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Abstract of the Dissertation

Role of Alternative Splicing in Regulating Cancer Cell Metabolism
by
Deblina Chatterjee

Doctor of Philosophy

in
Molecular and Cellular Biology
(Cellular and Developmental Biology)
Stony Brook University

2012

Cancer cells preferentially metabolize glucose by aerobic glycolysis, characterized by increased
lactate production. This distinctive metabolism involves expression of the embryonic M2
isozyme of pyruvate kinase, in contrast to the M1 isozyme normally expressed in differentiated
cells, and it confers a proliferative advantage to tumor cells. The M1 and M2 pyruvate kinase
isozymes are expressed from a single gene through alternative splicing of a pair of mutually
exclusive exons. We measured the expression of M1 and M2 mRNA and protein isoforms in
mouse and human tissues, tumor cell lines, and during terminal differentiation of muscle cells,
and showed that alternative splicing regulation is sufficient to account for the levels of
expressed protein isoforms. We further showed that the M1-specific exon is actively repressed
in cancer cell lines—although some M1 mRNA is expressed in cell lines derived from brain

tumors—and demonstrated that the related splicing repressors hnRNPA1 and A2, as well as the



polypyrimidine-tract-binding protein PTB, contribute to this control. Down-regulation of these
splicing repressors in cancer cell lines using shRNAs rescues M1 isoform expression and
decreases the extent of lactate production. We further identified the oncogenic SR protein
SRSF3 as a regulator that recognizes an exonic splicing enhancer to activate exon 10 and
mediate changes in glucose metabolism. To systematically detect additional splicing factors that
promote PK-M1 expression, | carried out a directed, high-throughput lentivirus screen using a
novel gPCR approach. Using this approach, | identified additional players that may participate in
the tissue-specific regulation of alternative splicing of PK-M. These findings extend the links
between alternative splicing and cancer, and begin to define some of the factors responsible for

the switch to aerobic glycolysis.
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Preface

This thesis is divided into four chapters. Chapter 1 is an introduction describing the role
of alternative splicing in cancer, and specifically in cancer-cell metabolism. Chapter 2
deals with the identification of splicing repressor proteins hnRNPs as regulators of
pyruvate kinase M (PKM) alternative splicing, and is provided in its original form as
published in Proceedings of the National Academy of Sciences USA. The C2C12 cell line
work in the manuscript is performed by Cynthia Clower, Lewis Cantley Laboratory.
Chapter 3 is a manuscript published in the Journal of Molecular and Cellular Biology,
further elucidating the molecular mechanism of the mutually exclusive alternative
splicing of PKM. All the minigene and cis-acting experiments have been performed by
Zhenxun Wang, Krainer Laboratory. | have performed all the trans-acting factor
experiments. Chapter 4 describes a directed shRNA screen, carried out to systematically
identify further regulators of pyruvate kinase M (PKM) alternative splicing. Chapter 4 is a
collaborative effort between our laboratory and Greg Hannon laboratory. Kenneth
Chang (Hannon Laboratory) and Chaolin Zhang (Krainer Laboratory) initially designed

and built the shRNA library, | conducted all other experiments.
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Chapter 1

Introduction

1.1 Synopsis

Alternative pre-mRNA splicing is a key molecular event that creates transcriptome and
proteome diversity in eukaryotes. Through this process, a single gene increases its
coding capacity by expressing several related proteins with diverse and even
antagonistic functions. For many genes, alternative splicing (AS) directs the expression
of functionally divergent protein isoforms in a cell-specific manner, based on
differentiated cell types (Fu et al., 2009), developmental stage (Cooper, 2005), gender,
or in response to an external signal (Back et al., 2005; Hartmann et al., 2009). The
variety of such cell-specific expression patterns is regulated by the spliceosomal
complex — a highly dynamic, precise system in which intron excision and exon joining
repeatedly occur at the appropriate places in human pre-mRNA molecules (Black, 2003).
Given that splicing is such a highly complex yet exceedingly accurate process, it is not
surprising that aberrant splicing has been found to be associated with various diseases,
including cancer (Faustino and Cooper, 2003). However, until recently, it was unclear
whether abnormal AS changes were a natural consequence of oncogenic
transformation, or whether at least some of the RNA and protein isoforms that were
produced in cancer cells have actual functional consequences for transformation (Kim et
al., 2008). Emerging data suggest that at least in some cases, the aberrant mRNAs and

their encoded proteins have unique properties that equip the cancer cell with new



growth, differentiation and other cellular characteristics (Christofk et al. 2008). In this
introductory chapter, | briefly summarize the current knowledge about the most
important modes of abnormal AS in cancer, the factors governing these splicing events,
and the biological consequences associated with the alteration of splicing on the various
hallmarks of neoplastic development, with an emphasis on cancer-cell metabolism. In
the following sections, | attempt to correlate the role of AS to each hallmark of cancer,
and discuss some of the AS processes that are disrupted during the development of
tumors. | also discuss recent evidence that correlates specific isoform expression
patterns to distinct functional changes in tumors. Finally, | provide my rationale for

focusing on AS regulation of Pyruvate Kinase M (PKM) as the subject of my dissertation.

1.2 The Basics of Splicing

The major, classical spliceosome acts on genes transcribed by RNA polymerase Il (Pol II)
and follows the GU-AG rule, according to which RNPs recognize the 5 splice site
beginning with a GU dinucleotide and the 3’ splice site ending with an AG dinucleotide.
The second, less prevalent type of spliceosome acts on a minor class of Pol Il transcribed
introns and follows the AU-AC rule (Tarn and Steitz, 1996). When the sequence of a
splice site deviates from the consensus, the site can still be used, albeit less efficiently,
and a second class of cis-acting elements — called silencers and enhancers — influence
the splicing outcome in such cases by acting in conjunction with the splicing apparatus.
Silencers and enhancers are short conserved sequences (6-10 nucleotides) located in
isolation or in clusters within introns or exons, and they inhibit or stimulate the use of

weak splice sites. RNA-binding proteins called splicing activators and repressors bind to



silencers and enhancers, respectively, to influence the final outcome of the splicing
decision (Black, 2003; Krainer et al., 1990a, b; Mayeda and Krainer, 1992). Aberrant
expression or regulation of RNA-binding proteins (RBPs) causes the global deregulation
of splicing observed in cancer (Grosso et al., 2008). Regulation of RBPs therefore has an
arguably important biological impact because of its downstream effects, yet little is
known about the underlying mechanisms and the disruption of the splicing-regulatory

machinery in cancer.

1.3 Alternative Splicing

When two or more splice sites compete, AS generates mRNA variants that can yield
different polypeptides from a single gene (Matlin et al., 2005). There are mainly five
basic patterns of alternative AS prevalent in normal cells that have been described in
the literature (Fig 1). Recent studies have compared the amount of AS in cancer cells vis-
a-vis normal cells using various biochemical and bioinformatics approaches and
determined that cancer cells exhibit lower levels of AS than normal cells (Ghigna et al.,
2008). They also showed that the distribution of the types of AS events differs in cancer
cells compared to normal cells, the former demonstrating less exon skipping but more
alternative 5’ and 3’ splice site selection and intron retention than the latter (Kim et al.,
2008, Ghigna et al., 2008). A contextual point is that AS decisions are not made on a
static, pre-synthesized template. As the pre-mRNA emerges from elongating RNA Pol II,
it immediately becomes packaged with various processing and general RNA-binding
factors. The C-terminal domain of the RNA Pol Il large subunit helps to recruit RNA

processing factors to the emerging transcript (Misteli and Spector, 1999). Moreover, the



rate of polymerase elongation can influence splicing patterns by accelerating or delaying
the synthesis of competing splice sites or regulatory elements (de la Mata et al., 2003).
It is in this dynamic setting that AS decisions are made, involving precise coordination
between the spliceosomal complex and the transcriptional machinery; hence even
minor disruptions in this finely calibrated process can lead to AS aberrations associated
with cancer cells. | discuss below the known physiological functions of AS in the process

of tumor initiation and progression.

1.4 The hallmarks of cancer and the role of splicing

Hanahan and Weinberg described the hallmarks of cancer — the distinctive capabilities
that enable tumor growth and metastatic propagation, which are the main foundation
for understanding the biology of cancer (Hanahan and Weinberg, 2000, 2011). All
aspects of tumor biology appear to be affected in some manner by AS. Systematic
functional studies as well as recent genome-wide approaches have revealed large scale
alterations in AS during tumorigenesis. Not only does AS modulate the activities of
various oncogenes and tumor suppressors, but at least some splicing factors have also
been reported to act as oncogenes (Karni et al., 2008) or tumor suppressors (Shin et al.,
2008). Though direct functional correlations between tumor progression and splicing
are just beginning to emerge, the expression of alternatively spliced isoforms has been

frequently used for the classification of various tumors (Brinkman, 2004).



1.4.1 Sustaining proliferative signalling

The most significant trait of cancer cells is their enduring proliferative state. Normal cells
control the cell cycle by tightly regulating growth promoting signals, thereby
maintaining a steady-state cell number (Novak et al., 2007). However, tumor cells
successfully deregulate the control of these signals and become the masters of their
own fates. Defects in feedback mechanisms enhance the proliferative signaling
capability by deregulating the homeostatic regulation of the flux of signals coursing
through the intracellular circuitry, and are the primary reason for the uncontrolled
growth in cancer cells. The prototype of this type of regulation involves the mTOR
pathway (Guertin and Sabatini, 2005). Recent findings from our lab have highlighted the
role of the splicing activator SRSF1 as a potent proto-oncogene that activates mTORC],

shown to be essential for SRSF1-mediated transformation (Karni et al., 2007).

AS also often acts as an on/off switch to control gene expression at the post-
transcriptional level, such that one mRNA isoform results in a functional protein,
whereas the other(s) is (are) subject to degradation by NMD, or retained in the nucleus,
or result(s) in a truncated/inactive or mis-localized protein. Such regulation in the case
of cellular oncogenes and tumor suppressors has widespread implications. One
important example in this regard is the p73 tumor-suppressor gene, which expresses six
different proteins with closely related sequences — p73a, p73B, p73y, p736, and p73{ —
as a result of extensive AS in the C-terminal domain (Hofstetter et al., 2010). These C-
terminal splice variants exhibit different transcriptional and functional properties and

show differential expression across normal human tissues and cell lines, though their



exact functions are still not known in detail. Further, the use of an alternative promoter
in exon 3 of the full-length p73 gene results in expression of the AN variants of p73,
ANp73a and ANp73B, which lack the N-terminal transactivation domain and act as
dominant-negative forms of both p73 and p53, with resulting oncogenic activity (Ozaki
and Nakagawara, 2005). Similar regulation through AS, combined with the use of
alternative promoters, has also been reported in the case of p63 and p53 (Bourdon et

al., 2005, Hofstetter et al., 2010).

Splicing misregulation in the tyrosine kinase family has also been studied for its effects
on metastasis. An example of this is SYK (Spleen tyrosine kinase), a soluble tyrosine
kinase that suppresses metastasis in vitro in MCF10A cells. Recent studies have shown
that exposure of cancer cells to epidermal growth factor (EGF) modulates the SYK
splicing pattern to promote the pro-survival isoform associated with cancer tissues in
vivo (Prinos et al., 2011). This group showed that the splicing of selected genes is
specifically modified during tumor development to allow the expression of isoforms that
promote cancer-cell survival. For example, increased expression of the SYK long isoform
in tumors increases not only cell survival but also cellular proliferation and tumor
aggressiveness, as seen by the increased expression of the long isoform in highly
aggressive Grade 3 tumors and also by its effect on anchorage-independent growth.
Notably, they also observed increased JUN expression when the long isoform of SYK was
knocked down, but not when the overall expression of SYK was down-regulated by
siRNA against constitutive exons. The fact that changing the splicing pattern of SYK, and

not its overall expression, affects the MAPK—JNK signaling pathway indicates that



splicing changes directly affect oncogenesis and tumor progression rather than being

mere bystanders.

1.4.2 Evading apoptosis

When cellular systems function properly, programmed cell death or apoptosis is a
natural phenomenon to dispose of dead cells and debris. However, malignant cells find

ways to not succumb to this natural cleansing and escape apoptosis.

Apoptosis is perhaps the most investigated process in cancer, in which AS plays a role by
giving rise to protein isoforms with distinct and sometimes antagonistic properties. Fas
and Bcl-2 splicing changes are the most commonly studied AS events in the extrinsic and
intrinsic pathways, respectively. A soluble isoform of FasL can be generated by AS, and
has been well described for murine FasL. This isoform lacks the transmembrane domain,
the intracellular domain, and part of the extracellular domain, and resembles
proteolytically derived soluble FasL in inhibiting apoptosis via the Fas receptor pathway
(Ayroldi et al., 1999). Several soluble variants of Fas generated by AS and lacking the
transmembrane domain have been described in activated human peripheral blood
mononuclear cells and T cell tumor lines (Cascino et al., 1995; Hughes and Crispe, 1995).
Among these is FasExo6Del, which lacks the transmembrane domain due to AS of the
exon 6. FasExo6Del can compete with the membrane-bound form of Fas and functions
as a soluble decoy. Another splice variant of Fas, termed FasExo8Del, lacks the
intracellular domain, due to a frameshift caused by skipping of exon 8. FasExo8Del was

identified in a human lymphoma cell line resistant to Fas-mediated apoptosis, and found



to be responsible for the resistance phenotype in a dominant-negative fashion (Cascino

et al.,, 1996).

The most complex group of apoptotic regulators in the intrinsic pathway is composed of
proteins related to Bcl-2. Several Bcl-2 family proteins are also regulated by AS, and
modulation of isoform production can lead to a switch in their function during cell death
from pro- to anti-apoptotic or vice-versa (Akgul et al., 2004). Importantly, the balance
between pro- and anti-apoptotic Bcl-2 proteins can significantly contribute to cancer
progression. Possibly the most interesting member of the Bcl-2 family, as relates to AS,
is the Bcl-x gene product, a close relative of Bcl-2. A long version of Bcl-x (Bcl-x)
contains all four BH domains and is inhibitory to programmed cell death. AS leads to the
production of several isoforms, one of which (Bcl-xs) lacks the BH1 and BH2 domains.
Bcl-xs antagonizes the inhibitory functions of Bcl-x. and Bcl-2. Bcl-xs mMRNA is expressed
at high levels in cells that undergo a high rate of turnover (e.g., developing
lymphocytes), whereas the Bcl-x, transcript is found in tissues containing long-lived
postmitotic cells (e.g., adult brain)(Boise et al., 1993). Interestingly, whereas Bcl-x,
expression is rather widespread, Bcl-xs occurs in only some tissues, including thymus
and lymph nodes (Hsu and Hsueh, 2000). It is likely that the expression ratio of the Bcl-x

isoforms contributes to the control of apoptosis in these tissues.

A recent genome-wide RNAi screen using Bcl-x splicing reporters established
coordinated AS as an integral component of cell cycle control (Moore et al., 2010).
Knockdown of 52 genes induced pro-apoptotic splicing of both reporters in the study.

The list of genes included a network of factors linked to the cell cycle regulator Aurora



kinase A, a central regulator of mitosis. Loss of Aurora kinase A promoted
posttranslational degradation of SRSF1, a member of the SR protein family of splicing
regulators. Cross-Linking Immuno Precipitation (CLIP) analysis showed that SRSF1
directly binds to Bcl-x RNA, and revealed additional endogenous apoptotic splicing

events that shift toward pro-apoptotic splicing upon cell-cycle inhibition.

1.4.3 Sustained angiogenesis

The physiology of microvessels limits the growth and development of tumors. Tumors
gain nutrients and excrete waste through growth-associated microvessels. Vascular
endothelial growth factor A (VEGF-A) splice isoforms play a role in promoting such
microvessel growth (Ladomery et al., 2007). VEGF-A exists in multiple isoforms of
variable exon content and strikingly contrasting properties and expression patterns
(Harper and Bates, 2008). This range of products from the eight-exon VEGF-A gene on
Chromosome 6 contributes to VEGF-A’s complex biology, and alterations in the
expression of these isoforms are involved in malignant changes in general, and in the
pro-angiogenic cascade in particular. The first VEGF-A isoform, VEGF-Aies, has been
extensively investigated for its function, signaling, expression, and roles in cancer
(Ferrara, 2004). Other isoforms, including VEGF-A1y1, VEGF-Ay4s, VEGF-Aq48, VEGF-Aqg3,
VEGF-A1g9, and VEGF-A,qe, are generated by AS of exons 6 and 7, which code for motifs
that bind to the highly negatively charged glycosaminoglycan carbohydrate heparin and
similar molecules, and are mostly pro-angiogenic (Glass et al., 2006; Harper and Bates,

2008). An additional isoform, VEGF-A1¢sb, is generated either by exon 8 distal splice site
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(DSS) selection (Bates et al., 2002) or in conjunction with exon 6 and 7 inclusion or
skipping. It is therefore apparent that VEGF-A mRNA splicing generates two families of
proteins that differ by their C-terminal six amino acids, and are termed VEGF-A,, (pro-
angiogenic) and VEGF-A,b (anti-angiogenic), with xxx denoting the amino acid number
of the mature protein. Details of the molecular control of C-terminal splice site choice
(and the pro-angiogenic—anti-angiogenic balance) have only recently begun to emerge
(Nowak et al., 2008). Based on initial evidence, insulin growth factor can change the
balance between pro- and anti-angiogenic forms by activating protein kinase C (PKC),
resulting in phosphorylation of SR protein kinases (SRPKs) that in turn activate SRSF1.
This process may be dependent on the presence of hypoxia-inducible factor (HIF), a
transcription factor involved in VEGF-A,,, up-regulation (Kerbel, 2008). Other splicing
factors and kinases may also be involved in PSS and DSS selection, and only a handful of

recent studies have so far delved into this area.

1.4.4 Tissue invasion and metastasis

Phenotypic conversion of cells between epithelial and mesenchymal states, known as
epithelial-mesenchymal (EMT) and mesenchymal—-epithelial (MET) transitions, are
fundamental to organ morphogenesis and tissue remodeling (Thiery et al., 2009). EMT
and associated markers have been observed in tumor samples, particularly at the
invasive front of solid tumors, such as non-small cell lung cancer (NSCLC), pancreatic,
colorectal, and hepatocellular cancers (Kalluri and Weinberg, 2009). The loss of
epithelial features, including loss of cell adhesion and polarity, is associated with disease

progression and metastatic potential, and it is becoming evident that cancer cells can
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de-differentiate through activation of specific biological pathways associated with EMT,

thereby gaining the ability to migrate and invade.

AS plays a decisive role in EMT through the regulation of multiple splicing events and
the utilization of several regulatory proteins (Brown et al., 2011; Ghigna et al., 2008;
Valacca et al., 2010; Warzecha et al., 2009) (Figure 1.3). SRSF1 up-regulation is known to
trigger EMT through AS of the Ron tyrosine kinase receptor proto-oncogene and
expression of a constitutively active, pro-invasive isoform, A Ron (Ghigna et al., 2008).
Induction of EMT via ERK1/2 activation (Thiery and Sleeman, 2006), proceeds in part
through phosphorylation of SAM68, which then up-regulates SRSF1. Down-regulation of
the RNA-binding proteins Epithelial Splicing Regulatory Proteins 1 and 2 (ESRP1 and
ESRP2), which are expressed in a cell-type-specific manner, have also been shown to
determine physiological changes during EMT. Splicing-sensitive microarrays identified
nearly 100 splicing events that displayed reciprocal changes in epithelial cells depleted
of ESRP1/ESRP2 or mesenchymal cells expressing ectopic ESRP1 (Warzecha et al., 2009).
The ESRP target genes were enriched in functions that support EMT, such as cell
adhesion, cell migration and cell polarity. Importantly, sustained ESRP1/ESRP2
knockdown resulted in global EMT splicing transitions and EMT-like phenotypic changes.
Among ESRP targets, the splice isoforms of the CD44 cell adhesion molecule in particular
participate in multiple EMT-relevant functions like proliferation, adhesion, and
migration (Ponta et al., 2003). The fibroblast growth factor plasma membrane receptor
2 (FGFR2) contains two mutually exclusive alternative exons, lllb and llic, that

correspond to distinct ligand binding specificities in epithelial and mesenchymal cells
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(Wagner and Garcia-Blanco, 2002), ensuring appropriate signaling for different
mesenchymal-epithelial interactions. The studies of FGFR2 in EMT have also identified a
critical interplay between the histone code, adapter proteins, and AS regulators to
generate cell-type-specific splice isoforms (De Moerlooze et al., 2000; Luco et al., 2010;

Wagner and Garcia-Blanco, 2002).

1.4.5 Deregulated metabolism

The proclivity of rapidly growing cells to metabolize a significant fraction of glucose
through fermentation was first elucidated in yeast. Otto Warburg extended these
observations to mammalian cells in the 1950s, finding that proliferating ascites tumor
cells converted the majority of their glucose carbon to lactate, even in oxygen-rich
conditions (Warburg, 1956). Warburg hypothesized that this altered metabolism was
specific to cancer cells, and that it arose from mitochondrial defects that repressed their
ability to effectively oxidize glucose carbon to CO,. The Warburg Effect has now been

accepted as one of the hallmarks of cancer (Hanahan and Weinberg, 2011).

Though it has long been known that proliferating cells exhibit the Warburg effect, the
complexity of the underlying mechanisms has only recently started to be appreciated
(Anastasiou et al., 2011; Christofk et al., 2008c). How do proliferating cells re-program
their metabolism to engage in aerobic glycolysis? The Warburg effect requires the
shunting of pyruvate that provides the substrate for oxidative phosphorylation in
differentiated cells, from the mitochondria to the cytosol, and the conversion to lactate

catalyzed by lactate dehydrogenase (LDH). An important part of this process is the
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increased production of LDH-A necessary for the final step in aerobic glycolysis: the
production of lactate from pyruvate (Fantin et al. 2006). The oncogenic transcription
factor c-Myc is known to promote the up-regulation of LDH-A, as well as that of several
other glycolytic enzymes — an activity that appears to underlie, in part, the effect of Myc

on aerobic glycolysis (Gao et al., 2009).

AS has also recently been implicated in the Warburg effect, as it is now known that
isoforms of metabolic enzymes can provide cancer cells with a mechanism to select for
metabolic alterations during tumorigenesis. Proliferating cells almost universally express
the M2 isoform of pyruvate kinase M (PK-M2) (Christofk et al., 2008c). Pyruvate kinase
is a glycolytic enzyme that converts phosphoenolpyruvate (PEP) to pyruvate, with
concomitant generation of ATP. In contrast to the M1 isoform of pyruvate kinase (PK-
M1), the predominant isoform in most differentiated adult tissues, the PK-M2 splice
variant is the major isoform in embryonic tissues and in all cancer cells examined to date

(Mazurek et al., 2005).

Other significant genes for proliferative cell metabolism are also alternatively spliced.
The phosphofructokinase/fructose-2,6-bisphosphatase B3 gene (PFKFB3) is highly
expressed in human tumors and has six splice variants (Sharma et al., 1990; Tang et al.,
1998). Two splice variants predominate in high-grade astrocytoma and colon carcinoma
and enhance glycolytic flux, whereas other splice variants are limited to low-grade
tumors and normal tissues (Bando et al., 2005; Zscharnack et al., 2009). An alternatively

spliced isoform of glutaminase may also be important for the mitochondrial glutamine
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metabolism of tumor cells (Cassago et al., 2012). HIFs are also known to be alternatively
spliced. HIF-3a is unique among the HIF-a isoforms in that its gene is also subject to
extensive AS, which in turn inhibits HIF-1 and HIF-2 functions (Pasanen et al., 2010). The
most widely characterized of these alternatively spliced metabolic enzymes is pyruvate
kinase. However, the mechanism of the mutually exclusive (ME) mode of PK-M AS,
which favors the apparent inclusion of Exon 10 over Exon 9 in tumors and of Exon 9 over
Exon 10 in normal tissues, remains poorly understood. The preferential expression of
PK-M2 in proliferating cells suggested a pro-tumorigenic role for this splice variant, and
xenograft models subsequently demonstrated that PK-M2-expressing cells have a
growth advantage in vivo, compared with PK-M1-expressing cells (Christofk et al.,
2008a). The switching of isoforms in tumor cells and PK-M2’s pro-tumorigenic role
prompted us to investigate the AS regulation of this gene and to develop a deeper
understanding of the mechanism underlying the regulation of these spliced isoforms in a
tissue-specific manner. Three splicing repressors — PTB, hnRNP Al, and hnRNP A2 —
were recently shown by us and others to promote the formation of the PK-M2 isoform
(Clower and Chatterjee et al., 2010b), in part by binding to sequences upstream of and
downstream from E9 (David et al., 2010). PK-M2 expression appears to be universal in
tumors, and the up-regulation of hnRNP A1/A2 and PTB is widely observed in cancer
(see below), potentially suggesting that pathways shared by many tumor types promote
the overexpression of these RBPs. Chen et al. also demonstrated that in addition to its
role in up-regulating glycolytic enzymes, c-Myc contributes to the Warburg effect by

indirectly regulating PK-M splicing (Chen et al. 2010). However, the effect of c-Myc
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knockdown on hnRNP protein levels was not observed in all cells tested (David et al.
2010), implying that additional proliferation-associated transcriptional pathways may
play a larger role in inducing over-expression of hnRNP A1/A2 and PTB in other contexts.
By studying splicing regulators that mediate the mutual exclusive splicing pattern of PK-
M, my dissertation attempts to fill in some of the gaps in understanding the role of

splicing in tumor metabolism.

1.5 Thesis Objectives

For my thesis, | aimed to understand the role of AS in regulating one of the hallmarks of
cancer — cancer-cell metabolism — by specifically studying the AS regulation of the
Pyruvate Kinase M gene. | chose to investigate the role of splicing activators and
repressors in regulating the ratio of expressed isoforms in a cell-specific context. Two
isoforms of PK-M are expressed, PK-M1 and PK-M2, by the mutual exclusive selection of
either exon 9 or 10, respectively. My primary goal was to understand how splicing
regulators control the ratio of PKM-1 and PK-M2, and investigate the factors that bind
and mediate this mutual exclusivity in a tissue-specific manner, to regulate glucose
metabolism in cancer cells. My first aim was to understand the regulation of PK-M by
splicing repressors hnRNPA1/A2 and PTB. Because hnRNP proteins are known common
repressors of splicing, | reasoned that investigating whether hnRNPA1/A2 and hnRNPI
(PTB) can repress exon 9 of PK-M could reveal important aspects of the tissue-specific

expression pattern of PK-M.
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My second aim was a contribution to another study in the lab, to help understand the
mutual exclusive splicing regulation of PK-M by the splicing activator SRSF3. My third
aim was to begin to identify other splicing factors that mediate alternative splicing of
PK-M. Given the importance of PK-M alternative splicing in cancer metabolism, |
speculated that systematically studying the factors involved in this mutual-exclusive
splicing regulation by using a shRNA library could significantly contribute to
understanding the overall regulation of PK-M AS. By carrying out a directed shRNA

screen, | sought to address this possibility.

Alterations in splicing patterns often underlie many of the cancer-associated phenotypic
changes, and | decided to focus on the splicing pattern of PK-M, as this was one of a few
AS changes known to exhibit a direct correlation between isoform expression and
physiological changes at the tissue level. The goals of my thesis were thus to explore the
factors that regulate the mutual exclusive splicing pattern of PK-M, and how they

mediate altered tumor metabolism.
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Solicing Fact Functi Genomic Mechani T + c s Mouse
plicing Factor unction location echanism argets ancer type models
i Complete KO-
SRSF1 Oncogene 17923 Activator S6K,BIN1,Ron, MNK2 Lung, Breast .
embryonic lethal
Complete KO-
Tra-2B Oncogene 3g26 Activator CD4a4 Breast, Ovary embryonic
lethality
Complete KO,
SRSF3 Oncogene 6p21 Activator PKM2, PLK1,CDC25 Ovary, Breast embryonic lethal,
E3.5
Lung, breast, .
HnRNPA1 Tumor suppressor 12q13 Repressor PKM2 Ovary Mot available
Glioblast: L
HnRNPA2 Tumor suppressor 7p15 Repressor PKM2,BIN,Ron,Caspase-9 foblastama,Lung Mot available
Breast, Ovary
i Colon, .
HnRMNPH Oncogene 5g35 Activator 1G20/MADD, c-src ) Not available
Glioblastoma
Glioblastoma, .
PTB Oncogene 19p13 Repressor PKM2,MINK1,EIFAG2 Lung Not available
Complete KO-
YB1 Oncogene 1p34 Repressor CD4a4, Fas, Breast, Ovary | embryonic lethal,
E11.5
Haploinsufficiency
i impedes
Samb8 Oncogene 1p32 Activator Bcll1, CD44 Prostrate, Breast,
mammary tumor
onset
Colorectal,
SRPK1 6p21 Activator VEGF, HIF Leukemia, Not available
Pancreas
RBMS 3p21 Repressor caspase-2, Fas Lung, Breast Not available

Tablel: Key splicing factors involved in cancer

The above table shows key splicing factors that have been categorized as

oncogenes or tumor suppressors. They are labeled ‘oncogene’ or ‘tumor

suppressor’ if they have at least one known feature consistent with these

categories, though some of these assignments are only tentative, and more

research will be required.
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Figure 1.1 Common modes of alternative splicing

The exons are shown in green and red and the mode of splicing is shown with similar
colors. In certain complex pre-mRNAs, more than one of these modes of splicing could
take place in the same transcript. [Adaptated from Cartegni, Chew and Krainer, Nature

Review Genetics, 2002,(Cartegni et al., 2002)]
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Figure 1.2 Schematic representation of the Warburg effect in tumor and differentiated

cells. In differentiated tissues, glucose is metabolized to pyruvate via glycolysis, and

then completely oxidizes most of that pyruvate in the mitochondria to CO, during the

process of oxidative phosphorylation. Tumor cells, regardless of whether oxygen is

present or not, can redirect the pyruvate generated by glycolysis away from

mitochondrial oxidative phosphorylation by generating lactate (aerobic glycolysis).

HnRNPs, SR proteins and likely other factors regulate the balance of expression of the

splicing isoforms of PK-M.
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Figure 1.3 Alternative splicing changes during the Epithelial to Mesenchymal
Transition. Epithelial (left) and mesenchymal (right) splicing events that directly
influence EMT are depicted. SRSF1 promotes exon 11 skipping of the Ron proto-
oncogene to produce a constitutively active isoform (ARon) that imparts invasive
properties. SRSF1 levels are dynamically controlled during EMT through AS-NMD by
another splicing factor, Sam68. Epithelial cell-derived soluble factors repress ERK
activity, thereby inhibiting Sam68 phosphorylation, which reduces SFRS1 levels through
increased AS-NMD. ESRP1 downregulation leads to a switch from CD44(v)ariant to
CDA44(s)kipped isoforms that is crucial for EMT. Mutually exclusive splicing of fibroblast
growth factor receptor 2 (FGFR2) exons lllb and llic is regulated by multiple splicing
factors in communication with chromatin modifications. ESRP proteins inhibit exon IIIC,
whereas RBFOX2 promotes exon lllb inclusion in epithelial cells. PTB is expressed
similarly in mesenchymal and epithelial cells, but suppresses exon lllb specifically in

mesenchymal cells.
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Figure 1.4 Splicing regulations in the context of the hallmarks of cancer

Illustration depicting the hallmarks of tumor progression, in which alternative splicing
pathways play an important role. Active research is ongoing in the various aspects of
cancer, investigating the role of alternative splicing in giving rise to proteins that act

synergistically or antagonistically with each other.
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Chapter 2

The alternative splicing repressors hnRNP A1/A2 and PTB influence

pyruvate kinase isoform expression and cell metabolism

2.1 Abstract

Cancer cells preferentially metabolize glucose by aerobic glycolysis, characterized by
increased lactate production. This distinctive metabolism involves expression of the
embryonic M2 isozyme of pyruvate kinase, in contrast to the M1 isozyme normally
expressed in differentiated cells, and it confers a proliferative advantage to tumor cells.
The M1 and M2 pyruvate kinase isozymes are expressed from a single gene through
alternative splicing of a pair of mutually exclusive exons. We measured the expression of
M1 and M2 mRNA and protein isoforms in mouse and human tissues, tumor cell lines,
and during terminal differentiation of muscle cells, and show that alternative splicing
regulation is sufficient to account for the levels of expressed protein isoforms. We
further show that the M1-specific exon is actively repressed in cancer cell lines—
although some M1 mRNA is expressed in cell lines derived from brain tumors—and
demonstrate that the related splicing repressors hnRNP Al and A2, as well as the
polypyrimidine-tract-binding protein PTB, contribute to this control. Downregulation of
these splicing repressors in cancer cell lines using shRNAs rescues M1 isoform
expression and decreases the extent of lactate production. These findings extend the
links between alternative splicing and cancer, and begin to define some of the factors

responsible for the switch to aerobic glycolysis.
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2.2 Introduction

Cancer cells exhibit a metabolic phenotype characterized by increased glycolysis with
lactate generation, regardless of oxygen availability—a phenomenon termed the
Warburg effect. Recent work demonstrated that expression of the type Il isoform of the
pyruvate kinase-M gene (PKM2, referred to here as PK-M) is a critical determinant of
this metabolic phenotype, and confers a selective proliferative advantage to tumor cells
in vivo(Christofk et al., 2008c). This finding adds to the growing body of evidence that
alterations in alternative pre-mRNA splicing play important roles in different aspects of

cancer progression (Grosso et al., 2008; Karni et al., 2007).

Pyruvate kinase (PK) is the enzyme that catalyzes the final step in glycolysis, generating
pyruvate and ATP from phosphoenolpyruvate and ADP (Dombrauckas et al., 2005). The
resulting pyruvate can be converted to lactate or it can be incorporated into the TCA
cycle to drive oxidative phosphorylation. PK is encoded by two paralogous genes, each
of which is alternatively spliced, such that four PK isoforms are expressed in mammals.
The L and R isozymes, derived from the PKLR gene, show tissue-specific expression in
the liver and red-blood cells, respectively. They have different first exons, defined by
tissue-specific promoters (Noguchi et al., 1987). The PKM2 (PK-M) gene consists of 12
exons, of which exons 9 and 10 are alternatively spliced in a mutually exclusive fashion
to give rise to the PK-M1 and PK-M2 isoforms, respectively (Noguchi et al., 1986). Exons
9 and 10 each encode a 56 amino acid variable segment that confers distinctive

properties to the regulation and activity of PK-M1 and PK-M2 enzymes; as a result, PK-
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M1 is constitutively active, whereas the activity of PK-M2 is allosterically regulated by
fructose-1,6-bisphosphate levels and interaction with tyrosine-phosphorylated proteins

(Christofk et al., 2008d).

The ability of PK-M2 activity to be regulated is thought to provide a mechanism for cells
to control the availability of metabolites for anabolic processes, and to confer a
proliferative advantage during tumorigenesis (Christofk et al., 2008d). Despite increasing
evidence demonstrating the significance of PK-M2 isoform expression in cancer-cell
metabolism and tumorigenesis, the mechanisms governing alternative splicing of the
PK-M gene are not understood. PK-M2 is expressed in a range of cancer cells, as well as
in fetal and undifferentiated adult tissues, whereas PK-M1 is expressed predominantly

in terminally differentiated tissues (Christofk et al., 2008c; Christofk et al., 2008d).

Alternative splicing involving pairs of mutually exclusive exons represents only ~2% of all
alternative splicing events in human genes (Chacko and Ranganathan, 2009). In terms of
gene structure, the regulated exons in such genes are often closely related in
sequence—as in the case of PK-M exons 9 and 10—indicating that they originally arose
by exon duplication (Letunic et al.,, 2002a). Well characterized examples of this
alternative splicing pattern in mammals include the tropomyosins, fibroblast growth
factor receptor 2, and a-actinin. Although some of the trans-acting factors involved in
the recognition of individual mutually exclusive exons in these genes have been
identified, it remains unclear how these pairs of exons are coordinately regulated in a

way that maintains their mutually exclusive properties(Smith, 2005).
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We have begun to dissect the molecular mechanisms underlying PK-M2 alternative
splicing regulation. Previous work implicated the splicing-repressor paralogs PTB and
nPTB in the repression of exon 9 (Spellman et al., 2007). In addition, other splicing
repressors, such as hnRNPA1 and hnRNPA2, and activators, such as SF2/ASF, have been
implicated in oncogenic transformation (Grosso et al., 2008; Karni et al., 2007), and
hence could potentially play a role in PK-M alternative splicing. Here we characterize the
expression of PK-M isoforms at the mRNA and protein level in primary tissues and
cancer cell lines, as well as during terminal differentiation of muscle cells in culture. We
show that hnRNPA1/A2, in addition to PTB, repress the use of exon 9, such that
knocking down expression of these splicing repressors allows expression of PK-M1,

accompanied by a decrease in lactate production.

2.3 RESULTS

2.3.1 Relative PK-M1 and PK-M2 expression in tissues and cell lines correlates with

hnRNPA1/A2 and PTB expression.

Proliferating cells and cancer cells preferentially express PK-M2 over PK-M1 at the
protein level (Christofk et al., 2008c; Mazurek et al., 2005). To determine if the
expressed protein isozymes are a direct reflection of differences in alternative splicing—
as opposed to, e.g., being affected by mRNA stability or translational control—we
measured the levels of mMRNA and protein isoforms expressed in various tissues and cell
lines. Representative organs/tissues isolated from adult mice were perfused with saline,

and total protein and RNA were isolated and analyzed. The relative expression of PK-M1
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and PK-M2 protein isoforms was organ/tissue-specific: brain and skeletal muscle
preferentially expressed PK-M1, whereas spleen and lung expressed mainly PK-M2, as
detected by western blotting with isoform-specific antibodies (Fig. 1A). As previously
reported (Christofk et al., 2008c), several human cell lines expressed PK-M2 protein with
no detectable PK-M1 (Fig. 1B). Among the cell lines tested, however, two brain-tumor-
derived cell lines, namely U-118MG and A-172 glioblastoma cells, expressed detectable
levels of PK-M1 protein, in addition to PK-M2, reminiscent of the protein pattern in
mouse brain, where both isoforms are also readily detectable (cf. Fig. 1B, 1A).To
accurately measure the relative levels of PK alternatively spliced mRNA isoforms, we
simultaneously detected both isoforms by radioactive RT-PCR with a single pair of
primers corresponding to the flanking constitutive exons 8 and 11. Because exons 9 and
10 are identical in length (167 nt), the resulting cDNA amplicons were digested with
restriction enzymes that cleave either exon 9 or 10 to distinguish the two isoforms (Fig.
1C; see also Takenaka et al., 1996). PK-M1 mRNA was the predominant isoform in
striated muscle and brain—tissues that are enriched in terminally differentiated, non-
proliferating cells. In contrast, PK-M2 mRNA was the major isoform in lung and spleen,
presumably reflecting the abundance of proliferating cells in these organs. Similar
results were obtained using total RNA harvested from human autopsy tissues (muscle,
brain, lung and spleen; data not shown). PK-M2 mRNA was invariably the major isoform
in all cancer or transformed cell lines we assayed, consistent with the previous finding
that PK-M2 expression at the protein level is strongly correlated with, and facilitates,

proliferation and tumorigenesis (Christofk et al., 2008c). However, PK-M1 mRNA was
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readily detectable in brain-tumor-derived cancer cell lines, including glioblastoma (U-
118MG and A-172) and neuroblastoma (SK-N-BE) cell lines. This finding is consistent
with PK-M1 protein being detectable in U-118MG cells and to a lesser extent in A-172
cells (Fig. 1B). In general, we observed a strong correlation between PK-M1/M2 isoform

ratios measured at the protein and mRNA levels, in both tissues and cell lines.

To facilitate studies of the mechanism underlying the PK-M2 to PK-M1 isoform switch
during terminal differentiation, we examined several established systems for cell
differentiation in culture. We found that proliferating mouse C2C12 myoblasts induced
to terminally differentiate into myotubes (Kislinger et al., 2005)switched protein and
MRNA isoform expression from almost exclusively PK-M2 to predominantly PK-M1 (Fig.
2). Consistent with PK-M2 being the predominant isoform in proliferating cells, and PK-
M1 being the predominant isoform in muscle (Fig. 1A), this switch in PK-M isoform
accompanied the morphological differentiation of the C2C12 myoblasts into myotubes
(Fig. 2A). Normalizing to total PK-M protein expression, it is readily apparent that there
was a pronounced increase in PK-M1 upon differentiation, at the expense of the PK-M2
isoform (Fig. 2B). Likewise, at the mRNA level, the proportion of the M1 isoform

changed from 5% to 55% over a differentiation time course (Fig. 2C).

We also measured the protein levels of representative alternative splicing factors,
including some known to have oncogenic activities (Grosso et al., 2008). In the C2C12
differentiation model, as well as in mouse or human tissues and cancer cell lines, we

observed a correlation between high levels of the alternative splicing factors hnRNP
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A1/A2 and PTB, and reduced expression of the PK-M1 isoform (Fig. 2B,D,E). In contrast,
there was little or no change in several other splicing factors, such as SF2/ASF and CUG-
BP1 (Fig. 2B). U-118MG and A-172 cells, which expressed detectable levels of PK-M1,
both at mRNA and protein levels (Fig. 1B, E), had less hnRNP A1/A2 and PTB compared
to Hela, HEK293, and SK-N-BE cells, whereas SF2/ASF was expressed at similar levels in
these cell lines (Fig. 2D). Both hnRNP A/B and PTB (also known as hnRNP 1) protein
family members are well characterized splicing repressors, which led us to hypothesize
that these factors might be partly responsible for repressing the use of exon 9 during

pre-mRNA splicing.

2.3.2 Blocking the 3’ splice site of exon 10 causes abnormal skipping of both exons 9

and 10.

To determine if exon 9 is actively repressed in cancer cell lines, or simply fails to
compete effectively with exon 10, we blocked the 3’ or 5’ splice sites of exon 10 using
2’-O-methyl, phosphorothioate antisense oligonucleotides complementary to these
regions (16)(Fig. 3A). The oligonucleotides were transfected into HEK293 cells and the
endogenous PK mRNA isoforms were analyzed by radioactive RT-PCR (Fig. 3B). As
expected, use of exon 10 was partially inhibited by the antisense oligonucleotides.
However, in addition to increased use of exon 9 (PK-M1 isoform), we observed an
abnormal mRNA arising from skipping of both mutually exclusive exons. These results
indicate that even with reduced use of exon 10, there is residual repression of exon 9

use in HEK293 cells (as well as in HeLa and A-172 cells; data not shown).
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2.3.3 hnRNP proteins repress exon 9 in a gliobloastoma cell line.

To address whether specific hnRNP proteins are responsible for repression of exon 9, we
generated stable cell lines expressing shRNAs directed against hnRNP A1, A2, or PTB
(Fig. 4). We chose A-172 glioblastoma cells for this analysis, both because they already
express some PK-M1 (Fig. 1B,E) and because they tolerated simultaneous stable
knockdown of hnRNP Al and A2, in contrast to other cells we examined (data not
shown). We achieved ~65% knockdown of hnRNP Al and ~50% knockdown of hnRNP A2
(Fig. 4A). Although individual knockdown of these proteins—which are closely related in
structure and function (Mayeda and Krainer, 1992)—had little effect, the combined
knockdown elicited a ~6-fold increase in PK-M1 protein (Fig. 4A) and ~5-fold increase in
PK-M1 mRNA (Fig. 4B). PTB or PTB+nPTB siRNA-knockdown in Hela cells was previously
shown by quantitative 2g-gel proteomics to decrease total PK-M expression (Spellman
et al.,, 2007). Although the PK-M1 and PK-M2 spots could not be resolved, RT-PCR
revealed a ~4-fold increase in the PK-M1/M2 ratio. We stably expressed PTB shRNA in A-
172 cells and performed western blotting and radioactive RT-PCR analyses as above, and
detected a ~3-fold increase in PK-M1 protein and mRNA (Fig. 4C,D). Taken together,
these results suggest that hnRNPA1/A2 and PTB directly or indirectly mediate active

repression of exon 9 in cancer cells.

30



2.3.4 Knockdown of splicing repressors inhibits lactate production in a glioblastoma

cell line.

To test whether knockdown of hnRNP A1/A2 or PTB, which results in an increase in the
PK-M1/PK-M2 protein ratio, is sufficient to affect cancer-cell metabolism, we measured
the extent of lactate production in stable-knockdown versus control A-172 cells (Fig. 5).
Remarkably, we observed a >2-fold decrease in lactate production upon combined

knockdown of hnRNP A1/A2, and a ~1.5-fold reduction upon knockdown of PTB.

2.4 Discussion

We have demonstrated that down-regulation of the splicing repressors hnRNP A1/A2
and PTB relieves repression of PK-M exon 9 inclusion, resulting in higher levels of PK-
M1. Both types of hnRNP proteins have been implicated in cancer (Grosso et al., 2008;
Karni et al., 2007; Venables, 2006), consistent with their ability to promote expression of
the pro-tumorigenic PK-M2 isoform. hnRNP Al and A2 are closely related proteins
encoded by two separate genes (HNRNPA1 and HNRNPA2B1), which express additional
minor isoforms (He and Smith, 2009); they are splicing repressors that typically, but not
always, recognize exonic splicing silencer elements, and once bound to these elements
they can spread along the RNA through cooperative interactions and interfere with the
binding of spliceosomal components or activator proteins (Okunola and Krainer, 2009).
PTB (hnRNP 1) is also an abundant RNA-binding protein that binds to polypyrimidine
tracts, such as those present at or upstream of 3’ splice sites, and it can regulate

alternative splicing by creating a zone of silencing (Wagner and Garcia-Blanco, 2001).
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Previous analysis of PK-M splicing using a minigene suggested that inclusion of exon 10
is the default splicing pattern in proliferating cells (Takenaka et al., 1996). This is
consistent with our observation that blocking either of the splice sites of exon 10 by
means of antisense oligonucleotides leads to simultaneous skipping of both exons 9 and
10, rather than to efficient derepression of exon 9. We have shown that hnRNP A1/A2
and PTB are responsible for, or contribute to the repression of exon 9 in cells that
express PK-M2. Although preferred motifs recognized by these repressors are known,
we have not determined yet whether hnRNP A1/A2 and PTB regulate PK-M alternative
splicing directly, and if so, where the relevant binding sites are located. However, two
recent studies reported that PTB can be crosslinked in cells to several regions in intron 8
(Xue et al., 2009) and hnRNP A1 can bind in vitro to an RNA fragment encompassing the
5’ splice site of intron 9 (David et al., 2010). Further studies of cis-acting elements within
and flanking both exon 9 and exon 10 will be necessary to uncover how individual cells

achieve predominant or exclusive expression of only one of the two isoforms.

Considering that downregulation of hnRNP A1/A2 or PTB achieved only a 3- to 5-fold
increase over the low basal level of exon 9 inclusion, accompanied by a modest increase
in PK-M1 protein with the persistence of PK-M2 protein, additional factors likely
contribute to the usually tight control of PK-M alternative splicing. As in other instances
of regulated alternative splicing [reviewed in (Black, 2003)], combinatorial control by

numerous RNA-binding proteins is likely operative for the PK-M gene.
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The effects we observed on lactate production following combined knockdown of
hnRNP A1/A2 are likely attributable to more than just the switch in PK-M isoform
expression. hnRNP A1/A2 knockdown resulted in some PK-M1 protein expression,
although cells continued to express appreciable amounts of PK-M2. A nearly complete
switch of PK-M2 to PK-M1 using shRNA knockdown and isoform-specific rescue
constructs resulted in at most a 30% decrease in lactate production (Christofk et al.,
2008c). Thus, the >2-fold reduction in lactate production we observed following
combined hnRNP A1+A2 knockdown probably reflects changes in alternative splicing

that presumably occur in addition to those involving PK-M1/M2.

Aside from PK-M, additional genes important for cancer-cell metabolism are
alternatively spliced. For instance, the bifunctional enzyme phosphofructokinase/
bisphophatase B3 gene (PFKFB3) is a key regulator of glycolysis with preferential
expression in cancer cells (Atsumi et al., 2002). The kinase activity of this gene product
generates fructose 2,6 bisphosphate (F2,6BP), which activates phosphofructokinase-1, a
rate-limiting and regulatory control point of glycolysis, and indirectly leads to PK-M2
activation. In addition, HIF-1a and oncoproteins such as Ras activate PFKFB3, leading to
increased F2-6BP in tumors (Atsumi et al., 2002). Multiple alternatively spliced isoforms
of PFKFB3 exist, though their distinctive properties have not been characterized. There
is cross-talk between cell-energy sensing and pyruvate-kinase regulation of this enzyme,
suggesting that regulation of splicing to generate specific isoforms may be part of a
larger metabolic program to promote proliferative metabolism(Bando et al., 2005). We

speculate that hnRNP A1/A2 might modulate the expression of other alternatively
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spliced metabolic genes, in addition to PK-M, that collectively account for the large

decrease in lactate production following double knockdown of hnRNP Al and A2.

2.5 MATERIALS AND METHODS

2.5.1 Cells and transfections. HelLa, HEK293, U-118MG, A-172, SK-N-BE, and C2C12 cells
were grown in DMEM, supplemented with 10% (v/v) FBS, penicillin and streptomycin.
To induce differentiation, near-confluent C2C12 cultures were washed 3X with PBS and
maintained for 7 days in medium containing 2% (v/v) horse serum, penicillin, and
streptomycin. To select for a more homogenous differentiated culture, myotubes were
treated for 4 days with 25 uM cytosine B-D-arabinofuranoside hydrochloride (AraC)
(Sigma) beginning on day 7 after inducing differentiation. To generate stable
transductant pools, A-172 cells were infected with LMP-puro or LMP-hygro retroviral
vectors(Karni et al., 2007). The medium was replaced 24 h after infection, and starting 1
day later, infected cells were selected with puromycin (2 pug ml™) for 3 days, or
hygromycin (200 pg ml™) for 7 days. In the case of double infections, cells were treated
with hygromycin for 7 days after selection with puromycin for 3 days. Short hairpin RNA
sequences were as follows: hnRNPA1 - 5'
TGCTGTTGACAGTGAGCGAAGGTTACAACAGATTTGTGAATAGTGAAGCCACAGATGTATTCAC
AAATCTGTTGTAACCTGTGCCTACTGCCTCGGA-3'; hnRNPA2 - 5'
TGCTGTTGACAGTGAGCGCGCCATGGGCTTCACTGTATAATAGTGAAGCCACAGATGTATTATA

CAGTGAAGCCCATGGCATGCCTACTGCCTCGGA-3'; PTB - 5'-

34



CGCGTCCCCGCAGTTGGAGTGACCTTACTTCAAGAGAGTAAGGTCACTTCAGCTGCTTTTTGGA

AAT-3'.

2.5.2 Immunoblotting. Cells were lysed in SDS and total protein concentration was
measured). 30 ug of total protein from each lysate was separated by SDS-PAGE and
transferred onto a nitrocellulose membrane. This was followed by blocking with 5% milk
in TBST, probing with the indicated antibodies, and quantitation using an Odyssey
infrared-imaging system (LI-COR Biosciences). Primary antibodies were: B-catenin
(Abcam rAb 6302, 1:4000); tubulin (Genscript rAb, 1:5000); SF2/ASF (mAb AK96 culture
supernatant, 1:100); hnRNP Al (Abcam mAb 4B10, 1:1000 or mAb UP1-55 culture
supernatant); hnRNP A2 (Abcam mAb DP3, 1:1000); hnRNP A1/A2 (A1/UP1-62 culture
supernatant, 1:20); PTB (mAb SH54 culture supernatant, 1:100 (30) or Abcam rAb83897,
1:1000); CUG-BP1 (Abcam mAb 3B1, 1:500); PK-M2 (rabbit, 1:500) and PK-M1 (rabbit,
1:2,000)(1); total PK-M (Abcam gAb6191, 1:1,000). Secondary antibodies were IRdye

800 or 680 anti-rabbit, anti-mouse, or anti-goat (LI-COR Biosciences, 1:10,000).

2.5.3 RT-PCR assays. 2 pg of total RNA was extracted from freshly dissected, saline-
perfused mouse tissues, and from cell lines, using Trizol reagent (Invitrogen).
Contaminating DNA was removed by treatment with DNase | (Promega). Reverse
transcription was carried out using ImPromp-Il reverse transcriptase (Promega).

Semiquantitative PCR using AmpliTag polymerase (Applied Biosystems) was performed
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by including [a->*P]-dCTP in the reactions. The mouse- and human-specific primer sets
anneal to exons 8 and 11, and their sequences are as follows: hPKMF: 5’-
AGAAACAGCCAAAGGGGACT-3’; hPKMR: 5’-CATTCATGGCAAAGTTCACC-3’ and mPKMF:
5-ATGCTGGAGAGCATGATCAAGAAGCCACGC-3’; mPKMR: 5-CAACATCCATGGCCAAGTT-
3’. After 22 amplification cycles, the reactions were separated into four aliquots for
digestion with Ncol, Pstl (New England Biolabs), both, or neither. The products were
analyzed on a 5% native polyacrylamide gel, visualized by autoradiography, and
guantitated on a FUJIFILM FLA-5100 phosphoimager (Fuji Medical Systems) using Multi
Gauge software Version 2.3 (Fujifiim). The %M1 mRNA was calculated using the GC-
content-normalized intensities of the top undigested band (M1) and the bottom two

digested bands (M2) in the Pstl-digest lanes.

2.5.4 Antisense oligonucleotides. 2’-O-methyl phosphorothioate oligonucleotides were
purchased from TriLink Biotechnologies, and purity was confirmed by gel
electrophoresis. 3’ splice site antisense oligonucleotide: CGGGCAATCTAGGGGAGCAAC;
5’ splice site antisense oligonucleotide: CCGCCTCCTACCTGCCAGAC. HEK293 cells were
plated at 50,000 cells per well in 6-well plates in DMEM supplemented with 10% fetal
calf serum, 500 units/ml penicillin, and 0.1 mg/ml streptomycin. After allowing cells to
adhere, they were transfected with 500 nM oligonucleotide using Lipofectamine 2000
(Invitrogen). After 4 h at 37 °C, the transfecting mixture was replaced with fresh medium

with serum. After 48 hr, the cells were washed three times with PBS, trypsinized,
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counted, and extracted RNA was analyzed by radioactive RT-PCR as described above.

2.5.5 Lactate assays. Lactate production was measured using a fluorescence-based
assay kit (BioVision). Fresh medium was added to a 12-well plate of subconfluent cells
and aliquots of media from each well were assessed 30 min later for the amount of

lactate present. The cells were counted with a haemocytometer.
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2.6 FIGURES AND LEGENDS

Figure 2.1 Protein and transcript expression patterns of pyruvate kinase M1/M2

isoforms in cells and tissues.

(A) Total adult-mouse organ/tissue homogenates were used for Western blotting with
the indicated antibodies. rM1 and rM2: Flag-tagged purified recombinant human PK

isoforms.

(B) Total cell lysates of five human cancer-cell lines were used for Western blotting with

the indicated antibodies.

(C) Primers annealing to exon 8 and exon 11, respectively, were used to amplify mouse
or human PK-M transcripts. The alternative exons that encode the distinctive segments
of PK-M1 and PK-M2 are indicated in (black) and (gray), respectively. To distinguish
between PK-M1 (exon 9 included) and PK-M2 (exon 10 included) isoforms, the PCR
products were cleaved with Ncol, Pstl, or both. There is an additional Ncol site (*) 11 bp

away from the 3’ end of mouse exon 11.

(D) Mouse organs were freshly dissected and perfused with saline. Total RNA was
analyzed by radioactive RT-PCR followed by digestion with Ncol (N), Pstl (P), or both
enzymes (NP), plus an uncut control (U). Numbered bands are as follows: 1: Uncut M1
(502 bp); 2: uncut M2 (502 bp); 2*: M2 cleaved with Ncol in exon 11 (491 bp); 3: Pst1-
cleaved M2 5’ fragment (286 bp); 4: Ncol-cleaved M1 5’ fragment (245 bp); 5: Ncol-

cleaved M1 3’ fragment (240 bp); 6: Pstl-cleaved M2 3’ fragment (216 bp); 7: Pstl + Ncol-
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cleaved M2 3’ fragment (205 bp). The %M1 was quantified from band 1 (M1) and bands

3 and 6 (M2) in each P lane.

(E) RT-PCR and restriction digest analysis of total RNA from the indicated human cell
lines. The bands are numbered as for the mouse RT-PCR products, but the sizes are
different because of the positions of the primers; the sizes are as follows: 1: 398 bp; 2:
398 bp; 3: 185 bp; 4: 144 bp; 5: 248 bp; 6: 213 bp. Note that the PK-M1 bands in the P
and U lanes migrate slightly above the PK-M2 bands, which is also the case for the

mouse PK-M1 transcripts.
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Figure 2.2 Expression of pyruvate-kinase isoforms and selected splicing factors in cell

lines and tissues.

*(A) Differentiation of mouse C2C12 myoblasts into myotubes. The left field shows
proliferating myoblasts, and the right field shows cells after seven days in differentiation

medium, when most of the cells have fused into myotubes.

*(B) Western blot of proliferating myoblasts versus AraC-treated myotubes with the
indicated antibodies against selected splicing factors, B-catenin, total PK-M, and PK-M1

or PK-M2.

*(C) Radioactive RT-PCR analysis of PK-M1 and PK-M2 expression in C2C12 cells over a

differentiation time course. Bands are numbered as in Fig. 1D.

(D) Total cell lysates of five human-tumor or transformed cell lines were used for
Western blotting with the indicated specific antibodies. Tubulin was used as an internal
control for loading. Hela (cervical carcinoma); HEK293 (transformed embryonic kidney

cells); SK-NB-E (neuroblastoma); U-118 MG (glioma); A-172 (glioblastoma).

(E) Mouse tissues were analyzed as in Fig. 1A, with the indicated antibodies.

(* These experiments were done by Cynthia Clower, Cantley Laboratory)
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Figure 2.3 Exon 9 is partially rescued in HEK293 cells when exon 10 is blocked.

(A) Schematic representation of the strategy used to block exon 10 with 2’-O-methyl
antisense oligonucleotides. The two arrows above exon 10 denote the oligonucleotides

complementary to the 3’ splice site and 5’ splice site regions.

(B) Radioactive RT-PCR assay to measure PK-M1/PK-M2 levels after blocking each of
the exon 10 splice sites with antisense oligonucleotides. An abnormal isoform arising

from skipping of both exons 9 and 10 is indicated.

(C) Quantitation of multiple experiments. (Error bars show s.d.; n=3; p-values:

= x0.007; = *x0.005; = **%0.004; = ***%0.001; Student’s paired t-test).
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Figure 2.4 Repression of exon 9 by hnRNP proteins.

(A) A-172 glioblastoma cells were transduced with retroviruses expressing hnRNPA1
and hnRNPA2 shRNAs. Total lysates were analyzed by Western blotting with the
indicated antibodies. The histogram on the right shows the quantitation of multiple
experiments by infrared-imaging (n = 4; error bars show s.d.; p=0.02 (M1); p = 0.005

(M2); p=0.05 (A1); p = 0.01 (A2); Student’s paired t-test)

(B) Analysis of PK -MRNA transcripts from the cells in (A) using radioactive RT-PCR and
Ncol or Pstl digestion. Bands are numbered as in Fig. 1E. The histogram on the right
shows the quantitation from several experiments (error bars show s.d.; n=4; p=10-4

for the A1/A2 double-knockdown; Student’s paired t-test)

(C) and (D) As in (A) and (B) but using shRNAs against PTB (hnRNP I). (C) The * on each
side indicates the band corresponding to PK-M1. The histogram on the right shows the
guantitation (n =4; error bars show s.d.; p=0.03 (M1); p =0.01(M2); p=0.03 (PTB);
Student’s paired t-test). (D) The histogram on the right shows the quantitation (error

bars show s.d.; n = 3; p = 0.001; Student’s paired t-test).
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Figure 2.5 Effect of splicing-repressor knockdown on metabolism of glioblastoma cells.
Lactate production was measured in A-172 glioblastoma cells transduced with empty
vector or with combined shRNAs against hnRNP A1 and A2, or against PTB. Error bars
show s.d.; n=12 for EV control, and n =6 for A1/A2 (p =0.0034) and PTB (p = 0.014)

knockdowns; Student’s paired t-test
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Chapter 3

Regulation of Pyruvate Kinase M Alternative Splicing by an Oncogenic SR

Protein, SRSF3

SUMMARY

Cancer cells alter their metabolism to efficiently incorporate nutrients, such as glucose,
into biomass. Alternative splicing of the pyruvate kinase M gene to generate the M2
isoform promotes aerobic glycolysis and tumor growth, and contributes to anabolic
metabolism. Using biochemical, molecular, and bioinformatic approaches, we
demonstrate that alternative splicing of PK-M is regulated by reciprocal effects on the
mutually-exclusive exons 9 and 10, such that exon 9 is repressed and exon 10 is
activated in cancer cells. Strikingly, exonic, rather than intronic, cis-elements are the key
determinants of PK-M splicing isoform ratios in cancer cells (the above work is not
discussed in details in my thesis). We identify the oncogenic SR protein SRSF3 as a
regulator that recognizes an exonic splicing enhancer to activate exon 10 and mediate
changes in glucose metabolism. These findings provide insights into the complex

regulation of alternative splicing of a key regulator of the Warburg effect.
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3.1 INTRODUCTION

Cancer cells exhibit a metabolic phenotype termed aerobic glycolysis, or the Warburg
effect, characterized by increased glycolysis with lactate generation, regardless of
oxygen availability (Vander Heiden et al., 2009). Expression of the type Il isoform of the
pyruvate-kinase-M gene (PKM2, referred to here as PK-M) mediates this metabolic
phenotype, and confers a proliferative advantage to tumor cells in vivo (Christofk et al.,

2008a).

Pyruvate kinase (PK) is the enzyme that catalyzes the final step in glycolysis, generating
pyruvate and ATP from phosphoenolpyruvate and ADP (Dombrauckas et al., 2005). The
PK-M gene consists of 12 exons, of which exons 9 and 10 are alternatively spliced in a
mutually exclusive fashion to give rise to M1 and M2 isoforms, respectively (Noguchi et
al., 1986). Exons 9 and 10 each encode a 56-amino-acid segment that confers distinctive
properties to the regulation and activity of the PK-M isozymes. PK-M1 is constitutively
active, whereas PK-M2 is allosterically regulated by fructose-1,6-bisphosphate levels and
interaction with tyrosine-phosphorylated signaling proteins (Christofk et al., 20083;

Christofk et al., 2008b).

The growth-signal-mediated inhibition of PK-M2 activity is thought to contribute to
cancer-cell growth by decreasing carbon flux through the catabolic glycolytic pathway,
allowing accumulated upstream intermediates to be shunted to anabolic pathways and
thereby facilitating cell proliferation (Hitosugi et al., 2009). Consistent with this

hypothesis, PK-M2 is expressed in a broad range of cancer cells, as well as in fetal and
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undifferentiated adult tissues, whereas PK-M1 is expressed predominantly in terminally
differentiated tissues (Christofk et al., 2008a; Clower et al., 2010a). Despite increasing
evidence demonstrating the significance of PK-M2 isoform expression in cancer-cell
metabolism and tumorigenesis, the mechanisms governing alternative splicing of the

PK-M pre-mRNA are not well understood.

Alternative splicing involving pairs of mutually exclusive (ME) exons represents ~2% of
all alternative splicing events in human genes (Chacko and Ranganathan, 2009). In terms
of gene structure, the regulated exons in such genes are often closely related in
sequence—as in the case of PK-M exons 9 and 10—indicating that they originally arose
by exon duplication (Letunic et al., 2002b). Well characterized examples of this
alternative splicing pattern in mammals include the tropomyosins, fibroblast growth
factor receptor 2, and a-actinin (reviewed in Smith, 2005). Although some trans-acting
factors involved in the recognition of ME exons in these genes have been identified, it
remains unclear how these pairs of exons are coordinately selected in a way that
maintains their ME properties (Smith, 2005). The mechanism underlying the ME splicing
pattern of PK-M appears to be novel. For example, in contrast to other cases of ME
splicing, doubly-spliced exon 9/exon 10 transcripts are not predicted to be degraded by
nonsense mediated decay (Jones et al., 2001; Letunic et al.,, 2002b), and the length
(401bp) and sequence of intron 9 rules out steric interference effects that could prevent
double splicing due to the spacing of the branch site and the 5’ splice site (5’ss) (Smith

and Nadal-Ginard, 1989).
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We have begun to dissect the molecular mechanisms underlying PK-M2 alternative
splicing regulation. Recently, we and others demonstrated that the exon-10-included
M2 isoform is the default choice in cancer and proliferating cells, and also implicated
two pairs of splicing-repressor paralogs—PTB/nPTB and hnRNPA1/A2—in repression of
exon 9 as discussed above (Clower et al., 2010a; David et al., 2010). However, it remains
unclear whether there are other repressors that also block the use of exon 9, and how

exon 9 repression in turn promotes the splicing of exon 10.

To address these questions, Zhenxun Wang (another graduate student) constructed a
PK-M minigene that recapitulates the splicing-regulatory features of the endogenous
gene. Using this minigene and derivatives thereof, he demonstrated that exon 10 is
activated in cancer cells independently of exon 9 repression. | performed knockdown of
SRSF3 in cancer cells which was found to rescue PK-M1 expression and a decrease in
lactate production. Strikingly | also found that, simultaneous knockdown of the SRSF3
exon-10 activator and the exon-9 repressors hnRNPA1/A2 results in additive rescue of
PK-M1 expression in cancer cell lines. Since | have been focusing on trans-acting
elements which regulate ME splicing of PK-M, in this chapter | will describe the results
and methods performed by me without going into finer details of exon swapping and

pull-down experiments.
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3.2 RESULTS

3.2.1 Relative expression of PK-M2 in cancer cell lines correlate with SRSF3 expression.

SRSF3 is known to be overexpressed in ovarian cancers (He et al.,, 2004) and cervical
cancer cell lines, whereas in normal cervical tissue, its expression is restricted to the
basal proliferating layers (Jia et al., 2009). Moreover, overexpression of SRSF3 was
recently found to be sufficient for transformation of NIH-3T3 immortal mouse fibroblasts
(Jia et al., 2010), indicating that similar to its paralog, SRSF1 (Karni et al., 2007), SRSF3 is
an oncoprotein. SRSF3 is also a downstream target of the oncogenic B-catenin/TCF-4
pathway in colorectal cancer cells (Gongalves et al., 2008). Having the knowledge of the
above information, to determine if there is a correlation between expression levels of
SRSF3 and PKM-2, we measured the levels of mRNA and protein isoforms expressed in
the brain (where there is very little PK-M2 expression) and various cancer cell lines.
MRNA levels were measured using gPCR and | found that there was a general correlative
trend in the expression pattern of PKM-2 and SRSF3. The cell lines that expressed PKM-2
only, noticeably had higher levels of SRSF3 too, whereas the cell lines that expressed
lesser amounts of PKM-2, also showed decreased SRSF3 mRNA levels (Figure 3.6.1). | also
measured the protein levels in the various cell lines using western blot analysis and found
a similar trend. These results implied that there was indeed a direct correlation between

exon 10 inclusion (PKM-2) and SRSF3 expression.
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3.2.2 SRSF3 Affects Endogenous PK-M Splicing

To test whether SRSF3 could affect endogenous PK-M alternative splicing; | used
knockdown and overexpression approaches, which, as expected, gave reciprocal effects.
Knocking down SRSF3 in HEK-293 cells led to a 3-fold increase in PK-M1 at the mRNA
level, which was also reflected at the protein level (Fig 3.6.2). Interestingly, knocking
down SRSF3 additionally resulted in some double skipping of both exons 9 and 10—
detected by additional cycles of PCR —consistent with the notion that SRSF3 promotes
the definition of exon 10. As a reciprocal experiment, | overexpressed SRSF3 in the
glioblastoma cell line A172 (Fig. 3.5), which expresses relatively high levels of PK-M1
(Clower et al., 2010a) and has low levels of endogenous SRSF3 protein. Overexpression of
SRSF3 promoted an increase in M2 levels, and therefore a decrease in M1 levels (Fig. 3.3
C). Interestingly, knocking down hnRNPA1/A2 or PTB (Fig. 3.3 D and Fig. 3.5 C), which are
known repressors of exon 9 (Clower et al. 2010; David et al., 2010), along with SRSF3, led
to an additive increase in PK-M1 mRNA and protein levels in HEK-293 cells (Fig.3.3 D),
implying that repression of exon 9 and activation of exon 10 both contribute to PK-M

isoform selection.

3.2.3 SRSF3 Activates Endogenous PK-M Exon 10

To determine whether the effect of SRSF3 overexpression is due to increased activation
of exon 10 and/or repression of exon 9, | first rescued M1 inclusion by knocking down
hnRNPA1/A2 and PTB in HEK-293 cells, and then | overexpressed SRSF3 in these cells

and assessed its effects on endogenous PK-M transcripts. SRSF3 overexpression
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restored PK-M2 transcripts to the original levels, whereas there was little or no change
in PK-M1 levels. This observation suggests that SRSF3 only activates PK-M exon 10.
Indeed, overexpression of SRSF3 did not elicit a significant change in splicing of the
duplicated-exon-9 minigene, further suggesting that SRSF3 does not directly affect exon

9 splicing (data not shown).

3.2.4 SRSF3 Enhances Aerobic Glycolysis

PK-M isoform ratios influence aerobic glycolysis (Christofk et al., 2008), and therefore,
we determined the effect of SRSF3 knockdown on this process, as assayed by the extent
of cellular lactate production. SRSF3 knockdown in HEK-293 cells resulted in a significant
decrease in lactate production (Fig 3.3 A). Because the additive effect of SRSF3 on PK-
M1 levels was stronger with hnRNPA1/A2 than PTB knockdown, and simultaneously
knocking down all four factors impaired cell viability (data not shown), | assayed for
lactate production in HEK-293 cells in which SRSF3, hnRNPA1, and hnRNPA2 were
simultaneously knocked down, a situation in which the cells remained viable (Fig. 3.4 B).
Strikingly, the extent of lactate production was intermediate between that in the SRSF3
single knockdown and the hnRNPA1/A2 double knockdown. These results are consistent
with SRSF3 contributing to the Warburg effect, but further suggest the involvement of
metabolic targets other than PK-M that presumably respond differently to SRSF3 and

hnRNPA1/A2 (see Discussion).
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3.2.5 An exonic enhancer element in Exon 10 which binds SRSF3 is necessary and

sufficient for activation of the Exon

To analyse whether intronic or exonic cis-elements play critical roles in activating exon
10 and/or repressing exon 9 splicing, exon 10 was duplicated in place of exon 9 in a PKM
minigene (illustration —Fig 3.7). He observed the appearance of a doubly-included exon
10 RNA species indicating that the upstream exon 10 was still activated, regardless of its
position. If exon 9 repression depended on cis-elements present in introns 8 or 9, there
would have been inefficient use of the upstream copy of exon 10 because it would be
under the influence of these repressive elements, and the pattern should be similar to
that of the wild-type minigene. This suggested that splicing enhancer elements involved
in exon 10 definition are present in the exon itself. Similarly, exon 9 duplication was also
carried on in place of exon 10 in the minigene. If exon 10 splicing is normally activated
through flanking cis-elements in introns 9 or 10, there should be a strong increase in
exon-9-included transcripts compared to the wild-type minigene, because the
downstream copy of exon 9 would now be under the influence of such elements.
However, there was no such increase from the exon-9-duplicated minigene transcripts.
This finding suggested that splicing-silencing elements involved in repressing exon 9 are
located in the exon itself. When the positions of exons 9 and 10 were swapped, leaving
all the introns unchanged, the M1 and M2 isoform ratio was similar to that of the wild-
type minigene, although there was a decrease in M1 abundance, and an expected
decrease in the use of the cryptic 3’ss upstream of the original exon 10 (i.e., in intron 9),

because this 3’ss is now juxtaposed with the repressed exon 9 3’ss. This finding indicates
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that exon 10, when moved to exon 9, is spliced as efficiently as in its original location.
These results suggested that exonic cis-elements involved in PK-M splicing are sufficient
to activate exon 10 and repress exon 9, in a manner that is independent of their

respective positions along the gene and the influence of their flanking introns.

To test the hypothesis that there are critical exonic splicing enhancer elements (ESEs) in
exon 10, we systematically searched for such elements. Taking advantage of the high
nucleotide-sequence identity between exons 9 and 10, and their identical lengths, he
duplicated 15-30 nt stretches of exon 10 into the corresponding location in exon 9, in
order to find sub-exonic regions that are sufficient to activate exon 9 inclusion. We
found that the last 30 nt, but not the last 15 nt of exon 10 strongly increased exon 9
inclusion, suggesting that a strong ESE is present within, or overlaps with, the
penultimate 15 nt of exon 10. We then analyzed the entire 30-nt stretch using SFmap
(Akerman et al., 2009; Paz et al., 2010), a method to predict splicing-regulatory motifs
based on their inter-species conservation and sequence environment. This analysis
yielded a near-consensus, conserved SRSF3 functional-SELEX (systematic evolution of
ligands by exponential enrichment) motif (Schaal and Maniatis, 1999) within the
penultimate 15-nt segment, adjacent to a 6-nt highly conserved AC-rich stretch. To
determine whether this SRSF3 motif alone can account for the observed M1 splicing
activation, he duplicated the 7-nt SRSF3 motif from exon 10 into exon 9, by mutating the
only two nucleotides that differ between exons 9 and 10 within this heptamer.
Duplicating only the SRSF3 motif, but not the flanking 8-nt region, activated exon 9 to a

similar extent as that achieved by duplicating the entire 30-nt region. In contrast,
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duplicating the AC-rich stretch alone had no effect on exon 9 inclusion, whereas
duplicating the AC-rich stretch together with the SRSF3 motif had an intermediate

effect. This result suggested that the SRSF3 motif is an actual exon 10 ESE.

3.4 DISCUSSION

We have demonstrated that the SR protein SRSF3 promotes the inclusion of the PK-M2-
specific alternative exon 10 in transformed cells by binding to an ESE near the 3’ end of
the exon. Consistent with its expected ability to facilitate cellular proliferation by
altering glycolytic metabolism, SRSF3 is overexpressed in ovarian cancers (He et al.,
2004) and cervical cancer cell lines, whereas in normal cervical tissue, its expression is
restricted to the basal proliferating layers (Jia et al., 2009). Moreover, overexpression of
SRSF3 was recently found to be sufficient for transformation of NIH-3T3 immortal
mouse fibroblasts (Jia et al., 2010), indicating that similar to its paralog, SRSF1 (Karni et
al., 2007), SRSF3 is an oncoprotein. SRSF3 is also a downstream target of the oncogenic

[-catenin/TCF-4 pathway in colorectal cancer cells (Gongalves et al., 2008).

To address how alternative splicing of the PK-M gene switches from the M1 isoform in
guiescent cells to the M2 isoform in transformed cells, Wang analyzed a minigene with
intact introns flanking the alternative exons. We demonstrated that PK-M ME splicing
involves a two-component circuit: exon 9 is repressed and exon 10 is activated in
proliferating cells, and these two effects are essentially independent of each other (Fig

5.1).
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Whereas the 5’ss of exons 9 and 10 do not play a dominant role in exon selection in this
system—considering that the levels of M1 and M2 mRNAs do not change upon
swapping the 5’ss of the ME exons—mutational analysis indicates that the 3’ss are
necessary for definition of their respective exons, and they compete with each other. It
appears that exon definition, and ultimately, proper ME exon selection in the PK-M
gene, are dependent on the outcome of competition between the alternative 3’ ss. We
therefore expect that a splicing factor that activates one of the exons does so by
promoting the recruitment of spliceosomal components to its 3’ss. This would
strengthen this 3’ss relative to the other 3’ss, and in effect, enhance the definition of

the exon.

By duplicating and swapping ME exons in the PK-M minigene, Wang showed that the
most important cis-elements controlling PK-M alternative splicing are located within the
ME exons themselves. As a first proof of this principle, he mapped a bona fide SRSF3 ESE
in exon 10 that proved sufficient to activate exon 9 splicing in cancer cells when placed
in this exon. Although double inclusion of exon 10 was not the major product from the
exon-10-duplication minigene (Fig. 3), this cannot be due to repression via the flanking
intron 8 and 9 regions, because exon 10 was spliced efficiently when it was swapped
with exon 9. Instead, we speculate that intronic elements are likely involved in the ME

exon selection properties of PK-M.

Remarkably, the SRSF3 ESE motif in exon 10 differs from the corresponding exon 9

sequence by only two nucleotides. Both nucleotides correspond to wobble bases in the
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corresponding codons. The first wobble base is unusually conserved, which might reflect
the importance of this nucleotide in mediating SRSF3 recruitment and functionality. The
corresponding two nucleotides in exon 9 are also conserved, suggesting strong selection
against the creation of an exon 9 SRSF3 activation motif, However, because we used
exon 9 sequences to replace exon 10 when abrogating the exon 10 SRSF3 ESE, we
cannot rule out the existence of a corresponding exonic splicing silencing (ESS) element
in exon 9. The co-evolution of splicing signals in both exons exemplifies the requirement
for these exons to be coordinately regulated in order to maintain the ME properties of
the system. Additionally, the use of two wobble nucleotides to code for a key splicing
signal illustrates the impact of sequence changes that are expected to be translationally
neutral, but that nevertheless drastically affect the structure of the resulting protein by

changing alternative splicing of the entire exon (reviewed in (Cartegni et al., 2002).

Although the SRSF3 motif alone was necessary and sufficient for activation of exon 10
splicing in vivo, binding assays using short RNAs in vitro indicated that both the SRSF3
motif and the adjacent AC-rich motif are required for SRSF3 binding to exon 10 RNA.
Likewise, rescuing SRSF3 binding to a variant exon 9 RNA fragment required both the
SRSF3 and adjacent AC-rich motifs from exon 10. This AC-rich-motif-dependent
recruitment might occur either through protein-protein interactions or through changes
in local RNA secondary structure to make it permissive for SRSF3 binding. An alternative
possibility is that SRSF3 directly binds to its cognate ESE without the help of recruitment

factors, by mass action, whenever it is abundantly expressed in vivo.
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We were surprised to find no rescue of exon 9 inclusion when its 5’ss was swapped with
that of exon 10—even though it has been reported that hnRNPA1 represses exon 9
inclusion by binding to the exon 9 5’ss (David et al., 2010)—as this swap presumably
removed the repressive hnRNPA1 binding site; perhaps this lack of rescue reflects
contextual effects. However, our results confirm and extend the data from an earlier
study that duplicated the exon 10 5’ss in a heterologous minigene reporter system, and
found no change in PK-M splicing (Takenaka et al., 1996). Moreover, in the context of
intact pre-mRNAs, it is not known how well hnRNPA1 binding to a motif that is part of a
5’ss can compete with binding of spliceosomal components, such as U1 and U6 snRNPs.
Given that hnRNPA1 does have strong effects on exon 9 inclusion in vivo (Clower et al.,
2010a; David et al., 2010), hnRNPA1-induced exon 9 repression could occur either
indirectly—through hnRNPA1-mediated regulation of a splicing factor that in turn
regulates PK-M alternative splicing—or through additional cis-elements located

elsewhere on the PK-M pre-mRNA.

The change in endogenous levels of PK-M1 when SRSF3 was knocked down was roughly
comparable to the effects of knocking down the recently identified repressors of exon 9,
hnRNPA1/A2 and PTB (Clower et al., 2010a; David et al., 2010). However, even knocking
down all three factors did not completely rescue exon 9 inclusion. This could imply the
existence of additional activators of exon 10 and/or repressors of exon 9 that
presumably work in a combinatorial fashion to maintain exon 10 definition in
proliferating cells. It is also possible that there exists another factor(s) with similar

specificity as SRSF3, and with partially redundant functions, by analogy to what occurs
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with hnRNPA1 and hnRNPA2 (Clower et al., 2010a; David et al., 2010). This would
account for the very large reduction in exon 10 inclusion we observed when we mutated

the SRSF3 binding site.

Although hnRNPA1/A2 knockdown resulted in a large decrease in lactate production, as
we previously reported (Clower et al., 2010a), and SRSF3 knockdown also reduced
lactate production, the triple knockdown of SRSF3, hnRNPA1l, and hnRNPA2
paradoxically resulted in a smaller overall decrease in lactate production. We speculate
that this antagonistic effect between the exon 10 activator and the exon 9 repressors
could be due to distinct non-PK-M downstream metabolic targets of SRSF3 and hnRNP

A1/A2, each of which may independently influence lactate production.

Important questions that remain unanswered include: What are the additional factors
that govern exon 9 and exon 10 usage in tumor cells? Can the PK-M2 isoform be
completely switched to the PK-M1 isoform by manipulating the levels of splicing factors
in tumor cells? How is exon 9 selected as the default spliced exon in quiescent cells? Are
there tissue-specific differences in the mechanisms of exon 9 selection in differentiated
cells? Answers to these questions will contribute to a better understanding of the
regulation of PK-M isoform expression in the context of tumorigenesis, which could

provide the basis to develop splicing-targeted cancer therapeutics.
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3.5 MATERIALS AND METHODS

3.5.1 Cells and Transfections

Hela and HEK-293 cells were grown in DMEM, supplemented with 10% (v/v) FBS,
penicillin and streptomycin, at 37 °C and 5% CO,. 5 ug of minigene plasmid per 10-cm
dish was transiently transfected using Lipofectamine 2000 (Invitrogen). Total RNA from

transfected cells was harvested 36 hr after minigene transfection.

3.5.2 RNA Interference

siRNA against SFRS3 was obtained from Dharmacon. siRNAs against hnRNPA1 and
hnRNPA2 were used as described (Cartegni et al., 2006).10° HEK-293 cells in 6-well plates
were transfected with 200 pmol of siRNA duplex using Lipofectamine RNAiMax reagent
(Invitrogen) for individual knockdowns and 100 pmol of each duplex for triple

knockdowns. Cells were harvested 48 hr after transfection.

3.5.3 Immunoblotting

Cells were lysed in SDS, and total protein concentration was measured by the Bradford
assay. 30 ug of total protein from each lysate was separated by SDS-PAGE and
transferred onto nitrocellulose. This was followed by blocking with 5% (w/v) milk in Tris-

buffered saline with Tween-20, probing with the indicated antibodies, and visualization
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by enhanced chemiluminescence (Roche) or infrared imaging. Quantitation was
performed using an Odyssey infrared-imaging system (LI-COR Biosciences). Primary
antibodies were: B-tubulin (Genscript rAb, 1:5000); hnRNPA1 (mAb UP1-55, culture
supernatant (Hua et al., 2008)); SRSF3 (Zymed mAb, 1:1000); PK-M2 (rabbit, 1:2000) and
PK-M1 (rabbit, 1:2000 (Christofk et al., 2008a; Christofk et al., 2008b)). Secondary
antibodies were: iRdye 800 or 680 anti-rabbit or anti-mouse (LI-COR Biosciences,

1:10,000); anti-mouse (Bio-Rad goat anti-mouse HRP conjugate, 1:20,000).

3.5.4 RT-PCR

2-5 ug of total RNA was extracted from cell lines using Trizol (Invitrogen). Contaminating
DNA was removed with DNAase | (Promega). Reverse transcription was carried out using
ImPromp-Il reverse transcriptase (Promega). Semiquantitative PCR using Amplitaq
polymerase (Applied Biosystems) was performed by including [0-*’P]-dCTP in the
reactions. The human-specific primer sets used to amplify endogenous transcripts
anneal to PK-M exons 8 and 11, and their sequences are: hPKMF: 5’-
AGAAACAGCCAAAGGGGACT-3’; hPKMR: 5’-CATTCATGGCAAAGTTCACC-3’. To amplify
minigene-specific transcripts, the forward primer was replaced with a primer annealing
to the pcDNA3.1(+) vector, pcDNAF: 5’-TAATACGACTCACTATAGGG-3'. After 26
amplification cycles for minigene-derived transcripts, and 24 cycles for endogenous
transcripts, the reactions were divided into four aliquots for digestion with Ncol, Pstl

(New England Biolabs), both, or neither. The products were analyzed on a 5% native
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polyacrylamide gel, visualized by autoradiography, and quantified on a FLA-5100
phosphoimager (Fuji Medical Systems) using Multi Gauge software Version 2.3. The %
M1 mRNA in endogenous transcripts was calculated using the GC-content-normalized
intensities of the top undigested band (M1, A) and the bottom two digested bands (M2,
B1 B2) in the Pstl-digest lanes. The % M1 mRNA from minigene-transcripts was
calculated using the GC-content-normalized intensities of the top undigested band (a,
M1) and other higher-mobility digested bands corresponding to M2 and its variant

species (b — g, as described above) in the Pstl-digest lanes.

3.5.5 RNA Pulldowns

RNA pulldowns were performed as described (Caputi et al., 1999; Hua et al., 2008). RNA
oligonucleotides were obtained from Sigma Genosys. After the final wash, the beads
were resuspended in 75 pul of 4x Laemmli buffer and boiled for 5 min to elute bound
proteins. 5 ul of each protein sample was loaded on a 12 % SDS polyacrylamide gel for

immunoblotting.

3.5.6 Lactate Assay

For measurements of lactate secretion, cells were transfected with siRNA in 6-well
plates. 24 hr later, the cells were replated (three replicates per condition) at

subconfluent density (25,000 cells/well) in 12-well dishes, and after 24 hr, the cells were
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switched to serum-free medium without phenol red for 20 min, and lactate secreted into
the medium over this time was measured, in triplicate for each sample, using the
fluorescence mode of a Lactate Assay Kit (Biovision Inc.). Fluorescent readings were
averaged for each sample replicate set, then averaged for each condition replicate set,

and finally normalized to the cell number measured from parallel wells.
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3.6 FIGURES AND LEGENDS

FIGURE 3.6.1 Comparative analyses of relative levels of SRSF3 and PKM2 in various

cancer cell lines.

(A) SRSF3 protein level was measured by Western blotting in brain tissue and in various

other cancer cell lines.

(B) gRT-PCR analysis of SRSF3 levels compared to PKM2 levels in various cancer cell
lines. The black bars represent SRSF3 mRNA levels, and the grey bar represents PK-

M2 levels.
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Figure3.6.2. SRSF3 Affects Endogenous Levels of PK-M1/M2

(A) (B) SRSF3 siRNA alone, or together with hnRNPA1/A2 siRNAs, was transfected into
HEK-293 cells. (A) shows transcript-level changes for PK-M1 and PK-M2. % M1 is
indicated at the bottom, with the following s.d.: 1% (luc); 2% (SRSF3); 1% (A1/A2); and
1% (SRSF3/A1/A2) (n = 4). (B) shows changes at the protein level; quantitations are
shown at the bottom, normalized to the tubulin loading control, with s.d. £0.5% in all

cases (n=3).

(C) SRSF3 cDNA was transfected in increasing amounts into A172 cells. Cells were
harvested after 48 hr. PK-M mRNA level was determined by RT-PCR. s.d. £1% in all cases

(n=5).

(D) hnRNPA1/A2/PTB siRNAs were co-transfected into HEK-293 cells, followed by
transfection of SRSF3 cDNA 24 hr later. Cells were harvested 36 hr after the second
transfection. Transcript-level changes are indicated at the bottom, with the following
s.d.: 1% (A1/A2/PTB siRNA); 3% (A1/A2/PTB siRNA + SRSF3) (n=5). p-value comparing

A1/A2/PTB siRNA with A1/A2/PTB+SRSF3 is 0.002.
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FIGURE 3.6.3 Lactate levels and viability measurements in SRSF3 knock-down cells

(A) SRSF3 siRNA alone, or together with hnRNPA1/A2 siRNAs, was transfected into HEK-
293 cells. Lactate production was measured 48 hr after transfection. Error bars

represent s.d.; n=6. * p <0.05.

(B) Cell viability assay was performed by Trypan-Blue staining and counting the cells
with a hemocytometer, after knocking down the indicated factors in HEK-293 cells.

Viability is shown as the percentage of living cells.
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Figure 3.6.4 Western Blots for Overexpression and Knockdown Experiments

(A, B) Overexpression of SRSF3 in HEK-293(A) and A172(B) cells. Cells were transfected
with plasmids encoding T7-tagged SRSF3 cDNA (Caceres et al., 1998) in increasing
amounts. Cell lysates were prepared after 48 hr, and overexpression was verified by
immunoblotting with monoclonal antibodies against SRSF3 or the T7 tag, and tubulin as

a loading control.

(C) Overexpression of  SRSF3 combined with  triple-knockdown of
hnRNPA1/hnRNPA2/PTB in HEK-293 cells. hnRNPA1/A2 /PTB siRNAs and T7-tagged
SRSF3 cDNA were co-transfected into HEK-293 cells. Cell lysates were prepared after 72
hr, and knockdown and overexpression were verified by immunoblotting with
monoclonal antibodies against the T7 tag (for SRSF3) and hnRNPA1, A2, and PTB, as well

as tubulin as a loading control.
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Figure 3.6.5 Additive Effect of SRSF3 and PTB on PK-M1/M2 Ratio

(A)(B) SRSF3 siRNA alone, or together with PTB siRNAs, or luciferase siRNA control, was
transfected into HEK-293 cells. (A) Transcript-level changes for PK-M1 and PK-M2. %M1
transcript is indicated at the bottom, as calculated from the Pstl digestion lanes (s.d.
<0.5% in all cases). (B) Changes at the protein level were measured by Western blotting

with the indicated antibodies.

(C) PKM-1/2 transcript-level changes were measured using a control siRNA hnRNPK.

(D) Knock-down levels were measured using western blot analysis.
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3.6.7 Schematic diagram of micro-duplication and swapping experiments from both the

3’ and 5’ end of exon-10 of PK-M.

* the original minigene experiments were done by Zhenxun Wang.

“Micro” duplications and swaps - sequential 10-nt windows from 5’ end:

Exon 8’

Exon 8’

Exon 11’

Exon 8’

Exon 11’

Exon 11’

“Micro” duplications and swaps - sequential 10-nt windows from 3’ end:

Exon 8’

Exon 8’

Exon 11’

Exon 8’

Exon 11’

Exon 11’
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Figure 3.6.8 Regulation of PK-M Splicing in Cancer Cells

In quiescent or differentiated cells, exon 9 is the default spliced exon. In transformed
cells, overexpression of oncogenic splicing factors leads to the simultaneous repression
of exon 9 and activation of exon 10. Binding of SRSF3 to the activation motif near the 3’
end of exon 10 enhances exon definition by facilitating spliceosomal recruitment to the
3’ss of this exon. Additional, unknown activators (green ovals) likely contribute to exon
10 recognition. Up regulated splicing repressors (pink ovals) that presumably act
through silencing motifs in exon 9 and introns 8 and 9, including hnRNPA1/A2 and PTB
(Clower et al.,, 2010; David et al., 2010), further reinforce exon 10 selection in
transformed cells by repressing exon 9 inclusion. When SRSF3 is less abundant (or when
we mutated the SRSF3 activation motif), loss of exon 10 definition occurs, and leads to
increased exon 10 skipping. The exon 9 3’ss is then able to compete more effectively for
spliceosomal components, leading to an increase in exon 9 inclusion. A further additive
increase in exon 9 inclusion occurs if the levels of SRSF3 and exon-9 repressors are

concomitantly reduced.
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Chapter 4

Identification of alternative splicing regulators of the Pyruvate Kinase-M
gene by RNA interference in glioblastoma cells

4.1 Introduction

Alternative splicing generates multiple mRNAs from a single gene transcript, thereby
expanding proteomic diversity in complex organisms (as discussed above). Regulation of
splicing is achieved by auxiliary cis-elements that bind regulatory proteins that activate
or repress splicing of adjacent exons (Black, 2003; Matlin et al., 2005). Most known
splicing regulators are RNA-binding proteins (RBPs), such as the SR and hnRNP family of
proteins, which are expressed fairly ubiquitously, albeit with quantitative differences in
expression between tissues (see chapter 2, also Hanamura et al., 1998). Modulation of
the activity and subcellular localization of these proteins by post-translational
modifications contributes to cell-type-specific splicing decisions (Allemand et al., 2005;
Stamm, 2008). Post-transcriptional regulation of the mRNAs encoding RBPs by
microRNAs can also influence cell-type-specific splicing decisions (Boutz et al., 2007,
Makeyev et al.,, 2007). Furthermore, alternatively spliced exons are subject to
combinatorial control by numerous splicing regulators with both negative and positive
effects on splicing (Black, 2003; Smith, 2005). A handful of mammalian splicing factors
have also been identified that are cell-type specific. Nonetheless, the identification of
additional splicing regulatory proteins with distinct cell-type-specific differences in

expression remains an elusive goal. An alternative splicing event with well-defined cell-
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type specificity and functional consequence is the choice between mutually exclusive
exons 9 and 10 of the Pyruvate kinase M gene (PK-M). The PK-M2 splice variant is
exclusive to proliferating cancer cells, while PKM-1 is found in differentiated, slow-
growing cells, and the resulting proteins have distinct properties in ligand binding
specificity and allosteric regulation (Christofk et al., 2008c). The compartment-specific
expression of these PKM-2 splice variants and their ligands is essential for regulation of
cell proliferation and control of the Warburg effect in cancer cells. As discussed in
previous chapters, our studies have identified a number of auxiliary cis-elements and
RBPs that regulate PKM-2 alternative splicing. To systematically identify additional
splicing factors that promote PKM-1 expression, | carried out a directed, high-
throughput lentivirus screen using a QPCR approach (Arany et al.,, 2008). Dual
fluorescence reporter screening has been previously used as a method to search for
splicing regulators of a target, using genomewide libraries (Moore et al., 2010; Nasim
and Eperon, 2006; Warzecha et al., 2009). Although the QPCR approach | used is not
readily amenable to genome wide screening, it is a novel method of quantitatively
examining changes in splicing. The advantage is that one can study endogenous gene
targets more efficiently than resorting to using minigene or reporter constructs that are

time-consuming to devise.
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4.2 RESULTS

4.2.1 Design of a qPCR based PKM splicing screening assay

My main goal was to establish an assay capable of identifying factors that increase the
amount of functional PKM-1 isoform level. As stated in previous chapters, alternatively
spliced isoforms of pyruvate kinase are important regulators of cancer metabolism and
Warburg effect, exon 10 inclusion (PKM-2) being the predominant form expressed in
cancer cells and exon 9 inclusion (PKM-1) seen in non-dividing and differentiated
tissues. As an approach to systematically identifying splicing factors involved in PK-M
alternative splicing, | carried out a directed lentivirus shRNA screen using a focused
collection of annotated factors (with the help of the Hannon lab at CSHL). | used the
PGIPZ vector (figure 4.1A) with an average of seven hairpins for each of ~400 factors
involved in constitutive and/or alternative splicing, including many RNA-binding
proteins, spliceosome components, RNA helicases, and modifying enzymes, rather than
a large genome-wide library. shRNAs against hnRNPA1, hnRNPA2, PTB, and nPTB served
as positive controls; shRNAs specific for hnRNPK and SRSF1 served as negative controls,
since | had already determined that these factors do not affect PK-M alternative splicing
in cancer cells. To quantitatively measure the relative levels of PK-M1 alternatively
spliced mRNA isoform, | designed a single pair of primers corresponding to the flanking
constitutive exons 8 and 11 and a VIC-MGB reporter fluorescent probe to the least
homologous region of exon 9. Because exons 9 and 10 are identical in length (167 nt)
and share a 67% similarity at the amino acid level, it was important to design the exon 9

probe in a manner that would be specific enough to carry out a screen (as shown in
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figure 4.3A), without any cross-contaminating signal from exon 10 transcript. The primer
and probe pair were tested for specificity using a pcDNAPK-M1 and pcDNAPK-M2
plasmid, in which the primer/probe pair would give an exponentially increasing signal
with increasing amounts of the PK-M1 plasmid, but not with the PK-M2 plasmid (results
not shown). | also designed a FAM-NFQ reporter fluorescent probe on exon 12, and a
forward and reverse primer flanking the probe that served as an endogenous control, to
isolate the change in the splicing ratio of PK-M1/PK-M without the influence of
transcriptional or other systemic fluctuations. The primers and probes were tested in
glioblastoma cell lines and yielded expected results as previously tested with the semi-

quantitative PCR assay.

4.2.2 Primary Screening results

An outline of the screen for activators of the PK-M1 spliced isoform is shown in Fig. 1B.
In brief, U-118 glioblastoma cells were grown in culture and plated into 96-well plates
before shRNA transduction. The cells were then treated with lentivirus and fresh media
was added after 24 hrs. Four days after virus infection, the cells were washed and lysed,
and the total lysate was reverse transcribed in situ to yield cDNA, and this was used as
template for quantification of gene expression by qPCR. The measured expression of
PKM-1 mRNA was then normalized to the measured expression of total PKM, which
served as an internal control. In this way, the response of PKM-1 splicing to any factor in

the library to could be determined. U-118 cells were chosen for the screen for a number
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of reasons. First, these cells showed the maximum knockdown of all factors initially
tested with the lentivirus shRNA (as shown in Figure 3). Second, U-118 cells are grade IV
glioblastoma cells that grow very slowly in culture, thus giving flexibility in infection and
time after which the cells are lysed without crowding the 96-well plates. And third, my
previous research shows that levels of PK-M1 expression in these cells are somewhat
higher than in other cultured cells (Chapter 2), with the advantage that changes in PK-
M1 levels would be more predisposed to the PK-M2 — to — PK-M1 switch and would
make detecting changes in the opposite direction easier. The measurement of
endogenous gene expression was also chosen for a number of reasons. First, the
common alternative of using luciferase fusion constructs is severely limited when the
precise makeup of the promoter in question is not known. Second, gene expression on
plasmids is artificial and fails to take into account chromatin modifications. Third, the
effects of distant elements such as enhancers and chromatin regulators can only be

detected by studying endogenous gene expression.

The feasibility of evaluating PK-M1 gene expression in 96-well plates of U-118 cells was
tested by infecting them with varying doses of lentivirus shRNA. As shown in Fig. 1C,
infection with virus at a multiplicity of infection (M.O.l) of 10 could reliably infect 100%
of the cells in this format, helping bypass the puromycin-selection step. Next, the
primer/probe specificity was determined using PK-M1 and PK-M2 plasmids, which
yielded an exponentially increasing standard curve (data not shown), and proved the
specificity of the primer/probe despite the high homology in exon 9 and exon 10. The

assay variability was then determined by measuring PK-M1 expression in 192 wells that
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were “mock”-treated with control scrambled shRNA. The standard deviation of the
measured C; value was 0.45. The standard deviation was further reduced to 0.31 when
the values were normalized to the internal control, PKM total. This variability is quite
small, yielding a Z factor of 0.6 for detecting increases in PK-M1 expression of as little as
3-fold. Indeed, in the 192 control samples, not one had a PK-M1 expression that differed

>2-fold from the mean.

Thirty two 96-well plates of U-118 cells were then treated with the lentivirus library as
described, and the expression of PK-M1 (and total PKM as control) was evaluated in a
multiplex QPCR assay. 12 wells in each plate were treated only with control shRNA
(luciferase or scrambled), to be used as plate-specific negative controls. The remainder
of the wells was treated with lentivirus at MOI 10. Fig. 1B shows representative qPCR
amplification curves for PK-M1 for one of these plates; potential activators are identified
as wells where PK-M1 cDNA is amplified earlier than the in the other wells, whereas
wells where PK-M1 is amplified later reflect either inhibition of PK-M1 or toxicity to the
cells. The latter can be distinguished based on whether expression of PKM total is also
affected. In my screen, however, | could identify mostly increase in PK-M1, because a
strong decrease in PK-M1 levels would push PK-M1 transcript to levels undetectable by
gPCR. As shown in Fig. 1B, the gPCR assay identified positive controls that were
randomly distributed, and increase confidence in the results. Figure 4.4 shows scatter
plots of raw Ct values distributed against the well number and plate number,
demonstrating that the screen of all 32 plates did not show any unexpected deviations

in Ct values, further adding to confidence in the primary screening results. Forty-five
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distinct factors that induce PK-M1 expression 4-fold or greater were identified from the
library (Tablel) using a regression method per Pradervand et al., 2009. When a
compound was identified as a “hit”, it was represented by at least two or more
independent shRNAs to the same factor in the library, strongly supporting the

reproducibility of the screen.

4.3 DISCUSSION

| have outlined here a high-throughput method using qPCR for shRNA library screening
for factors that control PK-M1 gene expression. By using this method, my first pass
screen identified mRNA processing factors, protein kinases, transcription cofactors, DNA
topoisomerases and helicases and chromatin regulators as potent inducers of PK-M1
expression. High-throughput evaluation of isoform expression is generally performed
using plasmid-based luciferase assays. These approaches suffer from significant
shortcomings, including the artificial nature of unchromatinized plasmids and the
assumptions that must be made when constructing reporter plasmids. Methods to assay
endogenous gene expression, including array-based and bead-based approaches, often
have limited sensitivity/specificity profiles, significant time and cost demands that
prohibit true high throughput, and/or the need for highly specialized equipment (Inglese
et al., 2007). The screen described here is simple and relatively inexpensive, potentially
allowing for scaling up to larger genomewide libraries. No instrumentation other than

standard liquid transfer robotics is needed. Induction of gene expression by as little as 2-
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fold can reliably be detected, with an apparently very low false-positive rate. Hence, the
screen possesses both high sensitivity and specificity. The method is also adaptable to
measuring any gene of interest and, in principle, to cells other than the glioblastoma

cells used in this study.

There have been limited studies on splicing factor expression and functional correlation
in a tissue-specific manner (Barker et al., 1993; Xu et al., 2002). Since | have found a
number of factors that could possibly modulate PKM isoform expression in a tissue
specific manner, it is possible that the factors themselves are expressed at different
levels in different tissues and cell lines and regulate function and splicing of other
targets important for tumorigenesis. In my screen, | have detected various proteins that
have not been conventionally characterized as splicing factors; however, they do bind to
the emerging transcript and could potentially change splicing by acting as a direct
splicing factor, or indirectly by other mechanisms, such as hindering export of the pre-
mMRNA into the cytoplasm or by changing the secondary structure. Most of them bind to
RNA, but the primary screen also gave hits that have a role in chromatin regulation and
histone modification that would be interesting to further investigate as PK-M splicing
modulators. Our data links the Warburg effect to the spliceosomal machinery (see at
previous chapters). These findings are relevant to basic mechanisms of proliferation and
cancer metabolism that are poorly defined at present, and the exploitation of these

pathways in cancer therapy.
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4.4 MATERIALS AND METHODS

4.4.1 Library preparation

A custom shRNA library targeting 420 RNA-binding proteins was designed using miR30-
adapted BIOPREDsi predictions (six ShARNAs per gene) and constructed by PCR-cloning a
pool of oligonucleotides synthesized on 55k customized arrays (Agilent Technologies) as

previously described (Zuber et al., 2011).

4.4.2 High-Throughput DNA Production

Transfection quality DNA was prepped with 96 well Purelink kits (Invitrogen) with
average yields of 4g DNA/well. DNA was quantified by PicoGreen assay (Molecular
Probes) using a HT plate reader (Molecular Systems). DNA concentrations were
normalized robotically (Biomek Robot) across plates. Relative transfection efficiencies
varied by <2-fold across a single plate, as measured by GFP fluorescence under the

microscope.

4.4.3 High-Throughput Lentiviral Production

Lentiviruses were made by transfecting packaging cells (293T) with a 4-plasmid system
using 50 ng each of Rev, Tat and PMZ plasmid, 150 ng of VSVG, and 300 ng of PGIPZ per
well. Transfections were performed in 96-well plates to generate lenti-viruses in a high-
throughput manner. Packaging cells were seeded with a multichannel pipette at a
density of 2.2 x 10* cells per well in 100 ml media (DMEM/10% FBS/no antibiotics) 24
hours before transfection and grown at 37°C/5 % CO,. DNA for transfections was
prepared with a mixture of 50ml Opti-MEM (Gibco) and 3ml Mirus LTE (Mirus Bio LLC)
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and added to the DNA, this mixture was incubated for 15 min before addition to the
packaging cells. Cells were incubated for 24 h, and the media was changed very carefully
without disturbing the cells to remove any remaining transfection reagent. Lentiviral
supernatants were collected at 48 and 60h post-transfection. The supernatants from the
48 and 60 h time points were then pooled and re-arrayed into 96-well plates for the

final screen.

4.4.4 High-Throughput Lentiviral Infections and cDNA Extraction

Infection conditions were optimized in 96-well plates for growth conditions, plate types,
viral dose and assay times, prior to large-scale screening. Seeding U-118 cells at a
density of 1200 cells/well in a 96-well assay plate (Costar 3712) was optimal for
extracting cDNA 4 days post-infection. This resulted in cells being ~¥90% confluent at the
time of assay. Target cells were seeded in 96-well plates in 50 ml media
(DMEM/10%FBS/antibiotics) and plates were kept at room temperature for 1 h prior to
incubation at 37°C/5%CO,. After 24 h, 25ul of the medium was removed from each well
and 3uL of polybrene was added to each well to achieve a final polybrene concentration
of 8ug/mL. Following this, 100uL of the shRNA lentivirus was added and the well
contents were mixed gently. The plates were then spun at 2250 rpm for 90 min at 25°C.

The medium was then removed and replaced with fresh medium (50 pL).

4.4.5 High-throughput qPCR Assay and Data Analysis

Four days post-infection, target cells were lysed with 10 mM KCI, 10 mM Tris pHS8, 1.5

mM MgCl2 and 1% NP-40. cDNA was prepared using Ambion’s Cells to Ct kit according
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to the manufacturers protocol. cDNA from 96-well plates of target cells were analyzed
for PK-M1 transcript using QPCR analysis. Quantitative PCR reactions were performed
using Applied Biosystem FAM and VIC-MGB primer/probe sets and Agilent Il fast QPCR
Master Mix on an ABI Prism 7900HT Real-Time PCR machine (Applied Biosystems).
Constitutive PKM levels in the same cDNA samples were measured in the same gPCR
reactions using multiplexing, which served as an endogenous control for splicing. gPCR
reactions for PK-M1 plasmids were run as standards, and single Ct (cycles to threshold)
values were used in the comparative Ct method (ABI User Bulletin #2) for relative
guantification of PK-M1 gene expression. Control infections using either a shRNA
targeting luciferase or a shRNA not targeting any human gene were used to define 100
% expression. Data for each lentiviral sample was rejected unless the Ct values were in
the range of 18-35, on grounds that noise levels are too high beyond that range to allow

reliably estimating changes in PKM level.

4.4.6 Lentiviral Production and Infections for Hit Follow-up Experiments

DNA for selected hairpins was prepared using mini- or maxi-prep kits (Invitrogen).
Packaging cells (293T) were seeded onto 60 mm dishes at a density of 8 x 10° cells 24 h
prior to transfection. A mixture containing 100mL OptiMEM (GIBCO), 0.5ug Rev, Tat,
PMZ respectively, 1.5 pug VSVG, 2ug pGIPZ and 10uL Mirus LTE was added to a 1.5 mL
Eppendorf tube and incubated for 15 min at room temperature. This transfection
mixture was then transferred to 60 mm dishes containing packaging cells and incubated

at 37°C/ 5% CO,. At 36 h post-transfection, lentiviral supernatants were removed from
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plates of producer cells. These supernatants were stored at 4°C and 5 mL of fresh
medium (DMEM/10% FBS/pen-strep/glutamine) was added and the dishes were
incubated for an additional 12 h, followed by a second lentiviral supernatant collection.
The 36 and 48 hour lentiviral supernatants were pooled and stored at -20°C until
required. For infections, target cells (2.5 x 10° U118 and A-172) were seeded onto 60
mm dishes and allowed to grow at 37°C/5% CO, for 24 hours. Lentiviral supernatants
were gently transferred to dishes containing the target cells, polybrene (Sigma) was
added to the dishes to a final concentration of 8ug/mL, and the cells were incubated 4-6
h at 37°C/5% CO,. The lentiviral supernatants were then removed and replaced with
fresh medium (DMEM/10% FBS/pen-strep/glutamine). The target cells were grown at
37°C/5% CO, for 12-24 h prior to being split into two 60 mm dishes. Puromycin was
added 24 h after splitting to a final concentration of 2 ug/mL and cells were incubated
for 3 additional days at 37°C/5% CO,. The total incubation time post-infection was 4

days.

4.4.7 Immunoblot Analyses

Cells were rinsed twice with phosphate buffered saline (PBS), collected by scraping, and
harvested by centrifugation (1250 rpm/4 minutes/25°C). Cell pellets were then re-
suspended in 200 pL of chilled lysis buffer [SOmM Tris pH8.0, 150 mM NaCl, 1 % NP-40,
0.5 % sodium deoxycholate, 0.1 % SDS, 1 mM Na3zVO,, 25 mM NaF, 5 mM sodium

pyrophosphate, 5mM sodium B-glycerophosphate and a cocktail of protease inhibitors
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(Roche)], transferred to 1.5 mL Eppendorf tubes, vortexed thrice for 5 sec and incubated
on ice for 30 min. Cell lysates were then centrifuged at 16000 x g (10 min/4°C) and
supernatants transferred to fresh 1.5 mL tubes. Protein concentrations were
determined by Bradford assay (BioRad). Protein extracts were separated by SDS-PAGE
and immunoblotting was performed, probing with the indicated antibodies, and
quantifying with an Odyssey infrared-imaging system (LI-COR Biosciences). Primary
antibodies were: tubulin (Genscript rAb, 1:5000); SRSF1  (mAb AK96 culture
supernatant, 1:100 (28)); RBFOX2(sigma rAb 1:1000); SRSF6 (mAb 9126 culture
supernatant, 1:100)); PTB (mAb SH54 culture supernatant, 1:100 (30) or Abcam
rAb83897, 1:1000); secondary antibodies were IRdye 800 or 680 anti-rabbit, anti-mouse,

or anti-goat (LI-COR Biosciences, 1:10,000).

4.4.8 Quantitative RT-PCR

Total RNA was harvested from cells in 6 cm tissue culture plates using Trizol
(Invitrogen). Reverse transcription reactions were carried out using a Promega Il RT Kit
(Promega). Quantitative PCR reactions were performed using Applied Biosystems FAM-
MGB primer/probe sets and Agilent Il fast PCR Master Mix or using Power Sybr Green
system (Applied Biosystems) on an ABI Prism 7900HT Real-Time PCR machine (Applied
Biosystems). Quantification of actin levels in the same cDNA samples measured in
separate gPCR reactions served as an endogenous control. All gPCR reactions were run

in triplicate, and the average Ct (cycles to threshold) were used in the comparative Ct
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method (ABI User Bulletin #2) for relative quantification of target gene expression.
Control infections using a shRNA targeting luciferase were used to define 100%

expression.

4.4.9 Titering Assay

Viruses were titered using U118 cells, plated in 6 well dishes at 10° cells per well. The
next day, cells were infected with 1 ml of highly diluted virus (1:5-1:3665) using a
standard spin infection protocol with 8ug/ml polybrene. 24 hours post infection, GFP
expression was observed and cells were counted 4 days after infection and the M.O.I

calculated as previously described (Zhang et al., 2004).
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Figure 4.1 Vector Features and Application Scheme

PGIPZ lentivirus vector was used for the screen, which had a CMV promoter, GFP as the
fluorescent marker, puromycin resistance and a mir22 shRNA cassette.

(A) The shRNA screen workflow for detection of factors affecting PKM-1 isoform.

(B) Different dilutions of virus were transduced in U-118 cells, and cells with GFP were
counted 96 hours after infection and the M.O.I determined. An M.O.l 10 was used
for the final screening, which gave 100% transduction and did not require
puromycin selection.

(C) Representative images of GFP immunofluorescence after infection with virus at
MOI=10 in three independent 96 well plates, 96 hours after infection.
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Fig 4.2 Knockdown Performance of HT-Generated Lentivirus in U-118 Cells

(A) Knockdown performance of lentiviruses representing 58 shRNAs targeting 6

(B)

different splicing factors (SRSF1, SRSF2, SRSF6, RBFOX2, hnRNPM, SRSF10). Protein
levels for duplicate experiments were measured by western blot and are reported
for each shRNA hairpin relative to average protein levels for control infections (i.e.,
a shRNA targeting scrambled sequence). Knockdown for the first set of infections is
shown by black bars and the second set of infections by grey bars. Total protein
levels in control cell lines infected with luciferase is shown with the black line at
100%.

Knockdown performance of lentiviruses representing 30 shRNAs targeting 4
different splicing factors (SRSF3, SRSF4, SRSF5, hnRNPH3). Transcript levels for
triplicate experiments were measured by qRT-PCR and are reported for each shRNA
hairpin relative to average transcript levels for control infections (i.e., a shRNA
targeting a scrambled sequence). Error bars show S.D.
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Fig 4.3 Screen for RNA Binding Proteins that Increase PKM-1 Transcript Level Upon

Knockdown

(A) Scheme for the QPCR based multiplex splicing screen. Primers annealing to exon 8

and exon 11, and VIC-MGB probe annealing to exon 9, respectively, were used to
amplify human PK-M1 transcript. The alternative exons that encode the distinctive
segments of PK-M1 and PK-M2 are indicated in black and grey, respectively. Primers
annealing to exon 11 and exon 12 and FAM-NFQ probe annealing to exon 12 were
used to amplify constitutively spliced region of PKM1/2 transcript, which served as
the internal control for the splicing gPCR assay. Nucleotide sequence alignments of
ME exons 9 (M1) and 10 (M2). Primer on exon 9 anneals to the region with highest
mismatch between exon 9 and exon 10, as shown by the red box. Representative
graph of gPCR amplification curves detecting PK-M1 mRNA levels from one 384-well
gPCR plate of the screen. (Inset) The complete curves are shown.

(B) Change in PKM-1 levels in various cell lines and different positive and negative

(A)

controls, as seen by the gqPCR. The change in PKM-1 levels correlates with the
changes seen by semi-quantitative PCR, as discussed before (data not shown).
Results are Mean +/- S.D shown from three independent experiments.
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Fig 4.4 Scatter plot for raw Ct values.

(A) Scatter plot showing raw Ct values from the entire library plotted against total well
numbers. Blue represents Ct values for PK-M1 transcript and pink represents Ct values
for PK-M constitutive region.

(B) Scatter plot showing raw Ct values from the entire library plotted against shRNA
plates. Black represents Ct values for PK-M1 transcript and pink represents Ct values for
PK-M constitutive transcript.

Both plots depict the relatively disciplined variation in Ct values and the raw result
output from the entire screen, which increases confidence in the primary screen results.
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Fig 4.5 shRNA gPCR screen identifies mediators of the PKM-splicing.

(A) Analysis of the Ct values of shRNAs from the QPCR screen experiment for outlier
identification. Data are normalized against the internal control PKM constitutive and
plotted as the logy(ratio FAM/VIC) versus log,(Vintensity FAMxVIC)). The red dots
represent select enriched shRNAs that exhibited > 2.5-sigma increase in PK-M1 levels in
the screen.

(B) Bin diagram of fold induction of PK-M1 in randomly scattered positive-control wells
from the screen, that correlate with changes seen previously in our earlier studies with
semi-quantitative PCR discussed in previous chapters.

(A)
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Table 1: Top RNA Binding Proteins that changed PKM-1 levels > 5 fold

THOC6 THO complex subunit 6 homolog THOC6 mRNA processing factor
SMNDC1 Survival of motor neuron-related-splicing factor {mRNA processing factor
KHSRP Far upstream element-binding protein 2;KHSRP [mRNA processing factor
PABPC1 Polyadenylate-binding protein 1;PABPC1 mRNA processing factor
SFRS3 @ b Splicing factor, arginine/serine-rich 3;SFRS3 mRNA processing factor
SFRS5 @ Splicingfactor, arginine/serine-rich 5;SFRS5 mRNA processing factor
FuBPL P Far upstream element-binding protein 1;FUBP1 [mRNA processing factor
BRUNOL4 ac CUG-BP-and ETR-3-like factor 4;BRUNOL4 mRNA processing factor
SFRS10 @ Splicingfactor, arginine/serine-rich 10;SFRS10  |mRNAprocessing factor
SFRS8 @ Splicing factor, arginine/serine-rich 8;SFRS8 mRNA processing factor
TRA2A @b Transformer-2 protein homolog; TRA2A mRNA processing factor
ROD1 Regulator of differentiation 1;R0OD1 mRNA processing factor
SNRPA U1 small nuclear ribonucleoprotein A;SNRPA  |mRNAprocessing factor
BCAS2 @ P Pre-mRNA-splicing factor SPF27;BCAS2 mRNA processing factor
CDC40 Pre-mRNA-processing factor 17,CDC40 mRNA processing factor
SNRPD3 Small nuclear ribonucleoprotein Sm D3;SNRPD3 [mRNA processing factor
NCBP1 Nuclear cap-binding protein subunit 1;NCBP1  |mRNAprocessing factor
LSM5 U6 snRNA-associated Sm-like protein LSm5;LSMYmRNA processing factor
PCBP3 Poly(rC)-binding protein 3;PCBP3 mRNA processing factor
PCBP4 Poly(rC)-binding protein 4;PCBP4 mRNA processing factor
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ZCCHCS8 Zinc finger CCHC domain-containing protein 8;ZC{nucleic acid binding
THOC1 THO complex subunit 1;THOC1 nucleicacid binding
SRP68 Signal recognition particle 68 kDa protein;SRP68|nucleic acid binding
RBM7 RNA-binding protein 7;RBM7 nucleic acid binding
CLK4 Dual specificity protein kinase CLK4;CLK4 protein kinase

CLK3 Dual specificity protein kinase CLK3;CLK3 protein kinase

RBM42 RNA-binding protein 42;RBM42 replication origin binding prc
HNRNPF @ b Heterogeneous nuclear ribonucleoprotein F;HNHribosomal protein
HNRNPH3 d Heterogeneous nuclear ribonucleoprotein H3;HNribosomal protein
GRSF1 G-rich sequence factor 1;GRSF1 ribosomal protein
HNRNPH1 @ b Heterogeneous nuclear ribonucleoprotein H;HN|ribosomal protein
RBM52 RNA-binding protein 5;RBM5 RNA binding protein
NCBP2 Nuclear cap-binding protein subunit 2;NCBP2 RNA binding protein
RBMX2 RNA-binding motif protein, X-linked 2;RBMX2 RNA binding protein
DHX38 Pre-mRNA-splicing factor ATP-dependent RNA he|[RNA helicase

DDX21 Probable ATP-dependent RNA helicase DDX56;DJRNA helicase

DHX8 ATP-dependent RNAhelicase DHX8;DHX8 RNAhelicase

DDX21 Nucleolar RNA helicase 2;DDX21 RNAhelicase

CCNK Cyclin-K;CCNK transcription cofactor
RUVBL2 RuvB-like 2;RUVBL2 transcription cofactor
KLHDC8A Kelch domain-containing protein 8A;KLHDC8A [transcription cofactor
KHDRBS3 © KH domain-containing, RNA-binding, signal trans{transcription cofactor
FUSC RNA-binding protein FUS;FUS transcription factor
TARDBP TAR DNA-binding protein 43;TARDBP transcription factor
ANXA2 Annexin A2;ANXA2 transfer/carrier protein
FRG1 Protein FRG1;FRG1 transfer/carrier protein
QPCT Glutaminyl-peptide cyclotransferase;QPCT transferase
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YWHAQ 14-3-3 protein theta;YWHAQ chaperone

ACIN1 Apoptotic chromatin condensation inducer in th{chromatin/chromatin-bindin
SMARCA5 SWI/SNF-related matrix-associated actin-depend DNA helicase
SKIV2L2 Superkiller viralicidic activity 2-like 2;SKIV2L2 DNAhelicase

TOP1 DNAtopoisomerase 1;TOP1 DNAtopoisomerase
EXOSC8 Exosome complex exonuclease RRP43;EXOSC8 |exoribonuclease
TOPORS E3 ubiquitin-protein ligase Topors;TOPORS isomerase

CCNA1 Cyclin-A1;CCNA1 kinase activator
CCDC55 Coiled-coil domain-containing protein 55;CCDC55

GPATCH1 G patch domain-containing protein 1;GPATCH1

LSM10 U7 snRNA-associated Sm-like protein LSm10;LSM10

SFRS17A Splicing factor, arginine/serine-rich 17A;SFRS17A

TDRD3 Tudor domain-containing protein 3;TDRD3

CROP Cisplatinresistance-associated overexpressed protein;CROP

KIN DNA/RNA-binding protein KIN17;KIN

TET1 Protein TET1;TET1

a- Known regulators of mammalian splicing
b- Implicated in tumorigenesis

c- Known expression in differentiated tissues: muscle, brain, testis
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Chapter 5

Concluding Remarks

5.1 Introduction

Alternative splicing of Pyruvate Kinase M (PK-M) confers distinctive metabolic properties
to cancer cells (the Warburg effect). The M1 and M2 pyruvate-kinase isozymes are
expressed from a single gene through alternative splicing of a pair of mutually exclusive
exons. Considering that PK-M splicing is a key regulator of the Warburg effect, | sought
to elucidate the mechanisms of PK-M alternative splicing. | focused my studies on trans-
acting factors that bind to their cognate cis-acting elements in the PK-M pre-mRNA.
Here, | summarize my findings and discuss potential directions of future research.

By measuring the expression of M1 and M2 mRNA and protein isoforms in mouse
tissues, tumor cell lines, and during terminal differentiation of muscle cells, | verified
that alternative splicing regulation is sufficient to account for the levels of expressed
protein isoforms. | further demonstrated that the M1-specific exon is actively repressed
in cancer-cell lines, and that the related splicing repressors hnRNP Al and A2, as well as
the polypyrimidine-tract-binding protein PTB, contribute to this control. Down-
regulation of these splicing repressors in cancer-cell lines using shRNAs rescues M1
isoform expression and decreases the extent of lactate production. These findings
extended the link between alternative splicing and cancer, and began to define some of

the factors responsible for the switch to aerobic glycolysis. The detailed results were
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presented in Chapter 2.

By studying the expression pattern of PK-M splicing in cells with SRSF3 knockdown, |
also demonstrated that SRSF3 functions as an activator of exon 10 of the PK-M gene.
SRSF3 acts in an additive fashion with the previously characterized exon 9 repressors
hnRNPA1/A2 and PTB. SRSF3 was recently shown to be an oncogenic SR protein, and |
found overexpression of SRSF3 in multiple cancer cell lines, which also expressed high

levels of PK-M2 (exon 10 inclusion). These findings were presented in Chapter 3.

It was not possible to revert cancer cells to exclusively expressing the PK-M1 isoform by
knocking down all the above factors together — hnRNPA1, hnRNPA2, PTB, and SRSF3.
This observation suggested that there are additional levels of control that play a role in
PK-M splicing. In general, individual AS events are thought to be controlled
combinatorially by multiple trans-acting factors. Therefore, as a more exhaustive
approach to identifying other factors involved in PK-M alternative splicing, | carried out
a directed lentivirus shRNA screen. Our lab had designed and obtained a focused
lentiviral shRNA library in PGIPZ, with an average of seven hairpins for each of ~400
factors involved or at least implicated in constitutive and/or alternative splicing,
including many RNA-binding proteins, splicecosome components, RNA helicases, and
modifying enzymes. | used this shRNA library to investigate additional factors involved in

the splicing control of PK-M.

| transduced U118 glioblastoma cells with individual constructs, and generated cDNA for

analysis. Initial results showed that unlike most cell lines, U118 cells express detectable
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levels of PK-M1 (~30%) at the mRNA and protein level, in addition to PK-M2. Therefore,
using these cell lines in a shRNA screen provides the advantage that changes in
expression in either direction towards the M1 and M2 isoforms are more likely to be
detected. | accomplished the following: a) | validated the initial knockdown efficiency of
the library using western blotting (in the case of factors for which antibodies are
available) and gPCR, and tested knockdown efficiency for pooled versus unpooled
vectors; b) | optimized the lentivirus transduction protocol and cDNA synthesis in 96-
well format; c) | optimized QPCR protocols for identifying the two alternatively spliced
PK-M isoforms, with each sample initially tested for PK-M isoform expression at the
MRNA level using the RT-PCR plus cleavage assay established during our previous work
on this project (as a control); and d) | undertook the shRNA library screening in U-118
cells. The screen identified 45 candidates that increase PK-M1 isoform levels, and

potentially play a role in modulating the PK-M1/PK-M2 ratio in glioblastoma cells.

5.2 Summary and Future Perspective

In summary, by studying the trans-acting factors that regulate the PK-M splicing ratio in
proliferating versus differentiated cells, my dissertation underscores the importance of
splicing in regulating one of the hallmarks of cancer. My studies are consistent with a
model that posits that cancer cells display mis-regulation of various RNA-binding
proteins, which in turn causes downstream splicing defects. By studying trans-acting
factors, my work describes the role of specific splicing factors in control of cancer-cell

metabolism or the Warburg effect. However, further research will be necessary to
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understand all levels of control of the mutually exclusive alternative splicing of PK-M,
and the role of various trans-acting factors in this process.

hnRNPs and SRSF3 regulating the mutual exclusivity of PK-M in a tissue-specific manner
is a starting point for understanding the complex regulation of this gene. The outcome
of the shRNA screen suggests that there are various other RNA-binding and splicing-
related factors that could play important roles in splicing regulation. Candidate factors
that | identified in the primary screen need to be validated using semi-quantitative PCR.
Thereafter, top hits need to be categorized based on their p-values determined in the
initial screen, tested for reciprocal effects by overexpression, and their mechanism of
action characterized, e.g., by RNA-binding assays and functional studies in the context of
glucose metabolism. Functional analysis will involve overexpression studies in
glioblastoma cell lines and investigating metabolic changes, such as lactate production.
Candidate factors that have additional cell lines environment specificity will need to be
addressed, as the precise mechanisms of PK-M splicing regulation may be context-
dependent.

Though most of the protein hits from the gPCR screen are known splicing factors
responsible for mediating alternative splicing, my screen also found protein kinases,
such as CLK3/4, ribosomal proteins, helicases, transcriptional cofactors and chromatin-
binding proteins as potential mediators of PK-M alternative splicing. In the future, to
examine the total network of controls on PK-M splicing, it will be necessary to perform a
genome wide screen, which would implicate factors which have not been investigated in

splicing till now. Only a few of the factors found in my focused screen, have, so far been
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investigated in cancer and tissue-specific alternative splicing. Therefore, future studies
should involve experiments to investigate the role of the above-mentioned factors not
only in PK-M splicing, but also in tumor initiation and progression.

It should be mentioned here that my primary screen found chromatin-binding factors as
a class of regulators of PK-M splicing. A recent string of papers have suggested that
transcription and splicing influence each other (Carrillo Oesterreich et al., 2010;
Gornemann et al., 2005; Shukla et al.,, 2011). It has been known for some time that
chromatin modification plays an important role in transcription, but the role of
chromatin and histone modification in pre-mRNA splicing is only slowly coming to light
now. It is intriguing to consider that PK-M splicing regulation could be a co-
transcriptional process. It has been shown that splicing can induce pausing of RNA pol Il
during transcription, and RNA pol Il pausing influenced by zinc-finger binding proteins
like CTCF, increases the time window for co-transcriptional alternative splicing. One
possibility is that one or more of the chromatin regulators found in my screen are
overexpressed in certain cell lines; and by binding to exon 9, promotes RNA pol Il
pausing and thereby mediates weaker exon 9 inclusion. This could explain the
expression of PK-M1 in certain cell lines and not others. Although extensive literature
has been devoted to the role of RNA-binding proteins in alternative splicing, only a few
examples have hitherto been found to mediate alternative splicing via mutually
exclusive exons in mammalian systems. Given that PK-M splicing has consequences for
tumor maintenance, the isolation of factors that selectively mediate exon 10 splicing in

cancer cells would not only advance our knowledge of alternative splicing but would
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also give us important insights about tumor maintenance and proliferation in general,

and tumor metabolism in particular.
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Appendix 1

Table showing raw Ct values obtained from the qPCR screen

Gene Symbol
Destination Destination Destination (only first

plate row column string) PKM1Ct PKMCt
A001 a RBBP7 Undetermined  30.94702
A001 a 2 PRPF38A 27.71435 24.55254
A001 a 3 PRPF18 27.8317 24.41447
A001 a 4 SRPK3 27.8673 24.82695
A001 a 5 ROD1 25.97299 23.22708
A001 a 6 CCNA1 27.4881 24.11491
A001 a 7 SF3B14 26.32376 23.25008
A001 a 8 WTAP 28.03156 24.51155
A001 a 9 IK 27.86287 24.55383
A001 a 10 SFRS7 26.99128 23.86771
A001 a 11 CPSF2 25.48396 22.87009
A001 a 12 PLRG1 27.53966 24.88059
A001 b 1 DDX23 Undetermined Undetermined
A001 b 2 TDRD3 27.47233 24.45599
A001 b 3 KIN 28.71756 26.3485
A001 b 4 DDX39 27.14167 24.29472
A001 b 5 SMU1 28.11001 24.83565
A001 b 6 QPCT 26.98236 23.95048
A001 b 7 KHDRBS1 26.93807 24.11726
A001 b 8 SNRNP48 26.85768 24.06385
A001 b 9 CCNK 27.82193 24.74432
A001 b 10 POLR2B 26.60191 23.26825
A001 b 11 C2orf3 27.31984 24.62144
A001 b 12 EXOSC4 25.6885 23.8936
A001 c 1 EXOSC9 27.52269 24.55727
A001 c 2 Cl4orfl166 26.98575 23.49734
A001 c 3 DGCR14 26.04291 23.41789
A001 C 4 FMR1 26.47105 23.44498
A001 C 5 HNRNPK 27.44838 23.30084
A001 c 6 SNRNP40 26.57735 23.07944
A001 c 7 SF4 26.761 23.43842
A001 C 8 SFRS4 27.25996 23.98971
A001 c 9 DHX15 26.69447 23.55634
A001 c 10 RAVER1 25.92831 23.58304
A001 c 11 FIP1L1 26.96229 23.9599
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ZRANB2
MYEF2
MFSD11
CCDC94
ILF2
DIDO1
SFRS4
LOC643167
DHX9
LOC119358
PPM1G
FUBP1
EXOSC4
SMN1
SNRNP40
ZCCHC8
SFRS10
RNF113A
HNRNPH1
TOP1
HNRNPC
TOP1
POLR2A
SNRPA
PHF5A
EXOSC9
LOC100130003
SMARCAS5
KIN
TNRC4
RBMXL2
ELAVL3
ILF2
ZRANB2
CPSF6
CWC22
DHX15
SFRS7
ROD1
QKI
RP9
KIAA1429
LUC7L2
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27.24734
28.25916
26.8266
26.94469
27.39921
27.4593
26.41891
26.31228
26.71881
26.75144
27.13467
27.47702
27.05051
Undetermined
27.48922
27.02287
27.05702
27.37502
26.81591
26.68849
27.26483
26.82796
26.96546
27.20914
27.33674
27.68292
27.0093
28.52744
27.67166
27.47296
26.93104
27.79538
28.88566
28.49573
28.16953
27.24745
27.0579
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined

Undetermined

24.6347
23.56198
23.40636
23.88333

23.8744
23.52691
23.84708
23.83391
23.59758
23.61842
23.93195
24.54676
23.90472

32.3097
24.40042
23.82056
23.81872
23.50518
23.72305
23.59832
23.47094
23.56284
23.85826
24.09412
24.59114
23.48276
23.85155
23.94741
23.88264
23.41695
23.58451
24.10277
23.29418
23.39586
23.57859
23.35816
23.90627
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Undetermined
Undetermined

Undetermined
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SFRS6
XRCC6
PRPF31
THOCS

BAT1
CLK1
PRPF3
cCDC12

LOC100128974

Cl4orf166
ELAVL3
SFRS5
EIF3M
XRN2
HNRNPU
RALYL
BUD13
EXOSC8
PRPF38A
GRSF1
HMGB1
MYEF2
A28P1
PPIL1
SFPQ
MLL
BRUNOL6
CRNKL1
PHF5A
PCBP4
SFRS1
GPATCH1
SFRS6
SYNCRIP
YBX1
LOC728554
HNRNPH2
HNRPLL
DNAJC8
HTATSF1
LSM10
RBM10
POLR2B
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Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
25.87673
26.68313
26.89822
26.22617
27.32393
26.5856
26.51226
27.20467
27.09689
27.10958
27.3945
28.18409
27.61517
28.14751
27.38667
27.1543
26.74361
27.41357
26.8564
26.92335
27.31628
26.87417
26.19382
27.06669
29.6325
28.53844
27.66324
29.70866
27.59894
29.87267
27.9255
28.3687
28.43827
27.49799
27.65193
27.55162

Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
22.84953
23.77395
23.96921
23.12479
23.42048
23.75683
23.27966
23.51781
24.10961
23.64125
23.96734
24.36004
25.08005
24.96934
24.87519
24.69133
23.79512
24.79764
23.0337
23.608
24.46829
23.5003
23.24563
25.58927
27.10703
25.15907
24.79609
27.81431
24.13214
27.5503
24.03799
24.38751
23.37853
22.96947
24.19125
24.76838
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RBBP7
TAF15
SNW1
EIF2S2
PRPF40A
LOC100129566
WDR25
TOPORS
SRPK2
SAFB
Cl60rf80
EXOSC8
PABPC1
PSEN1
XRN2
HNRNPU
NUMA1
PRPF4
PRPF19
SNRNP35
PSEN1
NCBP1
MSI2
C2orf3
RNPS1
FUS
LNX1
DGCR14
NUDT21
HNRNPA2B1
TPR
SCNM1
FMR1
DHX16
KLHDC8A
CCNK
MYEF2
SRPK1
SRPK2
EIF3A
STRBP
TAF15
TCERG1

116

27.1594
27.1064
27.16089
27.15759
27.07971
27.2119
26.87747
28.08657
31.20224
29.71632
28.07621
29.9372
29.0824
28.0509
27.90568
27.20423
27.3013
28.21799
28.86994
26.55278
28.81898
Undetermined
29.25786
27.99255
27.34324
27.26903
27.3437
27.00198
26.76627
27.27192
27.56027
28.17716
26.97566
28.20711
29.22015
28.03193
27.96802
26.99863
26.38392
27.61647
26.32816
27.10294
27.40212

24.39708
24.30153
23.8492
23.84322
23.68817
23.57234
23.50324
24.55777
28.64503
25.75388
23.28933
24.73354
30.01706
24.53623
22.85829
23.07628
23.65739
23.66673
23.52818
24,1116
22.38684
22.10997
25.0641
25.12866
23.83824
24.10816
23.31791
23.38618
23.56655
23.6464
23.09471
24.31642
23.03581
23.4558
29.46769
24.43814
24.12494
23.79164
23.32075
23.60221
23.11479
23.50651
23.46783



A002 f 9 IGF2BP3 28.42181 2495751
A002 f 10 CLK2 28.58486 24.00741
A002 f 11 RBM15 28.51159 23.41801
A002 f 12 THOC6 29.18739 29.7726
A002 g 1 EXOSC8 27.02785 22.69399
A002 g 2 AKAP8 27.32644 23.93969
A002 g 3 CDC5L 26.73583 23.11898
A002 g 4 SFRS6 26.9851 23.17383
A002 g 5 RBM26 27.36279 22.88971
A002 g 6 BUD13 26.42108 23.2369
A002 g 7 BUD13 27.94413 23.1148
A002 g 8 YBX1 28.14963 22.76908
A002 g 9 HNRNPM 27.12346 23.27829
A002 g 10 ZNF207 29.24933 23.09845
A002 g 11 NCBP1 29.88491 24.24548
A002 g 12 HNRNPC 28.81428 28.99484
A002 h 1 HMG1L6 27.48066 24.18561
A002 h 2 SNIP1 29.14651 26.20278
A002 h 3 PPWD1 27.70145 24.25946
A002 h 4 LSM3 27.65819 24.28538
A002 h 5 PSEN1 26.66034 23.78597
A002 h 6 TMEM149 28.07707 25.41439
A002 h 7 STRBP 26.98396 23.61991
A002 h 8 SYNCRIP Undetermined 32.17721
A002 h 9 NOSIP 27.35675 23.58011
A002 h 10 CPSF2 27.64762 23.27919
A002 h 11 LOC389465 30.79168 23.01491
A002 h 12 PRCC 28.14661 25.8567
A003 a 1 LOC389465 26.83833 24.54224
A003 a 2 RBM17 26.89283 23.59299
A003 a 3 RBM47 27.20265 25.12433
A003 a 4 USP39 28.97386 26.07978
A003 a 5 CHERP 26.04771 23.701
A003 a 6 MFSD11 20.51424 28.16946
A003 a 7 EIF3A 29.73137 25.30962
A003 a 8 C21orf66 28.95227 24.82462
A003 a 9 EXOSC10 27.89686 24.87847
A003 a 10 HNRPLL 32.10456 28.08737
A003 a 11 SF3B2 Undetermined Undetermined
A003 a 12 PRCC 35.48457 31.61203
A003 b EFTUD2 26.72697 24.36047
A003 b CUGBP1 19.26476 23.53804
A003 b EXOSC10 26.29778 23.05432
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SNRPF
MOV10
PRPF38B
ISY1
KIAA1429
C21orf66
SAFB
LSM3
CCDC55
HNRNPC
MAGOHB
DDX26B
SNRPF
GTF2I
IGF2BP3
CPSF1
SYF2
TAF6
HNRNPF
MsSI1
IQGAP1
KPNA2
NCL
NXF1
MOV10
SNRNP70
PPP1R8
ELAVL2
TET1
C190rf43
AKAP8
SFRS1
APC
ZFR
PCBP3
CDC40
IGF2BP1
HNRNPM
THOC7
LUC7L2

LOC100128223

DDX26B
EFTUD2
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25.32588
25.71265
25.52136
24.43199
Undetermined
26.50613
26.77399
16.09158
27.92465
27.10047
26.70277
26.93268
26.91738
26.18282
26.18767
26.91958
24.99328
25.75502
25.40807
26.64682
27.13421
25.69124
25.92249
26.09038
26.45578
31.24842
28.15195
Undetermined
23.49439
25.91643
15.02985
25.98215
26.13276
28.1802
24.80825
25.93358
25.73522
25.92647
26.28389
25.95245
35.62568
26.63042
25.48804

21.85909
22.06373
22.02708
22.21906
21.73621
23.46401
23.30431
26.37609
24.77801
25.10571
22.66096
21.75484
21.87968
22.02289
21.31997
21.37781
21.9522
22.93888
23.67825
22.83786
24.36165
22.43937
22.61279
22.56764
21.90134
21.46008
21.87802
16.93763
23.17212
22.23883
24.76034
22.52023
23.18172
23.06188
22.79284
22.81246
22.79505
23.64291
22.10964
23.0479
21.56245
22.83317
23.47599



A003 e 11 PHF5A 26.1575 23.44965
A003 e 12 EXOSC8 28.14445 25.13944
A003 f 1 HNRNPC 27.55813 23.73082
A003 f 2 WDR33 25.91569 22.75982
A003 f 3 ZFR 25.18257 22.5421
A003 f 4 ZNF207 25.96647 22.92342
A003 f 5 HNRNPL 28.33052 24.05595
A003 f 6 XRN2 26.71547 23.94835
A003 f 7 RBM38 27.26756 24.65379
A003 f 8 POLR2A 29.62793 20.81596
A003 f 9 SR140 Undetermined Undetermined
A003 f 10 HNRPDL Undetermined 34.54522
A003 f 11 NCL Undetermined 36.29094
A003 f 12 SFRS12 28.86545 27.10354
A003 g 1 POLDIP3 26.68353 24.68484
A003 g 2 HNRNPD 25.96102 24.04737
A003 g 3 EXOSC10 26.08517 24.21599
A003 g 4 PHF5A 28.18908 25.51378
A003 g 5 KIAA1429 28.12131 25.19921
A003 g 6 EWSR1 27.02999 24.69299
A003 g 7 PTBP2 26.1799 23.67521
A003 g 8 RBMXL2 25.88962 23.49607
A003 g 9 Cl40rfl66 28.62561 24.94052
A003 g 10 SFRS9 Undetermined 34.07609
A003 g 11 DNAJC6 Undetermined 34.53131
A003 g 12 SMU1 27.50083 25.12085
A003 h 1 BUD13 29.67959 26.9274
A003 h 2 RBM7 Undetermined 31.7827
A003 h 3 Cl4orfl66 Undetermined 30.43246
A003 h 4 RBM4 Undetermined 30.02999
A003 h 5 SF3A2 31.77659 28.02881
A003 h 6 EIF4A3 Undetermined 33.62565
A003 h 7 PHRF1 36.85048 33.62273
A003 h 8 LUC7L2 14.15298 26.33761
A003 h 9 DHX9 36.87431 34.6446
A003 h 10 RNF113A 27.01956 24.86013
A003 h 11 RBMS1 34.0916 32.39198
A003 h 12 DDX3Y 29.4159 28.1213
A004 a 1 HNRNPUL1 37.1591 31.2449
A004 a 2 LNX1 35.71298 30.18699
A004 a 3 GTF2I 34.22459 30.17092
A004 a 4 ELAVL2 33.70254 29.71232
A004 a 5 CLK4 30.86117 27.88265
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DIDO1
LSM7
LUC7L
SMU1
TOPORS
THOC2
SMNDC1
LSM8
LOC728554
U2AF1L4
FIP1L1
SFRS7
C8orf58
TNRC4
DHX8
SLU7
LSM2
LOC100130003
SFRS2IP
SFRS7
LOC646517
SFRS5
SMARCA5
SFRS10
PCBP4
EXOSC9
EIFAG3
TDRD3
EXOSC8
CDC40
THOC2
TPR
HNRNPA1
INTS6
RNPS1
DDX23
DNAJC17
CCNK
DNAJCS8
DDX17
CSDA
PRPF8
CCNK
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28.57751
27.06524
25.98422
26.05393
25.26192
35.91166
29.20487
35.40344
35.16802
31.68528
32.02636
29.40339
28.01539
27.56649
25.01916
26.78691
26.4321
25.61663
28.75472
Undetermined
32.25633
32.77247
34.39197
31.25437
26.50251
Undetermined
Undetermined
36.34386
21.72096
Undetermined
28.12916
31.04164
Undetermined
Undetermined
28.67124
36.16694
Undetermined
26.37399
25.75636
27.23805
27.72096
Undetermined
24.16099

25.79134
23.87387
23.25577
22.68285
23.26415
32.74184
26.71041
30.65367
28.98054
29.09411
29.23846
26.51646
25.06917
24.78082
22.91386
23.18614
22.83649
23.24695
24.1097
31.60467
27.65728
29.82933
34.83612
27.94057
23.1288
33.58677
34.51863
34.0666
23.5466
34.28136
23.9052
27.57686
31.99785
35.42429
25.4338
34.77058
33.68556
23.61524
23.6614
22.93473
25.0816
34.03155
24.65229
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A004
A004
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A004
A004
A004
A004
A004
A004
A004
A004
A004
A004
A004
A004
A004
A004
A004

D> OO T 3 T O OO0 0m oM 0q 0 0 M M 0Q 0Q 0 0 —h —h —h —h —h —h —h —h —h —h —hH —H M M® M® M® MD® M MD® MD® ®M® M M D

© 00 N O U1 W N BB

SNRPA
PRPF4B
SNRNP35
HNRNPAO
SF3B3
PIAS4
LUC7L
LSM1
HNRNPH3
FUBP3
RBM9
RBM9
DIDO1
ELAVL4
ZMAT?2
KHSRP
RBMS1
PRCC
KIN
CSDA
ZNF207
SF3B4
DDX21
TIA1
SNIP1
XAB2
SNRNP27
INTS1
SRRM2
CWF19L1
WDR33
SR140
CRKRS
THOC5
HNRNPU
PPIL3
MBNL3
RBBP7
HNRNPR
HRNBP3
GTF2I
HNRPDL
CIR

121

29.92968
33.41087
37.50487
28.14422
29.25508
35.21803
26.2418
26.27111
23.21668
Undetermined
19.47378
31.80747
Undetermined
36.45795
30.55951
27.30511
27.91268
Undetermined
38.21121
19.1064
Undetermined
Undetermined
21.16024
26.47514
Undetermined
30.7718
Undetermined
28.35382
26.83108
26.26259
26.8202
26.83903
27.48295
Undetermined
26.23096
25.42287
32.30703
29.78696
Undetermined
31.07573
35.67838
31.06869
37.05979

26.75792
29.86003
34.00616
23.2199
22.25383
34.66425
23.04824
23.29179
23.14715
34.22587
23.93263
20.64658
35.70651
35.29329
28.16489
24.3088
23.15296
34.35227
33.80056
24.11095
33.72958
34.43729
22.33801
24.37192
28.32809
28.53559
34.30266
24.01627
23.69237
23.03714
22.74839
23.80356
23.43732
34.83009
23.82257
24.28766
27.16724
26.35915
34.56442
28.05277
34.3128
27.51574
34.4085



A004 h 8 EXOSC8 14.40801 25.57519
A004 h 9 CCNK 21.70887 23.63954
A004 h 10 SNRPA 37.04956 35.05084
A004 h 11 THOC4 Undetermined Undetermined
A004 h 12 POLDIP3 34.76339 33.93717
A005 a 1 LSM4 29.59043 25.83901
A005 a 2 PSIP1 29.61885 27.03759
A005 a 3 GRSF1 25.47588 23.89135
A005 a 4 PPIL2 29.18889 23.25456
A005 a 5 HNRNPM Undetermined 19.1702
A005 a 6 CLK2 19.91399 26.3431
A005 a 7 BUB3 Undetermined 19.94118
A005 a 8 FAM120A 28.43575 23.25215
A005 a 9 SFRS8 28.23356 24.7404
A005 a 10 CCNA1l 19.31089 24.68649
A005 a 11 LSM1 26.863 24.35595
A005 a 12 THOC1 23.83159 22.95716
A005 b 1 TIA1 29.77669 26.71028
A005 b 2 RBBP7 27.55661 25.21835
A005 b 3 PRPF19 29.14555 24.97082
A005 b 4 EIF4A3 28.61293 24.93016
A005 b 5 XRN2 27.65237 24.83708
A005 b 6 SKIV2L2 24.78011 22.42349
A005 b 7 SFRS14 25.6994 23.88034
A005 b 8 PPWD1 Undetermined 16.58388
A005 b 9 TXNL4A 26.71448 2297331
A005 b 10 NCBP2 24.92355 22.26313
A005 b 11 CCNK 33.64556 21.3993
A005 b 12 RBMS5 20.75263 23.05881
A005 C 1 MBNL1 Undetermined 31.00878
A005 o 2 IGF2BP3 29.67874 27.59779
A005 c 3 C190rf29 27.22062 24.17058
A005 o 4 LSM1 27.89174 25.05784
A005 c 5 A2BP1 27.94459 25.56079
A005 o 6 THOC7 26.54138 24.31583
A005 c 7 BAT1 25.75347 23.81711
A005 o 8 CTNNBL1 Undetermined 23.40254
A005 c 9 SNRNP200 33.37892 21.2327
A005 o 10 HNRNPL 26.81744 23.03658
A005 c 11 PUF60 26.73163 23.36643
A005 12 DDX41 25.72553 23.15404
A005 d 1 PRPF3 31.95353 25.91382
A005 d 2 DGCR14 31.2944 29.1585
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A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
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A005
A005
A005
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A005
A005
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A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
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DDX3Y
HNRNPM
DDX3Y
SF3B14
SFPQ
QPCT
TET1
RBM3
LOC644811
SFRS1
BUD31
ANXA2
EXOSC4
C1QBP
FUSIP1
RBM9
SLU7
YWHAG
SMN1
DIDO1
DDX3Y
BRUNOL5S
SMU1
IQGAP1
PSPC1
SFRS2IP
MAGOH
PCBP2
KLHDC8A
MBNL3
SF1
ZMAT5
PRPF4B
EIF2S2
CDC5L
PNN
INTS3
HNRNPD
SNW1
PABPN1
DDX3Y
TIALL
HNRNPUL1
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27.63896
28.26714
28.5175
26.91999
25.94113
26.01691
26.46545
25.15451
25.7098
26.11985
31.84402
25.61827
28.43774
28.16425
30.05112
28.41588
26.68453
23.93434
26.70616
24.70789
24.67889
27.63339
27.97717
29.58069
33.55938
28.11002
26.87944

Undetermined

27.57207
39.87429
26.12405
14.80479
35.47028
26.06079
30.30249
28.64095
33.98364
26.98973
27.4997
26.54995
26.58153
25.77188
26.50644

249974
25.98391
26.01919
25.10143
23.92716

23.3048
23.53002
22.88335
23.52461
23.58538
28.21917
24.43778
25.77068
25.19528
27.47849
25.90908
23.69579
23.76957
24.10166
23.22605

23.7459

23.356
26.13098
26.74674

29.2086
25.85029
24.81955
34.77204
23.06524
36.48964
22.82272
26.05278
34.72534

23.1912
26.88597
27.36628

29.0442
25.05911
2499111
23.53719
23.01072

23.1801
23.46551



A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A005
A0O6
A006
A0O6
A006
A006
A006
A006
A006
A006
A006
A006
A006
A006
A006
A0O6
A006
A0O6
A006
A0O6
A006
A0O6
A006
A0O6
A006
A0O6
A006
A0O6
A006
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HNRNPA2B1
SFPQ
DDX3X
PPAN
PRPF40A
PRPF18
C8orf58
PPIL3
HNRNPH3
LOC387703
RBM42
TOPORS
SF3B3
RBM39
CCDC55
SF1
CPSF6
KHSRP
PRPF38B
MYEF2
THOC1
POLDIP3
CDC40
CRNKL1
DDX46
DDX21
CD2BP2
POLR2B
WBP11
PRPF3
SFRS2B
KPNA2
RBMS8A
PLRG1
EWSR1
GPATCH1
IGF2BP1
DEK
FIP1L1
PPP1R8
C2o0rf49
RBM39
LSM10
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24.07251
Undetermined
36.25532
31.26419
25.90599
24.81563
25.50086
28.61257
28.78149
37.34926
27.3314
29.72134
18.75428
Undetermined
28.28981
25.13698
24.24146
25.36044
28.58965
24.24366
15.95237
25.18519
24.48591
24.14853
23.42516
23.14947
27.20342
28.58473
24.79965
25.1603
24.98385
24.25875
25.55225
26.15874
24.1718
25.25572
25.05322
25.01372
24.18194
26.22134
25.27416
24.97487
24.68318

23.65016
34.60023
35.13352
29.89161
23.17747
22.73124
24.4833
23.26505
25.97241
22.44475
24.36288
26.80457
28.55347
34.71059
25.57824
22.28613
22.02998
21.30936
22.01623
21.48917
23.38122
21.19584
20.47019
22.44112
22.33011
23.7081
25.09518
22.08546
22.03761
22.18851
22.6155
21.85181
21.92578
21.53526
21.43075
22.29723
22.02382
21.72051
21.79048
23.83751
23.18672
24.27781
23.39432



A006
A006
A006
A006
A006
A006
A006
A006
A006
A0O6
A006
A0O6
A006
A0O6
A006
A006
A006
A0O6
A006
A0O6
A006
A0O6
A006
A0O6
A006
A0O6
A006
A0O6
A006
A0O6
A006
A006
A006
A006
A006
A0O6
A006
A006
A006
A006
A006
A006
A006
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CPSF6
SDCCAG10
KHDRBS3
SFRS2IP
KHDRBS1
ELAVL4
SF3A2
RBM25
RBM25
PCBP1
MATR3
LOC644422
LOC644422
SFRS1
SNRNP48
MATR3
FRG1
LSM8
TNPO1
MAGOH
PPP1R8
MAGOHB
ADAR
SNRNP25
SPEN
RBM3
PLRG1
NUMA1
DDX1
SRPK2
FUS
SRPK1
RBM24
PCBP2
BAT1
HNRNPA1
SART3
PRPF4B
SRP19
SNRNP200
SFRS6
ZC3H18
DHX8
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25.12141
26.22644
25.57753
25.48628
25.21498
25.58527
26.45318
27.46602
25.35375
24.41657
26.09484
Undetermined
25.7928
26.23628
24.97167
25.33482
25.58776
25.39694
26.90306
26.95377
25.32609
24.05167
25.36399
25.93733
25.1293
25.11165
25.14501
25.13181
24.21843
25.04711
25.12351
30.32233
25.04963
23.89418
25.3713
24.83242
24.87741
25.05057
24.75835
24.62532
25.07733
24.59242
28.37045

23.66639
23.88181
23.35142
23.4398
23.46477
23.28434
24.42377
25.17617
23.32359
23.08941
22.03351
21.85711
22.97541
23.49489
23.35184
22.62328
23.62235
23.03438
25.43197
26.0534
23.75216
22.26109
22.76427
23.30873
23.07812
22.43123
23.20764
22.61442
21.851
22.44237
23.14626
28.76899
23.60737
22.33058
23.39789
22.67431
22.48642
22.44056
22.13052
22.57129
22.9562
22.71405
28.67438



A006 f 12 WTAP 30.16609 30.34501
A006 g 1 CWC15 25.56751 23.88825
A006 g 2 HNRNPAO 24.87304 24.11719
A006 g 3 DIDO1 26.25446 23.27854
A006 g 4 CRKRS 26.13448 22.8268
A006 g 5 ELAVL1 27.12186 25.8883
A006 g 6 INTS6 25.95167 23.63931
A006 g 7 DHX38 25.43754 23.47245
A006 g 8 DDX17 26.23838 23.94628
A006 g 9 DDX17 25.47309 23.32805
A006 g 10 LGALS3 26.3029 23.47193
A006 g 11 ILF3 26.56815 24.2214
A006 g 12 THOC5 26.56424 24.95922
A006 h 1 U2AF2 30.90693 26.23053
A006 h 2 DDX41 25.59276 24.05478
A006 h 3 FMR1 28.88052 21.4761
A006 h 4 FUSIP1 25.4504 21.77871
A006 h 5 PARP1 26.52301 24.4974
A006 h 6 ZC3H18 24.14696 21.9435
A006 h 7 HNRNPA1 25.3779 22.32927
A006 h 8 RNPC3 26.39064 23.06778
A006 h 9 EIF3A 28.7352 28.23798
A006 h 10 SFRS12 25.44852 24.07439
A006 h 11 C21orfe6 29.84867 29.49717
A006 h 12 PLEKHAS 30.30674 28.99557
A007 a 1 U2AF1 28.2499 26.97169
A007 a 2 CLK4 17.49815 26.08054
A007 a 3 XRN2 24.18205 23.02918
A007 a 4 PABPC1 26.69968 22.723
A007 a 5 BCAS2 21.48967 22.18483
A007 a 6 LOC100131556 15.79599 23.0028
A007 a 7 SRPK3 26.03712 19.40788
A007 a 8 CDC5L 19.31415 23.22536
A007 a 9 HNRNPUL1 25.29348 21.15556
A007 a 10 TOPORS 25.12809 23.62013
A007 a 11 KIAA1429 25.06808 21.99908
A007 a 12 SFRS2IP Undetermined Undetermined
A007 b 1 POLR2B 25.50223 23.53983
A007 b 2 NCBP2 24.91129 22.59386
A007 b 3 SFRS3 25.45943 21.06115
A007 b 4 EIF3A 25.36776 23.27079
A007 b 5 MBNL3 24.89479 22.32827
A007 b 6 PTBP2 24.10948 21.89973

126



A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
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A007
A007
A007
A007
A007
A007
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A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
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CWF19L1
AKAP8
YBX1
PSIP1
ERG
FUBP3
LSM5
WDR33
C21lorf66
IGF2BP1
DHX35
LOC652595
GTF2I
FMR1
STRBP
TCERG1
Cci1QBpP
HMG1L1
SFRS10
CwC22
MBNL2
KHSRP
SNRPD1
CLK4
TPR
SART1
C2orf3
PRPF18
FUBP1
RBM22
MFSD11
LSM6
HNRNPM
RALY
HNRNPUL1
WBP4
DHX38
NCBP1
DIDO1
CIRBP
HNRNPR
TET1
LOC643387
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24.93242
24.41559
25.11628
24.37577
28.03427
23.17328
25.88121
25.17181
25.91348
25.18852
25.118
26.38338
26.55742
25.27719
25.81713
26.54854
26.44854
29.43624
25.2084
24.61968
24.73262
22.30397
30.70968
25.8546
26.43999
15.39467
2492319
34.7888
25.1757
34.74927
26.51797
19.71431
25.45911
25.13026
24.78286
25.1981
25.87907
24.68165
25.07884
26.16128
27.10443
25.40741
22.97994

22.18994
22.27312
22.4184
22.8564
26.9767
21.96883
24.41329
23.26048
22.84374
22.44052
22.78458
22.04209
23.6813
23.37322
23.58884
23.66859
24.66869
29.6297
21.96999
22.85386
22.87969
22.81704
16.02386
22.40748
22.62263
24.01298
22.8779
18.29344
23.19031
17.62263
23.98494
21.01508
23.01008
22.5218
22.53475
23.47561
22.57563
22.58596
22.84436
24,0111
24.97699
23.89085
21.95509



A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
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A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
A007
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A007
A007
A007
A007
A007
A008
A008
A008
A008
A008
A008
A008
A008
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HNRNPR
P2RY11
SF3A1
CRNKL1
PPIL3
HNRNPUL2
QKI
ILF3
DIDO1
DDX21
CLK4
HNRNPK
DHX8
RBM39
IK
PRPF8
PARP1
SNRNP40
HNRNPH3
GRSF1
HCFC1
SMNDC1
SFRS8
BUD13
ZMAT?2
ELAVL2
EIF4A3
ZC3H18
HNRPLL
QKI
CLK1
HNRNPU
MYEF2
FRG1
THOC1
CTNNBL1
THOC1
PPWD1
DIS3
PPM1G
RBM4
CDC40
DDX5
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24.01299
24.06469
Undetermined
24.96059
25.49726
12.92268
31.09827
28.0016
32.93924
29.88168
29.66838
29.10819
26.30727
25.68954
25.7124
27.51256
24.8348
24.91995
25.67081
25.20835
28.81862
29.36294
29.42946
27.81844
32.37755
25.3376
25.96808
24.62254
24.9349
24.25998
25.89972
26.3549
28.96075
30.17011
29.9012
8.54863
25.21127
26.04875
25.76409
24.14334
25.50017
25.53223
25.60453

22.07472
22.17885
18.07294
22.37843
22.37218
26.66748
21.67121
21.38395
21.08311
31.13833
31.14023
22.82908
24.14284
23.01014
22.99575
26.28131
22.80116
22.78238
22.95989
23.81737
27.72992
30.5358
30.93074
22.64762
21.54029
23.43423
23.19778
23.24363
22.79235
22.51066
23.35467
23.94452
26.33439
30.437
30.65382
19.92985
22.22241
21.46425
22.39929
22.6398
23.2019
23.02409
22.46034



A008
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A008
A008
A008
A008
A008
A008
A008
A008
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A008
A008
A008
A008
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A008
A008
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RBM26
CIR
FRG1
TOP1IMT
SRPK2
TRA2A
WDR25
TPR
DDX46
PCBP3
SMU1
HNRNPR
SFRS11
DHX8
HNRNPA1
WBP11
PABPN1
RP9
CWC15
DDX3X
TET1
SFRS2B
GPATCH1
EIF4A3
RNPC3
PPP1R8
FASTK
INTS3
CLK4
TNPO1
SF4
SFRS12
TOP1
HRNBP3
RBMX2
DHX38
WBP4
DHX9
DEK
HNRNPD
SF3B2
RBM24
QPCT
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25.11904
25.12483
25.39874
25.43076
24.13675
23.70409
25.88475
24.0256
25.30719
25.07931
24.42066
24.74451
25.31398
25.00748
20.77243
24.73035
25.7977
24.42859
24.85413
24.7399
28.51814
24.88885
24.96505
25.91928
24.93722
24.91392
25.07987
25.73332
23.93196
25.04641
25.03043
25.42787
24.85846
24.75458
24.86173
25.08428
25.26418
25.56768
25.11194
29.23251
25.31928
24.95566
24.23827

22.75405
22.94165
22.73351
22.81576
21.61292
22.70354
20.93411
22.04343
21.60101
22.07265
22.10745
22.11089
23.10096
22.44483
22.41544
21.82063
21.42051
22.3726
22.36859
21.71196
28.3337
22.41421
22.23241
22.49032
21.86816
22.09596
22.68267
24.20641
22.1406
22.30276
22.90568
22.52112
22.51269
22.28922
22.30629
22.48998
22.43368
22.05187
22.18306
28.60299
22.03381
22.59714
22.46114



A008
A008
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A008
A008
A008
A008
A008
A008
A008
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A008
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A008
A008
A008
A008
A008
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A008
A008
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BUD31
DIDO1
SNW1
DDX26B
DNAJCS8
ZC3H18
SFRS4
RBM17
ARS2
GRSF1
DIS3
SFRS12
SRP68
SFRS2
SFRS10
PPIL1
IGF2BP3
SAFB
HNRNPA1
EIF3M
IGF2BP3
ZFR
TAF15
ZRANB2
DDX3X
NCBP2
BAT1
LOC643387
C2o0rf49
PPIL1
HTATSF1
LUC7L2
PPP1RS8
LOC652607
DIDO1
RBM38
THOC5
ZMAT2
CPSF6
DIS3
HNRNPD
C190rf43
SNRNP35
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24.6494
24.19152
25.03199
24.49516
2492213
25.53603
25.17931
24.99725
24.32804

20.1455
24.58712
25.40016
25.16812
25.42801
25.02134
24.87637
24.97638
24.68927
24.85158
28.70985
24.35356
25.48607
25.05631

25.8488

25.32

28.1553
25.11913
27.62238

26.9955

Undetermined

22.75078
24.09945
29.11259
25.00239
24.62226
29.808
24.50219
24.32609
24.76594
17.0435
7.580393
14.69781
26.57912

22.80178
22.14445
22.29984
22.31518
22.32277
22.28226
22.06739
22.47966
23.05206
22.68583
22.5661
22.53251
21.71575
21.77049
22.08694
22.03418
21.90223
22.02347
22.38911
27.79006
22.34623
21.23655
22.29701
22.56234
21.90251
26.70643
21.91353
22.07407
22.43287
21.77652
22.08893
22.01331
28.06242
21.84619
23.25969
20.94242
22.48988
22.41736
22.3441
24.22079
18.35558
23.58265
21.76945
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LSM2
RNF113A
FUBP1
DDX17
DDX5
SFPQ
SNIP1
GRSF1
DDX39
DIDO1
MYEF2
DDX46
C2orf3
ZCRB1
TET1
HNRNPF
CSDA
DDX41
TDRD3
PARP1
MAGOH
U2AF2
RBM24
HNRNPD
Clorf55
CPSF1
FUSIP1
PCBP2
ILF3
HCFC1
DHX9
IQGAP1
TET1
HNRNPH1
NHP2L1
SMU1
SNRNP48
RALYL
KHDRBS1
LOC100129566
CTNNBL1
SLU7
RALYL
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24.48704
25.05736
29.77778
28.30042
29.4742
30.17656
30.25027
32.4781
27.64433
25.83219
28.30894
25.78477
26.05
16.70015
33.0615
28.95961
25.20547
28.23799
25.09262
25.95817
26.7108
25.26644
25.9909
27.39837
24.82902
24.96424
29.8067
25.5581
26.58697
24.33965
24.58951
25.47559
25.46255
27.21687
25.26401
23.93844
25.14135
17.25207
29.079
25.4182
25.0877
26.12912
23.67529

22.19895
22.21519
29.88306
27.03495
27.48373
28.6972
29.1017
27.23391
25.84251
22.9719
23.97081
24.00374
24.19823
27.82688
27.39323
26.31856
21.94303
26.18921
22.67171
23.77907
22.53722
21.59864
21.47
22.41203
22.45628
21.93217
27.58478
22.85043
22.99258
21.52865
21.48367
21.88315
22.59195
21.44668
22.31753
22.59626
22.71819
23.8056
27.83593
22.63237
2291317
22.657
23.12374
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EIF3A
LOC646517
EIF2S2
CIR
YBX1
FAM71D
CRKRS
TARDBP
NOSIP
SFRS10
LOC100130289
CDC5L
SSB
SRRM1
TRA2A
RBM7
ISY1
CPSF4
SNRPA1
XAB2
SKIV2L2
HNRNPA1
GRSF1
AQR
HNRNPC
C220rf28
C2o0rf49
DEK
C190rf29
HNRPDL
RBMS1
NUMA1
RBMX2
DHX15
WBP4
TRA2A
PTBP2
BUD31
LSMD1
DDX1
DDX41
DDX39
LOC646517
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26.90228
25.98791
25.5368
15.47727
16.12477
24.81533
24.34541
24.2412
25.22838
22.53541
31.037
28.77721
25.06832
25.55207
25.66755
20.09217
25.04776
24.54855
24.25787
26.42689
25.31299
24.25829
24.87849
25.0144
25.23497
26.24582
27.52178
24.19385
5.921665
18.34246
28.60247
24.88783
27.52274
24.4032
17.59277
23.79042
Undetermined
26.16024
24.61614
25.0463
25.19744
24.3576
28.5829

22.20411
22.25179
22.95798
22.65818
23.19413
22.56619
21.54838
25.13632
21.76328
23.48243
19.98569
21.83524
22.72034
22.7369
22.93735
22.19009
22.65925
21.16942
22.76854
19.95808
22.40985
21.50871
22.56534
22.74357
22.53482
22.77048
22.18536
22.78066
20.33035
25.51785
18.5317
23.03421
20.86125
21.94811
23.28064
25.00861
17.21883
22.31408
22.505
22.2924
22.67929
22.66288
29.36394
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SNRNP70

ZRANB2

SFRS17A

EXOSC4
DHX38
Clorf55
SFRS1
SRRM2
DDX26B
HNRPLL
YWHAG
PSIP1
LSM6
CUGBP1
RBM42
DDX1
PLRG1
LSM2
CCNA1
LSM3
SRP68
RBMX2
FUBP3
SART1
RBM9
LSM5

EXOSC10

SMARCAS5

DDX39
SFRS9

SMNDC1

LOC119358

SNRNP70
LOC643167

POLR2A

MYEF2

MSI2

SNRNP27

KHDRBS1
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PRPF18
USP39
TIA1

WBP11

15.2068
28.0618
27.2359
24.42068
25.34784
27.59537
25.90791
14.42866
25.19195
25.59134
19.92731
24.93812
25.59045
26.62349
25.20939
25.4973
Undetermined
25.16925
24.44961
25.40586
25.03252
33.87574
25.88293
26.71854
25.04753
24.86346
25.05152
24.3591
25.00405
25.7945
25.28833
25.07358
25.85364
26.36815
26.01412
28.41482
24.68517
25.77836
25.4607
26.06221
25.70362
25.46253
24.53944

29.10136
25.27267
24.87039
21.79777
23.19494
22.26196
23.4844
24.86232
22.97185
23.08288
23.42884
22.81035
2292131
22.97069
22.75272
22.94424
17.60884
22.60429
22.3112
23.24135
23.13257
20.18153
23.94624
24.9105
22.79647
23.45013
22.58663
22.71409
2291752
23.14666
23.12003
23.0122
22.42549
23.75568
23.12277
23.18699
22.74674
22.85595
22.89047
23.4907
23.267
23.69838
23.37105
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8 SART3
9 RNF113A
10 LOC100130003
11 CLK4
12 PLRG1
1 MSI2
2 SRPK1
3 XRN2
4 RALYL
5 PRPF6
6 TNPO1
7 PQBP1
8 SNRPF
9 SNW1
10 MBNL3
11 SFRS3
12 SART1
1 MAGOHB
2 RBM15
3 HNRNPH3
4 SNRPD3
5 SR140
6 PLEKHAS
7 IK
8 NUDT21
9 CLK1
10 TXNL4A
11 KHDRBS1
12 ELAVL3
1 PRPF38B
2 RBM7
3 TNPO1
4 PABPC1
5 PARP1
6 SCAF1
7 SYF2
8 DIDO1
9 PCBP3
10 CD2BP2
11 CCDC94
12 FASTK
CIRBP
2 CTNNBL1
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26.19682
25.27009
25.68259
26.42301
24.17245
26.38945
25.69619
24.76974
25.25216
25.45722
26.48284
25.07765
24.94089
25.35232
24.96631
25.64706
25.35379
28.31078
29.55493
26.78937
29.21674
24.75872
32.37926
27.07256
16.67427
25.33241
5.315302
24.89523
24.28219
25.30408
24.32731
25.34554
249378
26.24653
24.89883
25.08253
24.89616
24.54281
25.14011
24.46491
24.0903
25.48264
25.3064

23.74569
23.19853
24.06512
24.08249
22.84398
22.7418
23.09479
22.49431
22,6118
22.74996
23.31966
23.30624
23.02577
22.75705
23.46769
23.28074
23.06567
23.25676
22.12232
21.53495
23.11344
22.15082
20.55217
22.71783
23.12381
22.21422
20.12587
22.93525
21.78937
22.25611
23.49413
2212211
22.56894
24.75591
22.83805
22.81962
22.82759
22.70766
21.96639
22.665
23.34466
22.94238
23.4366



A010 g 3 SYF2 26.26022 22.11099
A010 g 4 CDC5L 25.74487 22.95864
A010 g 5 CPSF6 26.20831 24.76609
A010 g 6 U2AF1 23.56986 20.43711
A010 g 7 BCAS2 25.86667 23.51649
A010 g 8 PRPF18 25.30046 22.07884
A010 g 9 SFRS17A 22.22066 23.04419
A010 g 10 SNRNP25 24.61527 22.64286
A010 g 11 DDX1 24.5409 23.02679
A010 g 12 PRPF8 20.86735 23.9253
A010 h 1 HNRNPH3 25.58917 21.69535
A010 h 2 TOP1 27.84736 22.49434
A010 h 3 DIDO1 28.05222 22.80996
A010 h 4 SF3B14 28.86946 24.41303
A010 h 5 CHERP 24.26602 23.31738
A010 h 6 USP39 26.23352 22.13865
A010 h 7 YWHAQ 24.68611 21.93859
A010 h 8 DDX3X 24.18202 2291661
A010 h 9 DDX21 25.15942 22.57136
A010 h 10 LSM5 23.04749 23.47615
A010 h 11 INTS6 28.74413 29.15736
A010 h 12 TAF15 23.96302 22.4186
A011 a 1 ILF3 Undetermined 36.71981
A011 a 2 HRNBP3 27.71483 24.82566
A011 a 3 BUD13 36.84974 38.41605
A011 a 4 SKIV2L2 36.49773 37.42645
A011 a 5 PSPC1 27.8015 23.88776
A011 a 6 SFRS8 25.77029 24.94007
A011 a 7 LOC644035 24.89592 23.96336
A011 a 8 TOP1 23.65186 24.70923
A011 a 9 SR140 Undetermined 30.9998
A011 a 10 SF3A2 27.46344 24.56755
A011 a 11 SNIP1 27.15165 25.31274
A011 a 12 CLK3 Undetermined Undetermined
A011 b 1 DDX23 27.14214 25.80197
A011 b 2 SF3B4 27.59355 24.85196
A011 b 3 DHX16 27.20208 24.9955
A011 b 4 Cl4orfl66 27.16641 25.22541
A011 b 5 PRPF4B 28.01565 25.46081
A011 b 6 SNRPA 27.15791 24.48146
A011 b 7 SNRNP48 26.54261 24.46479
A011 b 8 LSM2 27.50558 25.50481
A011 b 9 RALYL 27.2812 26.15075

135



A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011
A011

O T T

(g}

(@]

—h —H —H -+~ ® M M® ® ® ® M M d® M® M® M QO O QO O O O QO QO QO o QO Qo o

SLU7
RBM24
BAT1
SF4
RUVBL2
KHSRP
PARP1
DHX8
LOC729200
PARP1
HRNBP3
PRCC
DIDO1
SFRS6
SMNDC1
RBM38
SNRNP35
LOC100129492
FMR1
RBM7
IGF2BP1
KHSRP
PPP1RS8
CROP
EIF4A3
Clorf55
PRPF6
DDX3Y
PCBP2
TCERG1
PNN
ISY1
CPSF2
DDX1
HIST2H2AA3
LSM5
MYEF2
SF4
NOVA2
SLU7
ZRANB2
FUSIP1
CLK1
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28.54947
28.27283
30.36807
30.10894
28.0378
26.76758
26.93288
32.32554
26.74296
27.40115
Undetermined
27.66585
Undetermined
27.57143
31.00392
26.64603
26.63706
26.62839
26.92346
26.72361
27.32638
26.11764
27.20516
27.39262
31.56738
27.59887
27.78357
31.69209
28.24423
27.16022
27.2729
27.23748
27.2166
27.13085
26.7865
27.33315
27.98963
27.66865
27.19445
28.38013
28.22075
27.81158
27.3285

26.31297
26.02986
28.17977
28.39226
26.51243
25.19012
24.82576
30.79979
24.88619
24.77351
26.3396
24.59331
25.39276
26.15364
29.4338
25.6455
24.82653
25.44232
25.28674
24.22934
25.23624
24.57475
25.61451
25.778
28.56604
26.24221
26.16494
31.19789
25.72211
25.41704
24.46592
25.17172
25.34107
25.4664
25.56128
26.56706
26.39908
25.63974
25.38152
23.66301
26.11758
25.11336
25.18896



A011
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A011
A011
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A011
A011
A011
A011
A011
A011
A011
A011
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LOC653155
POLDIP3
NOSIP
SCAF1
HTATSF1
SMARCAS
SNW1
CSDA
SNRNP35
XRN2
SFRS7
DDX41
RBM22
MSI2
ZFR
C2orf49
HNRNPU
SDCCAG10
Cl6orf80
RBM25
INTS3
DDX23
MYEF2
SART1
APC
DDX17
SRPK2
POLR2A
THOC7
LOC100127915
GPATCH1
PCBP3
PRPF6
SCNM1
CIR
SART3
THOC2
INTS1
NUMA1
FUSIP1
HNRNPC
LOC119358
CRNKL1
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27.27908
28.15188
27.8071
27.19356
27.43104
28.04072
28.15429
29.06616
27.39215
31.0187
27.00278
27.32329
27.25789
28.93843
27.70524
27.43726
26.77453
27.63564
27.85354
29.47155
26.79442
26.96916
27.38604
26.69909
26.41896
26.25686
27.29748
26.02206
27.9661
28.09728
27.95927
27.26188
28.37471
27.54452
Undetermined
36.04276
28.61922
Undetermined
26.77552
Undetermined
Undetermined
36.36383
27.3696

25.90361
25.42705
25.77295
25.01032
24.88
25.94579
26.04143
26.76722
25.61788
29.0627
25.31548
25.15049
25.97124
27.42297
25.18042
25.21156
25.06975
25.3387
26.30089
26.92268
2493391
25.08309
24.87618
25.61207
2411931
24.48136
25.41792
24.12867
25.52612
26.52799
25.91787
25.35374
26.96349
25.81904
35.65075
35.93795
27.38665
Undetermined
25.34651
36.65979
37.2945
36.59481
25.91257
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IQGAP1
SYF2
PQBP1
BRUNOL4
ADAR
SNRPD3
HNRNPK
MOV10
PIAS4
HNRNPH3
ACIN1
SNRNP27
ADAR
SFRS1
HCFC1
DHX8
HNRNPH1
SRP19
KIN
PPP1R8
PPIL1
SRPK3
DDX41
YWHAG
TCERG1
MsSI1
Cl6orf80
TARDBP
CIR
YBX1
ZFR
LGALS3
BRUNOL5S
MOV10
RBM22
SRPK3
SF3A3
DEK
U2AF1
Cl60rf80
FAU
SR140
RBBP7
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34.89204
26.98386
28.9438
28.30166
26.97166
27.92675
28.02788
27.73212
28.25008
28.30509
27.55646
28.58897
33.20217
27.74632
28.12345
28.62693
27.65075
27.81276
34.3378
27.21095
27.75244
29.11245
28.01797
28.31174
Undetermined
27.88043
37.21215
38.92744
27.87924
28.04258
28.42363
27.90361
28.31858
28.47701
27.83434
28.12207
26.41962
30.92717
28.57628
29.90094
28.99101
27.811
28.08118

34.50707
26.2189
26.69824
26.30593
25.29218
27.28732
2497357
26.07857
27.07958
25.87487
26.55617
26.63756
30.34668
26.00524
27.24988
26.7406
26.16025
26.46366
32.84427
26.16841
25.85934
27.50655
25.16277
26.74777
35.54082
27.23335
33.04039
34.72105
26.39817
26.61241
26.74483
25.46862
26.94112
27.07006
26.62937
26.59218
25.22877
27.65888
27.59779
29.09157
27.42003
26.24554
26.51211



A012 e 7 LSM2 27.47787 26.85688
A012 e SMN1 29.40586 27.22646
A012 e PRPF4B 29.10119 27.92669
A012 e 10 INTS6 28.6532 26.4063
A012 e 11 ARS2 28.80634 27.65855
A012 e 12 DGCR14 33.75898 32.90967
A012 f 1 KIN 30.47191 28.00015
A012 f 2 ZNF207 29.57645 27.28663
A012 f 3 PHF5A 29.01911 26.95272
A012 f 4 BUD13 28.01415 25.02005
A012 f 5 LOC100130289 28.68434 26.59006
A012 f 6 RBMXL2 29.94909 27.94929
A012 f 7 DHX38 29.34243 27.897
A012 f 8 ZRSR2 30.06498 28.86912
A012 f 9 BAT1 28.91971 27.1552
A012 f 10 LOC100130190 28.24808 27.31278
A012 f 11 LOC100127915 28.14935 26.79895
A012 f 12 SDCCAG10 28.09305 26.42062
A012 g 1 PUF60 30.33355 27.161
A012 g 2 SNRPD3 27.58248 27.42152
A012 g 3 RALYL 28.64604 26.23743
A012 g 4 INTS6 28.90839 26.77748
A012 g 5 PRPF8 29.73439 28.58687
A012 g 6 SPEN Undetermined 34.88197
A012 g 7 PPIL2 29.83998 27.42967
A012 g 8 SDCCAG10 31.03696 29.75635
A012 g 9 CCNK 29.8314 28.48814
A012 g 10 SNRNP40 27.0185 26.23171
A012 g 11 ROD1 28.71385 26.52256
A012 g 12 PSIP1 28.32271 26.70275
A012 h 1 CD2BP2 34.93744 33.88138
A012 h 2 EXOSC8 37.44827 34.75945
A012 h 3 XRN2 28.73296 28.03651
A012 h 4 EIF4G3 30.26227 29.40676
A012 h 5 MYEF2 36.61959 33.184
A012 h 6 TNPO1 29.65156 27.81294
A012 h 7 RBM4 30.37702 29.01338
A012 h 8 HNRNPH2 Undetermined Undetermined
A012 h 9 DHX38 28.84518 27.11157
A012 h 10 RBMX2 30.51159 28.05279
A012 h 11 SF3B3 28.68858 26.63636
A012 h 12 PPP1R8 32.30713 32.47207
A013 a 1 TOP1 28.32295 25.76462
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XAB2
LOC402026
THOC7?
BRUNOL5S
PCBP3
AKAP8
SKIV2L2
HNRNPA2B1
WBP11
HRNBP3
SDCCAG10
LOC644035
LOC644422
ZFR
CTNNBL1
SNRPB
LOC728554
U2AF1
SAFB
TNPO1
MOV10
XRN2
LSM5
INTS3
HMG1L10
CLK4
RBM17
BRUNOL4
TNPO1
SMARCAS5
WDR25
LOC100130178
SCAF1
CWF19L1
SNIP1
TDRD3
FUBP3
SFRS17A
HNRNPCL1
HNRNPL
SFRS2B
NCL
CPSF1
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5.925935
30.39806
28.61888
30.98324
29.47062
28.4678
28.33191
28.47539
Undetermined
27.07101
26.21891
29.16364
26.31482
25.31068
27.21833
26.21972
27.22989
29.77087
27.06503
26.67281
26.66312
27.70536
27.12914
28.15138
25.75991
26.60307
27.08148
26.89545
26.57841
27.55989
27.94976
27.1448
27.42082
26.75133
26.74501
29.09241
11.47175
26.31873
26.92916
26.93633
27.11009
25.63255
22.00947

23.54121
23.63744
25.62417
23.64958
23.08117
27.14837
25.00618
25.2577
27.06045
25.34042
24.6898
24.78799
25.27416
25.27984
25.01073
24.60946
24.32657
23.80223
25.15547
24.44531
25.26999
25.66866
22.20849
24.65128
25.6134
24.54239
2492611
24.90959
24.49177
24.80489
25.5541
25.18082
25.35209
25.00183
25.56413
27.8471
24.51665
24.80449
2495354
25.11322
24.68508
24.685
25.13339
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CPSF3
TFIP11
RBM15

PPIE
DIS3
LUC7L2

EWSR1

PARP1
C21lorf66

DHX15

FUBP1
Cl4orfl66
CWF19L1
SFRS5
SMN1
C21orf66
SNRNP70
SF4
GPATCH1

CHERP
TNPO1

DDX5
DDX39
DGCR14

SFPQ

LSM4

PRPF3
MBNL3
TXNL4A

SNRNP35
LOC643167

STRBP
EIF2S2
ELAVLA

ADAR
Clorf55

DHX8
ARS2
RUVBL2
RBM4
RP9
CUGBP2
RBM3
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26.50629
27.66437
24.93888
27.11208
28.50419
27.20683
27.97678
26.4891
27.05147
27.16561
26.9416
26.88645
27.35771
26.99342
26.43074
28.04021
31.51377
26.90846
27.87387
25.89304
26.38776
27.10208
28.04015
28.91584
26.38878
27.14591
27.34533
27.39768
27.85986
28.10807
27.61376
27.15232
28.98405
27.94378
27.35632
27.84714
28.31832
27.47719
24.24805
26.95908
27.57947
28.77433
27.33992

24.55672
25.30512
24.78721
24.48222
24.82676
25.91257
24.40632
25.01745
24.6978
24.73221
25.19914
25.02679
26.01435
25.58055
25.70139
25.66596
26.33001
24.67495
25.10218
23.97481
24.17207
2493375
25.80446
26.34402
24.72688
25.47417
2499578
25.20613
24.96262
25.05933
24.95488
25.21429
25.76094
25.56444
25.05356
25.51722
26.60496
24.86997
25.407
25.05691
24.80381
26.46373
24.66158
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4 HNRNPL
5 CWC15
6 MAGOH
7 EXOSC9
8 THOC2
9 HMGB1
10 EXOSC8
11 RNPC3
12 SF3B14
1 PSPC1
2 CCDC12
3 DHX38
4 INTS3
5 TET1
6 PCBP2
7 SRPK1
8 MATR3
9 ELAVL2
10 HTATSF1
11 SRRM2
12 XRN2
1 PRCC
2 RALYL
3 DNAJC17
4 PRPF38A
5 SMN1
6 PCBP1
7 CHERP
8 SCAF1
9 SYNCRIP
10 DDX26B
11 SMN2
12 QPCT
1 YWHAG
2 NOVA2
3 SF3B5
4 SNRNP48
5 KIN

6 HNRNPUL1
7 PUF60
8 LOC728554
9 CRKRS
10 HNRNPUL2
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27.36414
26.26165
26.66055
26.7606
26.65937
29.0619
Undetermined
32.76043
11.78658
25.7873
26.71815
27.35564
28.70434
27.75564
28.79127
27.58645
29.41758
25.5015
26.8893
34.76942
26.02799
27.70578
27.6752
27.66756
27.34936
27.20362
Undetermined
26.68609
30.0842
27.44606
26.68294
28.24826
30.67242
30.51557
26.55396
25.65275
27.00027
27.48986
27.33971
26.16447
Undetermined
30.20164
26.47707

23.69751
24.05584
22.54508
24.88571
24.29038
27.78654
Undetermined
22.92414
Undetermined
26.05936
24.32978
25.1372
25.87874
24.39996
26.78363
25.09741
27.55918
24.75952
24.75568
28.77182
24.31945
26.10213
24.96895
25.54318
24.31336
24.43165
24.79705
24.59469
27.58586
25.19591
25.30585
26.06317
29.08417
26.03884
23.43905
23.99171
24.5013
24.44377
24.36669
24.75275
33.42291
28.77991
24.865
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CLK1
CWC15
RBM17

SNRNP200
HNRPDL
KHDRBS1
PQBP1
XRCC6
DDX23
CSDA
SFRS3
HNRNPK
MSI2
PPIL2
TMEM149
LOC728554
SNRPB2
RP9
ILF3
SMNDC1

LSM6

EIFAG3
LOC729200
LSMD1
PRPF19
PPM1G
XRCC6
SF3B1
NUDT21
LOC644422
SART1
TRA2A
LOC728554
LSM4
FUS
TPR
BRUNOL6
C2orf3
WBP4
DDX17
SART3
FAM120A
DDX41
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31.52099
32.37815
27.30664
28.21975
28.14232
28.42739
26.47313
34.18406
26.93323
34.15573
27.58419
30.62681
29.9825
31.10155
27.49313
27.71663
27.81765
27.96582
30.58464
25.88261
26.41848

Undetermined

26.54289
29.47487
28.55213
35.29624
27.10656
27.43861
28.12885
27.58606
28.80674
30.29239
27.12944
29.04105
26.96562
28.99131
27.95161
29.48412
27.17634
27.20299
28.94216
29.06471
30.20375

29.61325
29.72197
24.82074
26.42263
26.42013
26.39764
23.95301
31.33286
25.17986
33.11552
24.82052
27.6933
28.13781
26.88052
24.92094
25.31468
25.67448
26.30172
29.16616
24.10907
23.40081
36.18094
24.82855
27.42147
26.79749
32.84765
25.11534
25.48858
26.63166
25.95526
27.02666
28.81578
24.27441
27.29001
27.52958
26.66673
26.17094
28.23474
24.70024
24.87722
26.82408
27.72081
28.45101
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ZFR
EIF3M
EXOSC10
ROD1
CCNA1
PARP1
FUBP3
PPM1G
NCBP1
MBNL3
Cl4orfl66
ZMAT2
RP9
SYNCRIP
C1QBP
HMGB3
PABPN1
DDX21
BAT1
ZCCHC8
PRPF40B
SFRS17A
EIF3A
INTS6
PQBP1
SNRNP70
RALYL
SFRS10
CD2BP2
CPSF3
HNRNPH1
DGCR14
PTBP2
KIAA1429
KHDRBS1
HTATSF1
ZRSR2
CD2BP2
DDX23
KLHDC8A
NOSIP
GRSF1
PPIH
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28.69324
28.67924
28.30006
27.5857
27.64796
27.861
28.73467
31.82195
28.42857
29.49415
30.57977
29.38459
28.3759
28.42734
29.76342
28.25204
28.13676
32.356
33.02773
25.75611
25.94045
26.14093
26.74121
25.73295
25.93059
26.83967
26.88717
26.71411
25.95536
25.742
26.01256
26.54401
25.73608
26.63748
26.85712
26.59082
26.95952
26.56949
27.68219
26.44399
26.06486
26.05555
25.12767

26.51975
26.1707
26.21527
25.03365
24.75664
24.96842
26.89791
30.1329
26.54113
26.94022
28.35576
27.32488
25.06591
25.93737
28.18179
26.02399
26.79377
29.93475
30.40233
23.99465
24.39818
24.30178
25.01042
24.39668
24.47713
24.78556
25.02241
25.114
24.62531
23.66535
25.5305
23.92177
24.98615
24.71993
24.88884
25.11181
25.05974
25.37266
25.94896
25.0487
24.94789
24.79882
24.44939
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HNRNPH2
EFTUD2
CIRBP
U2AF1L4
CPSF2
DEK
CWC22
RBM39
LSMD1
HNRNPA1
HNRNPU
SRPK2
SNRPA
MAGOHB
PPM1G
SYF2

LOC100128469

SNRPD2
SRPK1
BCAS2
SF3A1

ILF2
INTS3
SMNDC1
PSPC1
SF3A1
FRG1
CTNNBL1
SFRS16
LSM6
CDC40
PPM1G
PRPF4B
SKIV2L2
CCDC55
SNRNP35
QK
TPR
HNRNPA3
NXF1
TRA2A

Cl4orf166
PCBP4
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26.10496
26.24781
26.57803
27.25789
26.85895
27.90836
26.44521
26.88447
25.9025
26.04505
27.87097
26.63716
25.88832
26.8288
26.37808
27.59487
28.19297
26.37513
25.68397
26.43401
26.45701
28.7212
26.70417
27.91727
25.5867
26.2523
26.93407
27.05203
27.52731
25.31567
26.73376
26.06054
26.93678
26.7758
26.87003
26.59274
27.03799
28.03826
26.88277
27.37459
28.89237
26.5777
26.79731

25.22555
25.68141
24.89119
2490433
24.85634
26.80789
24.49623
25.92526
25.05819
24.48028
26.67968
24.82014
25.41292
24.96326
25.14393
26.05851
26.46944
25.09606
24.11558
24.40515
24.8865
25.08213
25.05796
26.0617
25.02213
25.11442
25.42391
25.98335
25.09921
24.25707
25.34868
24.9847
25.61575
25.90588
25.34503
2493333
26.42751
26.60318
24.53303
25.97767
26.93461
25.63157
25.67543
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AO16
A016

o o 9 9 09 v v OO OV OV OO OO OO O I S I S I O T O T TS 0@ 0m 0 g 0 0@ 0@ 0@ 0@ 0@ 0@ 0@ —h —h —h —h —h

O 00 N O U1 » W N BB

S e
N B O

RBM24
ELAVL2
RUVBL2
CXCL12
ZMATS
HNRNPH3
SNRPD2
HNRNPA1
DDX5
DDX26B
LOC100130102
SNRNP25
POLR2B
MBNL2
PLRG1
PPWD1
LOC644035
PRPF19
LOC643446
LOC652607
PPIH
FASTK
GRSF1
HNRNPL
PSPC1
HNRNPCL1
CPSF6
QKI
LOC652147
EIF4A3
SF3B3
HIST2H2AA3
PSEN1
PSEN1
TIA1
LOC652607
ZMATS
INTS1
LOC100133872
LSM4
SR140
LSM10
DDX26B
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27.38417
26.88796
27.50662
27.39235
26.74174
26.70179
26.47517
26.05982
30.22666
27.07459
27.4423
27.6821
26.54562
27.13136
27.7175
28.46894
27.0127
25.97851
26.9629
26.36742
26.22934
26.51249
26.93922
26.442
26.83035
27.75119
29.03041
26.48494
27.4686
27.39781
27.40063
27.84205
26.47256
28.34193
27.49144
27.31847
33.74739
34.26859
28.20622
33.61728
33.6694
27.2901
25.86944

25.73175
25.14495
26.32329
25.07298
25.1206
24.49736
26.01617
24.88729
27.97112
25.5051
26.23118
25.68437
24.96437
25.72772
26.07465
26.95023
25.55772
24.58435
24.81274
24.68517
24.97739
25.04136
25.67496
25.04486
25.00918
26.85464
27.25024
24.61688
26.5037
25.30753
26.14284
25.69802
2490014
26.98404
25.77231
26.4557
32.00056
32.32736
26.91995
32.13657
33.2454
25.45685
24.82833
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PUF60
THOC2
KPNA2
SFRS14
DIDO1
WTAP
AQR
NXF1
LOC644035
RBM5
SF1
ZRANB2
PCBP3
KLHDCSA
RBM5
SNRNP27
ZMATS
LOC643446
ZMAT2
TRA2A
LSM7
KIAA1429
DHX8
SMC1A
HNRNPM
FMR1
PPIL2
KLHDCSA
PQBP1
PHRF1
PCBP2
TAF15
SNRNP40
ZMATS
C190rf43
Cl60rf80
CHERP
PCBP4
CPSF3
WDR33
RP9
PRPF3
RBM38
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27.55187
26.70767
27.51642
28.97329
26.72883
27.02726
27.14205
26.62489
27.25322
31.04226
25.90782
28.16519
27.75149
28.64739
27.33243
26.10391
26.6556
28.04293
27.8559
27.63265
27.11498
Undetermined
26.69786
27.39727
26.53667
26.00056
27.46905
25.83478
26.76705
27.11714
29.0006
27.83657
27.93676
28.6675
26.2305
27.19266
26.18719
27.01582
26.28218
Undetermined
27.52902
27.5988
30.06208

25.74467
25.5614
26.31869
27.16478
25.5049
26.02507
25.47094
25.5367
25.94093
28.48287
24.93958
25.60094
2591141
27.60126
25.43704
25.10002
25.13345
26.84832
25.96024
26.3585
25.53538
25.16924
25.59941
25.80487
24.93809
25.21121
25.42183
24.77932
25.62776
26.19116
27.68607
26.55325
25.65756
25.57526
25.55693
25.62497
25.12421
24.89246
25.38658
25.46741
26.59474
25.87415
27.21822
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KIAA1429
SFRS8
HNRNPCL1
CDC5L
RBM22
KHDRBS3
ELAVL2
DGCR14
DDX39
SFPQ
PRPF19
POLR2B
ELAVL1
SRP68
PPIL3
FUBP3
MBNL3
PRPF31
ILF2
TOPORS
MBNL3
SFRS7
KPNA2
BUD31
NOVA1
NOSIP
BCAS2
SF3A2
PSIP1
RBM24
TOPORS
PPIE
FAM120A
SFRS9
SFRS8
DDX41
RBBP7
LOC100131556
CWF19L1
PNN
ZNF207
DDX3X
TRA2A
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Undetermined
28.64486
Undetermined
27.38394
25.89691
24.77514
2491558
27.42834
21.55399
Undetermined
27.67965
27.84509
Undetermined
25.72597
23.61703
26.02647
26.46326
26.05072
27.09205
26.87492
27.36719
28.55585
Undetermined
28.67773
29.2548
28.14175
27.30363
32.19643
26.71307
31.6019
25.22802
28.96802
26.94356
26.78943
27.47549
18.77459
27.08337
27.69746
32.34907
26.83098
27.80558
26.9805
27.1315

27.24943
25.85015
26.21191
24.83745
24.79376
25.29193
25.42417
25.48934
25.45934
26.43827
26.11702
26.70123
27.43224
26.45589
26.25849
23.99794
24.79705
25.12103
25.72562
25.7874
25.92238
26.11943
26.71383
27.31629
27.45045
26.64198
25.44732
30.44611
24.03046
30.66328
25.87254
28.12363
25.30672
25.00831
25.56561
Undetermined
26.25386
25.96821
32.73703
24.27477
24.66964
24.46682
24.17537
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5 CRNKL1
6 CPSF6
7 BCAS2
8 LSM3
9 THOC7
10 PABPN1
11 THOC2
12 NXF1
1 SFPQ
2 C2orf3
3 SNRPD3
4 TRA2A
5 PRPF18
6 ZMATS
7 SFRS16
8 HTATSF1
9 PRPF31
10 SFPQ
11 PPIH
12 HNRNPUL1
1 SRPK3
2 HCFC1
3 DDX3Y
4 CCNK
5 SFRS10
6 WDR25
7 PRPF6
8 HNRNPC
9 HNRPDL
10 RBM22
11 PRPF38B
12 LUC7L2
SMU1
NCBP2
RBM42
HNRNPF
ERG
RUVBL2
ZFR
INTS1
USP39
MsI1
11 LOC652595
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26.50232
28.41655
27.9798
Undetermined
29.40014
26.33825
26.9346
27.0124
26.98676
27.37178
26.73063
26.61622
26.36172
25.76385
27.83801
27.35928
25.31788
26.66548
26.54671
27.30696
25.99751
26.63984
28.14277
26.48129
26.80568
26.30321
26.19207
26.17227
26.02691
25.0446
26.13554
27.26268
27.1279
26.7209
26.45556
26.87437
27.53966
25.93462
26.294
25.81344
26.29959
27.93234
26.87893

24.05527
2494921
24.55082
38.27818
26.0753
24.31111
24.04942
23.57749
24.61965
25.32418
24.17634
24.2282
23.82643
23.96108
24.70752
2492162
24.09647
24.14029
23.8059
23.05633
24.29077
24.97547
24.14358
24.57377
23.83718
23.4091
24.17544
23.52098
23.25233
23.48593
24.18508
24.53814
25.11321
2461924
24.13969
24.26567
21.73596
23.17619
23.82105
23.57155
23.93453
24.92863
2462114
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CTNNBL1
ZCRB1
LSM8
C220rf28
RBM10
LOC728448
DNAJCS8
CCDC12
NUMA1
U2AF1
PIAS4
HNRNPU
C21orf110
SDCCAG10
RALYL
EXOSC8
PHF5A
CPSF6
USP39
LOC100128402
CUGBP1
TNRC4
FIP1L1
CLK3
ZFR
TARDBP
STRBP
CRKRS
RBM9
LUC7L
ZMAT2
TRA2A
SNRNP40
SNRNP70
C2orf3
HMGAL
AKAP8
MOV10
THOC6
LSM8
CWC15
FAU
SNRPD2
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27.35237
26.17202
26.87822
26.52041
24.96723
26.21275
27.62137
26.70049
26.8485
25.71593
28.4114
25.01477
29.82575
26.42847
26.99434
26.49664
25.76274
26.43509
28.01957
26.82159
26.92408
27.5666
25.17764
26.80011
27.27652
26.9899
26.42626
26.86803
26.91754
26.58105
26.77928
26.47357
27.75839
27.1653
30.50767
26.75505
26.53005
27.67668
26.55652
26.4113
26.46569
26.59104
27.65315

25.08323
23.51378
24.43397
23.9278
23.45387
23.66423
25.10169
23.74179
24.23021
23.75617
25.95411
24.08713
26.95728
24.03216
25.03205
25.0528
23.54454
2492151
25.41309
23.94438
25.23265
24.73627
23.11225
24.754
24.71258
24.21507
24.15678
24.81297
23.58054
23.6132
24.20404
23.57324
2497162
25.55854
29.48938
24.95639
24.27105
23.91883
24.08022
24.74807
23.74918
24.17633
25.88912
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ZNF207
DIS3
DDX5
HNRNPM
KHDRBS3
SF3B2
RBMXL2
TFIP11
BRUNOL5S
PLRG1
RBM5
C21orf66
BUD13
HNRNPR
ARS2
SF3B2
DHX38
SFRS11
DIDO1
PCBP2
RBM25
CPSF6
KIN
SF3B5
DHX9
TIAL
HNRNPUL2
;]
THOC6
LOC643446
ADAR
LOC100129329
RBMX
SNRNP35
BCAS2
HNRNPR
RBM26
EIF2S2
SF3A2
SFRS11
ILF2
SYF2
ACIN1
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28.34339
30.25712
28.58404
32.28655
27.54127
32.42495
26.22281
26.37219
27.22846
26.45684
26.54553
26.54879
27.07653
29.78794
27.60499
14.85425
26.77251
25.8682
26.54588
25.22306
26.59424
26.16939
26.65672
27.1985
26.0011
26.4726
26.3953
25.72999
28.38963
26.2688
26.48772
26.13672
27.19898
27.24089
26.03671
25.74369
30.06847
26.20318
27.78605
27.70145
26.17606
26.24608
25.93115

24.78832
28.55882
27.50058
30.85842
24.73885
30.58517
23.62358
24.43802
25.11758
23.94435
23.58838
23.64693
24.14375
28.13919
25.00478
28.09745
24.66034
24.31441
23.85189
23.81958
23.97614
23.07106
23.79906
24.02245
23.86198
23.94324
24.19845
23.85565
25.36661
23.99454
24.21053
24.33289
25.12252
23.90255
23.50769
24.09741
27.3031
24.30209
25.59603
25.24367
24.24093
24.69141
23.93969
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A018
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DDX1
PRPF40A
SRPK1
STRBP
FRG1
DDX17
DDX46
AQR
KHDRBS1
EIF3M
RBMS8A
GTF2I
XAB2
PRPF38A
RNPC3
PSIP1
LSM5
DDX1
PCBP4
ELAVL4
PRPF38B
RBBP7
SF3B3
SLU7
SR140

LOC100131482

QPCT
HNRNPF
C190rf43
SFPQ
SFRS12
GRSF1
NCBP1
SFRS4
NOSIP
PRPF38B
ZCRB1
ELAVLA
DIDO1
C1QBP
CPSF6
SNW1
SNRPF
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27.07437
27.57049
25.97345
26.08567
25.17267
25.98888
26.31712
26.18982
25.99898
26.33206
26.1364
27.0923
26.85764
26.66826
26.03702
25.62088
26.49829
25.58954
26.22746
26.22744
26.38909
25.92592
27.27122
26.747
26.13856
26.6702
27.14366
26.02906
28.12832
27.13655
26.00183
27.92425
26.83598
26.72752
26.33789
26.36669
27.36491
27.01189
26.81143
26.09446
28.86206
26.92981
26.76324

24.95427
24.5795
23.71276
23.58226
24.06135
23.41733
23.61474
24.45797
23.6259
23.73027
23.92545
24.48549
24.65287
24.53346
23.63743
23.25227
24.26208
23.77839
25.05096
24.69298
24.31792
24.15698
24.36208
24.20968
24.4511
23.99767
23.85788
23.49045
2478121
24.72692
24.13784
25.52749
23.88432
24.048
23.48714
23.62608
24.07294
23.98563
24.55326
24.26809
24.93669
24.17682
24.52986



A018 g 9 KPNA2 26.8885 24.12646
A018 g 10 DNAJCS8 26.38055 23.421
A018 g 11 MOV10 26.65601 24.11076
A018 g 12 THOC5 25.58114 23.52192
A018 h 1 EXOSC4 25.19057 23.27085
A018 h 2 ELAVL1 26.13379 23.60098
A018 h 3 WDR25 27.88993 24.79418
A018 h 4 RBM24 26.80038 24.04629
A018 h 5 PABPN1 25.40675 23.94729
A018 h 6 KIN 30.57255 26.99845
A018 h 7 LOC643446 28.77152 26.8308
A018 h 8 LOC100129492 28.41825 25.58622
A018 h 9 FIP1L1 26.9567 24.71785
A018 h 10 DDX21 26.28187 23.7665
A018 h 11 PRPF18 26.40928 23.60601
A018 h 12 SFRS5 31.00851 29.10212
A019 a 1 PHF5A Undetermined Undetermined
A019 a 2 CPSF3 26.92896 24.56853
A019 a 3 LOC652595 28.71623 27.37013
A019 a 4 HNRNPA1 28.05116 35.97388
A019 a 5 LOC92755 28.06726 25.16514
A019 a 6 SFRS8 29.80965 31.65727
A019 a 7 SPEN 26.76935 25.51518
A019 a 8 SRPK3 27.70858 25.43296
A019 a 9 PLRG1 27.74064 26.08665
A019 a 10 PPAN 26.40362 25.52075
A019 a 11 SCAF1 27.59293 25.48538
A019 a 12 MSI2 29.01535 29.00654
A019 b 1 PRPF38A 26.61653 25.04281
A019 b 2 RBMA4 26.78718 25.76959
A019 b 3 DHX15 26.90122 25.50359
A019 b 4 RBBP7 25.44691 23.48276
A019 b 5 HNRNPH2 27.76506 25.53251
A019 b 6 SNIP1 28.23655 25.32904
A019 b 7 PRPF40A 29.48857 26.49602
A019 b 8 SART3 27.98553 25.38514
A019 b 9 SFRS17A 27.66492 26.62468
A019 b 10 SAFB 26.67157 25.55015
A019 b 11 CUGBP1 27.42093 26.42587
A019 b 12 SF3B2 27.17691 25.57086
A019 c ZNF207 24.58756 24.72813
A019 c 2 CLK3 24.28093 24.59727
A019 c 3 RBM5 27.44996 24.12858
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RBM26
LOC100129492
THOC7
SFRS11
PTBP2
TAF6
SAFB
TNPO1
CDC40
SNRPC
TARDBP
AKAP8
U2AF1
LOC100130003
RNPC3
CD2BP2
DDX26B
MAGOHB
CDC40
EIF2S2
CCDC12
HNRNPA2B1
QPCT
KHDRBS1
NUMA1
CLK1
THOC6
LSM6
IQGAP1
C190rf29
DHX9
ARS2
RBM10
PRPF8
LUC7L
KLHDCSA
RBM15
HNRNPA2B1
PQBP1
RBM26
RNF113A
SNRPA1
NUDT21
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27.12283
27.16423
27.98915
28.1627
27.76374
27.23258
25.94695
30.03039
26.28815
28.40781
26.06389
28.06143
27.06075
27.64425
27.65027
27.62758
28.68465
28.22138
27.838
26.43599
27.34474
23.77426
21.97431
26.30741
27.0917
28.0248
25.77133
27.78805
28.27342
28.08864
27.15716
27.82064
29.2649
24.61615
24.74427
26.66439
26.20879
29.05049
26.78012
28.23706
28.42513
28.31192
26.87416

25.36899
24.0752
26.06902
25.74416
26.01576
25.24975
24.59207
25.76208
24.5533
26.62447
24.79863
25.44171
24.55184
25.53819
26.50757
25.73386
26.2484
26.29429
24.87538
23.57431
25.60238
23.54959
23.94294
26.29344
25.6471
26.97196
28.01221
26.5411
26.51773
26.64506
26.00991
26.44599
26.12811
24.54167
23.95954
25.72952
24.69364
25.79823
24.46916
25.16967
25.53429
26.79801
26.48563
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LSM7
PRPF6
RNF113A
ACIN1
SCAF1
HMG1L10
RALY
CRKRS
LOC644035
THOC7?
ROD1
CCDC55
SR140
KLHDC8A
GPATCH1
GPATCH1
LNX1
RBM25
LOC100130109
PPAN
BCAS2
EIF4A3
IGF2BP1
PRPF31
FMR1
PHRF1
RBMS5
RBMXL2
ELAVL2
LUC7L2
SMC1A
DDX41
SNW1
RAVER1
RALY
LOC387703
ZC3H18
HNRNPA1
FIP1L1
SFRS1
TAF6
FAM120A
PPIH
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26.26993
29.84785
25.72214
25.09666
27.20073
27.59708
29.45206
28.20378
29.01379
27.87057
28.94688
25.41733
26.70774
28.3886
23.73434
27.35663
27.48609
27.1681
28.29394
28.90072
29.91483
29.70898
28.48096
33.50185
26.51958
Undetermined
28.00677
29.21442
Undetermined
26.41094
28.32349
Undetermined
33.44561
30.74269
29.41631
29.12695
Undetermined
27.83649
27.72212
33.49703
Undetermined
8.739712

Undetermined

25.77497
Undetermined
24.82254
26.16309
25.57138
25.45602
26.11371
25.53796
25.38293
26.1667
27.03666
25.3629
25.255
38.33048
24.14157
26.00108
26.24991
25.10058
25.52409
30.66758
26.14818
26.8602
25.77685
32.18886
25.26749
Undetermined
27.38124
26.98577
23.43059
25.57767
23.85498
17.5971
26.79911
24.07358
27.41981
25.89513
23.96482
26.70504
24.87895
24.4354
20.67138
19.64768
16.76367
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6 DNAJC17
7 CPSF2
8 FRG1
9 PPIL1
10 PRPF8
11 DDX23
12 CPSF2
1 DHX9
2 CCDC9%4
3 TFIP11
4 HNRPDL
5 C2orf3
6 LSM2
7 ZCRB1
8 CHERP
9 PRPF40B
10 DDX46
11 WTAP
12 INTS3
1 MAGOH
2 SLC43A2
3 U2AF2
4 RBM25
5 HCFC1
6 SMC1A
7 HIST2H2AA3
8 DNAJC6
9 ZCCHC8
10 SRRM2
11 TDRD3
12 RBMS1
POLR2A
U2AF2
DDX3X
SLC43A2
RBM3
DHX38
PUF60
SLC43A2
PPAN
10 IQGAP1
11 SRRM2
12 SMARCA5
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30.05173
28.65824
36.43408
Undetermined
31.25902
27.81464
28.51479
27.7858
Undetermined
Undetermined
31.41884
27.23743
28.46752
31.57651
9.920181
29.29664
29.37457
28.48553
33.28719
Undetermined
Undetermined
Undetermined
Undetermined
27.72647
28.84877
30.72914
29.68915
29.65814
28.9791
28.10801
27.8805
Undetermined
29.80558
Undetermined
Undetermined
Undetermined
32.33711
27.59249
27.31714
28.58422
14.54189
26.57715
26.99068

25.77066
23.68266
24.29683
20.903
24.4708
26.58385
24.16702
24.35606
21.26414
23.59469
24.36091
24.36815
25.66834
25.70742
23.47508
26.52279
25.52596
26.61855
25.07953
21.63705
Undetermined
20.4525
21.47824
24.74065
25.84231
26.80787
26.33471
25.78145
25.3182
26.31752
25.07682
22.77309
24.51511
24.71924
22.83754
16.93203
25.0571
25.64134
26.10465
26.75516
Undetermined
24.97096
24.80863
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IK
PCBP2
RBM10
RBMS1
BUD13
PPP1R8
SF4
TFIP11
SF1
YWHAQ
MSI2
RBM38
CCDC9%4
LGALS3
HNRNPF
SF3B4
LSM10
LOC644811
PRPF38B
PABPC1
SNRNP40
CPSF2
PSEN1
;]
NUDT21
TAF15
IGF2BP3
RDBP
SFRS4
SFRS16
FIP1L1
CPSF6
MBNL3
CLK3
TPR
LSM10
C21lorf66
MATR3
PRPF40A
RBMX2
PPIL1
WDR33
POLR2A
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26.05694
Undetermined
Undetermined
Undetermined

28.55819

27.33505

27.85342

27.99438

28.44655
Undetermined

28.89414

28.18152

26.60508
Undetermined

27.92667

27.61328

31.02915

28.67378

29.60898

28.39003

28.89385

31.39655
Undetermined

32.06569

27.59987

27.19725
Undetermined
Undetermined
Undetermined

29.0744
Undetermined
Undetermined
Undetermined

30.31209

28.66718

29.14523

24.74534
18.56891
23.66995
23.92146
25.47787
25.39988
25.5729
2496572
26.91236
24.0242
23.7528
25.437
23.24847
20.07824
25.9073
26.08086
26.06895
26.15676
23.71248
2419621
26.47268
24.86639
25.75677
24.91047
26.75064
24.86202
24.63733
21.76084
22.37721
24.49086
24.85612
23.6935
21.1884
23.07637
2492971
27.56938
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POLR2A
POLDIP3
STRBP
BRUNOL4
CIR
SRPK2
SAFB
TET1
SFRS3
PHRF1
POLR2A
PPIE
PTBP1
WBP4
FAM120A
HRNBP3
LOC442308
SFRS2IP
FAM120A
HNRNPF
KHSRP
CLK4
RBM42
ACIN1
RBM3
DNAIJCS8
CCDC94
PPM1G
SFRS14
ZRSR2
SFRS5
SNW1
RBMXL2
WDR33
SMN1
PPWD1
SLC43A2
RBMX2
CTNNBL1
SRP68
PPIE
RBMX2
RBM4
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RBMS1
DHX35
EIFAG3
CLK2
WBP11
BUB3
Clorf55
ZNF207
HTATSF1
CLK1
SMU1
SPEN
CDC40
LOC643167
NOVA1
LOC644811
CCDC12
NOVA2
NOVA1
DHX15
EXOSC4
RBMX2
FMR1
SFRS2IP
SLC43A2
CWC15
PLRG1
FIP1L1
SNW1
CRNKL1
SFRS7
C2orf49
NOVA2
LSM8
EIF3M
SFRS11
LSM5
ZRANB2
RALY
DHX9
RBM47
ZCCHC8
SNRPF

159
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FUBP3
C2orf3
GPATCH1
SNRNP35
MsI1
MATR3
BUB3
SNRNP200
SFRS7

LOC100128974

TOPORS
LSM8
YBX1
SF3A3

C190rf29
TIAL1
DDIT3

CRKRS
BCAS2
DNAJCS8
SRRM1
PRPF4
RAVER1
CCDC55
ELAVLA
HNRNPCL1
CWC15
RBMS1

EFTUD2
TUBB
SRPK3

HNRNPL

BRUNOL6
HMGB3
HNRNPA2B1
PRPF4B

RAVER1
PRPF3

C190rf43

RBM15

MFSD11

RBM47
PPAN
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33.21738
31.3445
37.85616
38.20185
33.05591
33.86089
32.27817
31.90862
35.65616
35.39467
34.48562
34.93161
36.42604
34.56157
36.24048
33.25425
34.34071
33.67304
33.76993
34.0116
37.10227
33.79445
34.05806
32.30562
33.45468
32.58075
34.7644
30.90312
37.25543
32.60761
39.7971
32.65925
32.22014
35.85318
32.50956
31.8936
33.21817
35.02655
35.16238
34.27295

28.34058
26.27399
30.14335
28.51125
27.17252
28.65587
28.25804
27.31897
29.16853
30.69119
29.00025
29.76332
30.11646
29.5653
29.76864
28.76852
29.22008
28.69119
28.77211
28.31229
29.36056
28.70858
28.9497
27.99835
27.01166
27.25721
29.55046
26.40421
29.7608
26.24133
30.70348
26.60037
27.46828
29.2259
27.82746
28.21928
29.04437
30.13964
29.35808
28.24768
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A022
A022
A022
A022
A022
A022
A022
A022
A022
A022
A022
A022
A022
A022
A022
A022
A022
A022
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A022
A022
A022
A022
A022
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A022
A022
A022
A022
A022
A022
A022
A022
A022
A022
A022
A022
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TOP1IMT
WBP4
AKAPS
SF3A3
PRPF4

RP9
PRPF31
WDR25
ZMAT2

HRNBP3
NOVA2

PRPF40B
TAF15

LSM4

BUB3

SNIP1
HNRNPUL1

HNRNPK
RBM7
KPNA2
SNRPF
FMR1

PPIL3
HNRNPH3

PRPF38A
PPWD1

SNRNP70

TOPIMT

TIAL
HMGAL
IGF2BP1

PNN

SMU1
IK
TXNL4A
PRPF4

EXOSC10
DDIT3
SNRPC
FUSIP1
CIRBP
RBM?7
SMN2

161

32.59723
32.09341
33.08688
31.63026
31.80543
32.53791
35.54949
31.41794
35.00765
34.31848
33.99775
32.13395
31.83409
31.8711
32.16685
33.37407
31.04906
32.47099
32.53072
30.8131
33.0521
31.66431
32.39947
31.2413
31.64693
34.62339
31.96413
35.8875
32.62456
31.4686
33.17225
32.8134
30.6075
30.99338
32.81592
32.937
32.93098
32.29298
34.1004
30.78557
32.55253
30.31436
30.50576

27.78001
26.47239
26.29665
26.7637
27.27748
28.35294
29.02137
28.50178
28.18582
28.11549
28.37787
27.4163
26.82959
29.23718
25.56232
27.05988
26.0262
27.43673
28.22795
26.79403
28.31094
28.06978
27.52142
26.30493
27.05217
28.70554
26.45248
29.65882
27.00164
27.47251
27.96337
26.71923
26.74583
26.32123
28.31144
28.33134
28.39645
27.9617
28.18711
27.7487
27.33393
26.08514
26.42579
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HNRNPCL1

FAM120A

C190rf29

LOC392510
HNRNPA1

162

NCL
MBNL1
NCBP2

CLK4
THOC2

DIDO1
RBM9
SFRS2
NCBP1
SNRPA
THOC6
PPWD1
IQGAP1
EFTUD2
CROP

SNRPB2
RBM24
DNAIJCS8

QKI
POLR2A
ILF3

LUC7L
TIAL1
SF3A1
PRPF19
HNRNPL
C2orf49
CPSF4
POLR2B
IGF2BP1
RUVBL2
PHRF1
DGCR14
C8orf58
DNAJC6
PLRG1
CCDC9%4
STRBP

29.19751
30.46157
25.17706
26.85865
31.5695
24.13353
29.79214
27.95544
32.44453
25.35931
25.08856
27.82481
24.91662
Undetermined
36.94117
33.86273
35.64672
29.37882
35.83221
29.8123
29.36448
29.60523
30.01082
33.08312
31.6142
Undetermined
32.66926
Undetermined
Undetermined
Undetermined
Undetermined
15.50161
11.02074
Undetermined
33.68478
30.60567
30.45916
29.68721
34.31869
35.1223
33.4441
36.99678
34.60213

26.22585
28.21919
25.699
24.68571
30.73158
23.72616
26.27047
25.8468
28.96245
21.29574
26.25959
26.29607
23.48206
26.51437
29.6877
26.66783
28.60865
26.58431
28.46074
26.18259
26.05658
26.31872
26.81739
29.19714
27.6453
24.82169
26.64382
21.48581
24.53074
28.14258
23.08952
23.39315
15.6233
25.72445
26.9425
26.95624
27.02077
26.3712
27.22631
29.01352
28.06239
27.73246
26.7541
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NXF1
FUS
HNRNPR
DNAJC6
CCDC12
TDRD3
PRPF38A
SNRNP40
U2AF2
RBM47
YWHAQ
HNRPLL
CPSF4
PCBP3
QPCT
SNIP1
YWHAQ
RBM3
FUS
WBP11
HNRNPUL2
RBM26
SF3B14
Clorf55
SF3B1
DDIT3
Cl6orf80
LGALS3
RBM7
ZMAT2
SF3B14
DHX9
FAU
SNRPC
TOP1IMT
INTS6
PRPF19
PRPF4
RBM42
SFRS17A
PRPF40B
SFRS12
MBNL1
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33.43818
Undetermined
32.75027
33.62368
33.26559
33.62833
Undetermined
33.73046
Undetermined
Undetermined
Undetermined
38.75846
Undetermined
Undetermined
30.31335
Undetermined
27.2749
36.77138
31.5461
31.53053
35.19611
30.36145
33.77869
34.06833
33.7723
34.1013
33.08774
29.31049
31.53063
3291164
30.80672
30.61379
Undetermined
Undetermined
33.99315
6.590147
Undetermined
35.29833
35.84051
33.87171
34.54189
29.30553

Undetermined

26.71621
33.87087
27.07748
27.63261
27.20251
28.28799
28.67504
30.1974
26.65151
26.02411
27.66815
28.11672
26.07871
27.03063
26.72905
27.3237
26.24204
30.98406
27.19986
27.47495
28.33741
28.09799
28.27473
27.58106
28.60671
28.48512
25.15732
28.18403
29.60173
29.07468
29.97338
27.27377
26.64806
24.86228
26.00204
Undetermined
27.04477
29.62511
27.96254
25.81133
28.03709
25.53635

Undetermined
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KPNA2
STRBP
HNRNPAB
THOC5
HNRNPC
BRUNOL4
SF3B3
TFIP11
CUGBP2
TET1
CIRBP
SFRS1
NOVA1
KHDRBS3
SRP68
BUD13
SRP68
PABPN1
SYNCRIP
LOC728554
PPWD1
SFRS14
RBM15
SNRPD3
EIF2S2
HMG1L10
ELAVL1
FAM120A
HNRNPK
SNRNP27
ELAVL4
RUVBL2
TFIP11
WDR25
U2AF1
SFRS11
DNAJC8
TPR
HNRNPCL1
CWF19L1
PRPF18
HNRNPR
TIA1
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Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
35.54535
7.639278
14.30791
34.6844
Undetermined
Undetermined
36.59005
36.74749
34.49315
35.8271
35.16263
34.61526
Undetermined
33.99801
34.20608
29.8223
35.37048
31.9553
31.44622
Undetermined
31.81941
7.413547
28.83921
Undetermined
Undetermined
32.07103
33.91639
35.13291
32.41322
36.11985
31.43747

Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
30.06637
28.05128
17.56219
27.46331
30.58958
26.07839
25.1013
2495724
26.64649
26.83694
30.03692
28.19596
25.89083
26.27253
28.87783
24.45087
26.98166
29.19577
28.45628
25.51379
26.21079
27.93754
18.7371
25.93864
31.8434
26.85483
27.82883
28.37466
28.67006
28.28633
27.41434
27.51792
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LOC652595

BRUNOL4
LOC644035

LOC644422

HNRNPH3

HTATSF1

SNRNP40

LOC653889

LOC643167
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EXOSC4
ZCCHC8

RBMS1

TOPORS
NUDT21
THOC6
SRRM1
SLU7
SF3A1
FIP1L1
CPSF2
TIA1

TAF15
ROD1

RBMXL2
LSM8

DNAJC6
PPIH
SMN1
XAB2
YBX1
PSIP1

CCDC55

EIF2S2
NCBP2
STRBP
ISY1
CWC15
XRN2
CUGBP2
SNRPC

PUF60
LSM10
SFRS10

30.85592
28.65032
32.95357
31.67435
32.82854
Undetermined
33.03619
32.59157
30.17652
29.33866
Undetermined
33.02297
Undetermined
32.35603
Undetermined
Undetermined
33.967
27.03557
32.60643
21.47152
30.73619
30.70971
Undetermined
30.25553
33.4091
32.12734
Undetermined
31.48994
33.65595
Undetermined
32.68448
28.76998
19.47904
31.38158
7.86438
29.14228
Undetermined
30.56781
Undetermined
33.41523
33.44724
Undetermined
16.63881

27.89874
29.2632
27.75425
29.12268
27.62865
26.09704
27.12773
24.72818
27.81039
26.14705
24.63556
26.91227
24.35836
27.28936
25.17127
31.62343
28.27884
29.49834
27.67918
28.64382
26.69365
24.22118
22.82487
26.1573
26.17925
28.7297
26.78702
31.61972
28.51551
29.39784
30.25064
24.90736
24.65526
25.07092
21.07878
25.49933
24.48826
26.60383
22.68172
27.55406
28.54869
25.83287
28.52263



A024
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A024
A024
A024
A024
A024
A024
A024
A024
A024
A024
A024
A024
A024
A024
A024
A024
A024
A024
A024
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A024
A024
A025
A025
A025
A025
A025
A025
A025
A025
A025
A025
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SNRNP70
PPIE
LSMD1
THOC2
PRPF3
HNRNPA1
HNRNPUL2
HNRNPU
TNRC4
PPIL3
TAF6
HNRNPAO
SNRNP27
QKI
NOVA1
ZCRB1
PPAN
SF3A2
PCBP2
PABPC1
HNRNPCL1
C1QBP
HNRNPC
PSIP1
KPNA2
BRUNOL5S
RBM4
DDX3X
USP39
SFRS2IP
TXNL4A
SFRS2
SFRS11
IGF2BP1
CCNK
DNAIJCS8
DHX16
RBMX2
DDX23
DDX23
SAFB
POLR2A
CROP
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36.85217
36.98344
Undetermined
Undetermined
27.20886
18.36626
25.85098
12.64165
31.18545
30.17821
32.57086
29.97918
30.55359
33.37887
31.40865
32.33978
37.22853
34.47147
2211728
Undetermined
6.533351
37.97445
Undetermined
Undetermined
32.46933
28.95488
30.26283
35.14639
32.46225
33.38376
36.79641
Undetermined
Undetermined
Undetermined
Undetermined
39.53079
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
38.64621

29.54077
27.35691
24.29911
25.48824
26.47355
26.50371
23.14728
27.02008
31.0486
27.10518
26.19784
25.59975
28.13829
28.63207
27.62563
28.00044
29.36438
27.29274
29.38733
33.88579
22.36967
27.95648
24.13361
27.96472
28.14864
27.29453
28.61654
28.4138
25.34928
27.64626
29.54357
24.55094
29.26593
29.91992
31.02423
32.79499
31.05567
Undetermined
38.00185
38.79506
39.0303
33.32503
31.0723



A025
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A025
A025
A025
A025
A025
A025
A025
A025
A025
A025
A025
A025
A025
A025
A025
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EXOSC8
SR140
CWC22
BUD31
DHX35
YWHAQ
PCBP2
WBP4
SNRNP40
HMGB3
PTBP1
RBMXL2
THOCS
CPSF2
HNRPDL
PLEKHAS
SNRNP35
FAM120A
RAVER1
INTS3
QKI
SRP68
SFRS3
SFRS17A
HNRNPC
CUGBP1
MSI2
GPATCH1
PPIH
PSPC1
HNRNPK
FUSIP1
AQR
CRKRS
TAF6
LOC653889
SF3B5
SRRM2
LOC644035
EXOSC8
SRPK2
SF3A2
PARP1
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33.38586
Undetermined
36.64512
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
35.486
Undetermined
Undetermined
38.37209
Undetermined
35.11902
Undetermined
Undetermined
33.99715
33.58463
Undetermined
Undetermined
37.43686
37.22651
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
37.53602
35.99751
30.12474
Undetermined
Undetermined
33.61958
39.263
Undetermined
34.82031
Undetermined
Undetermined
Undetermined
32.65798

29.85329
Undetermined
31.46492
31.19573
32.74606
39.20276
Undetermined
Undetermined
33.45601
Undetermined
32.47286
37.82055
35.73782
33.23742
33.01121
34.41033
39.86335
Undetermined
29.37182
29.17232
38.83827
Undetermined
39.44946
Undetermined
Undetermined
33.02314
31.27779
29.32418
31.33067
Undetermined
32.39
31.63726
26.60235
37.14682
34.03423
29.24133
35.1271
37.35052
31.31301
32.85009
36.70401
Undetermined
27.06817
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A025
A025
A025
A025
A025
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A025
A025
A025
A025
A025
A025
A025
A025
A025
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A025
A025
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A025
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A025
A025
A025
A025
A025
A025
A025
A025
A025
A025
A025
A025
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PHRF1
ZNF207
SFRS4
TMEM149
SART3
CDC5L
QPCT
NOSIP
PTBP1
SNRPB
RBM17
PPIL3
SFRS2IP
RBM22
MOV10
FUBP1
SMU1
QKI
PCBP4
PSIP1
SFPQ
LUC7L2
RBM47
C8orf58
CPSF2
STRBP
ELAVLA
CIR
LSM2
ACIN1
A2BP1
ELAVLA
EIF3M
PRPF40A
TOP1
SNRPD3
THOC7
C1QBP
DDX268B
PRCC
RBM17
RBMS8A
CPSF4
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33.94792
32.95848
37.09176
Undetermined
36.57152
Undetermined
34.95971
Undetermined
Undetermined
36.63179
Undetermined
36.51558
37.8928
33.82589
35.31795
37.09206
36.53296
Undetermined
37.67435
Undetermined
Undetermined
Undetermined
Undetermined
38.13199
39.51615
39.62067
32.02472
34.6988
Undetermined
Undetermined
Undetermined
Undetermined
36.11133
Undetermined
37.47987
Undetermined
Undetermined
39.51103
32.63839
34.31876
Undetermined
Undetermined
35.37342

36.85808
26.18379
30.59148
32.21105
34.66494
23.33986
35.38054
30.39628
32.79812
31.39005
Undetermined
30.20876
31.04657
29.40595
29.82435
32.74047
32.45603
32.89586
31.03545
29.20135
31.51955
32.76535
Undetermined
34.70597
30.91486
31.16838
35.95498
30.85314
37.37862
33.3617
37.67432
29.90709
33.69723
32.15763
31.38073
34.46745
31.48587
32.59767
30.00318
36.45933
36.9173
37.59122
34.39697



A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
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A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
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THOC1
DHX35
NOVA2
RALY
RBM47
SR140
FUS
SF1
SFRS2B
SF3B14
MBNL2
EIF3A
DNAJC6
LOC389901
XRN2
SNW1
SF1
SMARCAS5
PRPF40A
BRUNOLS
DHX15
LOC389901
ZMATS
MFSD11
C8orf58
LGALS3
PPIL1
HNRNPH1
P2RY11
HNRNPM
SNRNP35
LOC643446
RBM4
CIR
SFRS10
SMN1
TET1
CROP
DDX5
LSMD1
RBM24
SRPK2
LNX1
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30.49042
33.7244
33.54751
30.69495
28.38285
33.12632
38.52948
32.66718
37.35428
34.89892
29.47251
33.12723
6.869308
29.66855
29.24782
29.43714
29.3978
38.27763
30.81836
32.8234
29.77582
32.87972
30.41256
29.77974
27.71748
Undetermined
33.00684
30.60894
29.60412
28.75808
28.02408
30.21348
29.38821
30.08362
29.46389
31.05554
28.50789
39.10674
28.1728
29.3597
29.37357
27.96814
28.58146

26.90833
27.83126
25.74912
26.53211
24.44467
28.82093
30.84061
28.9329
31.09667
30.12963
26.18629
25.87324
28.31736
25.90928
26.97735
25.87933
25.5638
31.93379
30.19097
29.01952
26.46722
28.21152
27.3775
25.78572
24.489
28.81287
27.28021
23.95212
23.9581
24,7238
24.34255
26.44586
24.88349
26.35822
24.02686
25.78058
24.16531
32.14616
25.49501
25.87177
25.50451
24.25448
24.73232



A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
A026
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POLR2B
BUB3
USP39
BAT1
PARP1
RALYL
HTATSF1
DDX3Y
MBNL2
DDX21
SFRS17A
SFRS9
THOC2
RDBP
ELAVL4
SRPK3
LOC389465
EIFAG3
Cl4orfl66
SF3A3
NCBP2
LOC646517
LSM3
SRRM2
SFRS2
ANXA2
RBMS8A
PCBP4
PHRF1
SF3B2
SFRS12
ZRSR1
PPP1R8
TRA2A
DNAJC17
EXOSC8
SF3A3
PTBP2
CRKRS
EXOSC10
TOPORS
SCNM1
PSEN1
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26.63598
26.91042
29.89628
29.68173
30.30675
27.51177
32.86805
31.06499
28.32457
27.62733
30.15715
29.35248
28.26106
29.10646
29.5118
30.76168
30.49768
27.69023
32.31108
28.12469
28.05737
28.69851
30.48665
28.11285
30.88332
26.46927
31.55033
27.96438
29.8769
26.25449
27.27111
29.01966
26.13696
27.57513
28.88528
31.29566
29.19817
30.75709
30.03342
35.96353
28.47267
Undetermined
29.27759

25.0482
24.83779
26.81789
26.73772
27.00868
24.04016
28.54471
25.97445
24.15183
23.55042
25.94676
25.19981
25.32479
25.54902
26.00013
27.68266
26.53974

25.5035
24.55471
25.02712
24.96955
25.28807
27.51975
25.09619
28.02017
26.61285
27.91041

27.6491
25.83868
22.60472
25.02418
25.43284
24.76215
25.30896
25.59172
25.16702
25.21332
27.31613
27.48906
33.45173
25.68577
25.96887
25.65685
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IGF2BP3
MBNL2
RBM7
HMG1L10
IQGAP1
SF3B3
CCBL2
MBNL3
ADAR
PRPF8
RBM3
PCBP4
WDR25
HNRNPH3
PPAN
ZNF207
SFRS10
ZCCHC8
LOC100133872
CDC5L
PRPF4B
EIF4A3
CDC40
ZMAT5
SFRS1
MAGOHB
MBNL1
INTS6
PRPF19
PHRF1
DHX9
SFRS2IP
CD2BP2
MBNL3
TDRD3
HNRNPAO
CLK2
BRUNOL5S
LSM8
SART3
BRUNOL4
NCL
SMNDC1
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33.36858
32.07874
30.62402
31.84653
31.16691
29.37922
29.39477
30.70476
29.83061
28.59042
14.26484
14.7967
14.44065
15.76786
5.94462
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
26.52394
27.34669
29.19337
28.89492
29.68926
30.86057
Undetermined
Undetermined
Undetermined
Undetermined
28.3033
29.44955
27.28971
26.41605
22.17826
17.0919
Undetermined
Undetermined
Undetermined
Undetermined
29.8798
28.99218

Undetermined

26.72416
25.78593
25.53358
26.31291
26.54677
25.6889
25.40918
28.02568
2494334
25.4258
13.62654
32.5634
32.38589
Undetermined
Undetermined
21.13168
25.65947
Undetermined
37.31525
14.86237
27.03397
25.81118
25.93084
26.46011
26.56549
25.9821
Undetermined
Undetermined
26.47429
33.0242
26.60312
26.72401
26.29181
26.41285
24.94829
Undetermined
26.11585
25.7797
17.6229
26.09216
25.64014
25.67873
27.20899



A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027
A027

(@]

0O 0 0Q 0@ —h —h —h —h —h —h —h —h —h —H —H —H ® MO M® ® ® ® M Md® d® M® M® M QO QO QO QO QO QO QO QO QO o QO QO o

KHDRBS1
LOC729200
PCBP3
DHX15
LSM10
HIST2H2AA3
THOCS
SLC43A2
SNRNP70
PUF60
HNRPDL
DDX46
LOC643167
PRPF4
DDIT3
KHDRBS1
ELAVL2
LOC100131556
SSB
SFRS3
ILF3
INTS3
SNRPD1
C1QBP
A2BP1
Cl4orfl66
HMGB3
SFRS16
NOVA1
KIAA1429
FRG1
XRN2
PCBP1
NUMA1
FAM120A
HMGA4L
RNPS1
FRG1
SNW1
C1QBP
THOC6
SRPK2
SNRPD3
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27.6865
27.69792
26.96689
28.21001
29.27231

28.1994
27.93295
28.96659
29.43088
28.73164
27.85866
27.96496
28.12479
28.13928
27.05298

Undetermined
13.63844
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
27.93819
28.76414
28.42082
Undetermined
Undetermined
30.25057
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
20.01567
27.91472
Undetermined
14.5247
Undetermined

Undetermined

26.65679
26.43606
27.02725
26.05411
25.88997
26.51931
26.63175
26.14852
27.32549
25.87776
25.66938
26.48525
26.14349
26.55481
27.0312
22.24554
30.159
32.23311
28.13701
25.5035
23.02577
37.25826
26.78189
24.67664
24.54339
23.8777
26.47282
25.1728
25.92855
25.15427
25.84474
25.68465
29.47447
29.01405
26.34718
24.22767
27.17728
26.05195
26.53485
26.45158
Undetermined
25.03396
21.67995
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QPCT
PSEN1
SMC1A
KHSRP
SKIV2L2
LNX1
DDX46
KHDRBS3
RBM22
SNRNP25
SYNCRIP
RNF113A
FRG1
SNRPF
SYF2
A2BP1
MOV10
NOVA2
HNRNPAB
LOC653889
DDX1
PPWD1
SFRS2B
KIN
RALYL
HNRNPU
TET1
PRPF8
KPNA2
AKAP8
CCNA1
RBM42
PHF5A
RNPC3
ZC3H18
DDX17
DIDO1
BCAS2
PRPF3
TIALL
SRPK1
BRUNOL6
SCNM1
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Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
30.88649
29.39601
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
27.35497
28.21903
27.02078
Undetermined
Undetermined
Undetermined
Undetermined
5.708316
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
8.605816
29.98892
Undetermined
Undetermined
7.951105
6.143886
9.738521
Undetermined
Undetermined
27.59708
Undetermined
3.629615

Undetermined

28.31699
25.60238
25.32693
24.40767
27.24046
32.19724
26.2224
25.87561
21.89307
23.91226
24.38015
27.71357
25.17771
30.20264
30.89959
27.66072
24.36956
26.77819
26.1673
26.17305
32.07204
23.89121
23.01226
Undetermined
Undetermined
23.53066
24.67995
Undetermined
25.97662
26.18628
17.73528
26.61624
24.14653
18.87281
25.82965
19.84266
24.21435
26.93091
26.99645
26.74757
26.86883
Undetermined
31.33926
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CPSF1
PRPFA4B
RBBP7
PPILL
CPSF6
SMARCA5
POLDIP3
PPIL2
PCBP2
SF3B5
INTS6
EXOSC10
ACIN1
DDX5
SNRNP200
SNRNP35
SNW1
NOVA2
SFRS3
PRPF38B
SF3A3
PRPF40B
PTBP2
PPIH
MBNL3
DDX21
SR140
HNRNPF
EIF4A3
DDX21
SFRS9
YWHAQ
PRPF38B
HTATSF1
DGCR14
MFSD11
MSI1
IK
LOC100129329
LOC644811
DHX38
SNRNP27
RBM25
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Undetermined
31.34927
14.28985

27.8446

Undetermined

Undetermined
17.87802

Undetermined

Undetermined
18.34178

Undetermined

Undetermined
29.65961

Undetermined

Undetermined

Undetermined

Undetermined

Undetermined

Undetermined

Undetermined

Undetermined

Undetermined
13.58114

Undetermined
5.317996

27.5994
30.00408
30.37407

Undetermined

Undetermined
27.34086

Undetermined

Undetermined
7.918369

Undetermined

Undetermined

28.4734
26.81144

Undetermined

Undetermined

Undetermined

Undetermined
9.663167

18.98233
19.98298
29.03364
26.65559
28.00235
26.95573
Undetermined
24.23899
Undetermined
29.72606
24.66001
24.86922
27.00623
24.85356
27.42602
27.02542
25.7344
30.07057
26.87502
24.6106
29.41564
23.73065
29.06344
24.35019
22.78509
25.28288
25.21384
26.44262
25.40053
27.3816
26.21437
24.92167
26.38115
25.6288
22.05011
24.80932
26.96407
24.16422
25.68333
27.59702
28.32403
23.81979
23.85729
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CIRBP
CUGBP1
NUDT21
HNRNPK

PRCC
PRPF38A

TDRD3

LSM2

SNRPB

U2AF2

RALY

CPSF6

GTF2I
TARDBP

HNRNPH3
PPP1R8
DHX38
PSIP1
HNRNPH1
RBM26

PRPF4

HNRNPC
LGALS3
PPIL2
SRRM1
MAGOHB

NCBP1

PCBP3
CRNKL1

INTS6
TCERG1

ILF3
LSM3
THOC2
RAVER1

INTS1

CHERP
C21orf66

RBM26
LOC92755
SMNDC1
PABPN1
C8orf58

175

Undetermined
Undetermined
Undetermined
Undetermined
22.00494
30.96401
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
13.12805
Undetermined
Undetermined
14.93018
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
12.38913
29.62768
29.3715
28.84228
Undetermined
26.93814
28.33268
28.21844
27.86191
27.24386
28.20237
28.18134
30.04576
28.2141
27.75145
27.01909
28.0328

23.85236
27.6342
27.27802
25.42596
26.68217
25.59099
Undetermined
35.42557
Undetermined
25.36642
27.15344
25.81044
24.0956
24.16743
27.53206
28.93134
33.15104
25.73583
34.28567
Undetermined
35.55651
33.71281
27.11598
27.26145
27.48332
29.21556
22.47158
26.22939
24.7829
26.13018
26.01406
26.71738
25.84961
25.95648
25.83975
25.13901
25.64729
25.66021
25.55668
25.77712
26.19968
26.84389
25.95114
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DDX41
MSI2
LOC100130003
HNRNPA2B1
LSM4
PRPF19
CCNK
LOC652595
LUC7L2
KHDRBS1
YWHAG
RBM42
EIF3M
LOC100130003
PTBP2
THOC7?
NOVA1
KIAA1429
SF3B2
CCDC55
HNRNPK
LOC644035
MFSD11
MYEF2
RBM15
PPIL3
ZCRB1
POLR2B
SNRPB2
ZC3H18
MOV10
POLR2A
HIST2H2AA3
BRUNOL6
RP9
PABPC1
DHX38
TOP1IMT
PLRG1
CDC5L
SF3B1
CWF19L1
CTNNBL1
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27.40884
26.64051
27.09618
28.23431
25.77167
27.97051
28.05071
27.90463
27.17036
21.27513
27.05841
27.80688
27.63687
27.74361
26.28922
26.29887
13.26481
27.00912
26.22511
26.35502
27.411
26.62028
29.03742
27.91454
28.01702
27.99554
27.53817
27.65877
27.68591
27.90203
27.4484
27.21976
27.25275
27.58726
27.7097
28.06889
26.56435
27.36712
27.62307
28.18292
27.91381
27.30591
27.47044

25.60439
26.2832
25.52846
25.38409
25.33269
25.64645
25.22698
26.07847
26.45769
28.59116
26.19009
26.71657
2592111
25.75348
25.36353
25.19364
18.24501
25.98329
25.89306
26.37567
25.16435
25.88685
25.96507
26.51961
25.27112
25.82655
26.02187
25.53824
25.05053
24.5353
25.32799
25.73889
26.20681
26.11954
25.38617
26.14714
26.80535
26.47803
25.98978
25.87334
25.083
26.41074
26.19697
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PQBP1
SNRPA
NCBP1
SFRS1
CLK3
WDR33
CD2BP2
XAB2
LOC389465
TNPO1
SNRPB
EIF4A3
AKAP8
LOC654340
DDX39
DHX9
YBX1
CCNK
RBM7
MOV10
LOC92755
MBNL2
C2orf3
C8orf58
SNRNP200
PRPF4B
WDR33
NXF1
TAF6
CLK2
LUC7L
CTNNBL1
SNIP1
RBM24
IK
ANXA2
TDRD3
CLK3
FASTK
BCAS2
AQR
RBBP7
PIAS4
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29.17021
27.58419
27.68835
27.38827
28.96711
27.58535
27.63536
27.94785
27.50609
27.12663
27.43123
29.32155
28.80646
28.11844
27.26096
28.60566
28.29053
28.41492
28.25615
27.60399
28.0394
27.98568
28.03463
27.9986
28.35629
28.93548
29.43078
27.97043
27.7519
27.61403
27.34992
27.67625
27.43277
27.92533
27.76431
27.80365
27.53655
27.73605
27.90193
26.799
27.90748
27.75649
27.60826

25.81291
25.79742
25.74339
26.06945
26.6498
26.65941
25.78827
25.6288
26.06083
2498257
25.72244
26.22878
26.028
23.43424
26.7353
23.89516
26.31091
25.90496
25.7776
25.56001
26.16689
25.26201
25.35169
25.51021
24.01948
25.77096
25.26652
24.6553
26.41747
26.47851
25.63261
26.31267
26.20913
25.88919
25.94528
26.27146
26.70623
26.25006
25.85206
24.35456
25.53359
25.99041
25.83105
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LOC728554
LSM6
MsI1

SRPK2

LSM6

GTF2I
SNRNP25

LOC729200
CLK2

HNRNPUL1
CSDA
MSI2

SRP19
SF3B3

LOC100127915

RP9
LSM6
LSMD1
SNRPD2
SF1
PABPN1
KHDRBS3
POLR2B
EIFAG3
SDCCAG10
DIDO1
CSDA
PSPC1
SFPQ
HNRNPD
PHF5A
Clorf55
WBP11
PRPF19
SFRS1
EXOSC9
PCBP1
C8orf58
RNF113A
EXOSC4
MAGOHB
EXOSC4
PABPN1

178

27.2527
28.06318
27.67847
28.07799
28.41934
28.14154
28.59531
28.22147
27.40634
27.54962
27.33784
27.10925
26.69052
27.14823
26.24121
27.08641
27.20527
27.71246
27.21565
27.55426
27.26187
27.59102
28.04225
28.16548
28.24885
27.94135
28.53983

27.7486
28.36406
28.73002
28.81381
28.59505
27.34274
27.92085
27.22076
26.83407
26.99575
27.36296
28.07309
27.11826
26.99771

27.6808
27.16022

25.92769
24.47076
25.83846
26.29808
25.12477
26.25993
25.93385
25.33778
25.7474
25.96833
25.98072
26.42595
26.48209
26.33228
26.33932
25.10841
26.31146
25.6796
26.41825
26.42209
26.86526
27.54862
26.55758
25.52741
25.21142
26.50772
26.56717
25.6774
25.70962
25.26502
24.79349
25.63964
26.55873
27.08968
25.81309
26.32005
26.01116
26.4328
25.27775
24.99891
26.57429
25.90669
26.70393
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SNRNP70
EIF3A
INTS3

RAVER1
CHERP
PPIL1
HNRNPD
SF4
KHSRP
DDX5
CWC22
TNPO1
MATR3
SFRS8
LOC100128974
CLK4
CPSF4
DEK
RBM9
LOC441722
IGF2BP3
SF3B2
TOP1
RBMS1
TFIP11
IK
LSM7
U2AF2
YBX1
HNRNPU
TCERG1
PABPC1
RBMA47
DNAIJC6
LUC7L2
HNRNPR
CUGBP1
RBM25
RBM38
SFRS10
PABPN1
LOC644811
DHX9

179

27.30481
27.26768
30.23484
28.12976
27.97956
27.51306
23.91525
27.25067
27.92651
27.81603
27.74213
27.87841
27.74464
27.55619
27.39783
27.65719
27.35385
27.7142
27.55207
27.21941
27.70757
27.78431
27.74836
28.17571
26.90552
27.6456
26.80534
27.52774
27.58608
28.02493
27.68086
27.96224
27.75428
28.08604
27.97882
27.75526
28.91339
27.68501
27.78137
27.6288
27.60413
27.34456
27.79954

26.66545
26.18711
27.53108
27.64175
26.03738
25.73808
27.09398
26.23163
25.58649
25.75114
25.82983
26.31539
26.56444
26.83527
25.72248
25.92709
26.61094
25.72833
25.97396
25.46619
25.71929
25.59792
26.08145
26.19358
26.50753
26.19442
26.26534
25.26889
25.78694
25.6741
25.83171
25.76789
26.38579
26.02335
25.9981
26.42893
26.2371
21.4483
25.47319
25.16572
25.72785
26.76963
26.17763
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RBM3
DEK
ANXA2
MBNL1
RUVBL2
RBMS1
SFRS12

180

28.1208
26.90811
27.10135
27.72029
27.35187
27.43375
27.94985

25.57063
26.64996
26.11162
26.29737
26.40518
26.45281
26.40112



Appendix 2

The work presented in Chapter 2 and Chapter 3 of this thesis resulted in the following
peer-reviewed publications attached in this appendix:

e Clower, C.V., Chatterjee, D., Wang, Z., Cantley, L.C., Vander Heiden, M.G., and Krainer,
A.R. (2010). The alternative splicing repressors hnRNP A1/A2 and PTB influence
pyruvate kinase isoform expression and cell metabolism. Proceedings of the National
Academy of Sciences of the United States of America 107, 1894-1899.(co-first author)

e Wang Z, Chatterjee D, Akerman M, Vander Heiden MG, Cantley LC, and Krainer AR
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and PTB influence pyruvate kinase isoform
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ancer calls exhibit 3 metabolic phenofype duracenzed by
Teased ghcolyss with lactse generaion, regardlss of
oxygen availability —a phenomenon enmed the Warburg offect
Recent work demonstrated that ex m of the type [T soform
of th e prymovae.- ininase- M gene | 2, refarmed in here as FE-M)
i a o soald determ imant of Sis matabolic pheno fpe, and conders
aseleciive profiferaive admntage 1o tmor cells in v (1) This
find ing adds 1o the growing body of ewdeance that al eraions in
aiternatne prem-ENA g licing imnportant mbes in diffenent
Epect of cancer progresian {f;{.
Pyrurrate-oinase (PK) is the anzyme that catabyzes the final sep

in gyoolysis, me;n:l;\’['?ﬁmpnq:hmT
mmﬁﬂm;wmcmmm ]
laciade or i can be rated imin the acd (TCA
oycle 1o drive mmmp;::mmwmd gng
panlogons genes, each of wiich is abtemnateely spliced, sudh tha
for FK isofomms are e in mammalks. The L. and R iso-
e, deriad from the PRLR gene., show teame-specific axpres.
s in the bver and redbdond cells, repatvdy They havwe
different first exors, defined by tiane o ters {3
The FEME (PE-M) gane oomsists of 12 exons, of which eoons
9 and 10 are altemmatvely spliced in 2 mumally exchede fashion
] miee 0 the PRI and PEME odoms, &
ﬁ?ﬂlﬂeﬂeﬁ:ﬁde;hmmrﬁm{j

22 X e vae for review Decamisar 2 X0

tively active, wheres the sty of PE-M 2 i alicsterically rego-
lwed by frocoss i Sbisphoaphate bevels ond interaction with
tyreein & plhosph orfated protains (1

The abdlity of PE-M2 actvity o be regolaed i shought to
promde 2 mechanism for cells to comml the availability of
metabodites for anabolic processes, and to confer a profiferative:
acvantage duning womomigen s | 7). Despite in onessan g evidenoe:
damorstrating the signifiance of PE-M? sofonm spresson in
camceT-cl | metabolism and tom onigenesis, the mechan e gow
ermin g altern ative splicing of the PR-M genes are not ondersinod.
PE-M2 & expremed ina range of cancer cells, as well & in fetal
and undifferantiated adult tisnes, whereas PE-M1 & expessed
jpred cominant by in terminally d ifferentisted tesnes (1, S

Altermative splicin g irvobving pairs of e ally exchoave: eoons
mpresents only ~2% of all sternative splicing events in homan
Eenes {9 In terms of gene smoctone, the regolsed exons in soch
genes are often related in seqoence—asin the case of PR
M ezrms 9 and 10—indicating that they omiginally amse by exon
duoplication {00} Well duracenized examples of this altamative:
aplicing patern in e als indode the tropom poesins, fibrobda
growth factor recepior L and e-actnin frewewsd in (10)]
Athough some of the Tams-acting facn s @molved in the Ecog
miton of indivicoal mo mally exdusve exnons in these genes havwe
been idemtified, it remairs ondear how thes pairs of eoons
are: onondinatelby reguiated in away hat maintine thedr momally
emchmive properties (11}

We have begon 1o dissact the: mo beolat medh aniams onderiy
ing PE-M? alternative splicing regolation. Previoms work imipli-
cated the splicng-repressor paralogs FTH and nPTHE in the

of exom 9 {12} In addigon, other splicn TESEATS,
anch & RN AL .i.i:lzl:};:l'iu‘u'?.u\l, and acirmiors, Eu:;:uSF‘I.'
ASE have been implicated in oncogenic marsformason 2, 3),
and hence oomld posemtialy play 2 robe in PR-M altermative spbice
ing, Here we characterie the expression of FE-M sofomsat the
mRNAand protein beval in primarny tisoes ond cancer-cell lines,
= wall a5 during temninal differentiation of mmde cdl in
calture. We show tha nRNPALAL in addion i PTR, repress
the mee of exon 9, such that lonodoing down expression of thess
splicing repressors alkows expession of FE-MI, accompamed by
2 decrease in lacate prodocion

Artar crerbusone OV, D0, TW, LS, MGYH, and ARE. decl gresd ressndh;

CWC, B, W, ared WG W perdorrad remsardhy CWOC, B0, TWL LCC, MG YN,
ored AR ey chwey W00, B0, TW, L O, MG W R, mred AR B wroms Shes pospeer

Thes sarhewn daciers & ooeviles of nmaraem LOC ared MGV e e e wish Agloe
o e el 1

T mred DO eorerbamed scpndy s shie wairk

that confers distinaive properties o the Latiom and acti
u{mmmpﬁ.uzmzlﬁmmumi

B MR | PRLAT | Febimaery T B0 | vol 10T oS

T . = ehwasic] et seckiracond . vk b el chl ok

Trazam xidrmr deh e dor magrative Cnoer Bamsanch At MIT  Carrbl dge,
Tl (O] T

T

183



Results
Relaiee P el PGB Expraaion s Thooe s Gelll Lisss Coave-
It it BaRMP A VAT sad PTE Expraiea Profiferating cells and
canceT cells preferan expess PE-ME over PE-MI1 at the pro-
fedn lewed {1, 13) To dedenman e if the expressed poiein sorypmes
are a direat eflecton of diffrences in altematie splicing—as
oppesed io, eg. bang affecied by mRNA sability or iramsls
tonal oomirol—we messured the levels of mENA and protein
imadorms in warios mweues and cell lnes. 3
mmgmmimmdmd fom adult mice were ]n:-r.ﬁ.n:dk‘wﬂ;h
mbine, and total protan and ENA were solsed and analyzed
T'.htreu.uree-:l of PR-MI and PE-M2 imafcrme
mwﬂ:ﬁmmwj m:Tm]'u'ei:a'eme
FEML whereas and lung maunl
Hyul,endz dedeated by MTM'@E w]ﬂiﬁqeuﬁr
mibodies (Hg 1AL As previcusly reponted (1), seweral homan
cell lines expressed FE-MI protan with no detectabde FE-MI
{Fig- 15, Among the cdl nes fesied, howewer, two brain: -
meir-d enmwed cell lines, namedy L1 1 EMGand A-172 ghio blastoma
cells, expressed detectable kevels of FEM 1 protein, in addigon 1o
PE-MZ, namindscent of the profein pagsm in moose boin, whene
bovth imodfiomme are also readily dedeciable f Fﬁ{]&ﬁg. 1-1_:|.
To accuraely measare the relaive levels of
mphiced mENA bofrme, we simuolaneomly deteced b-rlh
it s by radioac e KT-FCR with a single pair of pimes cor
espon ding 1o the flanking constitutive exons & and 11. Becamse:
eoms 9 and 10 are identical in lenggh (167 ni), the nesolting
cDNA amplicons were digested with reamidtion sropmes tha
dieave edtherexom 9 or 100 distinggmish the twoiso forms (g 10
e alko ()L PEMI mENA was the predominant isodomm in
atmiated ke and brain—tismes that are enmiched in tanmin all y
differntiated, non profiferating cells. I oomirest, PR-M2 mRENA
wis e magar kofmm in and splen, refiec
mem*tdpnnt%:umg:mmﬂr
mRNA was irariably the major soform in all cancer or trans

A g gl g G

Pr-bn T — —

formed call linesweassayed, comsistent with the pravioos finding
that PR-M2 expression at the protan level s srongly oorrelsted
with, and fualitates, pmlderaton and mmonigenesis (1§ How:
ever, PE-MI mBRNA was readily detecmable in braingomer.
dartved mancer-cell lines, induding gioblagoma (L. 118G
and A-1TZ) and nennobl sstoma ﬁ'li'..l‘u oedl lines. This fi
s oorsistent with PE-MI proten being detecmable in 1115
cells and a0 a besmer extent in A1 T2cels{Fig- 18 In g:em.u,ue
obmarved 2 sirong oo melagon besvesn FE-M UM 2 modorm rafios
megred at the protedn and mRNA levds, in both teenes and
el bimes

T fail itate sencies of the mech ani am on deriying the PE-M2 1o
PE-MI iwcform switch during tenmina differen fias on, we smm-
imedseveral established systemrs iorcall diflerentistion in oolkeome.
We foond that pmliferating moose (23012 myn blests indoced 1o
terminally differan tiate intn mpotobes {15 sviched protsn and
mBRNA woform e n from almost exchosiely PE-M2 1o
[ crrdirat by 'HLET Hg ) Corsisent with M2 being
the: o nuan ¢ isofionm in prolrderatng cell, and PE-MI being
ithe predominant iso fomm in musde {Fig. 14 ), this swichin PE.-M
imodorm acoo the m differentiagion of the
CAC1 myohlass into myotohes (Fig. 24) Normaliming o ol
PE-M prodein expresson, it & readity apparent tha there was a
proncanced inonease in FK-M1 opon differentation, = the
experse of the PR M2 o form (Fig- 28) Likewise, ot the mRNA
lewel, the: propomtion of the M1 isodo nmchanged from 39 io $5%
over a differentation Gme coure (Fig 200

W alben mesmed the protein lavelks of repressntatve altems
e @ factors, ind some kmown 1o hawe onc
activites (3} In the CH012 differntiation model, = well a5 in
mose of human tissos and cancercell lins, we observad a
oorrelation batwean levelks of the aliernative splicing fuctors
bnRENP AVAR and lﬁ and raduced evpression of the PR-MI
iwodorm (Fig- 28, [¥, and Ej In conmast, sere was lighe or no
change in several other splicing facioms, sudh as SFEASF and
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Fig- 2. Ermmes o presaskicas sofoms and selectsd plong e
i cwlll lirmn and S (4] Deflerentaton of mous 202 myckRe imo
rpeiiban . Tha lel faldl shove proiidens by mypeblng, and the nghd fei
s own @ later e v dan e dHserg s or meoum, whes mew ol Sacely
o o i o i (8 W mm bl o prclil et ing mye bl v
Sralreaisl mycbbem wib the ndosiesd aribalim s slecisd
splang Wl postenin, total PEAY and AT o AL (0 Radicactye
TP i o PEA e PR e o i iC30 00 culll over @ dH e
anie o me curm Sands aw number e e bg ik () Tkl ol by
o fvmbuman-tma ortanskhmed el re wes wed s Wedtern ot
el e it e e ff i i v, Tiskashin: v s o e i wmal oo o
for louding, Hela jmrdal acrand; HEEE ivarskomed smbrmnc
Iy ol 0B (e i o L0 TG (gl S0 gkl
mal () Moass B wers aralyred auin Fgo 1A, with S inciosied
aribodee.

CLMG-HP1{Fig. 28} T-115M0G and A- 172 cells, which exn remsed
detectable leved s of PE-MI, both & mRNA and protein levels
{Hig- 1B, E), had b bmBNPALAZ and PTH comnp ared 1o Hela,
HEEX9% and SK-N-BE cells, wheres SFEASF was expressed at
similar levels in these cell lines (Fig. 20¥) Both hnRKF A/H and
PTH {abn inowm as bmBNF T protein family members ane well
dharacierized splicing repressns, which lad s io bypoth ssze that
these fuators might be pariy respomsible forrepressing the weof
enon 9 during prem- RNA splicing.

il ¥ She of Exoa 10 Casses Abssomal Shippdey of
lﬂl‘.u!.?‘l.:’[hd::rmdem?nmqu:rmd
in cancercell lines, or simply fails io compete eflectrdy with
emon 10, we blodked the 3 or 3 plice sites of exon 10 ming
¥ methyl, phosphorothio sl aviisense olignmodeotides oom-
plamentary io thess mgions {18) {[Fig. 34} The oligonocbantdes
wer immsfecied inio HEK? oells and the sndogemos FE
o WA s omore: were anabyzed by radioactive KT-PCR (Fig 38)
fg expected, me of mon ) was partally inhibied by the
mnitkerse olignmdentides. Howerer, in addifion o increased
e of exemn 9 (PE-MI ioform), we observed anabnomal mENA
arising from skoipping of bot momally exclose som. Thess
rewolis indicate that even with reduced we of son 10, ther &
mesidual represson of exn ¥ me

W | e . g 1L 1T s R 1 RS 1T

TOmaivgl feon 10 Exon 30
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Fg.1. Exon 3 parSally e nHE LI celli when son 106 Hacked
(A Sk mat e ek et of e agy el fo Hack smon 10 with 240-
eyl A R nlg:rl:hlili-.ﬂ- e & ool abooe exon 1] ercie e
o v ihe I gl deard 5 el wie regiara
) Madeactve REAOL sy i means A0 PEAD leve b aler Bleciorg
sack of e e 1 sl wie v an B e cligoruslectoes fe asrermal
aodorm ansing fom kippng of ot sxors 9 and 10 & ndcated £ Guan-
Hator o mutds spwimees. Bro ban oakow wd 7o 3 povaluec
TR = LOE 00 - =000% Fedents pared -

MRENF Praleld Exed 9 b & GEeblesviesa Cel Lime To
addres whether speafic bnENF protsins are msponsibde for
epression of exon 9, we generaied stable cell lines expessing
diENAs directed aguirst EmBENP AL AL or FTB (Fig. 4. We
dhicse A 172 ghioblasoma cells for dhis analysis, bo h becumse they
gireadly exprss some PEMI (Hg 1B, E) and bemame they
inlerated simulianecos sable-modcdown of honRMP Al and
A2 in comirast io other cells we emmined. We achiewd ~&6%%
Imodedown of InENPAL and ~30% modcdown of lnRNP A2
dA) Al indradmal nockdown of thess
f&muﬁm?rﬂmdmmm;nﬂﬁmm%
litthe effect, the combined inodiodown elicited a ~64okd in geme
in PE-MI proeein (Fig- 44) and ~Sfold inonese in PE-M1
mENA
FTB ar 4 nPTB siRNAdmockdown in Hela cells was
showT mtve X = to decrease
Bl PRCM xpreasion (12). Al S PICM1 and. PR M
mpoits could not be Tesabred, KT-PCHR revealed a ~4-fiold increass
i the: PECM 102 matio (17), We stabdy expreseed FTE shRNA in
Ac1TE cells and perin ‘Western biotang and radicacgee KT-
PCR anabpmesasabove and deteated a ~34old inorease in PE-M1
proeein and mENA (Fig. 400 Taken mgether, these nauls
suggest that bn BNF ALAZ and PTE direclly or indinecy med-
ime actve reprasion of eon 9 in cancer call

Kopech domn ol Splicimy Repeviios lahibls Laciaie Froduriien i 2
ERebhiteaa Cell Lise. To tzst whather nockdown of bnENP
ALJAT ar PTH, which resolis in an imcease in the PE-MI1PE
M2 protedn raso, is sofficient 1o affect canceracell metabhn liom,
we megared the esant of laciate aom in siabl e lonock-
down s conirol A 1T el =18 -, we o

o o Wl
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madedown of mBNP ALAZ and 2 ~15-dold radodtion opon
lnodedown of FTH.
IDisou ssion
We have demomsmaied that m of the
mpresmors hmBNP ALAZ mdunﬁagdmm repmq]
PE-M exon 9 inclusion, resoling in higher bevels of PE-MI
Bath fyps of RN proteins have been implicased in cancer
(&, 3, 18}, oomsistent with their abdlity a0 promote exgression
of the prommonigenic PEM2 imimm. b ENF Al and A2 are
related enonded By twa L
m&ummﬂﬂ}.wmm el mincr
imodorms {19 they are splicing repressors that fypically, bt not a0
aways, Teongnize exonic splicing silacer dements, and omoe EV  AINEED FTEED
bomond 1o these dements they can spread alomg the RNA throogh i Emrd - A
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¥ splice sites, and it can regulate siternate splicing by creating a

zome of silenaing (2 u}

Prrevions anabyse: of FR-M splic ing, oing 2 minigene soggesed
mmmufmnlﬂulmd:-ﬁﬂgtqplmmpt.i
erating cells {14} This & consistent wiath cur
Bldodining either of the splice sies of 2xon IDbfmmnfm
aﬁmmﬂ:lmnmﬂmmmm of bxth exom 9

11, rather than to effident derepresion of exon 5 We havwe
shown gt bnBNP ALAZ and FTH are regponsible for, or oom-
lri:dtlulrrp'ﬂn':mnfmn'?ilml:llumrmmul
Although muoifs el by
mecmam, mwlﬁem:: dee:n-rdmya -m:lm rqB]u."P ;'u.u\z
and FTB regulate PEM altsmaie splicing direcdy, and if so,
wheTte the relevant ban ding sries are lomied. However, two moemt
stndies repomed ghat an be cmslinksd in cadls o several
megiones in intron € (XX and bnBNF Al can bind in witro o an
RMNA fragment encompassing the 3° splice site of infom 9

Homher audies of cis-aating dements within and
ﬁm?mﬂm Iﬂﬂb:!mflumm
widnal cells achiese predominant or exchesie sqpression of only
ane of the fwo o fmms.

Corsidering that dowsmegulagon of bnBENF ALAT or PTB
achieved only 2 ghree oo fivednbd inorease ower the bow bazal bewe]
of exnn 9indwsion, accompanied by amodest incease in PR-M1
[proein with the persistan o of PE-M 2 protein, additional ficioms
lilio y comimib ie: 1o the wsnally gght ooninol of PE-M aliemate

iang. As in ofher instances of alternate splic
mﬁeﬁeﬂd in (24, oomnibinaarial rgtr:dbf mm:qikl.r:;-f
binding profeir i el opersite for the PEM gene.

The efieais we observed on laciate prodoction ijnl.}b::nm
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