UCLA

UCLA Electronic Theses and Dissertations

Title
Splicing Regulation of MYC Dependent Exons in Prostate Cancer

Permalink
bttgs:ggescholarshiQ.orgéucgitem42926x5d§|
Author

Chen, Xinyuan

Publication Date
2022

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2926x5d5
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

Splicing Regulation of MYC Dependent Exons

in Prostate Cancer

A dissertation submitted in partial satisfaction of the
requirements for the degree Doctor of Philosophy

in Molecular Biology

by

Xinyuan Chen

2022



© Copyright by
Xinyuan Chen

2022



ABSTRACT OF THE DISSERTATION

Splicing Regulation of MYC Dependent Exons

in Prostate Cancer

by

Xinyuan Chen

Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2022

Professor Douglas L. Black, Chair

The Myc proto-oncogene contributes to the pathogenesis of more than 50 percent of
human cancers including prostate cancers. Malignant transformation by Myc is known to
transcriptionally upregulate the core pre-mRNA splicing machinery and cause mis-regulation of
alternative splicing. However, our understanding of how changes of splice isoforms affect the
cancer phenotype is limited and how these changes are directed by Myc remains largely
unknown. Here, we performed a signaling pathway-guided differential splicing analysis to
identify Myc dependent splicing events, including an HRAS cassette exon that is repressed by
Myc transformation across multiple tumor types. To molecularly dissect the regulation of this
HRAS cassette exon, we used antisense oligonucleotide tiling to identify intronic splicing
enhancers and silencers in the HRAS flanking introns. RNA binding motif prediction indicated

the presence of multiple binding sites for hnRNP H and hnRNP F within these cis-regulatory



elements. Using siRNA knockdown and cDNA expression, we found that both hnRNP H and F
activate the HRAS cassette exon. Mutagenesis and targeted RNA immunoprecipitation
implicate two downstream intronic G-rich elements in this H/F mediated splicing activation.
Bioinformatic analyses of ENCODE RNAseq datasets also confirmed hnRNP H regulation of
HRAS splicing. Consistent with the observed effects of hnRNP H on HRAS splicing, analyses of
RNAseq datasets across multiple cancers showed a negative correlation of hnRNP H gene
expression with Myc hallmark enrichment. Loss of hnRNP H/F altered the cell cycle progression
and induced apoptosis in prostate cancer cells. In the second part of this dissertation, we again
applied antisense oligonucleotide tiling to dissect the cis-regulatory elements of another MYC-
dependent splicing event, SRSF3 cassette exon, whose inclusion is repressed by Myc
transformation in prostate cancer. We identified multiple exonic splicing enhancers as well as
downstream intronic splicing silencers. Motif-based RNA binding protein prediction suggested
the presence of Sam68 binding motifs in the intronic splicing silencers. siRNA knockdown of
Sam68 confirmed it functions as a SRSF3 splicing repressor. Lastly, using RNA-seq data
generated from an in vitro model of prostate cancer with inducible Myc expression, we
performed RNA binding protein-focused differential gene expression analysis and found majority
of differentially expressed RNA binding proteins are downregulated with the depletion of MYC
oncoprotein. CRISPRI screening of top Myc-responsive RNA binding proteins suggested that
HRAS and SRSF3 are differentially spliced in the loss of RBM28, SNRPD1, EIF3B, and PINX1.
Collectively, our results reveal mechanisms for the Myc-dependent regulation of splicing, and

point to new possible therapeutic targets in advanced prostate cancers.



The dissertation of Xinyuan Chen is approved.

Heather R. Christofk
Robert D. Damoiseaux
Tracy L. Johnson
Owen N. Witte

Douglas L. Black, Committee Chair

University of California, Los Angeles

2022



DEDICATION

To my mom and dad, for your constant love and support.

To my husband Qin An, for always being there for me,

without whom | would not have been able to reach this far in my PhD journey.

To my friends, for all those laughs.



TABLE OF CONTENTS

LIST OF FIGURES . ... ittt ettt et et e e te e eaeanennennennens Vii
LIS T OF T A B LES. .. e iX
ACKNOW LED GEMENT S . e e ae e X
AT 1 17 PP Xi
Chapter 1 Introduction to splicing dysregulation in CanCer.............ccoooviiiiiiiiiiiiii e, 1

Chapter 2 HnRNP H/F regulation of a MYC dependent HRAS exon in Prostate Cancer........ 10

INTRODUCTION . ettt ettt ettt e e eaees 13
RE S U LT S e 16
IS CUS S ON . L.t e 39
METH O DD S . ... e e 43
Chapter 3 Dissecting splicing regulation of the SRSF3 cassette exon..............cccvvevveiennnn. 66
INTRODUCTION .o ettt e et aeaaes 67
e 0 0 I 69
IS CU S S ON . L e e 77
ME T H O D S . .. e s 78
Chapter 4 CRISPRI screening of trans-acting splicing regulators of MYC-dependent
20 84
LN I 100 L 1 N 85
L = U I B T TR 86
IS C U S S ON . L. e e e 95
L I T 5 1 96
Chapter 5 CONCIUSIONS. .. et e et e aeees 104

Vi



LIST OF FIGURES

Figure 2-1. Pan-cancer analysis indicates that HRAS exon 5 is repressed by Myc activation

CrOSS MUIIPIE tUMOI Y PO . et e e e e 27
Figure 2-2. ldentification of splicing cis-regulatory elements controlling HRAS exon 5............ 29
Figure 2-3. hnRNP H and F activate HRAS exon 5 splicing..........c.cooviiiiiiiiii 31

Figure 2-4. hnRNP H and hnRNP F modulate HRAS exon 5 splicing through G-run elements
within the downstream ISE. ... ... 33

Figure 2-5. HNRNPH1 gene expression is downregulated with Myc activation across tumor

Figure 2-6. HRAS exon 5 is one of many exons controlled by MYC and hnRNP’s Hand F......36
Figure 2-7. hnRNP’s H and F are required for cell proliferation in prostate cancer cell lines.....37
Figure 2-S1. Identification of splicing cis-regulatory elements with HRAS minigene

1] 010 1 (=Y RPN 55
Figure 2-S2. RBPmap identifies binding motifs of potential splicing regulators in the HRAS

1] 1o TS T =T {1 1T T T 56
Figure 2-S3. Immunoprecipitated RNA is free of minigene DNA contamination..................... 57

Figure 2-S4. HNRNPF gene expression is upregulated with Myc activation across tumor

Figure 2-S5. HNRNPHL transcription is reduced and HNRNPF transcription is increased at high

MYC levels in an osteoblastoma model..............oooiiiiiii 59
Figure 2-S6. Differential splicing analysis after HNRNPF depletion from HepG2 cells............ 60
Figure 3-1. SRSF3 splicing and construction of its minigene reporter................c.coovviien. 71

Figure 3-2. Identification of splicing cis-regulatory elements controlling SRSF3 exon 4 with the
1T 1T L= TSN (= o o] o 1 72

Figure 3-3. Sam68 represses SRSF3 exon 4 spliCing...........ccoeieiiiiiiiiiiiiiiiee e 74

vii



Figure 3-S1. Identification of splicing cis-regulatory elements controlling endogenous SRSF3
exon 4 in prostate cancer Cells. ... ... 75
Figure 4-1. RNA binding proteins are largely downregulated with loss of MYC...................... 91
Figure 4-2. CRISPRI induces a moderate level of transcriptional repression that varies across
L6213 93

Figure 4-S1. CRISPRI system for transcription repression of RBP targets........................... 94

viii



Table 2-S1:

Table 2-S2:

Table 2-S3:

Table 2-S4:

Table 2-S5:

Table S3-1:

Table S4-1:

LIST OF TABLES

LISt Of A OIS ... 62
LiStS Of PrIMErS. ..o 63
ListS Of SIRNAS. ... 63
LiStS OFf @NtIDOAIES. ... . e e 64
Splicing changes of other G-run mutations................ccooii 64
LISt OF ASOS. .ttt 79

List of real-time RT-PCR Primers........ccooiiiiii i eaae s 98



ACKNOWLEDGEMENTS

I would like to first acknowledge my mentor, Doug Black, for his kindness, patience,
continuous guidance and tremendous supports of my graduate work, that have made my research
possible and shaped me into a scientist. | would like to thank all the Black Lab members, Andrey
Damianov, Julia Nikolic, Chia-ho Lin, Wen Xiao, Nazim Mohammad, Kyu-Hyeon Yeom, Xiaojun
Wang, Hanyoung Lim, Nivedita Damodaren, Parham Peyda, Daniel Acre, Harry Taegyun Yang,
for their help and supports during the past five years. Furthermore, | am very grateful to my
committee, Heather Christofk, Robert Damoiseaux, Tracy Johnson, and Owen Witte, for scientific
guidance and suggestions throughout my graduate study.

Many thanks to my collaborators for their help and contributions to my thesis project. To
Yi Xing, Harry Taegyun Yang, Beatrice Zhang, for bioinformatic help, and constructive discussion
and comments on the manuscript; to Frank Rigo, for his help with ASO tiling methods; to John
Phillips, who initiated and greatly impacted this project, and motivated me to continue my cancer

biology research.

Chapters 2 is a manuscript that is in preparation:
Xinyuan Chen, Harry Taegyun Yang, Beatrice Zhang, John W. Phillips, Donghui Cheng, Frank
Rigo, Owen N. Witte, Yi Xing, Douglas L. Black. HhnRNP H/F regulation of a MYC dependent

HRAS exon in Prostate Cancer. Manuscript in preparation.

This work was supported by Whitcome Pre-doctoral Fellowship and Warsaw Fellowship

at University of California, Los Angeles.



VITA

EDUCATION

2016 B.S. in Microbiology, Immunology, and Molecular Genetics
University of California, Los Angeles

PUBLICATIONS

Xinyuan Chen, Harry Taegyun Yang, Beatrice Zhang, John W. Phillips, Donghui Cheng, Frank
Rigo, Owen N. Witte, Yi Xing, Douglas L. Black. HhRNP H/F regulation of a MYC dependent
HRAS exon in Prostate Cancer. Manuscript in preparation.

Yu Zhang, C Jake Harris, Qikun Liu, Wanlu Liu, Israel Ausin, Yanping Long, Lidan Xiao, Li
Feng, Xu Chen, Yubin Xie, Xinyuan Chen, Lingyu Zhan, Suhua Feng, Jingyi Jessica Li, Haifeng
Wang, Jixian Zhai, Steven E Jacobsen (2018). Large-scale comparative epigenomics reveals
hierarchical regulation of non-CG methylation in Arabidopsis. Proceedings of the National
Academy of Sciences 115(5): E1069-E1074.

Hsuan Yu Kuo, Elise L Jacobsen, Yanping Long, Xinyuan Chen, Jixian Zhai (2017).
Characteristics and processing of Pol IV-dependent transcripts in Arabidopsis. Journal of
Genetics and Genomics 44(1): 3-6.

Jixian Zhai, Sylvain Bischof, Haifeng Wang, Suhua Feng, Tzuu-fen Lee, Chong Teng, Xinyuan
Chen, Soo Young Park, Linshan Liu, Javier Gallego-Bartolome, Wanlu Liu, lan R Henderson,
Blake C Meyers, Israel Ausin, Steven E Jacobsen (2015). A One Precursor One siRNA Model
for Pol IV-Dependent siRNA Biogenesis. Cell 163(2): 445-455.

PRESENTATIONS

2022 The 27" Annual Meeting of the RNA Society. Boulder, Colorado.
Poster: Dissecting HRAS Splicing Regulation in Myc-driven Prostate Cancer.

2019 Eukaryotic mRNA processing. Cold Spring Harbor Laboratory, New York.

Poster: Genome-wide CRISPRi/a-based screens for identifying splicing
regulators in Myc-driven prostate cancer.

FELLOWSHIPS AND AWARDS

2022-2023 UCLA Warsaw Fellowship

2022 Poster Award at RNA 2022 (the 27" Annual Meeting of the RNA Society)
2021-2022 UCLA John W. Phillips Legacy Award

2019-2020  UCLA Whitcome Pre-doctoral Fellowship

Xi



Chapter 1

Introduction to splicing dysregulation in cancer



REGULATION OF ALTERNATIVE SPLICING

Precursor messenger RNA (pre-mRNA) splicing is an essential post-transcriptional gene
regulation process, by removal of non-coding introns on nascent RNA and merging of exons to
produce mature mRNA for protein translation. This process requires the assembly of a large
catalytic ribonucleoprotein complex termed spliceosome, consisting of five small nuclear
ribonucleoproteins (U snRNPs), U1, U2, U4, U5 and U6, facilitated by numerous auxiliary
proteins (Wahl et al., 2009; Wilkinson et al., 2020). U1 snRNP recognizes and binds to the
upstream exon and intron boundary (5’ splice site), while U2 snRNP interacts with the branch
point adjacent to the intron and downstream exon boundary (3’ splice site), with its auxiliary
factors (U2AFs) recognize and bind to 3’ splice site. U4, U5 and U6 tri-shnRNP then assembles

and transforms spliceosome into an active conformation that excises introns.

Exons are constitutively or alternatively spliced. Almost all human genes undergo
alternative splicing, resulting in an average of three or more distinct mMRNA isoforms per gene,
to generate proteome diversity and functional complexity. Splice site choice is regulated by
additional RNA-protein and protein-protein interactions (Black, 2003; Fu and Ares, 2014; Lee
and Rio, 2015). It involves short sequence motifs on pre-mRNA, known as cis-regulatory
elements, and proteins that bind to these RNA-motifs, known as trans-acting splicing factors.
Two major families of splicing factors involved in alternative splicing mechanism are
serine/arginine-rich (SR) proteins and heterogenous nuclear ribonucleoprotein (hnRNPSs) that
mediates sequence-specific splicing regulation. Generally, SR proteins act positively by binding
to enhancer elements, including exonic or intronic splicing enhancers (ESE or ISE), and recruit
spliceosome to activate splicing. SR proteins are antagonized by hnRNPs, which bind to
silencers, including exonic or intronic splicing silencers (ESS or ISS), and repress the splicing.
Nevertheless, studies have showed that these regulators could mediate opposing outcomes,

depending on their binding position on pre-mRNA. SR proteins could repress splicing when
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bound to introns, while in some cases, hnRNPs could activate splicing in a context-dependent
manner (Erkelenz et al., 2013; Huelga et al., 2012; Pandit et al., 2013). These splicing factors
can cooperate and compete to regulate specific splicing events, in a concentration dependent
manner. SR proteins also autoregulate their expression by coupling splicing with nonsense-
mediated mMRNA decay (NMD) (Lareau et al., 2007; Ni et al., 2007). Besides SR proteins and
hnRNPs, many other RNA binding regulatory proteins are involved in alternative splicing
regulation, such as RBFOX proteins, signal transduction and activation of RNA (STAR) proteins,

and many others.

Recent high-throughput sequencing studies have further defined genome-wide
differential alternative splicing patterns, including cassette exon, alternative 5’ or 3’ splice site,
mutually exclusive exons, alternative first or last exon, and intron retention (Park et al., 2018).
Among those, cassette exon, also termed skipped exon (SE), where the alternative exon could
be either skipped or included, is the most frequently detected and well-defined type of
alternative splicing. Using RNA-seq data, percent spliced-in (PSI or W) is the widely used
metrics to quantify the inclusion level of a particular alternative exon (Katz et al., 2010). It is

guantified based the inclusion-specific reads divided by all reads.

SPLICING DYSREGULATION IN CANCER

Dysregulation of splicing contributes to oncogenic transformation, tumor progression,
and conveys resistance to cancer therapy. Cancer-associated splicing is found altered by a
variety of means (Anczukéw and Krainer, 2016; Cherry and Lynch, 2020; Dvinge et al., 2016;
Escobar-Hoyos et al., 2019; Urbanski et al., 2021). Disease-causing mutations often happen at
splice sites or other cis-elements, and in genes encoding core spliceosomal proteins and other
splicing factors acting in trans. Unmutated splicing factors are found overexpressed or under
expressed in cancer cells. Other dysregulation involves changes in the post-translational

modifications of splicing factors that alters their activity in tumor cells, as well as indirect effects
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through transcription or epigenetic modifications that contributes to the cancer-associated

splicing.

Recurrent somatic mutations of core spliceosomal proteins and other splicing factors are
commonly found in hematological malignancies (Dvinge et al., 2016). Most frequently detected
mutations include SF3B1 mutations, a U2 snRNP component facilitating branch point
recognition, U2AF1 mutations affecting 3’ splice site recognition, splicing factor SRSF2, and
ZRSR2, a component of the minor spliceosome that excises non-canonical splice sites. These
recurrent mutations are distributed across blood cancers such as acute myeloid leukemia
(AML), chronic lymphocytic leukemia (CLL), refractory anemia with ring sideroblasts (RARS)
and others. Interestingly, mutations in splicing factors are less common in solid tumors
(Anczukéw and Krainer, 2016; Urbanski et al., 2018). However, solid tumors do exhibit global
splicing changes compared with normal tissues, accompanied with copy number variation of
genes encoding splicing factors and altered splicing factor expression levels that may be driving
oncogenic signaling. In this dissertation, we focus on the abnormal expression of unmutated

splicing factors that potentially function as proto-oncogenes or tumor suppressors.

A number of SR proteins are found overexpressed or sometimes under expressed in a
variety of solid tumors. SRSF1 (ASF/SF2) is a proto-oncogene frequently upregulated in lung,
colon, breast, thyroid, and kidney cancers (Anczukéw and Krainer, 2016; Urbanski et al., 2018).
SRSF1 promote mammary epithelial cell transformation in both in vitro and in vivo models of
breast cancer by regulating apoptosis and proliferation (Anczukéw et al., 2012). It also drives
tumorigenicity of small cell lung cancer and potentially reduces chemo-sensitivity (Jiang et al.,
2016). Splicing factor SRSF3 (SRp20) is found overexpressed in many tumors including
bladder, breast, colon, liver, lung, oral and others. SRSF3 promotes cancer cell proliferation, in
part by regulating ILF3 alternative splicing (Jia et al., 2019). It forms a complex with TDP43 and

alters splicing patterns in triple-negative breast cancer (Ke et al., 2018). Other SR proteins
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altered in cancer involve SRSF4, SRSF5, SRSF6, SRSF7, and TRA2B. Interestingly, SRSF1,
SRSF3, and SRSF4 expression are downregulated in AML and correlated with caspase-8

splicing, in contrast to their overexpression in solid tumors (Liu et al., 2012).

Expression of hnRNPs are also found altered in cancers. Two genes of the hnRNP A/B
family, hnRNP Al and the closely related hnRNP A2/B1, are both upregulated in colon and lung
cancers, with A2B1 also overexpressed in brain and breast cancers (Anczukéw and Krainer,
2016; Urbanski et al., 2018). hnRNP A2/B1 was reported as an oncogene in glioblastoma by
regulating the splicing of tumor suppressors and oncogene RON (Golan-Gerstl et al., 2011).
Moreover, PTBP1 (hnRNP 1) is overexpressed in breast, brain colon and ovarian cancers. Loss
of PTBP1 reduces tumor cell proliferation and invasiveness in ovarian cancer (He et al., 2007).
Other hnRNPs including hnRNP K, M, H1 and C also have recurrent expression alterations in

human cancers.

The transcription factor Myc has been linked to splicing mis-regulation in cancer. Myc
gene family includes MYC (c-Myc), MYCL (I-Myc) and MYCN (n-Myc). Myc forms a heterodimer
with Max, interacts with other cofactors, binds to the E-box motif near the transcription start sites
of targeted genes, activates transcription or mediates gene repression, and regulates cell
growth and proliferation (Dang, 2012). MYC is a extensively studied proto-oncogene commonly
found amplified and contributes to the initiation and maintenance of many human cancers. MYC
amplification results in transcriptional dysregulation, including of genes encoding components of
the core splicing machinery and splicing regulatory proteins. These changes in the levels of
spliceosomal components drive cancer associated changes in splicing, and MYC transformed
cells have been shown to be unusually sensitive to splicing inhibition (Hsu et al., 2015; Koh et
al., 2015). MYC transformation also enhances expression of multiple RNA binding regulators of
splicing, leading to cancer associated changes in alternative splicing programs (Escobar-Hoyos

et al., 2019). MYC upregulates the transcription of hnRNP A1, A2 and PTBP1 to deregulate
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pyruvate kinase mRNA splicing in glioma (David et al., 2010). MYC upregulates SRSF1
expression, which in turn regulates the splicing of signaling kinase MKNK2 and transcription
factor TEAD (Das et al., 2012). MYC also transcriptionally targets hnRNP H in controlling ARAF

kinase splicing (Rauch et al., 2011).

Analyses of accumulating genome and transcriptomic data have defined splicing
signatures in cancer tissues in relative to normal cells. In an earlier study, we developed a
pathway-guided transcriptomic analysis of prostate cancer using 876 RNA-seq datasets from
cells ranging from normal prostatic tissue to aggressive prostate cancer (Phillips et al., 2020).
This identified a program of 1039 cassette exons whose splicing correlated with Myc signaling
during cancer progression. Myc-correlated exons were enriched in genes encoding splicing
regulatory proteins and core spliceosomal components, as well as others. RNA-seq analyses of
an in vitro prostate cancer model with constitutive AKT overexpression and doxycycline-
inducible MYC expression further define these Myc-correlated exons to be MYC-dependent.
The splicing of HRAS exon 5 and SRSF3 exon 4 was found to be particularly responsive to Myc
activity (Phillips et al., 2020; Urbanski et al., 2021). In this dissertation, we sought to dissect the
splicing regulation of these MYC-dependent alternative exons and elucidate the connections

between splice isoform choices and MYC oncogenic signaling.
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ABSTRACT

The Myc proto-oncogene contributes to the pathogenesis of more than 50 percent of
human cancers including prostate cancers. Malignant transformation by Myc is known to
transcriptionally upregulate the core pre-mRNA splicing machinery and cause mis-regulation of
alternative splicing. However, our understanding of how changes of splice isoforms affect the
cancer phenotype is limited and how these changes are directed by Myc remains largely unknown.
Here, we performed a signaling pathway-guided differential splicing analysis to identify Myc
dependent splicing events, including an HRAS cassette exon that is repressed by Myc
transformation across multiple tumor types. To molecularly dissect the regulation of this HRAS
cassette exon, we used antisense oligonucleotide tiling to identify intronic splicing enhancers and
silencers in the HRAS flanking introns. RNA binding motif prediction indicated the presence of
multiple binding sites for hnRNP H and hnRNP F within these cis-regulatory elements. Using
SiRNA knockdown and cDNA expression, we found that both hnRNP H and F activate the HRAS
cassette exon. Mutagenesis and targeted RNA immunoprecipitation implicate two downstream
intronic G-rich elements in this H/F mediated splicing activation. Bioinformatic analyses of
ENCODE RNA-seq datasets also confirmed hnRNP H regulation of HRAS splicing. Consistent
with the observed effects of hnRNP H on HRAS splicing, analyses of RNA-seq datasets across
multiple cancers showed a negative correlation of hnRNP H gene expression with Myc hallmark
enrichment. Interestingly, hnRNP F expression exhibited a positive correlation with Myc
transformation and thus was not consistent with the observed effects of hLnRNP F. Loss of hnRNP
H/F altered the cell cycle progression and induced apoptosis in prostate cancer cells. Collectively,
our results reveal mechanisms for the Myc-dependent regulation of splicing, and point to new

possible therapeutic targets in advanced prostate cancers.
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INTRODUCTION

Changes in pre-mRNA splicing have emerged as important contributors to the cancer
phenotype. Core splicing components including the U snRNPs assemble onto nascent RNAs to
form the catalytic spliceosome that will excise each intron (Mc et al., 2009; Wilkinson et al., 2020).
This assembly is regulated by RNA binding proteins that bind to the pre-mRNA at cis-regulatory
elements to direct splice site choices and create alternatively spliced mRNA isoforms (Black, 2003;
Fu and Ares, 2014; Lee and Rio, 2015). These regulators of splicing are very diverse and each
alternative splicing event is regulated by multiple factors that can act either positively or negatively
on the selection of a particular isoform. Aberrant splicing in cancer can result from mutations in
core spliceosomal components that give rise to aberrant mMRNAs, or from altered expression and
modulation of regulatory RNA binding proteins that shift the production of particular mRNA
isoforms (Dvinge et al., 2016; Escobar-Hoyos et al., 2019). These changes in isoforms can affect
many aspects of the tumor phenotype including cellular growth control and cell cycle progression,
suppression of apoptosis, response to hormones and growth factors, loss of cellular differentiation,
metastasis, angiogenesis and drug resistance (Urbanski et al., 2018). Splicing in tumor cells also
appears to be more error prone, producing mRNAs that are not normally produced elsewhere and
which provide appealing targets for immunotherapies (Pan et al., 2021; Smith et al., 2019; Wang

and Aifantis, 2020).

Deregulation of the Myc proto-oncogene contributes to many cancers. Myc is a DNA
binding protein that interacts across the genome resulting in a broad deregulation of transcription,
including of genes encoding components of the core splicing machinery. These changes in the
levels of spliceosomal components drive cancer associated changes in splicing, and Myc
transformed cells have been shown to be unusually sensitive to splicing inhibition (Hsu et al.,
2015; Koh et al., 2015). Myc transformation also enhances expression of multiple RNA binding

regulators of splicing, leading to cancer associated changes in alternative splicing programs
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(Escobar-Hoyos et al., 2019). In prostate cancer, changes in the expression and function of
multiple splicing regulators, including SAM68, hnRNP L, and others have been shown to

contribute to the cellular phenotype (Caggiano et al., 2019; Fei et al., 2017; Ho et al., 2021).

One family of RNA binding proteins implicated in a variety of aspects of cancer are the
heterogenous nuclear ribonucleoproteins H and F (hnRNP H/F). HnRNP H is encoded on three
genes H1, H2, H3, and hnRNP F on one gene. HNRNPs H and F bind to G-run motifs GGG and
GGGG, that act to enhance splicing of alternative exons when present downstream and to repress
splicing when present upstream or within the exon (Caputi and Zahler, 2001; Carlo et al., 1996;
Chou et al., 1999; Garneau et al., 2005; Martinez-Contreras et al., 2006; Matunis et al., 1994; Min
et al., 1995; Modafferi and Black, 1999, 1997; Schaub et al., 2007; Xiao et al., 2009). Activation
of splicing by G-run elements is strongly affected by regulatory elements in the upstream exon
and its 3’ splice site, indicating that hnRNP H/F activity requires additional cofactors (Modafferi
and Black, 1999, 1997). The two proteins have similar effects on splicing, but slightly different
binding specificities and can differ in their activities on particular target exons (Huelga et al., 2012).
They can also form a heterodimer that may allow them to coordinately affect some targets (Min
et al., 1995; Chou et al., 1999; Schaub et al., 2007). HhnRNP H was found to be upregulated in
glioma (LeFave et al., 2011), as well as colon cancer, and head and neck cancers (Rauch et al.,
2010, 2011). Oncogenic splicing switches driven by hnRNP H include targets such as IG20/MADD
in glioma (LeFave et al., 2011), TCF3 in lymphoma (Yamazaki et al., 2018), Mcl-1 and HER?Z2 in
breast cancer (Gautrey et al., 2015; Tyson-Capper and Gautrey, 2018), KHK in hepatocellular
carcinoma (Li et al., 2016), and A-Raf in colon and head and neck cancers (Rauch et al., 2010).
hnRNP H also regulates alternative splicing of the oncogenic fusion transcript EWS-FLI1 (Vo et
al.,, 2022), and the RON protooncogene (Braun et al., 2018), and may alter translation in

glioblastoma (Herviou et al., 2020). HnRNP F is less studied in the context of cancer cells but has
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been shown to be needed for the productive splicing of Sam68 in Prostate cancer (Caggiano et

al., 2019).

The availability of whole-transcriptome sequencing data across cancers has enabled the
definition of splicing signatures in cancer tissues compared to normal cells. In an earlier study,
we developed a pathway-guided transcriptomic analysis of prostate cancer using 876 RNA-seq
datasets from cells ranging from normal prostatic tissue to aggressive prostate cancer (Phillips et
al., 2020). This identified a program of 1039 cassette exons whose splicing correlated with Myc
signaling during cancer progression. Myc-correlated exons were enriched in genes encoding
splicing regulatory proteins and core spliceosomal components, as well as other cellular functions.
The splicing of HRAS exon 5 was found to be particularly responsive to Myc activity, and the
correlation between HRAS splicing and Myc activation is found in other tumor types (Phillips et
al., 2020; Urbanski et al., 2021). HRAS belongs to the Ras oncogene family, regulates cell division,
and is involved in multiple signaling transduction pathways. HRAS exon 5 affects overall
expression from the gene, such that its inclusion leads to premature translation termination, and
nonsense-mediated decay of the HRAS mRNA (Cohen et al., 1989). Transcripts that escape NMD
encode a C-terminal truncated p19 Ras protein with distinct functions from the canonical p21 Ras
protein (Guil et al., 2003a; Camats et al., 2009). High Myc levels lead to reduced exon 5 splicing

and potentially higher levels of p21 HRAS protein.

Here we report that large scale bioinformatic analyses of splicing and Myc expression
confirms the correlation of HRAS exon 5 repression with myc signature score in prostate cancer
and across many tumor types. To obtain mechanistic links between Myc oncogenic transformation
and splice isoform choices we dissected the regulation of HRAS exon 5 splicing. We utilized
antisense oligonucleotide tiling to identify several intronic splicing enhancers and silencers
adjacent to the exon. RNA binding motif enrichments indicated the presence of many hnRNP H/F

binding sites within these cis-regulatory regions. We found that both hnRNP H and F activate
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HRAS exon 5 splicing and this activation required G4 and Gs elements in the downstream intron.
Bioinformatic analyses of ENCODE RNA-seq datasets confirm hnRNP H regulation of HRAS
exon 5 and indicated that it is one of many exons regulated by both MYC and H/F. Additional pan-
cancer bioinformatic analyses correlate the downregulation of hnRNP H expression and the
upregulation of hnRNP F with Myc hallmark score. This transcriptional regulation was confirmed
using published nascent RNA-seq datasets from osteoblasts carrying an inducible MYC. Loss of
hnRNP H/F resulted in cell cycle arrest and induced apoptosis in prostate cancer cells. Taken

together, our results reveal mechanisms by which Myc alters splicing regulation.

RESULTS

Pathway Enrichment-Guided Activity Study of Alternative Splicing (PEGASAS) identifies

HRAS exon 5 as repressed by Myc transformation across multiple tumor types

The protooncogene HRAS contains a conserved poison exon (exon 5) that alters both its
expression and function. The exon-skipped isoform encodes the full length functional p21 HRAS
protein, while the exon-included isoform contains a premature termination codon (PTC) that
triggers the nonsense-mediated decay (NMD) of the HRAS transcripts. Transcripts that escape
from NMD are translated into a C-terminal truncated p19 HRAS protein (Cohen et al., 1989; Guil
et al.,, 2003a) (Figure 1A). HRAS p21 and p19 share most of the N-terminal G domain that
mediates GTP hydrolysis (Pélfy et al., 2020; Simanshu et al., 2017). However, p19 lacks the last
16 amino acids of the allosteric lobe, and is reported not to bind GTP (Guil et al., 2003a) (Figure
1B). HRAS p21 also has a C-terminal hypervariable region (HVR) that is responsible for
membrane binding and trafficking (Simanshu et al., 2017). HRAS p19 lacks this C-terminal
domain, and in its place a C-terminal 20 amino acid sequence that is conserved across species,
but whose function is not known. Several bioinformatic studies have connected HRAS exon 5
splicing with Myc transformation. HRAS exon 5 inclusion was found to be anti-correlated with Myc
activity across prostate and breast cancers (Phillips et al., 2020). Greater skipping of this exon
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was also seen in Myc-active tumors in a pan-cancer analysis that implicated a network of SR

proteins in its regulation (Urbanski et al., 2021).

To broadly assess HRAS splicing changes in response to Myc signaling pathway
activation in tumors, we used the computational framework PEGASAS (Phillips et al., 2020) to
analyze RNA-seq data compiled from 9,490 samples from The Cancer Genome Atlas (TCGA)
and 5,862 tissue matched samples from the Genotype-Tissue Expression project (GTEX)
(Lonsdale et al., 2013; Weinstein et al., 2013). Briefly, gene expression and exon inclusion
(Percent spliced in, PSI) values were computed for all genes and exons for each sample. Myc
activity scores were calculated using the hallmark gene set Myc Targets V2 from the Molecular
Signatures Database (MSigDB) (Liberzon et al., 2015). Myc activity scores were then correlated
with all exon PSI values across all the datasets. Myc activity was seen to increase with disease
progression from normal tissue (gray), to tumor adjacent benign tissue (orange), and to primary
tumor (light blue) and more malignant disease stages. Inclusion of HRAS exon 5 is found to
negatively correlate with Myc hallmark enrichment in the majority of 27 tumor types (Figure 1C).
In addition to the correlation that we observed previously in prostate adenocarcinoma (PRAD),
other epithelial cell cancers, such as colon adenocarcinoma (COAD) and lung squamous cell

carcinoma (LUSC) showed particularly strong correlations (Figure 1D).

ASO tiling reveals splicing enhancers and silencers controlling HRAS exon 5

As a first step in delineating the regulatory elements in the region of exon 5, we applied
antisense oligonucleotides (ASOs) that base pair and potentially block RNA regulatory elements
(Rinaldi and Wood, 2018). We designed and synthesized 22 ASOs that tiled across the highly
conserved sequences of the HRAS exon 5 region, including 94 nucleotides of intron 4, the 82nt
exon, and 200nt of intron 5 (Figure 2A). These ASOs were 18nt in length, non-overlapping, and
had a uniform phosphorothioate backbone chemistry and methoxyethyl modifications at the 2’
ribose position (2’MOE-PS). Each ASO, and a non-targeting control (NTC) ASO, was transfected
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into HEK293 cells. 24 hours after transfection, RNA was isolated and HRAS splicing was
measured by semi-quantitative RT-PCR. Comparing the exon 5 percent-spliced in (PSI) value in
the presence of each ASO to the NTC, we identified ASO’s that decrease exon 5 splicing and
others that increase it (Figure 2B). As expected, ASOs targeting the 3’ and 5’ splice sites strongly
inhibited splicing. ASOs targeting the body of the exon also induced exon skipping, indicating the
presence of exonic splicing enhancers within the HRAS exon. ASOs targeting downstream intron
5 showed diverse effects with some increasing and others decreasing exon 5 splicing, suggesting
the presence of multiple intronic splicing silencers and enhancers. ASOs 15-1, 15-4, and 15-7
increased exon inclusion and may block intronic splicing silencer elements (ISSs). In contrast,
ASOs 15-3, I5-5, 15-9, and 15-11 all induced exon skipping compared to controls and suggest the

presence of splicing enhancers in this region.

We next constructed an HRAS minigene reporter by cloning the genomic region spanning
exon 5, including the flanking introns and portions of exons 4 and 6, into the pcDNA3.1(+)
expression vector (Figure S1A). We introduced an in-frame ATG start codon downstream from
the CMV promoter, and a TGA stop codon upstream of the BgH polyadenylation site to reduce
nonsense mediated decay of the product mRNA. In HEK293 cells, transcripts from the minigene
show 18.9% exon 5 inclusion compared to 8.0% inclusion in the endogenous HRAS transcripts
(Figure S1B-C). In co-transfection experiments we found that ASOs had pronounced effects on
splicing the HRAS minigene. With some exceptions, the ASO induced minigene splicing changes
were consistent with those on endogenous HRAS. ASO’s targeting the exon were strongly
inhibitory. Enhanced splicing, indicating the position of an intronic splicing silencer, was seen with
I5-1 and 15-7. The adjacent 15-6 ASO also enhanced splicing of the minigene transcripts, but had
more limited effect on the endogenous transcripts. Splicing inhibition due to the likely blocking of
splicing enhancers was seen with ASO’s 15-5, and 15-8 to I15-11, often with stronger effects on the

minigene RNA than seen on the endogenous RNA (Figure 2B, S1C). ASO 14-1 in intron 4
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generated a new band in the RT-PCR likely due to a cryptic splice site in the minigene construct.
The weaker effects of the ASO’s on the endogenous RNA could result from a nhumber of factors.
Different rates of transcription for the native and transfected genes could affect the ability of ASO’s
to act on the RNA. Also mature endogenous RNA is already present at the time of ASO
transfection and may not turn over completely during the assay of the ASQO’s. In contrast, the
minigene is co-transfected with the ASO’s so all RNA is processed in their presence. A previous
study identified a splicing silencer element called rasISS1 in HRAS intron 5 (Guil et al., 2003b)
(Figure 4A). The inhibitory sequences of rasISS1 maps to the region covered by our ASOs I5-1
and I5-2. Our data also indicates a silencer in the I5-1 region. The limited effect we observe from
I5-2 may be due to the secondary structure proposed for this region interfering with targeting by
antisense oligos. We have focused on regulatory elements where ASO’s inhibited splicing of the

endogenous HRAS exon indicating intronic enhancer elements (15-3, 15-5, and 15-8).

To identify trans-acting splicing factors that potentially bind the HRAS splicing regulatory
elements, we examined the sequences surrounding HRAS exon 5 with motif finding tools
SpliceAid2 and RBPmap (Paz et al., 2014; Piva et al., 2012). Within the region targeted by the
ASO’s downstream of exon 5, many binding motifs for hnRNP H and its paralog hnRNP F were
identified, as well as for motifs for hnRNP A1, SRSF5, and other proteins (Figure 2C, S2A).
Previous work identified hnRNP Al as repressor of exon 5 that binds to the rasISS1 element (Guil
et al., 2003b). The SR proteins SRSF2 and SRSF5 were also identified as factors that correlate

with exon 5 activation.

hnRNPs H and F activate HRAS exon splicing

Heterogenous nuclear ribonucleoproteins H and F (H1, H2, H3 and F) are paralogous
splicing factors that activate splicing when bound downstream of alternative exons. H and F both
bind to G-run motifs GGG and GGGG, although their specificity has slight differences (Caputi and
Zahler, 2001; Carlo et al., 1996; Chou et al., 1999; Garneau et al., 2005; Martinez-Contreras et
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al., 2006; Matunis et al., 1994; Min et al., 1995; Modafferi and Black, 1999, 1997; Schaub et al.,
2007; Xiao et al., 2009). HNRNP H3 is a pseudogene that lacks the N-terminal RNA Recognition
motif (Mahé et al., 1997; Honoré, 2000). HhRNP’s H1 and H2 are highly similar in peptide
sequence (Honoré et al., 1995), but differ in their relative expression, with H1 more highly
expressed in most cell types including HEK293 cells and a Myc dependent prostate cancer model
(Lonsdale et al., 2013; Phillips et al., 2020). (Honoré et al., 1995; Mahé et al., 1997). In this study,

we focus on hnRNP H1 and F.

To assess the effects of hnRNPs F and H on HRAS splicing, we performed siRNA-
mediated knockdown of these factors individually and together in HEK293 cells. Immunoblot
confirmed that the siRNAs depleted hnRNP F by 92.7% and H1 by 69.6% when they were
targeted individually, and by 88.9% and 68.1% when hnRNPs F and H were targeted together
(Figure 3A). Depletion of F or H individually led to a modest increase in the other factor, an
apparent cross-regulation that is commonly observed for pairs of related RNA binding proteins.
72 hours after introduction of the siRNAs, we assayed the splicing of exon 5 in the endogenous
HRAS transcripts by RT-PCR. Depletion of either hnRNP F or hnRNP H decreased exon 5
splicing, with a stronger effect seen with the loss of hnRNP H, despite its less complete depletion.
Depletion of both H and F resulted in even greater exon skipping. Thus, both H and F act to
enhance HRAS splicing (Figure 3B). H/F knockdown resulted in an upregulation of the HRAS
p21 protein isoform as seen by immunoblot, consistent with the observed splicing changes
(Figure 3A). To rule out off-target effects of the siRNAs, we re-expressed 6xHis tagged siRNA-
resistant HNRNPH1 or HNRNPF cDNAs, after siRNA depletion of the endogenous transcripts
(Figure 3C-D). Immunoblots confirmed the expression of recombinant hnRNP H or F at levels
comparable to the endogenous proteins. Re-expression of either hnRNP H or F stimulated
splicing of HRAS exon 5 in both minigene and endogenous RNAs validating their roles as splicing

activators and ruling out possible off target effects of the siRNAs.
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G; and G4 elements in the downstream intronic splicing enhancer mediate the hnRNP H/F

dependent enhancement of HRAS splicing.

HNRNPs H and F bind to motifs containing runs of three or four G nucleotides which act
as splicing enhancers when found in a downstream intron (Chou et al., 1999; Schaub et al., 2007).
There are ten G-runs downstream of exon 5, of which four were identified by the ASO tiling as
enhancer elements (Figure 4A). We constructed a series of minigene reporters carrying single
mutations at each of these four G-run elements, a double mutation of the neighboring G1 and G2
runs, and a mutation of the four G-runs (G1,G2,G3,G4). After transfection into HEK293 cells, the
splicing of each of these constructs was compared to the wildtype clone by RT-PCR (Figure 4B).
We observed small decreases in exon 5 splicing when either G1 or G2 was mutated, and minimal
splicing changes resulting from G3 or G4 mutations. In the constructs carrying single G-run
mutations the expression of recombinant F or H enhanced exon inclusion. The double mutation
of both G1 and G2 resulted in a nearly complete loss of exon 5 splicing and a similar effect was
seen when all four G runs were mutated together. Notably, for these mtG1G2 and mtG1G2G3G4
constructs, the overexpression of H or F could no longer rescue exon 5 splicing. We also tested
mutations in other G-runs downstream of exon 5 but where the blocking ASO either indicated the
presence of a splicing silencer or had minimal effect (G-runs located in the 15-1, 15-4 and 15-6
targeted regions, Figure 4A). The splicing changes induced by these mutations were mostly
consistent with the ASO data, except one G-run in the I5-1 region whose mutation indicated that
it also acted as an enhancer but the ASO was apparently blocking a silencer (Supplementary
table 5). This region is thus complex and likely contains multiple regulatory elements, one of which
might be an additional hnRNP H/F dependent enhancer. Altogether the results indicate that
multiple G-runs within HRAS intron 5 act as hnRNP H/F dependent splicing enhancers, with

individual elements acting redundantly and with G1 and G2 having the strongest effects.
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To assess the interactions of hnRNPs H and F with HRAS intron 5, we assayed for the
presence of HRAS RNAs in hnRNP H/F immunoprecipitates. HEK293 cells were transfected with
the wildtype HRAS minigene or that carrying the G1G2 mutation. These were examined in cells
expressing 3xFlag tagged hnRNP H or 6xHis tagged hnRNP F, or in untransfected cells to assay
endogenous H and F protein. Ectopically expressed H and F were immunoprecipitated with anti-
Flag and anti-His antibodies respectively, and endogenous hnRNPs H and F with antibodies
reactive with each protein. The specificity of the pull downs and yield of the immunoprecipitations
were monitored by immunoblot (Figure 4C). RT-PCR analysis of the immunoprecipitated RNA
identified HRAS pre-mRNA associated with the H and F immunoprecipitates but not the control
IgG. Primer pairs were designed to amplify either the exon4-intron4 junction or a segment of intron
5 neighboring the G-runs. These yielded the expected products from the minigene reporter whose
unspliced products and much more abundant than the nascent endogenous HRAS RNA, while a
minus reverse transcriptase control confirmed the absence of minigene DNA (Figure S3A). To
guantify the amounts of mutant and wildtype RNAs in each pulldown, we performed gRT-PCR,
normalizing the amount of RNA in the precipitates to the input. We found that the binding of HRAS
RNA to hnRNPs H and F was substantially reduced by G1G2 mutation. This was seen in
immunoprecipitates of both the exogenous and endogenous proteins (Figure 4D). The Intron 5
fragment was more abundant in the immunoprecipitates than the exon 4 - intron 4 fragment and
showed the biggest reduction in binding with the G1G2 mutation. However, reduced binding was
also observed with the exon-intron fragment. Taken together, the data indicate hnRNPs H and F

interact with the G-runs in HRAS intron 5 to activate exon 5 splicing.

HNRNPH gene expression is repressed by Myc activation across multiple tumor types

To further assess the association of hLnRNPs H and F with Myc, we performed a correlation
analysis of Myc activity score and normalized splicing factor expression across tumor types. We

used DEseq2 to normalize the read counts of 220 genes of known or putative splicing factors
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(Han et al., 2013) in the TCGA and GTEx samples analyzed above. We then correlated splicing
factor expression with Myc activity scores computed from PEGASAS. HNRNPH1 exhibited a clear
negative correlation with Myc activation in the majority of 27 tumor types, including prostate
cancer (PRAD, Figure 5A-B). In contrast, HNRNPF exhibited a positive correlation with Myc
activation in almost all tumor types (Figure S4A-B). The negative correlation between HNRNPH1
and Myc was found in multiple epithelial cancers such as breast invasive carcinoma (BRCA),
colon adenocarcinoma (COAD), lung squamous cell carcinoma (LUSC) and Ovarian serous
cystadenocarcinoma (OV). Interestingly, the correlations were reversed in the acute myeloid
leukemia (LAML) samples, in these tumors hnRNP H1 was positively correlated with Myc and

hnRNP F negatively correlated.

To look more directly at transcription of the hnRNP H1 and hnRNP F loci, we examined
datasets of nascent RNA-seq generated with 4-Thio-U labeling under conditions of normal
endogenous Myc, Myc depletion, and Myc overexpression in U20S osteoblastoma cells carrying
an inducible Myc gene (Baluapuri et al., 2019). These nascent RNA data indicated increased
HNRNPF transcription and decreased HNRNPHL1 transcription upon MYC overexpression
(MYC_HIGH) compared with normal Myc levels (MYC_ON) or with MYC-depletion (MYC_OFF)
(Figure S5A-B) (Baluapuri et al., 2019). These data are consistent with the pan-cancer analysis
showing negative correlation of hnRNP H RNA with Myc status and positive correlation of hnRNP
F RNA. They also indicate that the change in steady state hnRNP H RNA with MYC
overexpression results from reduced transcription of HNRNPH1. Overall, the data are consistent
with a model that down regulation of hnRNP H1 by Myc contributes to reduced HRAS exon 5

splicing in prostate and other epithelial tumors.

The HRAS exon is one of many exons controlled by both MYC and hnRNP H/F activity

To identify additional exons regulated by hnRNPs H and F, we analyzed RNA-seq
datasets from the ENCODE project (Dunham et al., 2012). Using rMATS-turbo, we compared
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RNA from HepG2 cells after HNRNPH or HNRNPF knockout to RNA from the non-targeted control
cells (Figure 6A, S6A) (Shen et al., 2014). This identified 2190 and 1516 changes in skipped
exons (SE) after H and F knockout respectively. HhRNP H can act either as a splicing repressor
or activator depending on its binding location (Caputi and Zahler, 2001; Carlo et al., 1996; Chou
et al., 1999; Garneau et al., 2005; Martinez-Contreras et al., 2006; Modafferi and Black, 1999,
1997; Schaub et al., 2007; Xiao et al., 2009). Consistent with this, we observed that approximately
50% of the exons showed reduced splicing upon hnRNP H knockout, indicating the protein acted
to enhance their splicing. These included HRAS exon 5 which exhibited a PSI of 0.11 in the
HNRNPH1 knockout samples, compared with 0.27 in the non-targeted control (Figure 6B).
Similar overall results were obtained with the hnRNP F knockout, except that HRAS exon 5
showed no significant change upon hnRNP F knockout compared with the non-targeted control.
This limited effect might result from the lower expression of hnRNP F yielding a smaller effect on
the PSI after knockout (Figure S6A-B). To further validate the ENCODE findings, we knocked
down hnRNPs H and F by siRNA in HepG2 cells and performed RT-PCR on the endogenous
HRAS transcripts. This confirmed that the loss of either H or F alone reduce HRAS exon inclusion,
and the double knockdown has a stronger effect (Figure S6C). Interestingly, in these cells the
double depletion of H and F also slightly reduced MYC expression as seen by immunoblot (see
below). The data for HepG2 and HEK293 both confirm that hnRNP H1 is an activator of HRAS

exon 5 splicing (Figure 3B).

Analyses of the other ENCODE line, K562, also showed that HRAS exon 5 was positively
regulated by hnRNP H1 (data not shown). However, in these cells hnRNP F gave different results
exhibiting an increase in exon 5 splicing after hLnRNP F knockout (data not shown). Presumably
K562 expresses a different complement of splicing regulators that allow hnRNP F to act differently
on some of its target RNAs. Notably, in our pan-cancer gene expression analysis (Figure 5, S4),

we found both hnRNP H and F are under different transcriptional control by MYC in Acute Myeloid
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Leukemia (LAML), compared to most other tumor types. Thus, the lymphoblastic K562 cells

derived from a chronic myelogenous leukemia may behave more similarly to LAML than to HepG2.

To examine whether other exons that are regulated by hnRNPs H and F are also regulated
by Myc, similarly to HRAS, we analyzed RNA-seq data from a prostate cancer model carrying a
doxycycline-inducible MYC gene (Phillips et al., 2020). This identified 2591 differentially spliced
SE events between the MYC-on and MYC-off conditions. These MYC-dependent SE events
overlapped with several hundred of the hnRNP H1 or F -dependent SE events from HepG2
(Figure 6C). A hypergeometric test comparing these exon sets yielded a p-value of 9.53xE#
indicating a statistically significant fraction of the splicing events regulated by MYC overlap with
those controlled by hnRNP H1 and/or hnRNP F. Gene ontology analyses (PANTHER) (Thomas
et al., 2022) indicate that the genes containing splicing events in the three way overlap are
enriched for genes involved in metabolic processes, with mMRNA metabolic processes as the top
term (Figure 6D). It appears that there are multiple exons controlled by both MYC and hnRNPs

H and F, and that HRAS exon 5 is just one example.
hnRNP H/F are required for cell proliferation in prostate cancer cell lines

To evaluate effects of splicing factors hnRNP H and F on the growth of Myc transformed
cells, we knocked down their expression in two prostate cancer cell lines. PC3 is an advanced
adenocarcinoma cell line with high metastatic potential, while DU145 cells derive from a prostate
carcinoma with moderate metastatic potential. PC3 and DU145 cells transfected with siRNAs
targeting hnRNP’s F, H, or both showed >75% depletion of each factor. The combined depletion
of hnRNP H and F induced HRAS exon 5 skipping as seen previously (Figure 7A-B). The
knockdown of H or F or both also resulted in a small reduction in MYC in the PC3 cells. The
double knockdown also showed an increase in cPARP protein indicating the induction of cell
apoptosis (Figure 7A), and it was apparent that the cultures had stopped proliferating after the
hnRNP H/F depletion. To evaluate how loss of hnRNP H and F affected cell growth, we performed
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flow cytometry of propidium iodide stained PC3 cells. Depletion of hnRNP F or hnRNP H, and
particularly the double knockdown, reduced the number of cells in the G1 phase and increased
cells in G2 compared with control cells (Figure 7C-D), indicative of a mitotic block. HNRNP’s H

and F are thus needed for proper mitotic progression in the prostate cancer cells.
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Figure 2-1. Pan-cancer analysis indicates that HRAS exon 5 is repressed by Myc activation
cross multiple tumor types. (A) Diagram of HRAS pre-mRNA alternative splicing. NMD,
nonsense-mediated decay. (B) Domain diagram of p21 and p19 HRAS isoforms (Palfy et al.,
2020). Gleffector, G domain/effector lobe; Glallosteric, G domain/allosteric lobe; HVR,
hypervariable region. (C) Scatterplot matrix showing the correlation of HRAS exon 5 PSI with Myc
hallmark enrichment score across multiple tumor types. ACC, Adrenocortical carcinoma; BLCA,
Bladder Urothelial Carcinoma; BRCA, Breast invasive carcinoma; CESC, Cervical squamous cell
carcinoma and endocervical adenocarcinoma; CHOL, Cholangiocarcinoma; COAD, Colon

adenocarcinoma; ESCA, Esophageal carcinoma; GBM, Glioblastoma multiforme;
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Figure 2-1. Continued.

KICH, Kidney Chromophobe; KIRC, Kidney renal clear cell carcinoma; KIRP, Kidney renal
papillary cell carcinoma; LAML, Acute Myeloid Leukemia; LGG, Brain Lower Grade Glioma; LIHC,
Liver hepatocellular carcinoma; LUAD, Lung adenocarcinoma; LUSC, Lung squamous cell
carcinoma; OV, Ovarian serous cystadenocarcinoma; PAAD, Pancreatic adenocarcinoma; PCPG,
Pheochromocytoma and Paraganglioma; PRAD, Prostate adenocarcinoma; READ, Rectum
adenocarcinoma; SKCM, Skin Cutaneous Melanoma; STAD, Stomach adenocarcinoma; TGCT,
Testicular Germ Cell Tumors; THCA, Thyroid carcinoma; UCEC, Uterine Corpus Endometrial
Carcinoma; UCS, Uterine Carcinosarcoma. (D) Heatmap summarizing the Pearson correlation
coefficient for PSI vs Myc score in each tumor type, accompanied with corresponding adjusted p-

value. *, tumor types with statistically significant adjusted p-value (< 0.05).
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Figure 2-2. Identification of splicing cis-regulatory elements controlling HRAS exon 5. (A)
Schematic of ASO tiling across HRAS exon 5 and its partial flanking introns, including 376-
nucleotide region tiled by non-overlapping 18-mer ASOs. Each haorizontal bar represents an ASO.
(B) Semi-quantitative RT-PCR analyses showing the effects of ASOs on endogenous HRAS
splicing. The arrows indicate RT-PCR primers for assay of exon 5 in the endogenous HRAS
transcripts. The bar graph presents the gquantification of the RT-PCR calculated as percent-

spliced in (PSI) (gray: control; orange: more skipping; green: more inclusion).

29



Figure 2-2. Continued.

Each bar represents the mean value +/- SD of three biological replicates. NTC, non-targeting

control. -, no-ASO mock control.

(C) SpliceAid2 snapshot of predicted splicing factor binding sites on HRAS intron 5. The
sequences targeted by each ASO are highlighted in orange (more skipping), green (more

inclusion), or gray (no change).
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Figure 2-3. hnRNP H and F activate HRAS exon 5 splicing. (A) Immunoblot showing the
expression of hnRNP H, hnRNP F, and HRAS proteins in HEK293 cells, after transfection with
control, HNRNPF, HNRNPH1, or HNRNPH/F siRNAs. GAPDH was used as a loading control.
The bar graph (right) shows the quantification of hnRNP H and F proteins in response to each
siRNA perturbation. The grayscale bar graph (bottom) shows the quantification of HRAS p21

protein expression in response to each siRNA perturbation. NS: p > = 0.05; *: p < 0.05;**: p <

0.01; ***: p < 0.001 (Student

's t-test).
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Figure 2-3. Continued.

(B) RT-PCR analysis endogenous HRAS splicing after siRNA knockdown of hnRNP’s H and F.
The bar graph (right) shows the quantification of the RT-PCR results. (C-D) Rescue of hnRNP
H/F expression after knockdown in HEK293 cells. Immunoblot of hnRNP H, hnRNP F, His tagged
rescue protein, and HRAS in HEK293 cells. Cells were transfected with control or HNRNPH/F
siRNAs followed by transfection with siRNA-resistant C-terminal 6xHis tagged hnRNP’s H (C) or
F (D). RT-PCR of minigene and endogenous HRAS splicing in each experimental condition is
quantified in the bar graphs (right). Each bar represents the mean +/- SD of three biological

replicates.
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Figure 2-4. hnRNP H and hnRNP F modulate HRAS exon 5 splicing through G-run elements

within the downstream ISE.
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Figure 2-4. Continued.

(A) Diagram of HRAS minigene reporters carrying mutations at putative hnRNP H/F binding motifs.
Intron 5 nucleotide sequences targeted by ASO’s I5-1 to 15-8 are shown in orange as potential
enhancers and green as potential suppressers. G-runs within this intron 5 region is underlined,
and those that are within the enhancer regions and mutated are labeled in red and numbered.
Mutations in these elements are indicated below, with the mutated sequences underlined and
labeled in red. The known silencer element rasISS1 is boxed in havy and its putative hnRNP Al
binding motif is highlighted (Guil et al., 2003b). (B) Immunoblot showing the expression of
endogenous hnRNP’s H and F and His-tagged ectopic proteins. GAPDH was used as the loading
control. RT-PCR analyses showing the splicing changes of wild type and mutant minigene
reporters after transfection of control (top), hnRNP H (middle), and hnRNP F (bottom) expression
plasmids (wt, wild type; mt, mutant). The bar graph presents the quantification of RT-PCR results,
with the mean +/- SD of three biological replicates. (C) RNA immunoprecipitation assayed by real-
time RT-PCR of wildtype and G1G2 mutant HRAS intron 5 RNA bound by hnRNP H and hnRNP
F proteins. HEK293 cells transfected with wtHRAS or mtG1G2 minigenes were
immunoprecipitated using anti-epitope tag (Flag or His) antibodies, anti-endogenous protein
(hnRNP H or hnRNP F) antibodies, or non-immune IgG. The immunoblot shows the recovery of
hnRNP H, hnRNP F or both in the IP’'s. (D) The bar graphs (right) of real-time RT-PCR
guantification of recovered RNA using two sets of primers: the 15 product targets an intronic region

neighboring the mutation and the E414 product targets the sequence immediately upstream.
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Figure 2-5. HNRNPHL1 gene expression is downregulated with Myc activation across tumor
types. (A) Scatterplot matrix showing the correlation of normalized HNRNPH1 versus Myc
hallmark enrichment score across the disease spectrum in multiple tumor types. (B) Heatmap
summarizing the Pearson correlation coefficient of Myc vs hnRNP H expression for each tumor
type, accompanied with its adjusted p-value. *, tumor types with statistically significant adjusted

p-value (< 0.05).
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Figure 2-6. HRAS exon 5 is one of many exons controlled by both MYC and hnRNP’s H and

F. (A) Scatterplot showing the SE (Skipped Exon) events detected by RNA-seq from the ENCODE

project in HepG2 cells after HNRNPH1 CRISPR knockout. Significant SE events were filtered by

junction reads per event > 10, |deltaPSI| > 0.05, and FDR < 0.05. (B) Sashimi plot showing the

PSI of HRAS exon 5 in control cells and after HNRNPH1 KO. (C) Venn diagram showing the

overlapping significant SE events across three datasets: MYC on vs. MYC off, HNRNPH1 KO vs

Control, and HNRNPF KO vs Control. The numbers reflect overlapping events showing changes

in each comparison without considering the direction of the changes. (D) Gene ontology analyses

using PANTHER for genes represented by SE events between MYC and HNRNPH, between

MYC and HNRNPF, or between both comparisons.
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Figure 2-7. hnRNP’s H and F are required for cell proliferation in prostate cancer cell lines.
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Figure 2-7. Continued.

(A) The effects of hnRNP H and hnRNP F knockdown on the expression of Myc and the apoptosis
marker cPARP in the prostate cancer cell lines, PC3 and DU145. Immunoblot showing the
expression levels of hnRNP’s H and F, MYC and cPARP in cells transfected with control,
HNRNPF, HNRNPH1, or HNRNPH/F siRNAs. GAPDH was used as a loading control. The bar
graphs present the quantification of MYC expression in response to each siRNA perturbation. (B)
RT-PCR analysis showing the splicing changes of endogenous HRAS transcripts in response to
each siRNA perturbation. The bar graphs show the quantification of HRAS exon 5 PSI. (C) Cell
cycle analysis by FACS of PC3 cells transfected with control, HNRNPF, HNRNPH1, or
HNRNPH/F siRNAs, and stained with propidium iodide. (D) Stacked bar plot showing the
guantification of cells in the G1, S, and G2/M phases. Bars present the mean +/- SD of three
biological replicates. (E) Model of hnRNP H regulation of HRAS exon alternative splicing under

low MYC versus high MYC conditions

38



DISCUSSION

We found that Myc transformation influences the splicing of HRAS protooncogene
transcripts to decrease exon 5 inclusion and allow greater production of the full-length isoform.
We identified clusters of positive and negative splicing regulatory elements in the sequence
encompassing exon 5, including splicing enhancers in the intron downstream. We showed that
these G-run enhancers bind to the splicing regulators hnRNP H and hnRNP F and are required
for activating splicing of exon 5. HnRNP H1 expression was found to be anticorrelated with Myc
score across many tumor types including lung, breast, and prostate, consistent with the
repression of exon 5 by Myc. HhNRNP F showed the opposite correlation. We found that HRAS
exon 5 is one of a group of Myc regulated exons that are also regulated by hnRNP’s H and F,
which are essential for the growth of prostate cancer cells. These results are summarized in the
model shown in Figure 7E, where the activation of MYC downregulates hnRNP H, leading to
decreased HRAS exon 5 splicing and increased expression of the full-length p21 HRAS

oncoprotein.

Human HRAS exon 5 was originally named IDX and shown to carry an in-frame premature
termination codon (PTC) to create a truncated protein (Cohen et al., 1989). Human mutations that
reduce IDX inclusion were shown to increase the activity of full length p21 HRAS (Cohen et al.,
1989; Cohen and Levinson, 1988). HRAS exon 5 containing transcripts were later shown to
undergo nonsense mediated mRNA decay (NMD) in the cytosol, with the undegraded portion
found largely in the nucleus (Barbier et al., 2007). We also found that cycloheximide treatment
does increase this isoform consistent with its loss to NMD (data not shown). Thus, one role of the
exon seems to be the modulation of p21 HRAS levels and activity. However, transcripts that
escape from NMD are potentially translated into the C-terminal truncated p19 HRAS protein,
reported to have a distinct function from the full length p21 HRAS protein (Guil et al., 2003a;

Camats et al., 2009). Exon 5 and its flanking introns are conserved in mammals, although the
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mouse gene does not contain the stop codon with the exon 5 included isoform predicted to
terminate in exon 6. The C-terminal peptides of the truncated isoforms in the human and mouse

are quite similar, supporting the idea that p19 is a functional protein variant of HRAS.

We have not detected this p19 isoform by immunoblot in our system. However, p19 was
detected in the nucleus and cytoplasm of HelLa cells using an antibody specifically targeting its
divergent C-terminus (Guil et al., 2003a). This p19 form failed to bind to the known p21 interactors
Rafl and Rin1(Camats et al., 2009; Guil et al., 2003a). When overexpressed in different settings,
p19 has been found to bind a variety of other proteins including p73, MDM2, Neuron-Specific
Enolase, and RACK, and to have varying effects on cell growth and physiology (Camats et al.,
2009; Garcia-Cruz et al., 2015; Guil et al., 2003a; Jang et al., 2010; Jeong et al., 2006). These
findings indicate that p19 likely serves a separate role from p21 and that modulation of HRAS

splicing will alter p19 function in addition to changing p21 activity.

Earlier studies identified a regulatory element called rasISS1 in the intron downstream of
HRAS exon 5 that acted to silence exon 5 splicing (Guil et al., 2003b). This inhibition was also
observed in an in vitro splicing system, where it required the protein hnRNP Al, and was
counteracted by the SR proteins, SRSF2 (SC35) and SRSF5 (SRp40). The RNA binding proteins
FUS/TLS and hnRNP H, and the RNA helicase p68 (DDX5) were also found to bind rasISS1, and
depletion of p68 in vivo led to increased exon 5 splicing, indicating that it might counteract splicing
repression by raslSS1. The rasISS1 was predicted to form a basepaired stem with exon 5 that
may inhibit its splicing, and p68 was shown to unwind the exon 5 — rasISS1 stem in vitro.
Knockdown of FUS/TLS or hnRNP H downregulated the abundance of p19 HRAS protein in vivo
(Camats et al., 2008). These findings are consistent with our analyses and indicate that HRAS
exon 5 is modulated by a combination of positive and negative acting factors as seen with most

alternative exons.
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The ASO tiling approach allowed us to map regulatory elements more comprehensively
across the exon 5 region. ASO’s 15-1 and 15-2 target the inhibitory sequence of rasISS1 element
and the activation of splicing by 15-1 indicates the presence of a silencer. The limited effect of
ASO I5-2 may come from the ASO not being able to disrupt the proposed secondary structure.
Our analysis identified enhancer elements near the 3’ end of the ISS and downstream that contain
G-runs, and which bind hnRNP’s H and F. We find that these proteins strongly activate splicing
despite the presence of the rasISS1, and this activation requires the G-runs in the 15-3 region.
The ASO tiling also indicated the presence of multiple exonic enhancers within exon 5. Some of
these may recruit SRSF2 and SRSF5 whose activity on the exon was previously reported (Guil
et al., 2003b). We confirmed SRSF5 as splicing activator through transient overexpression (data
not shown). The ASO tiling can be refined and in future work we can more precisely delineate the
cis-elements using overlapping oligos to identify those that most strongly shift exon 5 splicing and
the expression of the p21 HRAS oncoprotein. These can then be tested for effects on tumor
growth. Other studies examining the programs of splicing regulation in cancer have also identified
HRAS as a Myc dependent exon. Several SR proteins are altered sin expression in response to
Myc (Anczukéw et al., 2012, 2015). This group recently reported that some of these SR proteins,
particularly SRSF2, act to repress HRAS cassette exon splicing in Myc-active tumors (Urbanski

etal., 2021).

HNRNP H has been connected to other aspects of Ras signaling. Studies of the ARaf
kinase found that splicing to create its full length isoform required hnRNP H (Rauch et al., 2010,
2011). This isoform inhibits apoptosis in tumor cells through interaction with the MST2 kinase.
The short ARaf isoform expressed in low hnRNP H conditions can act as a dominant negative
protein to suppress Ras activation and oncogenic transformation. These studies found that high
Myc correlated with high hnRNP H expression in HeLa and several other tumor cell lines, the

opposite of the correlation we observe in most tumors in the TGCA database. It will be interesting
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to investigate whether these different results arise for differences between cell lines and primary
tumors, differences between tumor types, or some other difference between the systems. Another
earlier study found that hnRNP F affected cell proliferation through interactions with mTOR and
the S6 Kinase 2 pathway (Goh et al., 2010). We found that both hnRNP H and F are required for
prostate cancer cell growth. It will be interesting to assess the signaling pathways involved in
these effects on cell proliferation control, and whether the Ras-MEK-ERK or Ras-PI3K-AKT

pathways are involved.

There are several findings within our data that remain unexplained. One question is the
apparent upregulation of hnRNP F by Myc. Since hnRNP F also seems to stimulate HRAS exon
5, one would expect it to go down with increased Myc. It is possible that other factors, of the many
affecting exon 5, are counteracting the effect of hnRNP F. It should also be noted that Myc
correlations with gene expression are only measuring RNA and it is possible the proteins encoded
by these mRNAs are behaving differently. It is also possible that modifications of the hnRNP F
protein could alter its activity. Another question regards the requirement for hnRNP H in the growth
of Myc transformed cells. Given that reduced splicing of HRAS exon 5 resulting from reduced
hnRNP H is conducive to growth, it appears that some level of hnRNP H is still required. What

MRNA isoforms are responsible this hnRNP H dependence will be interesting to investigate.
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MATERIALS AND METHODS

Construction of minigene reporters and cDNA expression vectors

The HRAS minigene reporter was constructed by PCR amplifying a ~900bp region spanning exon
4 to exon 6 from human genomic DNA isolated from HEK293 cells using Phusion high-fidelity
DNA polymerase (NEB). The PCR fragment were inserted into pcDNA3.1(+) vector through
restriction sites BamHI/EcoRI. G-run point mutations were introduced using site-directed
mutagenesis. Construction of the C-terminal 6xHistidine tagged hnRNP H and hnRNP F cDNA
constructs, and siRNA-resistant hnRNP H construct was described previously (Nazim et al., 2016).
Mutations to create the siRNA-resistant hnRNP F construct were introduced by site-directed
mutagenesis. hnRNP H coding sequences were subcloned into C-terminal p3xFLAG CMV vector.

All the constructs were confirmed by sequencing.

Cell culture, plasmid and siRNA transfections

HEK293, HepG2, PC3, DU145 cells were maintained in DMEM, EMEM, F12K, RPMI1640,
respectively, all supplemented with 10% fetal bovine serum at 37C in 5% CO2. Cells were plated
the day before transfection in a 6-well culture plate. Plasmids (3ug per well) were transfected into
HEK293 cells using lipofectamine 2000 (Invitrogen), according to manufacturer’s instructions.
Cells were harvested 48hrs post transfection for RT-PCR and immunoblotting analyses. siRNAs
were transfected into HEK293 (10nM) or HepG2, PC3 and DU145 (20nM) using lipofectamine
RNAIMAX (Invitrogen), according to manufacturer’s instructions. 24hrs after transfection, siRNAs
were transfected a second time. 72hrs after the first sSiRNA transfection, cells were harvested for
RT-PCR and immunoblotting analyses. A list of siRNA sequences is presented in the

supplemental table S3.
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ASO transfections

ASOs were provided by IONIS Pharmaceuticals and have uniform phosphorothioate backbone
chemistry with modified 2’ methoxyethyl sugars. HEK293 cells were plated the day before
transfection in 12-well culture plates. ASOs (100nM) were transfected into cells using
lipofectamine 2000 (Invitrogen). Cells were harvested 24 hrs after transfection for RT-PCR

analyses. A list of ASO sequences is presented in the supplemental table S1.

RNA isolation, RT-PCR, RT-qPCR

Total RNA was isolated using TRIzol Reagent (Life Technologies), followed by DNase | treatment
(Invitrogen Ambion), and then extracted again with acid phenol chloroform (Invitrogen Ambion).
500ng — 1lug of total RNA was subjected to cDNA synthesis using SuperScript Ill reverse
transcriptase (Thermo Fisher Scientific), primed by random hexamers. PCR was conducted using
GoTaq, 18 cycles for minigene reporters and 24 cycles for endogenous RNAs. PCR products
were run on 5% PAGE, stained with SYBRGold (Thermo Fisher Scientific) (unless otherwise
specified), and scanned with a Typhoon imager (GE healthcare). PCR band intensities were
guantified using ImageJ. RT-gPCR was conducted with SensiFast SYBR lo-ROX Kit (Bioline) on
a Quant Studio 6 Flex real-time PCR system (Thermo Fisher Scientific). RT-PCR primers are

listed in the supplemental table S2.

Immunoblotting

Proteins were extracted using RIPA lysis buffer (Thermo Fisher Scientific) supplemented with
Benzonase Nuclease (Sigma Aldrich) and protease inhibitor cocktail (Sigma Aldrich). Protein
concentrations were quantified by BCA protein assay kit (Pierce Biotechnology). Cell lysates were
prepared with SDS loading buffer (50 mM Tris-Cl, pH 6.8, 0.05% bromophenol blue, 10% glycerol,
2% SDS, and 0.1 M DTT) and proteins were separated on SDS-PAGE gels and transferred to

PVDF membranes. Antibodies used in this study were listed in the supplemental table S4.
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Western blot images were scanned on a Typhoon imager (GE healthcare) and band intensities

were quantified using ImageJ.

RNA Immunoprecipitation

Antibodies targeting proteins of interest or IgG isotype control (5ug) were incubated with 20ul of
Dynabeads Protein G (Thermo Fisher Scientific) in buffer WB150 (20 mM HEPES-KOH pH 7.5,
150 mM NacCl, 0.1% Triton-X100) at 4C for 2 hrs. HEK293 cells were harvested and sonicated in
cold lysis buffer (20 mM HEPES-KOH pH 7.5, 150 mM NacCl, 0.5% Triton X-100, 0.05% SDS, 1
mM EDTA, 0.5 mM DTT, 1x protease inhibitors, 100U/ml RNaseOUT). After centrifugation at
20,0009 for 10min at 4C, the supernatant was incubated with antibody conjugated beads at 4C
for 3 hrs. The beads were washed five times with buffer WB150 and RNA was extracted with

TRIzol.

Cell cycle analysis

PC3 cells were plated the day before transfection in a 6-well culture plate. SIRNA were transfected
as described above. 72hrs after transfection, cells were trypsinyzed and washed with PBS. These
cell suspensions were fixed with 70% ice-cold ethanol overnight at -20C. Cells were stained with

propidium iodide at 75 ug/ml and incubated at 37C for 30min, followed by FACS analysis.

RNA-seq data processing, gene expression and splicing analysis for cell lines

The fastq files of HNRNPH1 and HNRNPF CRISPR RNA-seq were downloaded from ENCODE

Consortium (Dunham et al., 2012) (https://www.encodeproject.org/) (K562 HNRNPF shRNA KD,

ENCODE accession no. ENCSR392HSJ; K562 HNRNPH1 CRISPR KO, ENCSR354RSR;
HepG2 HNRNPF CRISPR KO, ENCSR599NNK; HepG2 HNRNPH1 CRISPR KO
ENCSRO094HEU). The RNA-seq fastq files of Myc cell lines were downloaded from Gene
Expression Omnibus (accession no. GSE141633) via fastg-dump in SRA toolkit. The raw

sequencing reads were aligned to human reference genome and gene annotation (GRCh37,
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GENCODE release 26) using STAR (v2.7.3a) (Dobin et al.,, 2013). Alternative splicing in the
samples was quantified as Percent Spliced In (PSI, 1) using rMATS-turbo (v4.1.1) (Shen et al.,
2014) by using the same gene annotation as the alignment step. Skipped exon (SE) events with
insufficient average coverage, IC + SC < 10, were excluded from further analysis. Significant SE
events were identified using |Ay| > 0.05and FDR < 0.05, calculated using PAIRADISE
(Demirdjian et al., 2020) with the equal variance option. Gene Ontology analysis was done using
PANTHER (Thomas et al., 2022), p-value was computed using fisher’s exact test, and Benjamini-

Hochberg procedure was used to control for FDR < 0.05.

RNA-seq data compilation and processing for the pan-cancer analysis

RNA-seq data of tissue samples were compiled from two public domains: TCGA (Weinstein et al.,

2013), GTEx (Lonsdale et al., 2013). Tumor tissue samples were obtained from

TCGA while normal tissue was obtained from GTEx. The TCGA RNA-seq fastq files were

downloaded from GDC through their GDC Data Transfer Tool Client (Grossman et al., 2016)

while the GTEX files were downloaded from dbGAP (Mailman et al., 2007) through fastg-dump

from the SRA toolkit. The TCGA and GTEx samples were matched by tissue origin (Robinson et
al., 2019). The fastq files were mapped by STAR 2.5.3a (Dobin et al., 2013). The STAR 2-pass
function was enabled to improve the accuracy of the alignment. The genome annotation file was
obtained from GENCODE V26 (Harrow et al., 2012) under human genome version hgl9. Gene
expression quantification and alternative splicing quantification were done using Cufflinks v2.2.1
(Trapnell et al., 2012) and rMATS 4.1.0 (Shen et al., 2014) respectively. Percent Spliced In (PSI)
ratio was used as a statistic to quantify alternative splicing events from the rMATS output. Splicing
events were filtered for splice junction reads >= 10 (otherwise the sample’s PSI value is marked

with ‘NA’), PSI range (difference between maxPSI and minPSI) > 5%, and for mean skipping or
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inclusion values over 5% across the entire dataset, with fewer than 50% of samples missing

values.

Pathway Enrichment-Guided Activity Study of Alternative Splicing for the pan-cancer

analysis

The PEGASAS pipeline (Phillips et al., 2020) was used to calculate pathway activity

scores and identify alternative splicing events that correlate with the signaling pathway of

interest. The Myc Targets V2 hallmark gene signature list obtained from The Molecular Signatures
Database (MSigDB) (Liberzon et al., 2011) was used for pathway activity score calculation. Myc
pathway scores were calculated using cufflinks expression outputs. Alternative splicing events
(SE) correlated with the Myc signaling pathway were identified through the PEGASAS correlation
step. A correlation permutation test was used to acquire empirical p-values, by permuting the
pathway scores 5,000 times. Highly correlated events were defined as events with an empirical

p-value < 0.0002 and with a |Pearson correlation coefficient| > 0.3.

Gene expression values for RBP correlation

FeatureCounts v2.0.1 was used to quantify reads from aligned BAM files (Liao et al., 2014).
DESeq2 v1.26.0 was used to normalize gene expression (Love et al., 2014). The normalized gene
expression values for HNRNPH1 and HNRNPF along with 218 other splicing factors are

correlated with Myc scores (Han et al., 2013).
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Figure 2-S1. Identification of splicing cis-regulatory elements with HRAS minigene reporter.
(A) Diagram of HRAS minigene reporter with a schematic representation of gene structure and
conservation. (B) Schematic of ASO tiling across HRAS cassette exon and its partial flanking
introns on minigene reporter. A 376-nucleotide region tiled by non-overlapping 18-mer ASOs.
Each horizontal bar represents an ASO. (C) Semi-quantitative RT-PCR analyses showing the
effects of ASOs on HRAS minigene reporter. The arrows indicate the locations of minigene-
specific primers. The bar graph shows the quantification of RT-PCR results calculated as percent-
spliced-in (PSI) (gray: control; orange: more skipping; green: more inclusion). Each bar shows
the mean PSI +/- SD of three biological replicates. NTC, non-targeting control. Minigene, no-ASO

mock control.
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Figure 2-S2. RBPmap identifies binding motifs of potential splicing regulators in the HRAS
intron 5 sequence. (A) UCSC genome browser visualization of representative RBPmap-
predicted splicing factor binding sites on HRAS intron 5. The sequences targeted by each ASO
are highlighted in orange (more skipping), green (more inclusion), gray (no change). Below are
lists summarizing other potential splicing factors identified by the program, including SR proteins,
other hnRNPs, RBMs, and others. Note that the motif listed for hnRNP H in this analyses is only
one of a set of known hnRNP H motifs, which also include those listed for hnRNP F (Dominguez

et al., 2018; Huelga et al., 2012; Uren et al., 2016).
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Figure 2-S3. Immunoprecipitated RNA is free of minigene DNA contamination. (A) Standard

RT-PCR of immunoprecipitated RNA using primer pairs amplifying a segment of intron5 or the

exon4-intrond junction, in the presence [+] or absence [-] of reverse transcriptase.

Immunoprecipitated RNA (80%) was amplified with 5 more PCR cycles than the Input control

(5%). wt, wild type; mt, mutant.
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Figure 2-S4. HNRNPF gene expression is upregulated with Myc activation across tumor

types. (A) Scatterplot matrix showing the correlation of normalized HNRNPF RNA level versus

Myc hallmark enrichment score spanning the disease spectrum in multiple tumor types. (B)

Heatmap summarizing the Pearson correlation coefficient for each tumor type, accompanied with

its corresponding adjusted p-value. *, tumor types with statistically significant adjusted p-value (<

0.05).
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Figure 2-S5. HNRNPH1 transcription is reduced and HNRNPF transcription is increased at
high MYC levels in an osteoblastoma model. UCSC genome browser track visualization of
4sU-seq datasets on the HNRNPH1 locus (A) and the HNRNPF locus (B) in an engineered U20S
cell line carrying an inducible MYC gene (Baluapuri et al., 2019). Data was generated under three
different experimental conditions, MYC_OFF (siRNA-mediated MYC knockdown), MYC_ON
(concurrent siRNA knockdown and induction of MYC which yields expression comparable to

endogenous levels), and MYC_HIGH (induction of MYC overexpression to levels seen in cancer

cells).
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Figure 2-S6. Differential splicing analysis after HNRNPF depletion from HepG2 cells. (A)
Scatterplot showing the SE events detected after HNRNPF CRISPR knockout in HepG2 cells
compared to control. RNA-seq data from ENCODE was analyzed. Significant SE events were
filtered by junction reads per event > 10, |deltaPSI| > 0.05, and FDR < 0.05. (B) Sashimi plot
showing the PSI of HRAS exon 5 in hnRNPF KO and control cells. KO, knockout; NS, non-

significant.
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Figure 2-S6. Continued.

(C) The effects of hnRNP H/F knockdown on HRAS splicing in HepG2 cells. Immunoblot showing
the protein levels of hnRNP H/F and MYC in HepG2 cells after transfection with control, HNRNPF,

HNRNPHL1, or HNRNPH/F siRNAs. GAPDH was used as a loading control.

The bar graph (left) shows the quantification of MYC expression in response to each siRNA
perturbation. RT-PCR analysis of the splicing of endogenous HRAS transcripts after siRNA

treatment. The bar graph (right) shows the quantification of HRAS PSI.
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SUPPLEMENTARY METHODS

Nascent RNA-seq data processing and visualization

The bedGraph files of nascent 4sU-seq in U20S cells were downloaded from Gene Expression
Omnibus (accession no. GSE115365) (Baluapuri et al., 2019). The bigwig tracks were generated
using bedGraphToBigWig (Kent et al., 2010) and visualized on the USCS genome browser

(http://genome.ucsc.edu) (Kent et al., 2002).

Table 2-S1: List of ASOs

Name Sequence 5’-3’

NTC TCTATTAGCTAACAAATA
14-1 GGTGGAGAGCTGCCTCAC
14-2 GTCCCTGGCTAGCTGTGG
14-3 GGGCGGGTCCCTGGCTAG
14-4 TGCTGCTCCCTGGCTGGG
14-5 AGGGAGAGGGTCAGTGAG
ES5-1 AGCGGCTGCCCTGTGTCA
E5-2 AGCTGGAGCTAGAGCCAG
ES5-3 GGTCCCAGAGGGTCCCGG
E5-4 GGTCACATGGGTCCCGGG
ES5-5 GGGTCACATGGGTCCCGG
E5-6 AGACTTACAGCGCGAGGG
15-1 CTGCCCTGCCGTCCCGGG
15-2 CGGCCCTCGCCTCCCTCA
15-3 GGGCGTGAGCCCAGACCC
15-4 TGTCGGCCCAGGACTGCA
15-5 CCGCCTTCCCCGGAGCTG
15-6 AGCTCTCCCCAAGGACCT
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I5-7 TCCGGCCTGGCTCAGGGC
15-8 GGGCCCCAGGGTCACCGC
15-9 GGGCCGGGCCCCAGGGTC
15-10 CCCGTGGGACACTCTGGG
15-11 CTCAGAACCAACAGGTGC

Table 2-S2: Lists of primers

Name Sequence 5’-3’

T7-Fwd CGACTCACTATAGGGAGACCCA
BgH-Rev AACAACAGATGGCTGGCAAC
HRAS-Fwd GAC TCG GAT GAC GTG CCC ATG

Cy5-HRAS-Rev

5'Cy5-AGG AGGGTTCAGCTTCCGC

GAPDH-Fwd

GGA GCG AGA TCC CTC CAA AAT

GAPDH-Rev

GGC TGT TGT CAT ACT TCT CAT GG

HRAS E414 FWD

GCA CGC ACT GTG GAATCT

HRAS E414 REV

GGA GAG CTG CCT CACCT

HRAS I5 FWD

GGG CACCTGTTG GTTCT

HRAS IS5 REV

CCT CCTGAACTC CAGGTCT

Table 2-S3: Lists of SiRNAs

Name Sequence 5’-3’ Catalog Number/Reference
SINTC Silencer Select Negative Control #1 | Thermo Fisher 4390843
SIHNRNPF GCGACCGAGAACGACAUUU (Nazim et al., 2016)
SIHNRNPH1 | GAAGCAUACUGGUCCAAAU Thermo Fisher s6728
siHNRNPH/F | GGAAGAAAUUGUUCAGUUC (Garneau et al., 2005)
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Table 2-S4: Lists of antibodies

Name Manufacturer Catalog Number
Anti-hnRNP H Lab made N/A
Anti-hnRNP F Lab made N/A
Anti-hnRNP H/F Santa Cruz Biotechnology | sc-32310
Anti-His MBL International D291-3
Anti-GAPDH Santa Cruz Biotechnology | sc-47724
Antl-HRAS Abcam ab86696
Anti-Flag Sigma Aldrich F3165
Mouse IgG isotype control | Invitrogen 14471485
Rabbit IgG isotype control | Thermo Fisher 02-6102
Anti-hnRNP H (IP) Abcam ab10374
Anti-hnRNP F (1P) Sigma Aldrich 04-1462
Anti-MYC Abcam ab32072
Anti-cPARP Cell signaling 5625S

Table 2-S5: Splicing changes of other G-run mutations

ASO Target Mutations | Splicing changes Consistency with ASO hits

I5-1 first G-run ggg to gcg | No change NA

I5-1 second G-run | ggg to gcg | Exon skipping No

15-4 ggg to gcg | Slight exon inclusion Yes

15-6 0999 to | Exon inclusion Yes with minigene data; No with
gctg endogenous data
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Chapter 3

Dissecting splicing regulation of the SRSF3 cassette exon

66



INTRODUCTION

Serine and arginine-rich splicing factor 3 (SRSF3, also known as SRp20) belongs to the
highly conserved SR family of splicing factors that regulate both constitutive and alternative
splicing (Corbo et al., 2013). SRSF3 expression is autoregulated by its splicing (Jumaa and
Nielsen, 1997). E4-skipped transcripts are translated into full-length functional SRSF3 protein,
with a N-terminal RNA recognition motif (RRM) mainly mediating RNA interaction, and C-terminal
arginine and serine-rich (RS) domain responsible to interact with other splicing factors (Figure 3-
1A). Overexpressed SRSF3 protein binds to its own pre-mRNA transcripts and activates the
inclusion of E4 by enhancing the recognition of a weak splice donor site of E4. The inclusion of
E4 brings in a PTC and leads to either NMD, or a truncated protein lacking of C-terminal RS
domain but with implicated functions (Jiménez et al., 2019; Kano et al.,, 2014), and thus
downregulates full-length functional SRSF3 protein level. This autoregulation activity is
antagonized by another SR protein, SRSF1 (ASF/SF2), through RNA binding domain rather than
RS domain (Jumaa and Nielsen, 2000, 1997). SRSF3 E4 and its flanking introns are ultra-
conserved across mammalian species, suggesting the functional importance and potential cancer
relevance of this poison cassette exon (Bejerano et al., 2004; Thomas et al., 2020) (Figure 3-1B).
SRSF3 expression is also cell cycle dependent, regulated at least partially through its own splicing

(Jumaa et al., 1997).

SRSF3 is frequently found upregulated in human cancers including breast, ovary, lung,
colorectal and other cancer types (Anczukéw and Krainer, 2016; Rahman et al., 2020; Zhou et
al., 2020). SRSF3 functions as a proto-oncogene by regulating downstream splicing targets or
coordinating with other oncogenic factors. SRSF3 globally affects splicing and gene expression
in osteosarcoma U20S cells (Ajiro et al., 2016), regulates ILF3 splicing to enhance cell
proliferation and oncogenic transformation (Jia et al., 2019), cooperates with TDP43 to promote

disease progression in triple negative breast cancer (Ke et al., 2018), regulates IncRNA ANRIL
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splicing to promote drug resistance in pancreatic cancers (Wang et al., 2022), and promotes
glioma tumorigenicity (Song et al., 2019). SRSF3 has an emerging role as a target in cancer
therapeutics and recent efforts include using splice-switch ASO to block an ESS such that reduce
SRSF3 expression in oral squamous carcinoma cells and breast cancer cells (Guo et al., 2018;

Sun et al., 2019).

Src-associated substrate during mitosis of 68kDa (Sam68), also known as KH domain-
containing RNA binding signaling transduction associated 1 (KHDRBS1), belongs to signaling
transduction and activation of RNA (STAR) family of RNA binding protein (Lukong and Richard,
2003). Sam68 contains a GRP33/SAM68/GLD-1(GSG) domain consisting of a central
heterogenous nuclear ribonucleoprotein K (hnRNP K) homology (KH) domain flanked by
conserved N-terminal and C-terminal segments. GSG domain of Sam68 binds to A/U-rich RNA
targets, specifically with UAAA or UUUA binding motifs (Lin et al., 1997). Sam68 is involved in
multiple biological functions including mitosis and cell cycle regulation, signal transduction,
transcription, alternative splicing, and nuclear export (Lukong and Richard, 2003). Increasing
evidences suggest the Sam68 involvement in cancer onset and progression, particularly
endocrine cancers such as prostate and breast cancers (Bielli et al.,, 2011). Sam68 is
phosphorylated and activated by RAS/MAPK signaling pathway (Matter et al., 2002), and is
known to regulate the splicing of proto-oncogene CCND1 (Paronetto et al., 2010), cell surface
marker CD44 (Matter et al., 2002), and the transcription of androgen receptor (AR) (Rajan et al.,

2008) in prostate cancer cells.

We previously identified that besides the HRAS exon, splicing of the SRSF3 cassette exon,
is also particularly responsive to Myc activation in prostate and breast cancers (Phillips et al.,
2020). However, the connection between its splicing mechanism and Myc oncogenic
transformation remains unknown. Here, we applied ASO tiling to identify the cis-elements

regulating SRSF3 cassette exon splicing. Motif based prediction suggested the presence of
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multiple Sam68 binding sites in the downstream intron identified as potential ISS by ASO tiling.
Using siRNA knockdown of KHDRBS1, we found Sam68 represses SRSF3 splicing. Together,

our results reveal mechanism of Sam68 regulation of SRSF3 splicing.

RESULTS

ASO tiling reveals cis-regulatory elements controlling SRSF3 cassette exon splicing

SRSF3 contains a Myc-dependent cassette exon, the skipping of which is correlated with
Myc hallmark enrichment in multiple cancers (Phillips et al., 2020). To comprehensive dissect the
cis-regulatory elements of this exonic and intronic region, we constructed a SRSF3 minigene
reporter by cloning E4, partial upstream E3 and downstream ES5, as well as intervening intron into
a pcDNA3.1(+) expression vector (Figure 3-1B). We utilized ASO tiling combined with minigene
reporter to walk across the entire SRSF3 E4 (456nt) and its partial flanking introns (200nt each
side) (Figure 3-2A). We co-transfected the minigene reporter with each ASO into HEK293 cells,
and compared the splicing changes induced by each ASO with minigene only control (-) and non-
targeting control ASO, by semi-quantitative RT-PCR (Figure 3-2B). Noticeably, multiple oligos
targeting the exon, including ASO_095, ASO_112-115, ASO_121-114, ASO_113-119, and
AS0128-126, induced strong exon skipping, suggesting the presence of numerous exonic
splicing enhancers. Some of these enhancer regions might be SRSF3 binding sites that activate
the inclusion of exon 4. As expected, ASO targeting the 5’ splice site, ASO_122, induced a cryptic
exon, which is commonly seen in minigene reporters. In addition, ASO_138-139 and ASO_133,
targeting downstream intron 4, resulted in exon inclusion that suggested the presence of intronic
splicing enhancers. To validate our ASO tiling results, we transfected ASO into a prostate cancer
cell line (LNCaP) and performed RT-PCR to analyze the splicing changes of endogenous SRSF3
transcripts (Figure 3-S1A-B). The default PSI value for endogenous SRSF3 exon 4 is 6.8%,
which is fairly low compared with 24.7% in SRSF3 minigene. Nevertheless, ASO_121 and
ASO_126 still induced exon skipping, that is consistent with the minigene data, further suggesting
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the presence of enhancers at these two regions. More importantly, ASOs targeting the
downstream intron 4, including ASO130-138-130-133, strongly induced exon inclusion, which
confirmed the minigene data and suggested the presence of intronic splicing silencers. Together,
our minigene and endogenous ASO results suggested the presence of multiple exonic splicing

enhancers as well as putative downstream intronic silencers.

Sam68 represses SRSF3 exon 4 splicing

To identify the trans-acting splicing factors that represses SRSF3 exon4 splicing in the
downstream intron regions, we performed motif-based RBP prediction using SpliceAid2 (Piva et
al., 2012). Noticeable, this program identified multiped binding motifs for Sam68 in the region
predicted as silencers by ASO138-139, and ASO_133 (Figure 3-3A). We then performed siRNA-
mediated knockdown of KHDRBS1 in HEK293 cells and analyzed the splicing change of
endogenous SRSF3 by RT-PCR. The immunoblot confirmed the loss of Sam68 protein using
siRNA targeting KHDRBS1 compared with siRNA non-targeting control, and RT-PCR results
confirmed the depletion of Sam68 led to the inclusion of SRSF3 cassette exon (Figure 3-3B).

Collectively, our data indicated that Sam68 acts as a SRSF3 splicing repressor.
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Figure 3-1. SRSF3 splicing and construction of its minigene reporter. (A) Diagram of SRSF3
pre-mRNA alternative splicing. NMD, nonsense-mediated decay; RRM, RNA recognition motif;
RS, arginine- and serine-rich domain. (B) Diagram of SRSF3 minigene reporter with a schematic

representation of gene structure and conservation.
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Figure 3-2. Identification of splicing cis-regulatory elements controlling SRSF3 exon 4 with

the minigene reporter.
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Figure 3-2. Continued.

(A) Schematic of ASO tiling across SRSF3 exon 4 and its partial flanking introns, including 856-
nucleotide region tiled by non-overlapping 18-mer ASOs. Each horizontal bar represents an ASO.
(B) Semi-quantitative RT-PCR analyses showing the effects of ASOs on SRSF3 minigene splicing
in HEK293 cells. The bar graphs present the quantification of the RT-PCR calculated as PSI (gray:
control or less than 20% change); orange: 20% more skipping compared to control; green: 20%
more inclusion compared to control). NTC_FAM, non-targeting control labeled with 3' FAM

fluorophore. -, minigene only control.
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Figure 3-3. Sam68 represses SRSF3 exon 4 splicing. (A) SpliceAid2 snapshot of predicted
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the expression of Sam68 protein in HEK293 cells, after transfection with control, KHDRBS1
siRNAs. GAPDH was used as a loading control. RT-PCR analysis of endogenous SRSF3 splicing

after siRNA knockdown of KHDRBS1 in HEK293 cells.
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on endogenous SRSF3 splicing in LNCaP cells. The bar graphs present the quantification
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Figure 3-S1. Continued.

of the RT-PCR calculated as PSI (gray: control or less than 20% change); orange: 20% more

skipping compared to control; green: 20% more inclusion compared to control).
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DISCUSSION

Our ASO-tiling analysis identified multiple cis-regulatory elements in SRSF3 E4 and its
flanking introns, and we further confirmed that Sam68 repressed SRSF3 E4 inclusion, potentially

through a downstream ISS.

Earlier studies found PTBP1/2 bind to an ESS in SRSF3 E4 to repress its splicing, and a
blocking of this ESS by an ASO named SR-3 could promote E4 inclusion and reduce SRSF3
expression (Guo et al., 2018, 2015). This ESS is spanned by our ASO_126/127/122, with SR-3
sequences largely overlapped with our ASO_127 sequences. Consistent with their results, our
ASO 127 induced E4 inclusion in the endogenous ASO data (Figure 3-S1B), but the
ASO _126/122 targeting neighboring sequences induced strong exon skipping in both minigene
and endogenous data (Figure 3-2B, 3-S1B), suggesting the presence of multiple ESE within this
exonic region. It would be interesting to investigate other splicing factors besides PTBP1/2 that

regulates SRSF3 E4 splicing through this complex regulatory sequences.

The autoregulation of SRSF3 makes it a challenging target to dissect by ASO tiling. ASOs
that induce E4 skipping would presumably induce SRSF3 overexpression, which in turn activates
the inclusion of E4 in order to downregulate SRSF3 expression. This negative feedback might
explain that ASO tiling only induced relatively minor effects in SRSF3 E4 analysis. The E4 is
largely skipped in semi-quantitative RT-PCR results, which is partially resulted from the NMD of
E4-included endogenous transcripts, as well as the potential PCR bias towards the shorter
amplicon (skipping isoform, 134bp) in relative to the longer one (included isoform, 590bp). It
challenged the quantification of endogenous PSI and the identification of potential splicing

enhancer regions.

One of the RBPs found highly relevant to prostate cancer is Sam68. It is upregulated in

many cancers including prostate cancer and it promotes prostate cancer cell proliferation and
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survival (Busa et al., 2007). The downregulation of Sam68 results in delay in cell cycle progression
and reduced proliferation in LNCaP cells. An earlier study showed MYC controls the transcription
and production splicing of Sam68 in prostate cancer, and the its splicing is regulated by hnRNP
H/F (Caggiano et al., 2019). In Chapter 2 of this dissertation, our HRAS study also identified
hnRNP H/F as important splicing regulators in Myc-driven prostate cancer. It would be interesting
to further study the connection between MYC, Sam68 and hnRNP H/F, to understand if MYC

empowers hnRNPH/F to function as ‘master’ splicing regulators in prostate cancer.

METHODS

Cell culture, cloning, siRNA/ASO transfection, RT-PCR, and immunoblotting were
performed as described in Chapter 2. ASOs were transfected into LNCaP cells at 200nM instead
of 100nM concentration. A list of SRSF3 ASO sequences is presented in the supplemental table
S3-1. Antibody specifically used in this Chapter includes: Anti-SAM68 (Bethyl Laboratories A302-
110A); siRNA specifically used in this Chapter includes: sikHDRBS1 5%
GAAGAUUCUUGGACCACAALt-3' (Thermo Fisher s20951); RT-PCR primers for endogenous
SRSF3 transcripts: Forward 5-GAGTGGAACTGTCGAATGGTG-3’; Reverse 5'-

GGCTGCGAGAGAAGCTTC-3'.
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Table S3-1: List of ASOs

ID# Sequence 5’-3’

1376106 GGGCAAGATTTTGAACTC
1376093 GGGTTCATTTTTATTAAT
1376110 GGGTCATGTGAAACGACA
1376117 AAATAAACAGCTGAGCTG
1376128 ACTGACGGCCAGGAAGAA
1376138 ATGCACAGCCAGCCTTTG
1376120 TTCAAAATAGCAAAAGGG
1376101 TGGTGACTCTGTAACGGG
1376102 CTGACGACTGGCCAGCCT
1376121 GTTGTGAAGACATTTGGT
1376126 GTGAGGTGAGGCTGCCGG
1376139 GTACGTTACCATTCAATT
1376125 AACAGTGTGCTGTTGTTT
1376095 TGGTGAGAAGAGACATGA
1376107 ACCAAAGGGCGGTGCAAC
1376114 AAGGCTGCTGCTGTAGTT
1376127 TTCAACAAGCTAGAAATG
1376137 TTTTCAAGCAATATATAT
1376135 CTCTTTATTATGATGGGC
1376094 TAATGCAGATTCAGAGGG
1376105 AAAACAGCATGCTCGGGA
1376118 CTGCTTTTTTGTTAGCCG
1376122 AACTTACTAGTTTTGGGT
1376133 CCTATCACCCTTAAAAGT
1376098 TCTATTAGCTAACAAATA
1376108 AAGGGCTAGTTGACTGGC
1376109 TGGAGAGAAGGCTGAGAG
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1376113 GGGTGTTGTGGATTTTTC
1376129 AACTGTATAAGCAGGAAA
1376140 TAGTTACATTACGAGTTC
1376092 AAGCCATCAGTACAACCA
1376111 CTGGTCACATGACGCTGA
1376116 TGCCGATTTGGTTAAGGT
1376119 TTAGTTGGTTGGCGAAGG
1376130 TTATTTTAACCAGCAGTA
1376132 AAGTTTCACTTGAAGGCC
1376097 CTCCACTCACCTGTAAGA
1376099 ACAAAAAAAATGAAAAAC
1376103 GGGCGCGCTGGTCACATG
1376112 GGCGGTCGAGGTGGCTGC
1376124 CCAGATGTTGCGTTGGAT
1376123 CTTTAAGCCGCTTACTCC
1376134 TGCACATGCAAATAAGTT
1376096 TCCTGTCTCCTAGAAGGA
1376100 ATAGATGGACCAAAAAGC
1376104 CCAGCCAAGCTGAATGGG
1376115 ATTGGCCAGGAATGTGTG
1376131 TTTGCTGAAAAGGTTTTG
1376136 ATCCAGAAAAAAGAATTA
NTC-FAM CCAGGATGGGCACCACCC
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Chapter 4

CRISPRI screening of trans-acting splicing regulators of MYC-dependent exons
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INTRODUCTION

RNA-guided CRISPR (clustered regularly interspaced short palindromic repeats)-Cas
nuclease system is a revolutionary and widely used technology for genetic engineering and
functional genomics (Doench, 2018; Knott and Doudna, 2018; Shalem et al., 2015). CRISPR-
Cas system is repurposed from bacterial adaptive immunity (Barrangou et al., 2007; Brouns et
al., 2008; Marraffini and Sontheimer, 2008). The basic CRISPR-Cas9 system requires a
customizable 20-nt single guide RNA (sgRNA) that recognize targeted DNA sequences known
as protospacer via base-pairing, and recruits the Cas9 nuclease that makes a double strand
break (DSB) three nucleotides upstream of protospacer associated motif (PAM). Beyond its
extensive usage in CRISPR knockout (CRISPRko) genome editing, CRISPR-Cas9 system has
been redesigned to modulate transcription, either transcriptionally repressing (CRISPR
interference) or activating (CRISPR activation) genes (Dominguez et al., 2016; Gilbert et al.,
2014, 2013; Kampmann, 2018; Konermann et al., 2015). Catalytically inactive Cas9 protein,
termed dCas9, is mutated in its nuclease domains and lacing of endonucleolytic activity. dCas9
protein binds but does not cleave at targeted genomic loci. Directed by sgRNA, dCas9 fused
with a variety of effector domain, such as transcriptional repression KRAB domain, or
transcriptional activation VP64 domain, recruits transcriptional silencing or activating factors
when it binds to transcriptional start sites (TSS), and achieves a sequence-specific control of

gene expression.

CRISPR interference (CRISPRI) and CRISPR activation (CRISPRa) screening enables
efficient transcriptional control at endogenous genomic loci on a genome-wide scale, to facilitate
understanding of complex gene functions and genetic interactions in diseases. CRISPRi/a
screens have identified long non-coding RNA targets affecting cancer cell growth or as potential
cancer therapeutics (Esposito et al., 2019; Liu et al., 2020, 2017). Combined CRISPRi/a

chemical genetic screen approaches identified targets and revealed mechanisms for small
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molecular drugs (Jost et al., 2017; Jost and Weissman, 2018). sgRNA optimization using
machine learning approaches enables the design of compact but highly-active genome-wide
scale CRISPRI/a libraries (Horlbeck et al., 2016). Genome-wide CRISPRko fitness screening
has potential systematic bias towards false negatives (Dede and Hart, 2022). We reason that a
certain advantage of CRISPRIi/a screening over the canonical CRISPRko screening would be to
interrogate the function of essential genes, including most of the splicing factors. CRISPRi/a
could potentially detect potential false negatives in CRISPRko screening — missed hits resulted

from induced cell apoptosis after knockout of essential genes.

In previous chapters of this dissertation, we dissected cis-regulatory elements of HRAS
and SRSF3 cassette exon splicing. However, it remains unclear what potential trans-acting
splicing factors might function as ‘master’ regulators controlling splice isoform choice in Myc-
driven prostate cancer. Here, we performed RBP-focused differentially gene expression
analysis on RNA-seq data generated from an engineered prostate cancer cell model with
inducible MYC expression. Multiple RBPs exhibited reduced mRNA expression in response to
MYC depletion. We then performed a pilot CRISPRI screening on the top MYC-responsive
RBPs, along with ASO hits identified in Chapter 2 and Chapter 3. CRISPRI produced a
moderate level of transcriptional repression that vary across RBP targets. RT-PCR analyses of
HRAS and SRSF3 cassette exon splicing suggested these two MYC-dependent splicing events

are most responsive to the knockdown of RBM28, SNRPD1, EIF3B, and PINX1.

RESULTS

Multiple RNA binding proteins show reduced mRNA expression upon MYC depletion in a

prostate cancer model

Myc has widespread effects on gene regulation including splicing. To assess which

RBPs are especially affected by Myc as CRISPRi candidates for our pilot screening, we
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performed differential gene expression analysis of the RNA-seq data from three cell lines
derived from normal human prostate epithelium that have been transformed with AKT and with
Myc under the control of a doxycycline inducible promoter (Phillips et al., 2020). In previous
work, these cells were shown to have the gene expression signature of late neuroendocrine
stage prostate cancer. Comparing cells plus and minus Dox to modulate the Myc levels, we
used DEseq2 (Love et al., 2014) to identify differentially expressed genes and then overlapped
these with a list of 454 well-known RBP compiled in earlier studies (Dominguez et al., 2018;
Han et al., 2013; Yang et al., 2016). We found 177 out of 454 RBPs were differentially
expressed between the MYC off and MYC on states. Among these 159 were downregulated
upon Myc depletion and only 18 were upregulated (Figure 4-1A). This is in keeping with results
indicating that Myc drives a general up regulation of gene expression across the genome (Lin et
al., 2012; Nie et al., 2012). The top ten downregulated RBPs sorted by adjusted p-value are
shown in a volcano plot (Figure 4-1B). These included hnRNP F, while the change hnRNP H1
showed limited significance (Figure 4-1B). In this prostate cancer model with Myc
overexpression, HNRNPH1 is the most abundance while HNRNPF are less expressed, with
mean TPMs ~1100 and ~300, respectively, but hnRNP H2 or H3 are less expressed. Other
RNA binding proteins exhibiting large changes in mRNA expression upon Myc depletion
included nucleolar factors Nucleolin and RBM28 involved in ribosome biogenesis, MAGOH, a
component of the exon junction complex, PINX1 involved in telomerase activity inhibition,
NUP35, a part of the nuclear pore complex, EIF3B involved in translation initiation, and PLD6
that presents phospholipase and nuclease activities. Proteins involved in splicing included
SNRPD1 and HNRNPAB. On the contrary, a few RBPs showing increases in mRNA expression
upon Myc depletion included mRNA decay activator protein ZFP36, polyadenylation factors
CPSF4L and CPEB4, and RBM5, a component of the spliceosome A complex and has been

reported as a tumor suppressor (Kotlajich and Hertel, 2008).
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To assess whether Myc depletion induced changes in protein levels, similar to the
changes in mRNA, we performed MYC withdrawal for 16 hours on the three patient-derived ICA
lines used in the RNA-seq analysis and analyzed their cell lysates by immunoblot. We
confirmed the dramatic downregulation of MYC protein levels (Figure 4-1C). However, the
changes in RNA binding proteins were smaller and less consistent that was seen by RNA-seq
analysis, with the clearest change being a 30% drop in RBM28 protein across three cell lines (p
< 0.05). hnRNPs H and F showed modest decreases in protein levels that did not have
significant p values (>0.05). The lack of correlation between the RNA and protein
measurements may result from a longer half life of the proteins compared to the RNA after Myc
depletion (Mittal et al., 2009). The Myc mRNA and protein are known to have a short half life of
nearly 20 to 30 minutes (Dani et al., 1984; Hann and Eisenman, 1984), whereas the RBPs may

be much more stable.

CRISPRi knockdown of RBP targets produce a moderate level of transcriptional

repression that varies across targets

We implemented CRISPR interference system (Gilbert et al., 2014; Horlbeck et al.,
2016) to screen top Myc-responsive RBPs for potential trans-acting splicing regulators of two
Myc-dependent exons. Sequences encoding a transcriptional repression domain, KRAB
domain, fused to a catalytic inactive Cas9 protein, with a mCherry marker was subcloned into a
pcDNA5-FRT/TO vector (Figure 4-S1A). pCRISPRia-v2 plasmid expresses sgRNA under the
control of mU6 promoter, with TagBPF and puromycin-resistance as the selection marker
(Figure 4-S1B). The 20-nt sgRNA protospacer is flanked by two restriction sites, BstXl and Blpl.
We annealed a 33-nt forward oligo with a 40-nt reverse oligo encoding protospacer sequences,
with 5" and 3’ restrictive site overhangs, and ligated annealed sgRNA sequences with double
digested pCRISPRia-v2 backbone. This method allowed us to clone 5 sgRNAs for each RBP

targets in a relatively efficient and cost-effective manner. We cloned sgRNA targeting 17 genes
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in total, along with non-targeting sgRNAs as control. It included 9 of the most Myc-responsive
RBPs including HNRNPF, and RBP targets from our ASO hits including 3 HNRNPH paralogs
and KHDRBS1. We also incorporated known regulators of HRAS and SRSF3 cassette exon
splicing as positive controls for our pilot screening, including SRSF2, PTB, SRSF3 itself and

MYC.

We generated a stable HEK293 Flp-In cell line with Doxycycline-inducible expression of
dCas9-KRAB fusion protein (Figure 4-2A). Flp-In cells were seeded on Day 0 and 5 sgRNAs
targeting each gene were co-transfected on Day 1. 24hr post-transfection, we started selection
of transfected cells using puromycin and induction of dCas9 expression using doxycycline. We
kept culturing the cells and lysed on Day 5 and proceeded with real-time RT-PCR to assay the
knockdown efficiency. CRISPRI yielded nearly 70% knockdown in 7 out of 17 targets (Figure 4-
2B). Another 7 targets exhibited moderate levels of knockdown ranging from 30-60%. For the
remaining 3 targets, CRISPRI resulted in slight or even large transcription activation instead of
repression. The variation across targets might arise from a number of reasons, such as the
differences in transcription rates, abundance of basal level mMRNA, sgRNA quality, and indirect

effects from potential off-target effects of CRISPR.

We then analyzed the splicing changes of HRAS and SRSF3 exons in responsive to
each target by semi-quantitative RT-PCR (Figure 4-2C). CRISPRi of SRSF2 resulted in more
skipping of HRAS exon (PSI = 7.6) compared with non-targeting control (PSI = 11.5), which is
consistent with previous work suggesting SRSF2 functions as HRAS splicing activator (Guil et
al., 2003). SRSF3 is known to autoregulate its splicing by inducing poison exon inclusion
(Jumaa and Nielsen, 1997), and the downregulation of SRSF3 by 54% resulted in exon skipping
(PSI = 1.9) compared with control (PSI = 6.1). Downregulation of MYC induced the inclusion of
both HRAS and SRSF3 exons, which is also consistent with previous findings (Phillips et al.,

2020; Urbanski et al., 2021). PTBP1 was shown to repress SRSF3 exon inclusion (Guo et al.,
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2015), and our analysis suggested slightly more inclusion when PTB was knockdown by 70%.
Together, these positive controls suggested our CRISPRi system exhibited reliable RT-PCR
readouts when the knockdown worked effectively. sgRNAs targeting RBM28 and SNRPD1
resulted in 81% knockdown, and the downregulation of each factor induced clear exon inclusion
of both HRAS (RBM28 PSI = 17.9, SNRPD1 PSI = 15.4) and SRSF3 (RBM28 PSI = 6.9,
SNRPD1 PSI = 15.4) exons, compared with controls (NT = 11.5 and 2.7 respectively). In
addition, EIF3B also induced more exon inclusion even though it mainly function as translation
initiation factor. Knockdown of PINX1, which involved in telomerase activity inhibition, induced
skipping of both exons. Taken together, HRAS and SRSF3 cassette exon splicing are most
responsive to the loss of RBM28, SNRPD1, EIF3B, and PINX1, and these RBPs would be

interesting to investigate in future.
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Figure 4-1. Continued.

(B) The volcano plot showing differentially expressed RBPs when MYC off vs. MYC On, with
labeling of top ten most MY C-downregulated and top five most MYC-upregulated RBPs sorted by

adjusted p-value (black). HNRNPH paralogs were labeled in navy.

(C) Immunoblot showing the protein expression of some top MYC-regulated RBPs in MYC On vs.
Off. GAPDH was used as the loading control. The bar graph represents the quantification of
immunoblot. Data represent mean +/- SD of three biological replicates. *: p < 0.05;***: p < 0.0001

(Student’s t-test).
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DISCUSSION

We found MYC depletion largely downregulated multiple RBP mRNA expression in an
engineered prostate cancer cell model, with a handful RBPs being upregulated. We
implemented a CRISPRI screening system and produced CRISPRi-mediated knockdown of top
MYC-responsive RBPs as well as pre-identified HRAS and SRSF3 splicing regulators.
Monitored by real-time RT-PCR, CRISPRI yielded moderate level of transcriptional silencing,
the effectiveness of which is target-dependent. Semi-quantitative RT-PCR analyses on the
splicing of the HRAS and SRSF3 cassette exons suggested the exon usage is most responsive

to the downregulation of several RBPs with diverse functions in RNA processing.

A previous study found that majority of differentially expressed splicing factors were
upregulated in Myc-active breast tumors, when compared with Myc-inactive breast tumors, in
both TCGA datasets and engineered breast cancer cell models (Urbanski et al., 2021). This
result is in line with our RBP-focused DEG analysis in Myc-driven prostate cancer cells. Another
group performed an RBP domain focused CRISPR knockout screening and revealed RBP
dependency in acute myeloid leukemia (AML) (Wang et al., 2019). They further identified
RMB39 as an essential splicing factors controlling the mis-splicing of HOXA9 target genes, and
pharmacologic inhibition of RBM39 showed efficacy in AML. Following their path, a future
direction would be narrowing down our CRISPRI hits, investigating its splicing regulation
mechanism, and testing their essentiality in prostate cancer cells. It has also been shown that
dysregulation of a translation factor, elF4E, reprogramed splicing in AML, potentially through
elF4E-mediated increased production of spliceosomal components including SF3B1, U2AF1
and others (Ghram et al., 2022). Interestingly, we also identified a MYC-responsive translation
initiation factor, elF3B, repressed the inclusion of both HRAS and SRSF3 cassette exons. We
speculated that given these exon-included transcripts are NMD targets, the perturbation of a

translation initiation factor might affect NMD or RNA turnover. It would be interesting to
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investigate the mechanism of elF3B in controlling alternative splicing in Myc-driven prostate

cancer.

Our CRISPRI system required improvements from various aspects. We would need to
optimize sgRNA sequences to ensure a more stable and uniform knockdown efficiency across
targets. We would then expand the scope from our pilot screening to incorporate all canonical
RBPs, which would require the transformation of current screening method into an array-based
automated platform. Currently, CRISPR-based screening methods are largely in the pooled
format and rely on cell growth and drug resistance as readouts, which might introduce false
negatives [Ref]. By improving our current method, we hope to establish a reliable array-based

platform enabling more sensitive and specific readouts.

METHODS

Cell culture

HEK293 Flp-In cells were maintained in DMEM supplemented with 10% fetal bovine serum.
Engineered prostate cancer cells were maintained in stem cell media described in previous
study, supplemented with 1ug/ml doxycycline to maintain Myc expression, and Myc withdrawal

experiments were done in accordance with previous work (Phillips et al., 2020).

Immunoblotting

Cell lysates were prepared and blotted as described in Chapter 2. Antibodies specifically used
in this Chapter include: Anti-Nucleolin (Abcam ab22758), Anti-hnRNP AB (Abcam ab199724),

Anti-MAGOH (nvitrogen PA5-80788), Anti-RBM28 (Bethyl Laboratories A303-925A).

RNA-seq data analysis

The RNA-seq fastq files of Myc cell lines (Phillips et al., 2020) were downloaded from Gene

Expression Omnibus (accession no. GSE141633) via fastq-dump in SRA toolkit. Alignment was
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done by STAR 2.7.6a (Dobin et al., 2013). The genome annotation file was downloaded from
GENCODE V38 under human genome version hg38 (GRCh38) (Harrow et al., 2012).
Differential gene expression analysis was done using DEseq2 (Love et al., 2014, p. 2) with

filtering read count > 10, adjusted p-value < 0.05, and |log2FC| > 1.

CRISPRI

pHR-SFFV-KRAB-dCas9-P2A-mCherry construct (Addgene 60954) (Gilbert et al., 2014) was
subcloned into a pcDNA5-FRT/TO backbone. Stable and inducible HEK293 Flp-In cells
expressing KRAB-dCas9 was generated according to manufacturer’s instructions (Invitrogen
K6500-01). Forward and reverse sgRNA oligo sequences were downloaded (Horlbeck et al.,
2016) and synthesized (IDT). Annealed oligos with 5’ and 3’ overhangs were ligated into BstXI/
Blpl digested pCRISPRia-v2 vector (Addgene 84832) (Horlbeck et al., 2016). All of the sgRNA
constructs were confirmed by sequencing. KRAB-dCas9 293 Flp-In cells were seeded in 6-well
plates on Day 0. On Day 1, five sgRNAs targeting each gene were co-transfected using
lipofectamine 2000 (Invitrogen), according to manufacturer’s instructions. 24hrs post-
transfection, cells were trypsinized and reseeded in 10-cm dishes in complete growth medium
supplemented with 1ug/ml doxycycline for dCas9 induction and 3ug/ml puromycin for selecting
transfected cells. Cells were maintained in doxycycline- and puromycin-supplemented medium
until Day 5 (96hrs post-transfection) and lysed with TRIzol reagent (Life Technologies). RNA
isolation, real-time and semi-quantitative RT-PCR were performed as described in Chapter 2.

Real-time RT-PCR primers are listed in the supplemental table S4-1.

97



Table S4-1: List of real-time RT-PCR primers

Target Sequence 5’-3’

MYC-FWD GGCTCCTGGCAAAAGGTCA
MYC-REV CTGCGTAGTTGTGCTGATGT
MAGOH-FWD TTTATCTGCGTTACTACGTGGGG
MAGOH-REV CGTCCGGTCGAAACTCAAACT
NCL-FWD GCACCTGGAAAACGAAAGAAGG
NCL-REV GAAAGCCGTAGTCGGTTCTGT
NUP35-FWD GGCCCTTCAGTAGGAGTAATGG
NUP35-REV CTGGTGGAGCGCCACTTTTA
PINX1-FWD CCAGCGGATGCTAGAGAAGAT
PINX1-REV CGAGTCCCAGGTGGTTATTTTTC
HNRNPF-Fwd CTGCTCTGTTGAGGACGTG
HNRNPF-Rev CCTGCCCTCTCTAGTGTAGATG
EIF3B-Fwd GACCGCACTTCCATATTCTGG
EIF3B-Rev GCACATACGTCTCTGTCCATCT

HNRNPAB-Fwd

AGAAGAAGAACCCGTGAAGAAG

HNRNPAB-Rev

CATACTGCTGCTGCTGATAGA

PTBP1-Fwd GACGGCATTGTCCCAGATATAG
PTBP1-Rev CCGAGTTGCTGCTCATGATA
RBM28-Fwd TTATCGTCCGAGCAGGTATCTA
RBM28-Rev GCTCCTTTAGAAGGTCCCAATAA
SNRPD1-Fwd CCAGACAGTTTACCTCTGGATAC
SNRPD1-Rev CTCTTCCTCTTCCTCTTCCTCT
SRSF2-Fwd AGGTGGACAACCTGACCTA
SRSF2-Rev TGTCGTGAAAGCGAACGAA

HNRNPH1-Fwd

GTCCAAATAGTCCTGACACGG

HNRNPH1-Rev

TCCACCGGCAATGTTATCCC
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HNRNPH2-Fwd

CGAACCCACTATGATCCCCCT

HNRNPH2-Rev

GCCTCATCCTTTCAAACCCAG

HNRNPH3-Fwd

TGGGAATGATGGCTTTGATGAC

HNRNPH3-Rev

GCACGAAAAGGCAACCCTCT

KHDRBS1-Fwd

GGAGCCAGAGAACAAGTACCT

KHDRBS1-Rev

CATGGCGTGAGTGAAGGAC

SRSF3-Fwd

TGGCAACAAGACGGAATTGGA

SRSF3-Rev

CAAAGCCGGGTGGGTTTCTA
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Myc transformation affects the splicing of proto-oncogene HRAS and splicing regulatory
protein SRSF3 in many cancers including prostate cancer (Phillips et al., 2020; Urbanski et al.,
2021). The HRAS and SRSF3 cassette exons are more skipped in Myc-driven cancer cells in
relative to normal tissues. Exon skipping leads to the production of more full-length functional
HRAS and SRSF3 proteins(Cohen et al., 1989; Jumaa and Nielsen, 1997). The inclusion of these
poison exons results in nonsense-mediated MRNA decay of exon-included transcripts and the

production of truncated proteins (Guil et al., 2003; Jumaa and Nielsen, 1997).

Using the antisense oligonucleotide tiling approach, we identified clusters of cis-regulatory
elements within the HRAS and SRSF3 cassette exons, as well as their flanking introns. Motif-
based RBP prediction suggested hnRNP H/F potentially regulated HRAS splicing. We further
confirmed hnRNP H/F activated HRAS splicing through G-runs mapped to the downstream
intronic splicing enhancers. hnRNP H expression was found negatively correlated with Myc
scores across multiple cancer types, while hnRNP F showed positive correlation with Myc. Thus,
the activation of MYC downregulates hnRNP H expression, resulted in the skipping of HRAS
cassette exon and increased p21 HRAS oncoprotein expression. Additionally, we identified Sam
68 as SRSF3 splicing repressor, potentially through the silencers in the downstream intron. Lastly,
we perform RBP-focused DEG analysis on RNA-seq data generated from an in vitro prostate
cancer model carrying inducible Myc expression. We found most of the differentially expressed
RBPs were downregulated in response to Myc depletion. CRISPRi-mediated transcriptional
repression identified several RBPs that modulated both HRAS and SRSF3 alternatively splicing.

Together, our work reveal mechanisms connecting Myc transformation to splicing regulation.

One interesting future direction would be to investigate the functional consequences of
full-length HRAS p21 versus truncated HRAS p19 isoforms, whether and how they contribute to
cancer phenotypes. Mutations of RAS proto-oncogene have been extensively studied in the past

decades (Moore et al., 2020), but it remain unknown if overexpression of unmutated RAS would
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control to cancer cell proliferation. It would be interesting to study how HRAS overexpression

alters its downstream signaling pathways, such as RAS-MEK-ERK and RAS-PI3K-AKT pathways.
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