncology Research: POR 19 (4): 847-53.

Jumaa, H., and P. J. Nielsen. 2000. “Regulation of SRp20 Exon 4 Splicing.”
Biochimica et Biophysica Acta 1494 (1-2): 137-43.

Jung, Eunsun, Youngmo Seong, Jae Hong Seo, Young-Soo Kwon, and Hoseok Song.
2014. “Cell Cycle-Dependent Regulation of Aurora Kinase B mRNA by the
Microprocessor Complex.” Biochemical and Biophysical Research
Communications 446 (1): 241-47.

Kale, Justin, Elizabeth J. Osterlund, and David W. Andrews. 2018. “BCL-2 Family
Proteins: Changing Partners in the Dance towards Death.” Cell Death and
Differentiation 25 (1): 65-80.

Kalluri R, LeBleu VS. The biology, function, and biomedical applications of
exosomes. Science. 2020 Feb 7;367(6478):eaau6977. doi: 10.1126/science.
aau6977. PMID: 32029601; PMCID: PMC7717626.

Kamenska, Anastasiia, Clare Simpson, Caroline Vindry, Helen Broomhead, Marianne
Bénard, Miche¢le Ernoult-Lange, Benjamin P. Lee, Lorna W. Harries,
Dominique Weil, and Nancy Standart. 2016. “The DDX6—4E-T Interaction
Mediates Translational Repression and P-Body Assembly.” Nucleic Acids
Research. https://doi.org/10.1093/nar/gkw565.

Kawai, Shinji, and Atsuo Amano. 2012. “BRCA1 Regulates microRNA Biogenesis
via the DROSHA Microprocessor Complex.” The Journal of Cell Biology
197 (2): 201-8.

Kelemen, Olga, Paolo Convertini, Zhaiyi Zhang, Yuan Wen, Manli Shen, Marina
Falaleeva, and Stefan Stamm. 2013. “Function of Alternative Splicing.” Gene.
https://doi.org/10.1016/j.gene.2012.07.083.

Kervestin, Stephanie, and Allan Jacobson. 2012. “NMD: A Multifaceted Response to
Premature Translational Termination.” Nature Reviews. Molecular Cell
Biology 13 (11): 700-712.

Khvorova, Anastasia, Angela Reynolds, and Sumedha D. Jayasena. 2003.
“Functional siRNAs and miRNAs Exhibit Strand Bias.” Cell 115 (2): 209-16.

Kim, Kee K., Yanqin Yang, Jun Zhu, Robert S. Adelstein, and Sachiyo Kawamoto.

2014. “Rbfox3 Controls the Biogenesis of a Subset of microRNAs.” Nature
Structural & Molecular Biology. https://doi.org/10.1038/nsmb.2892.

95



Kim, Kijun, Trung Duc Nguyen, Shaohua Li, and Tuan Anh Nguyen. 2018. “SRSF3
Recruits DROSHA to the Basal Junction of Primary microRNAs.” RNA
24 (7): 892-98.

Kim, Young-Kook, Boseon Kim, and V. Narry Kim. 2016. “Re-Evaluation of the
Roles of DROSHA, Exportin 5, and DICER in microRNA Biogenesis.”
Proceedings of the National Academy of Sciences.
https://doi.org/10.1073/pnas.1602532113.

Kim, Young-Kook, and V. Narry Kim. 2007. “Processing of Intronic microRNAs.”
The EMBO Journal. https://doi.org/10.1038/sj.emboj.7601512.

Konarska, M. M., P. J. Grabowski, R. A. Padgett, and P. A. Sharp. 1985.
“Characterization of the Branch Site in Lariat RNAs Produced by Splicing of
mRNA Precursors.” Nature 313 (6003): 552—-57.

Kooshapur H, Choudhury NR, Simon B, Miihlbauer M, Jussupow A, Fernandez N,
Jones AN, Dallmann A, Gabel F, Camilloni C, et al. 2018. Structural basis
for terminal loop recognition and stimulation of pri-miRNA-18a processing
by hnRNP A1l. Nat Commun 9: 2479.

Krainer, A. R., G. C. Conway, and D. Kozak. 1990. “Purification and Characterization
of Pre-mRNA Splicing Factor SF2 from HeLa Cells.” Genes & Development
4 (7): 1158-71.

Krainer AR, Mayeda A, Kozak D, Binns G. 1991. Functional expression of cloned
human splicing factor SF2: homology to RNA-binding proteins, U1l 70K, and
Drosophila splicing regulators. Cell 66: 383—394.

Krek, Azra, Dominic Griin, Matthew N. Poy, Rachel Wolf, Lauren Rosenberg, Eric J.
Epstein, Philip MacMenamin, et al. 2005. “Combinatorial microRNA Target
Predictions.” Nature Genetics 37 (5): 495-500.

Kwon, S. Chul, S. Chul Kwon, Tuan Anh Nguyen, Yeon-Gil Choi, Myung Hyun Jo,
Sungchul Hohng, V. Narry Kim, and Jae-Sung Woo. 2016. “Structure of
Human DROSHA.” Cell. https://doi.org/10.1016/j.cell.2015.12.019.

Lagos-Quintana M, Rauhut R, Meyer J, Borkhardt A, Tuschl T. New microRNAs
from mouse and human. RNA. 2003 Feb;9(2):175-9. doi: 10.1261/
rna.2146903. PMID: 12554859; PMCID: PMC1370382.

Lai, Ming-Chih, and Woan-Yuh Tarn. 2004. “Hypophosphorylated ASF/SF2 Binds
TAP and Is Present in Messenger Ribonucleoproteins.” The Journal of
Biological Chemistry 279 (30): 31745-49.

Lareau, Liana F., and Steven E. Brenner. 2015. “Regulation of Splicing Factors by
Alternative Splicing and NMD Is Conserved between Kingdoms yet
Evolutionarily Flexible.” Molecular Biology and Evolution 32 (4): 1072-79.

Lawrence, Michael, Wolfgang Huber, Hervé Pagés, Patrick Aboyoun, Marc Carlson,
Robert Gentleman, Martin T. Morgan, and Vincent J. Carey. 2013. “Software

96



for Computing and Annotating Genomic Ranges.” PLoS Computational
Biology. https://doi.org/10.1371/journal.pcbi.1003118.

Lee, Ho Young, and Jennifer A. Doudna. 2012. “TRBP Alters Human Precursor
microRNA Processing in vitro.” RNA 18 (11): 2012—19.

Lee, Rosalind C., Rhonda L. Feinbaum, and Victor Ambros. 1993. “The C. elegans
Heterochronic Gene Lin-4 Encodes Small RNAs with Antisense
Complementarity to Lin-14.” Cell. https://doi.org/10.1016/0092-
8674(93)90529-y.

Lee, Seung Cho, and Robert A. Martienssen. 2021. “Phase Separation in Plant
miRNA Processing.” Nature Cell Biology.

Lee, Yoontae, Chiyoung Ahn, Jinju Han, Hyounjeong Choi, Jackwang Kim,
Jeongbin Yim, Junho Lee, et al. 2003. “The Nuclear RNase III Drosha
Initiates microRNA Processing.” Nature 425 (6956): 415-19.

Lee Y, Kim M, Han J, Yeom K-H, Lee S, Baek SH, Narry Kim V. 2004. MicroRNA
genes are transcribed by RNA polymerase II. The EMBO Journal 23: 4051—
4060. http://dx.doi.org/10.1038/sj.emboj.7600385.

Le Hir, H., E. Izaurralde, L. E. Maquat, and M. J. Moore. 2000. “The Spliceosome
Deposits Multiple Proteins 20-24 Nucleotides Upstream of mRNA Exon-Exon
Junctions.” The EMBO Journal 19 (24): 6860—69.

Lewis, Benjamin P., Christopher B. Burge, and David P. Bartel. 2005. “Conserved
Seed Pairing, Often Flanked by Adenosines, Indicates That Thousands of
Human Genes Are microRNA Targets.” Cell 120 (1): 15-20.

Li X, Manley JL. 2005. Inactivation of the SR protein splicing factor ASF/SF2 results
in genomic instability. Cell 122: 365-378.

Lin, R.J., A. J. Newman, S. C. Cheng, and J. Abelson. 1985. “Yeast mRNA
Splicing in vitro.” Journal of Biological Chemistry. https://doi.org/10.1016/
$0021-9258(17)38641-6.

Linder, P., P. F. Lasko, M. Ashburner, P. Leroy, P. J. Nielsen, K. Nishi, J. Schnier, and
P. P. Slonimski. 1989. “Birth of the D-E-A-D Box.” Nature 337 (6203):
121-22.

Liu, Biao, Jessica L. Childs-Disney, Brent M. Znosko, Dan Wang, Mohammad
Fallahi, Steven M. Gallo, and Matthew D. Disney. 2016. “Analysis of
Secondary Structural Elements in Human microRNA Hairpin Precursors.’
BMC Bioinformatics 17 (March): 112.

2

Liu, Zhongmin, Jia Wang, Hang Cheng, Xin Ke, Lei Sun, Qiangfeng Cliff Zhang,
and Hong-Wei Wang. 2018. “Cryo-EM Structure of Human Dicer and
Its Complexes with a Pre-miRNA Substrate.” Cell.
https://doi.org/10.1016/j.cell.2018.05.031.

97



Loughlin, F. E., R. E. Mansfield, P. M. Vaz, A. P. McGrath, S. Setiyaputra, R.
Gamsjaeger, E. S. Chen, B. J. Morris, J. M. Guss, and J. P. Mackay. 2009.
“The Zinc Fingers of the SR-like Protein ZRANB2 Are Single-Stranded
RNA-Binding Domains That Recognize 5’ Splice Site-like Sequences.”
Proceedings of the National Academy of Sciences. https://doi.org/10.1073/
pnas.0802466106.

Lu, Jun, Gad Getz, Eric A. Miska, Ezequiel Alvarez-Saavedra, Justin Lamb, David
Peck, Alejandro Sweet-Cordero, et al. 2005. “MicroRNA Expression Profiles
Classify Human Cancers.” Nature. https://doi.org/10.1038/nature03702.

Lund E., Guttinger, S., Calado, A., Dahlberg, J.E., and Kutay, U. 2004. Nuclear
export of microRNA precursors. Science 303: 95-98.

Lunde, Bradley M., Claire Moore, and Gabriele Varani. 2007. “RNA-Binding
Proteins: Modular Design for Efficient Function.” Nature Reviews Molecular
Cell Biology. https://doi.org/10.1038/nrm2178.

Ma L. Role of miR-10b in breast cancer metastasis. Breast Cancer Res. 2010;12(5):
210.doi: 10.1186/bcr2720. Epub 2010 Oct 26. PMID: 21067538; PMCID:
PMC3096969.

Ma L, Teruya-Feldstein J, Weinberg RA. 2007. Tumour invasion and metastasis
initiated by microRNA-10b in breast cancer. Nature 449: 682—688.

Ma, Hongming, Yonggan Wu, Jang-Gi Choi, and Haoquan Wu. 2013. “Lower and
Upper Stem-Single-Stranded RNA Junctions Together Determine the
Drosha Cleavage Site.” Proceedings of the National Academy of Sciences of
the United States of America 110 (51): 20687-92.

Macias, Sara, Ross A. Cordiner, and Javier F. Caceres. 2013. “Cellular Functions
of the Microprocessor.” Biochemical Society Transactions. https://doi.
org/10.1042/bst20130011.

Macias, Sara, Gracjan Michlewski, and Javier F. Caceres. 2009. “Hormonal
Regulation of microRNA Biogenesis.” Molecular Cell 36 (2): 172-73.

Macrae 1J, Zhou K, Li F, Repic A, Brooks AN, Cande WZ, Adams PD, Doudna JA.
Structural basis for double-stranded RNA processing by Dicer. Science. 2006
Jan 13;311(5758):195-8. doi: 10.1126/science.1121638. PMID: 16410517.

Makeyev, Eugene V., Jiangwen Zhang, Monica A. Carrasco, and Tom Maniatis.
2007. “The MicroRNA miR-124 Promotes Neuronal Differentiation by
Triggering Brain-Specific Alternative Pre-mRNA Splicing.” Molecular Cell
27 (3): 435-48.

Maniatis, Tom, and Bosiljka Tasic. 2002. “Alternative Pre-mRNA Splicing and
Proteome Expansion in Metazoans.” Nature 418 (6894): 236—43.

Maris, Christophe, Cyril Dominguez, and Frédéric H-T Allain. 2005. “The RNA
Recognition Motif, a Plastic RNA-Binding Platform to Regulate

98



Post-Transcriptional Gene Expression.” The FEBS Journal 272 (9): 2118-31.

Markham NR, Zuker M. 2005. DINAMelt web server for nucleic acid melting
prediction. Nucleic Acids Res 33: W577-81.

Marsico, Annalisa, Matthew R. Huska, Julia Lasserre, Haiyang Hu, Dubravka
Vucicevic, Anne Musahl, Ulf Orom, and Martin Vingron. 2013.
“PROmMiRNA: A New miRNA Promoter Recognition Method Uncovers the
Complex Regulation of Intronic miRNAs.” Genome Biology 14 (8): R84.

Martinez, Ivan, Karen E. Hayes, Jamie A. Barr, Abby D. Harold, Mingyi Xie, Syed
I. A. Bukhari, Shobha Vasudevan, Joan A. Steitz, and Daniel DiMaio. 2017.
“An Exportin-1—dependent microRNA Biogenesis Pathway during Human
Cell Quiescence.” Proceedings of the National Academy of Sciences. https://
doi.org/10.1073/pnas.1618732114.

Mathys, Hansruedi, Jérome Basquin, Sevim Ozgur, Mariusz Czarnocki-Cieciura,
Fabien Bonneau, Aafke Aartse, Andrzej Dziembowski,
Marcin Nowotny, Elena Conti, and Witold Filipowicz. 2014. “Structural
and Biochemical Insights to the Role of the CCR4-NOT Complex and DDX6
ATPase in microRNA Repression.” Molecular Cell 54 (5): 751-65.

Matlin, Arianne J., Francis Clark, and Christopher W. J. Smith. 2005.
“Understanding Alternative Splicing: Towards a Cellular Code.” Nature
Reviews. Molecular Cell Biology 6 (5): 386-98.

Meseguer, Salvador, Giridhar Mudduluru, Juan Manuel Escamilla, Heike Allgayer,
and Domingo Barettino. 2011. “MicroRNAs-10a and -10b Contribute to
Retinoic Acid-Induced Differentiation of Neuroblastoma Cells and Target the
Alternative Splicing Regulatory Factor SFRS1 (SF2/ASF).” The Journal of
Biological Chemistry 286 (6): 4150-64.

Michlewski G, Céceres JF. 2010. Antagonistic role of hnRNP A1 and KSRP in the
regulation of let-7a biogenesis. Nat Struct Mol Biol 17: 1011-1018.

Michlewski, Gracjan, and Javier F. Céceres. 2019. “Post-Transcriptional Control of
miRNA Biogenesis.” RNA. https://doi.org/10.1261/rna.068692.118.

Michlewski, Gracjan, Sonia Guil, Colin A. Semple, and Javier F. Caceres. 2008.
“Posttranscriptional Regulation of miRNAs Harboring Conserved Terminal
Loops.” Molecular Cell 32 (3): 383-93.

Michlewski, Gracjan, Jeremy R. Sanford, and Javier F. Caceres. 2008. “The Splicing
Factor SF2/ASF Regulates Translation Initiation by Enhancing
Phosphorylation of 4E-BP1.” Molecular Cell 30 (2): 179-89.

Miller, J., A. D. McLachlan, and A. Klug. 1985. “Repetitive Zinc-Binding Domains in
the Protein Transcription Factor IIIA from Xenopus Oocytes.” The EMBO
Journal 4 (6): 1609-14.

Monteys, Alex Mas, Ryan M. Spengler, Ji Wan, Luis Tecedor, Kimberly A. Lennox,

99



Yi Xing, and Beverly L. Davidson. 2010. “Structure and Activity of Putative
Intronic miRNA Promoters.” RNA 16 (3): 495-505.

Moon, Heegyum, Sunghee Cho, Tiing Jen Loh, Hyun Kyung Oh, Ha Na Jang,
Jianhua Zhou, Young-Soo Kwon, et al. 2014. “SRSF2 Promotes Splicing and
Transcription of Exon 11 Included Isoform in Ron Proto-Oncogene.”
Biochimica et Biophysica Acta 1839 (11): 1132—40.

Mori, Masaki, Robinson Triboulet, Morvarid Mohseni, Karin Schlegelmilch, Kriti
Shrestha, Fernando D. Camargo, and Richard 1. Gregory. 2014. “Hippo
Signaling Regulates Microprocessor and Links Cell-Density-Dependent
miRNA Biogenesis to Cancer.” Cell. https://doi.org/10.1016/j.e11.2013.12.043.

Morlando, Mariangela, Monica Ballarino, Natalia Gromak, Francesca Pagano, Irene
Bozzoni, and Nick J. Proudfoot. 2008. “Primary microRNA Transcripts Are
Processed Co-Transcriptionally.” Nature Structural & Molecular Biology
15 (9): 902-9.

Moss, Eric G., Rosalind C. Lee, and Victor Ambros. 1997. “The Cold Shock Domain
Protein LIN-28 Controls Developmental Timing in C. elegans and Is
Regulated by the Lin-4 RNA.” Cell. https://doi.org/10.1016/s0092-
8674(00)81906-6.

Mourelatos, Zissimos, Josée Dostie, Sergey Paushkin, Anup Sharma, Bernard
Charroux, Linda Abel, Juri Rappsilber, Matthias Mann, and Gideon Dreyfuss.
2002. “miRNPs: A Novel Class of Ribonucleoproteins Containing Numerous
microRNAs.” Genes & Development 16 (6): 720-28.

Miiller-McNicoll, Michaela, Oliver Rossbach, Jingyi Hui, and Jan Medenbach. 2019.
“Auto-Regulatory Feedback by RNA-Binding Proteins.” Journal of Molecular
Cell Biology. https://doi.org/10.1093/jmcb/mjz043.

Nagel RJ, Lancaster AM, Zahler AM. 1998. Specific binding of an exonic splicing
enhancer by the pre-mRNA splicing factor SRp55. RNA 4: 11-23.

Nakanishi, Kotaro. 2016. “Anatomy of RISC: How Do Small RNAs and Chaperones
Activate Argonaute Proteins?” Wiley Interdisciplinary Reviews. RNA 7
(5): 637-60.

Newman, Martin A., J. Michael Thomson, and Scott M. Hammond. 2008. “Lin-28
Interaction with the Let-7 Precursor Loop Mediates Regulated microRNA
Processing.” RNA 14 (8): 1539-49.

Ngo, Jacky Chi Ki, Sutapa Chakrabarti, Jian-Hua Ding, Adolfo Velazquez-Dones,
Brad Nolen, Brandon E. Aubol, Joseph A. Adams, Xiang-Dong Fu, and
Gourisankar Ghosh. 2005. “Interplay between SRPK and Clk/Sty Kinases in
Phosphorylation of the Splicing Factor ASF/SF2 Is Regulated by a Docking
Motif in ASF/SF2.” Molecular Cell 20 (1): 77-89.

Nguyen, Tuan Anh, Myung Hyun Jo, Yeon-Gil Choi, Joha Park, S. Chul Kwon,
Sungchul Hohng, V. Narry Kim, and Jae-Sung Woo. 2015. “Functional

100



Anatomy of the Human Microprocessor.” Cell 161 (6): 1374-87.

Nilsen, Timothy W., and Brenton R. Graveley. 2010. “Expansion of the Eukaryotic
Proteome by Alternative Splicing.” Nature 463 (7280): 457-63.

Niu, Huanjiang, Kun Wang, Anling Zhang, Shuxu Yang, Zhengfei Song, Wei Wang,
Cong Qian, Xinwei Li, Yinxin Zhu, and Yirong Wang. 2012. “miR-92a Is a
Critical Regulator of the Apoptosis Pathway in Glioblastoma with Inverse
Expression of BCL2L11.” Oncology Reports 28 (5): 1771-77.

Noland CL, Doudna JA. 2013. Multiple sensors ensure guide strand selection in
human RNAIi pathways. RNA 19: 639-648.

Nowak, Dawid G., Elianna Mohamed Amin, Emma S. Rennel, Coralie
Hoareau-Aveilla, Melissa Gammons, Gopinath Damodoran, Masatoshi
Hagiwara, et al. 2010. “Regulation of Vascular Endothelial Growth Factor
(VEGF) Splicing from pro-Angiogenic to Anti-Angiogenic Isoforms: A Novel
Therapeutic Strategy for Angiogenesis.” The Journal of Biological Chemistry
285 (8): 5532-40.

Nowak, Jakub Stanislaw, Fruzsina Hobor, Angela Downie Ruiz Velasco, Nila Roy
Choudhury, Gregory Heikel, Alastair Kerr, Andres Ramos, and Gracjan
Michlewski. 2017. “Lin28a Uses Distinct Mechanisms of Binding to RNA and
Affects miRNA Levels Positively and Negatively.” RNA 23 (3): 317-32.

Nussbacher JK, Yeo GW. 2018. Systematic Discovery of RNA Binding Proteins that
Regulate MicroRNA Levels. Mol Cell 69: 1005-1016.¢7.

Okada, Chimari, Eiki Yamashita, Soo Jae Lee, Satoshi Shibata, Jun Katahira, Atsushi
Nakagawa, Yoshihiro Yoneda, and Tomitake Tsukihara. 2009. “A
High-Resolution Structure of the Pre-microRNA Nuclear Export Machinery.”
Science 326 (5957): 1275-79.

Okamura, Katsutomo, Joshua W. Hagen, Hong Duan, David M. Tyler, and Eric C.
Lai. 2007. “The Mirtron Pathway Generates microRNA-Class Regulatory
RNAs in Drosophila.” Cell. https://doi.org/10.1016/j.cell.2007.06.028.

Oldfield, Christopher J., Vladimir N. Uversky, A. Keith Dunker, and Lukasz Kurgan.
2019. “Introduction to Intrinsically Disordered Proteins and Regions.”
Intrinsically Disordered Proteins. https://doi.org/10.1016/b978-0-12-816348-
1.00001-6.

Olive, Virginie, Qijing Li, and Lin He. 2013. “Mir-17-92: A Polycistronic Oncomir
with Pleiotropic Functions.” Immunological Reviews 253 (1): 158-66.

Ozdilek, Bagdeser A., Valery F. Thompson, Nasiha S. Ahmed, Connor I. White,
Robert T. Batey, and Jacob C. Schwartz. 2017. “Intrinsically Disordered
RGG/RG Domains Mediate Degenerate Specificity in RNA Binding.” Nucleic
Acids Research 45 (13): 7984-96.

Ozsolak, Fatih, Laura L. Poling, Zhengxin Wang, Hui Liu, X. Shirley Liu, Robert G.

101



Roeder, Xinmin Zhang, Jun S. Song, and David E. Fisher. 2008.
“Chromatin Structure Analyses Identify miRNA Promoters.” Genes &
Development 22 (22): 3172-83.

Padgett, R., M. Konarska, P. Grabowski, S. Hardy, and P. Sharp. 1984. “Lariat RNA’s
as Intermediates and Products in the Splicing of Messenger RNA Precursors.”
Science. https://doi.org/10.1126/science.6206566.

Palka C, Forino NM, Hentschel J, Das R, Stone MD. Folding heterogeneity
in the essential human telomerase RNA three-way junction. http://dx.doi.
org/10.1101/2019.12.14.876565.

Pandit, Shatakshi, Yu Zhou, Lily Shiue, Gabriela Coutinho-Mansfield, Hairi Li,
Jinsong Qiu, Jie Huang, Gene W. Yeo, Manuel Ares Jr, and Xiang-Dong Fu.
2013. “Genome-Wide Analysis Reveals SR Protein Cooperation and
Competition in Regulated Splicing.” Molecular Cell 50 (2): 223-35.

Park, Jong-Eun, Inha Heo, Yuan Tian, Dhirendra K. Simanshu, Hyeshik Chang,
David Jee, Dinshaw J. Patel, and V. Narry Kim. 2011. “Dicer
Recognizes the 5’ End of RNA for Efficient and Accurate Processing.” Nature.
https://doi.org/10.1038/nature10198.

Pawlicki, Jan M., and Joan A. Steitz. 2008. “Primary microRNA Transcript Retention
at Sites of Transcription Leads to Enhanced microRNA Production.” The
Journal of Cell Biology 182 (1): 61-76.

Piskounova, Elena, Srinivas R. Viswanathan, Maja Janas, Robert J. LaPierre,
George Q. Daley, Piotr Sliz, and Richard I. Gregory. 2008. “Determinants
of microRNA Processing Inhibition by the Developmentally Regulated
RNA-Binding Protein Lin28.” The Journal of Biological Chemistry
283 (31): 21310-14.

Puthalakath, Hamsa, Lorraine A. O’Reilly, Priscilla Gunn, Lily Lee, Priscilla N.
Kelly, Nicholas D. Huntington, Peter D. Hughes, et al. 2007. “ER Stress
Triggers Apoptosis by Activating BH3-Only Protein Bim.” Cell 129 (7):
1337-49.

Radhakrishnan, Aditya, Ying-Hsin Chen, Sophie Martin, Najwa Alhusaini, Rachel
Green, and Jeff Coller. 2016. “The DEAD-Box Protein Dhh1p Couples
mRNA Decay and Translation by Monitoring Codon Optimality.” Cell 167
(1): 122-32.¢9.

Ren, Zhiji, Isana Veksler-Lublinsky, David Motrrissey, and Victor Ambros. 2016.
“Staufen Negatively Modulates MicroRNA Activity in Caenorhabditis
Elegans.” G3 6 (5): 1227-37.

Robb, G. Brett, and Tariq M. Rana. 2007. “RNA Helicase A Interacts with RISC in

Human Cells and Functions in RISC Loading.” Molecular Cell 26 (4): 523—
37.

102



Roden, Christine, Jonathan Gaillard, Shaveta Kanoria, William Rennie, Syndi
Barish, Jijun Cheng, Wen Pan, et al. 2017. “Novel Determinants of
Mammalian Primary microRNA Processing Revealed by Systematic
Evaluation of Hairpin-Containing Transcripts and Human Genetic Variation.”
Genome Research 27 (3): 374-84.

Rodriguez A, Griffiths-Jones S, Ashurst JL, Bradley A. 2004. Identification of
mammalian microRNA host genes and transcription units. Genome Res 14:
1902-1910.

Roth, M. B., A. M. Zahler, and J. A. Stolk. 1991. “A Conserved Family of Nuclear
Phosphoproteins Localized to Sites of Polymerase II Transcription.” The
Journal of Cell Biology 115 (3): 587-96.

Royce-Tolland, Morgan E., Angela A. Andersen, Hannah R. Koyfman, Dale J. Talbot,
Anton Wutz, Ian D. Tonks, Graham F. Kay, and Barbara Panning. 2010. “The
A-Repeat Links ASF/SF2-Dependent Xist RNA Processing with Random
Choice during X Inactivation.” Nature Structural & Molecular Biology 17 (8):
948-54.

Ruby, J. Graham, Calvin H. Jan, and David P. Bartel. 2007. “Intronic microRNA
Precursors That Bypass Drosha Processing.” Nature 448 (7149): 83—-86.

Rupaimoole, Rajesha, and Frank J. Slack. 2017. “MicroRNA Therapeutics: Towards a
New Era for the Management of Cancer and Other Diseases.” Nature
Reviews. Drug Discovery 16 (3): 203-22.

Ruskin, B., A. R. Krainer, T. Maniatis, and M. R. Green. 1984. “Excision of an Intact
Intron as a Novel Lariat Structure during Pre-mRNA Splicing in vitro.” Cell
38 (1): 317-31.

Saitoh, Noriko, Chris S. Spahr, Scott D. Patterson, Paula Bubulya, Andrew F.
Neuwald, and David L. Spector. 2004. “Proteomic Analysis of Interchromatin
Granule Clusters.” Molecular Biology of the Cell 15 (8): 3876-90.

Saleh, Anthony D., Jason E. Savage, Liu Cao, Benjamin P. Soule, David Ly, William
DeGraff, Curtis C. Harris, James B. Mitchell, and Nicole L. Simone. 2011.
“Cellular Stress Induced Alterations in MicroRNA Let-7a and Let-7b
Expression Are Dependent on p53.” PLoS ONE. https://doi.org/10.1371/
journal.pone.0024429.

Sanford JR, Coutinho P, Hackett JA, Wang X, Ranahan W, Caceres JF. 2008.
Identification of nuclear and cytoplasmic mRNA targets for the shuttling
protein SF2/ASF. PLoS One 3: €3369.

Sanford, Jeremy R., Jonathan D. Ellis, Demian Cazalla, and Javier F. Caceres. 2005.
“Reversible Phosphorylation Differentially Affects Nuclear and Cytoplasmic
Functions of Splicing Factor 2/alternative Splicing Factor.” Proceedings of
the National Academy of Sciences of the United States of America 102 (42):
15042-47.

103



Sanford, Jeremy R., Nicola K. Gray, Karsten Beckmann, and Javier F. Caceres. 2004.
“A Novel Role for Shuttling SR Proteins in mRNA Translation.” Genes &
Development 18 (7): 755-68.

Sanford, J. R., and J. P. Bruzik. 2001. “Regulation of SR Protein Localization during
Development.” Proceedings of the National Academy of Sciences. https://doi.
org/10.1073/pnas.181340498.

Sanford JR, Wang X, Mort M, Vanduyn N, Cooper DN, Mooney SD, Edenberg HJ,
Liu'Y. 2009. Splicing factor SFRS1 recognizes a functionally diverse
landscape of RNA transcripts. Genome Res 19: 381-394.

Schaal, T. D., and T. Maniatis. 1999. “Multiple Distinct Splicing Enhancers in the
Protein-Coding Sequences of a Constitutively Spliced Pre-mRNA.” Molecular
and Cellular Biology 19 (1): 261-73.

Schwarz, Dianne S., Gyorgy Hutvagner, Tingting Du, Zuoshang Xu, Neil Aronin, and
Phillip D. Zamore. 2003. “Asymmetry in the Assembly of the RNAi Enzyme
Complex.” Cell 115 (2): 199-208.

Sharp, Phillip A. 2005. “The Discovery of Split Genes and RNA Splicing.” Trends in
Biochemical Sciences 30 (6): 279-81.

Shell, S., S-M Park, A. R. Radjabi, R. Schickel, E. O. Kistner, D. A. Jewell, C. Feig,
E. Lengyel, and M. E. Peter. 2007. “Let-7 Expression Defines Two
Differentiation Stages of Cancer.” Proceedings of the National Academy of
Sciences. https://doi.org/10.1073/pnas.0704372104.

Shen H, Green MR. 2006. RS domains contact splicing signals and promote splicing
by a common mechanism in yeast through humans. Genes Dev 20: 1755—
1765.

Shibayama, Masaki, Satona Ohno, Takashi Osaka, Reiko Sakamoto, Akinori
Tokunaga, Yuhki Nakatake, Mitsuharu Sato, and Nobuaki Yoshida. 2009.
“Polypyrimidine Tract-Binding Protein Is Essential for Early Mouse
Development and Embryonic Stem Cell Proliferation.” The FEBS Journal 276
(22): 6658-68.

Shin, Chanseok, Jin-Wu Nam, Kyle Kai-How Farh, H. Rosaria Chiang, Alena
Shkumatava, and David P. Bartel. 2010. “Expanding the microRNA Targeting
Code: Functional Sites with Centered Pairing.” Molecular Cell 38 (6): 789—
802.

Shiraki, T., S. Kondo, S. Katayama, K. Waki, T. Kasukawa, H. Kawaji, R. Kodzius,
et al. 2003. “Cap Analysis Gene Expression for High-Throughput Analysis of
Transcriptional Starting Point and Identification of Promoter Usage.”
Proceedings of the National Academy of Sciences. https://doi.org/10.1073/
pnas.2136655100.

Slack, Frank J., Michael Basson, Zhongchi Liu, Victor Ambros, H. Robert Horvitz,
and Gary Ruvkun. 2000. “The Lin-41 RBCC Gene Acts in the C. elegans

104



Heterochronic Pathway between the Let-7 Regulatory RNA and the LIN-29
Transcription Factor.” Molecular Cell. https://doi.org/10.1016/s1097-
2765(00)80245-2.

Sonenberg, Nahum. 1988. “Cap-Binding Proteins of Eukaryotic Messenger RNA:
Functions in Initiation and Control of Translation.” Progress in Nucleic Acid
Research and Molecular Biology. https://doi.org/10.1016/s0079-
6603(08)60614-5.

Song, Liang, Michael J. Axtell, and Nina V. Fedoroff. 2010. “RNA Secondary
Structural Determinants of miRNA Precursor Processing in Arabidopsis.”
Current Biology: CB 20 (1): 37-41.

Staley, J. P., and C. Guthrie. 1998. “Mechanical Devices of the Spliceosome: Motors,
Clocks, Springs, and Things.” Cell 92 (3): 315-26.

Stark, J. M., D. P. Bazett-Jones, M. Herfort, and M. B. Roth. 1998. “SR Proteins Are
Sufficient for Exon Bridging across an Intron.” Proceedings of the National
Academy of Sciences of the United States of America 95 (5): 2163-68.

Stavast, Christiaan J., and Stefan J. Erkeland. 2019. “The Non-Canonical Aspects
of MicroRNAs: Many Roads to Gene Regulation.” Cells 8 (11). https://doi.
org/10.3390/cells8111465.

Sun, Shuying, Zuo Zhang, Rahul Sinha, Rotem Karni, and Adrian R. Krainer. 2010.
“SF2/ASF Autoregulation Involves Multiple Layers of Post-Transcriptional

and Translational Control.” Nature Structural & Molecular Biology 17 (3):
306-12.

Sureau, A., R. Gattoni, Y. Dooghe, J. Stévenin, and J. Soret. 2001. “SC35
Autoregulates Its Expression by Promoting Splicing Events That Destabilize
Its mRNAs.” The EMBO Journal 20 (7): 1785-96.

Swanson, Chad M., Nathan M. Sherer, and Michael H. Malim. 2010. “SRp40 and
SRp55 Promote the Translation of Unspliced Human Immunodeficiency Virus
Type 1 RNA.” Journal of Virology 84 (13): 6748-59.

Swartz, Jennifer E., Yeou-Cherng Bor, Yukiko Misawa, David Rekosh, and
Marie-Louise Hammarskjold. 2007. “The Shuttling SR Protein 9G8 Plays a
Role in Translation of Unspliced mRNA Containing a Constitutive Transport
Element.” Journal of Biological Chemistry. https://doi.org/10.1074/jbc.
m701660200.

Tacke, R., Y. Chen, and J. L. Manley. 1997. “Sequence-Specific RNA Binding by an
SR Protein Requires RS Domain Phosphorylation: Creation of an
SRp40-Specific Splicing Enhancer.” Proceedings of the National Academy of
Sciences. https://doi.org/10.1073/pnas.94.4.1148.

Tanaka, Naoko, and Beate Schwer. 2005. “Characterization of the NTPase,

RNA-Binding, and RNA Helicase Activities of the DEAH-Box Splicing
Factor Prp22.” Biochemistry 44 (28): 9795-9803.

105



Tang, Ran, Chao Yang, Xiang Ma, Younan Wang, Dakui Luo, Chi Huang, Zekuan Xu,
Ping Liu, and Li Yang. 2016. “MiR-Let-7a Inhibits Cell Proliferation,
Migration, and Invasion by down-Regulating PKM2 in Gastric Cancer.”
Oncotarget 7 (5): 5972—-84.

Tanner NK. The newly identified Q motif of DEAD box helicases is involved in
adenine recognition. Cell Cycle. 2003 Jan-Feb;2(1):18-9. doi: 10.4161/
cc.2.1.296. PMID: 12695678.

Tian, Yuan, Dhirendra K. Simanshu, Jin-Biao Ma, Jong-Eun Park, Inha Heo, V.
Narry Kim, and Dinshaw J. Patel. 2014. “A Phosphate-Binding Pocket within
the Platform-PAZ-Connector Helix Cassette of Human Dicer.” Molecular Cell
53 (4): 606-16.

Tintaru, Aura M., Guillaume M. Hautbergue, Andrea M. Hounslow, Ming-Lung
Hung, Lu-Yun Lian, C. Jeremy Craven, and Stuart A. Wilson. 2007.
“Structural and Functional Analysis of RNA and TAP Binding to SF2/ASE.”
EMBO Reports 8 (8): 756—62.

Tomari, Yukihide, Tingting Du, Benjamin Haley, Dianne S. Schwarz, Ryan Bennett,
Heather A. Cook, Birgit S. Koppetsch, William E. Theurkauf, and Phillip D.
Zamore. 2004. “RISC Assembly Defects in the Drosophila RNAi Mutant
Armitage.” Cell 116 (6): 831-41.

Treiber, Thomas, Nora Treiber, Uwe Plessmann, Simone Harlander, Julia-Lisa Dail3,
Norbert Eichner, Gerhard Lehmann, Kevin Schall, Henning Urlaub, and
Gunter Meister. 2017. “A Compendium of RNA-Binding Proteins That
Regulate MicroRNA Biogenesis.” Molecular Cell 66 (2): 270-84.e13.

Tripathi, Vidisha, Jonathan D. Ellis, Zhen Shen, David Y. Song, Qun Pan, Andrew
T. Watt, Susan M. Freier, et al. 2010. “The Nuclear-Retained Noncoding RNA
MALAT1 Regulates Alternative Splicing by Modulating SR Splicing Factor
Phosphorylation.” Molecular Cell 39 (6): 925-38.

Uversky, Vladimir N., Christopher J. Oldfield, and A. Keith Dunker. 2008.
“Intrinsically Disordered Proteins in Human Diseases: Introducing the D2
Concept.” Annual Review of Biophysics 37: 215-46.

Valverde, Roberto, Laura Edwards, and Lynne Regan. 2008. “Structure and
Function of KH Domains.” FEBS Journal. https://doi.org/10.1111/.1742-
4658.2008.06411 .x.

Van Nostrand EL, Pratt GA, Shishkin AA, Gelboin-Burkhart C, Fang MY,
Sundararaman B, Blue SM, Nguyen TB, Surka C, Elkins K, et al. 2016.
Robust transcriptome-wide discovery of RNA-binding protein binding sites
with enhanced CLIP (eCLIP). Nat Methods 13: 508-514.

Ventura, Andrea, Amanda G. Young, Monte M. Winslow, Laura Lintault, Alex

Meissner, Stefan J. Erkeland, Jamie Newman, et al. 2008. “Targeted Deletion
Reveals Essential and Overlapping Functions of the miR-17-92 Family of

106



miRNA Clusters.” Cell. https://doi.org/10.1016/j.cell.2008.02.019.

Viswanathan, Srinivas R., George Q. Daley, and Richard I. Gregory. 2008. “Selective
Blockade of microRNA Processing by Lin28.” Science 320 (5872): 97-100.

Wahl, Markus C., Cindy L. Will, and Reinhard Liihrmann. 2009. “The Spliceosome:
Design Principles of a Dynamic RNP Machine.” Cell 136 (4): 701-18.

Wang, Junli, Jun Mei, and Guodong Ren. 2019. “Plant microRNAs: Biogenesis,
Homeostasis, and Degradation.” Frontiers in Plant Science 10 (March): 360.

Wang, Zifeng, Sheng Lin, Julia Jun Li, Zhenhua Xu, Hong Yao, Xiao Zhu, Dan Xie,
etal. 2011. “MYC Protein Inhibits Transcription of the microRNA Cluster
MC-Let-7a-1~let-7d via Noncanonical E-Box.” The Journal of Biological
Chemistry 286 (46): 39703—14.

Wen, Jiayu, Erik Ladewig, Sol Shenker, Jaaved Mohammed, and Eric C. Lai. 2015.
“Analysis of Nearly One Thousand Mammalian Mirtrons Reveals Novel
Features of Dicer Substrates.” PLoS Computational Biology 11 (9): e1004441.

Wightman, Bruce, [lho Ha, and Gary Ruvkun. 1993. “Posttranscriptional Regulation
of the Heterochronic Gene Lin-14 by Lin-4 Mediates Temporal Pattern
Formation in C. elegans.” Cell. https://doi.org/10.1016/0092-8674(93)90530-
4.

Wilson, Ross C., Akshay Tambe, Mary Anne Kidwell, Cameron L. Noland,
Catherine P. Schneider, and Jennifer A. Doudna. 2015. “Dicer-TRBP Complex
Formation Ensures Accurate Mammalian MicroRNA Biogenesis.” Molecular
Cell. https://doi.org/10.1016/j.molcel.2014.11.030.

Wimuttisuk, Wananit, Mark West, Brittney Davidge, Kebing Yu, Arthur Salomon,
and Jeffrey D. Singer. 2014. “Novel Cul3 Binding Proteins Function to Re
model E3 Ligase Complexes.” BMC Cell Biology 15 (July): 28.

Wu, Han, Shuying Sun, Kang Tu, Yuan Gao, Bin Xie, Adrian R. Krainer, and Jun
Zhu. 2010. “A Splicing-Independent Function of SF2/ASF in microRNA
Processing.” Molecular Cell 38 (1): 67-77.

Wu, Linwei, Liem H. Nguyen, Kejin Zhou, T. Yvanka de Soysa, Lin Li, Jason B.
Miller, Jianmin Tian, et al. 2015. “Precise Let-7 Expression Levels Balance
Organ Regeneration against Tumor Suppression.” eLife 4 (October): €09431.

Yoon S, Kim J, Hum J, Kim H, Park S, Kladwang W, Das R. 2011. HiTRACE:
high-throughput robust analysis for capillary electrophoresis. Bioinformatics
27: 1798-1805.

Xiang, Shengqi, Vytautas Gapsys, Hai-Young Kim, Sergey Bessonov, He-Hsua
Hsiao, Sina Mohlmann, Volker Klaukien, et al. 2013. “Phosphorylation
Drives a Dynamic Switch in Serine/arginine-Rich Proteins.” Structure 21
(12): 2162-74.

107



Xiao, S. H., and J. L. Manley. 1997. “Phosphorylation of the ASF/SF2 RS Domain
Affects Both Protein-Protein and Protein-RNA Interactions and Is Necessary
for Splicing.” Genes & Development. https://doi.org/10.1101/gad.11.3.334.

Xu, Yi-Fan, Xiaohui Xu, Amy Gin, Jean D. Nshimiyimana, Blaine H. M. Mooers,
Massimo Caputi, Bethany N. Hannafon, and Wei-Qun Ding. 2020. “SRSF1
Regulates Exosome microRNA Enrichment in Human Cancer Cells.” Cell
Communication and Signaling: CCS 18 (1): 130.

Zahler AM, Neugebauer KM, Lane WS, Roth MB. 1993. Distinct functions of SR
proteins in alternative pre-mRNA splicing. Science 260: 219-222.

Zeng, Lei, Qiang Zhang, Kelley Yan, and Ming-Ming Zhou. 2011. “Structural
Insights into piIRNA Recognition by the Human PIWI-like 1 PAZ Domain.”
Proteins 79 (6): 2004-9.

Zeng, Yan, Rui Yi, and Bryan R. Cullen. 2005. “Recognition and Cleavage of
Primary microRNA Precursors by the Nuclear Processing Enzyme Drosha.”
The EMBO Journal 24 (1): 138-48.

Zhang, Lin, Stefano Volinia, Tomas Bonome, George Adrian Calin, Joel Greshock,
Nuo Yang, Chang-Gong Liu, et al. 2008. “Genomic and Epigenetic Alterations
Deregulate microRNA Expression in Human Epithelial Ovarian Cancer.”
Proceedings of the National Academy of Sciences of the United States of
America 105 (19): 7004-9.

Zhang, Haidi, Fabrice A. Kolb, Lukasz Jaskiewicz, Eric Westhof, and Witold
Filipowicz. 2004. “Single Processing Center Models for Human Dicer and
Bacterial RNase II1.” Cell 118 (1): 57—-68.

Zhang, X., and Y. Zeng. 2010. “The Terminal Loop Region Controls microRNA
Processing by Drosha and Dicer.” Nucleic Acids Research. https://doi.
org/10.1093/nar/gkq645.

Zhang, Yun, Tobias Madl, Ivona Bagdiul, Thomas Kern, Hyun-Seo Kang, Peijian
Zou, Nina Mausbacher, Stephan A. Sieber, Angela Kriamer, and Michael
Sattler. 2013. “Structure, Phosphorylation and U2AF65 Binding of the
N-Terminal Domain of Splicing Factor 1 during 3'-Splice Site Recognition.”
Nucleic Acids Research. https://doi.org/10.1093/nar/gks1097.

Zhou, Zhihong, and Xiang-Dong Fu. 2013. “Regulation of Splicing by SR Proteins
and SR Protein-Specific Kinases.” Chromosoma 122 (3): 191-207.

Zhu J, Krainer AR. 2000. Pre-mRNA splicing in the absence of an SR protein RS
domain. Genes Dev 14: 3166-3178.

108





