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Abstract

hnRNPU is a ubiquitously expressed, pleiotropic DNA and RNA binding protein involved
in RNA metabolism. It is recurrently mutated in Burkitt and high-grade B-cell lymphomas,
but the functional consequence of this recurrence is unknown. Here, | show that
heterozygous HNRNPU nonsense mutations are enriched in lymphomas with MYC
translocations. The results imply that HNRNPU is haploinsufficient and mutations of a
single allele promote cell cycle entry by altering the gene expression and splicing
landscape of the B cells that harbor them. This reduced hnRNPU expression lowers
MYC levels, possibly to buffer MYC-induced proteotoxic stress and shifts dependence
from MYC to E2Fs to maintain cell cycle promotion. Finally, | show that, owing to this
dependence on E2Fs for cell cycle progression, HNRNPU mutated lymphomas are more
sensitive to E2F inhibitors. These results highlight hnRNPU-mediated regulation of MYC
and its downstream effects as possible new avenues for therapeutic intervention in

MY C-driven lymphomas.

Keywords: Aggressive lymphoma; Cancer genomics; RNA binding proteins; MYC;
hnRNPU
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Chapter 1. Introduction

1.1. Cancer

Cancer refers to a collection of more than 200 diseases that are caused by the
accumulation of somatic mutations and are unified by features such as abnormal cell
proliferation and the potential of local invasion or metastasis to distant tissues. The
earliest documented reference to human cancer dates to 3000 BC, in ancient Egypt. The
text (Edwin Smith Papyrus) describes cancer as an incurable disease’. In our
contemporary landscape, although disease outcomes have improved, cancer continues
to impose a significant global health burden. It is estimated that 1 in 2 Canadians are
expected to receive a cancer diagnosis in their lifetime and despite the many advances
in our understanding and treatment of the disease, cancer is the leading cause of death

in Canada?.

1.1.1. Hallmarks of cancer

One of the major challenges in characterizing and treating cancer is that different
cancer types exhibit a remarkable diversity in their cellular origins, genetic backgrounds,
and mutations that drive them. The vast complexity of cancer phenotypes and genotypes
can be distilled into a small number of underlying principles shared by almost all cancers
known as “the hallmarks of cancer”. Since its conception, the hallmarks of cancer have
expanded to detail ten hallmark capabilities and four enabling characteristics outlined in

Figure 1-14.

The hallmark features define the functional capabilities required by human cells
for them to transform from a normal to neoplastic state. These need not be acquired in
every type of cancer, and indeed some of these are features of certain healthy cell
types. Nonetheless, these collectively represent a comprehensive view of the core
mechanisms that underlie the ability of cancer cells to proliferate, evade normal
regulatory mechanisms, sustain their metabolic and nutrient requirements, and spread
throughout the body. Beyond the core hallmarks, enabling characteristics such as the
acquisition of mutations and microbial infection can provide opportunity for certain cells

to achieve the hallmarks of cancer. Understanding the hallmarks and the enabling



characteristics have been crucial for the development of targeted therapies and is a

main objective of cancer research.
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Figure 1-1. Hallmarks of cancer.
Adapted from Hanahan and Weinberg (2021). Created with Biorender.com

1.1.2. Driver and passenger mutations in cancer evolution

Cancer development is an evolutionary process among individual somatic cells
where genomic alterations are acquired and undergo selection based on their influence
on the fitness of cells in their microenvironment®®. The eventual accumulation of a
sufficient combination of such alterations drives the transformation of normal human
cells into clonal populations of neoplastic (cancer) cells. In recent years, high throughput
sequencing technologies have enabled the detection of thousands of mutations in single
samples and in large cohorts, revolutionizing the ability of researchers to
comprehensively identify somatic mutations in a tumour biopsy’. The resulting

sequencing datasets however are large and complex, obscuring the clinically important



mutations in a background of errors, noise, and random mutations that did not contribute

to oncogenesis®.

In general, a small minority of the clonal mutations in cancer have conferred a
selective growth advantage to, and thus experienced positively selection, during
evolution of the cancer®. By definition, these are known as driver mutations'®. These
mutations exist in a sea of biologically inert somatic mutations (passengers) that
coincidentally occur during the mutational processes and are retained in the population
only because they cannot be lost during clonal expansion of cells in which they arise.
Passenger mutations may affect cellular functions and processes beyond those relevant
to cancer development''. The identification of driver mutations amidst passenger

mutations is crucial for comprehending the molecular mechanisms of carcinogenesis.

Low fitness
cancer cell

* Driver mutation
Passenger mutation

* Disadvantageous
mutation
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*®

Time
Cancer Tumor growth
initiation

Figure 1-2. Somatic evolution and cancer development with driver and passenger
events.

Ongoing mutation and selection cause sub clonal divergence within the tumour clone.

Some of these events are neutral (passenger mutations), some are disadvantageous,

some are inert, and others, called driver mutations, provide cancer cells with a selective

advantage and lead to clonal expansion. Created with Biorender.com



1.1.3. Oncogenes and tumour suppressors

Cancer-associated genes are commonly categorized as either tumour
suppressor genes or oncogenes based on the role of their gene product in cancer cells.
An oncogene is a cellular gene that is constitutively activated by mutation, structural
rearrangement or gene amplifications'?'3. An activating somatic mutation in one allele of
an oncogene is generally sufficient to confer a selective growth advantage to the cell.
Often, oncogenes encode proteins that function to stimulate cell division, inhibit cell
differentiation, and restrict apoptosis'®. As an example, the Ras GTPase family proteins
are recurrently mutated in cancer where mutations lead to their constitutive activation’®.
These proteins have a role in a number of processes including cell cycle progression,
cell growth and migration. In contrast, a tumour suppressor gene encodes a protein that
acts to regulate cell division. When a tumour suppressor gene is inactivated, it
contributes to tumour growth by inactivating proteins that normally act to limit cell
proliferation'”. As an example, the tumor suppressor p53 plays a role in induction of cell
cycle arrest and/or apoptosis upon detecting DNA damage'®. Loss of function mutations
in the p53 gene is observed in nearly 50% of all cancers'®. Tumour-suppressor genes
are targeted in the opposite way by genetic alterations: mutations reduce the activity of
the gene product. Such inactivation may arise from missense mutations at residues that
are essential for its activity, from mutations that result in a premature termination codon
and degradation of the RNA by the non-sense mediated decay pathway, from deletions
or insertions of various sizes, or from epigenetic silencing?®-2%. Some recently described
tumour-suppressor genes have been hypothesized to exert a selective advantage on a
cell when only one allele is inactivated and the other remains functional (a genetic

scenario known as haploinsufficiency)?*.

1.1.4. Cancer classification

Internationally accepted classifications of malignant tumours are currently based
on the histotype, site of origin, morphologic grade, and spread of cancer throughout the
body?°. Histologically, cancers can be broadly grouped into five major categories, which
include carcinoma, sarcoma, myeloma, leukemia, and lymphoma. Carcinoma specifically
pertains to cancers that originate from epithelial tissues, which form the internal or
external linings of the body?®. These are the most prevalent cancer types, constituting

approximately 80-90 percent of all cancer cases. Sarcomas, on the other hand, originate



from the supportive or connective tissues, such as bone or muscle?’. Other major types
are hematological malignancies. Leukemias are a group of hematological malignancies
that arise from the dysregulated proliferation of developing leukocytes. It's noteworthy
that unlike solid tumours, which often necessitate genetic alterations and complex
cellular reprogramming for effective metastatic spreading, leukemic cells are known as
“liquid tumours” and possess a unique inherent ability for migration and invasion?®.
Furthermore, lymphomas are another type of hematological malignancy that develop as
solid tumours in the glands or nodes of the lymphatic system, a network of vessels,
nodes, and organs that develop lymphocytes?®. Due to presence of these tumors in the
lymphatic system, increased lymphatic dissemination via functionally contiguous lymph
nodes is often observed, limiting requirements for metastatic spread®. Lastly, myeloma

originates in plasma cells, responsible for antibody production.

While conventional tumour categorizations primarily centre on the source tissue
or organ, as well as histopathological, clinical, and epidemiological information, WHO
classifications have been incorporating molecular-genetic attributes of tumours since the
third edition in 2000%'. The integration of molecular pathology features is somewhat
restrained due to the scarcity of diagnostic capabilities in laboratories worldwide.
Nevertheless, these advancements are significantly influencing the diagnosis and

treatment of cancer.

1.2. Lymphoma

Lymphomas are a heterogeneous group of malignancies derived from the basic
cells of the lymphoid tissue, the lymphocytes, at different stages of their maturation2.
They are the most common hematological malignancy worldwide and are the 5th most
common form of cancer in Canada, with 11,400 new diagnosis in 2022 alone*. Due to
the diverse biological and clinical behavior of lymphoma subtypes, response to treatment
is generally variable and despite advances in treatment, many subtypes of lymphoma
remain incurable with current management strategies®*. This underscores the
importance of understanding the pathobiology of these lymphomas to develop novel

diagnostic, prognostic and/or therapeutic strategies for these diseases.



1.2.1. Lymphoma subtypes and their cell of origin

Lymphomas are broadly classified into two groups, Hodgkin lymphoma and Non-
Hodgkin lymphoma (NHL) accounting for roughly 10% and 90% of all lymphoma
diagnoses respectively®®. Hodgkin lymphomas arise from B-cell precursors and are
typically characterized by the presence of large, multinucleated Reed/Sternberg cells®.
Most cases of Hodgkin lymphomas are chemo sensitive and the overall survival is about
86%3°. NHLs are stratified broadly by cell origin, namely B-cell, T-cell, or natural killer
cell origin®’. Each of these are further divided into different subtypes by their distinct

morphology, immunophenotype, genetic, molecular, and clinical features®®.

Approximately 85% of NHLs are of B-cell origin, coopting the regulatory biologic
features of their normal B cell counterparts and shape it to execute their oncogenic
purposes®. They can be broadly divided into low-grade/indolent and high
grade/aggressive B-cell ymphomas. Indolent lymphomas are slow growing and usually
responsive to many treatment modalities, however their protracted nature results in a
long clinical course and are usually incurable*®=#2. Follicular lymphoma (FL), is the most
common indolent B-cell lymphoma, accounting for 22.1% of all NHL cases worldwide*®.
FL tumourigenesis starts in precursor B cells and becomes full-blown tumour when the

cells reach the germinal centre maturation step**.

In contrast to the slow growth and long outcomes of indolent lymphomas, high
grade/aggressive lymphomas are characterized by rapidly growing and generally
aggressive tumours with inferior patient outcomes if left untreated but are generally
responsive to therapy*5#¢. The most common aggressive lymphoma, Diffuse large B-cell
lymphoma (DLBCL), accounts for nearly 40% of all NHL diagnoses and has a
heterogeneous clinical presentation and response to chemotherapy*é. The two dominant
subtypes of DLBCL are classified based on their gene expression profile. Germinal
centre B cell-like (GCB) DLBCL, harbour the gene expression program of normal
germinal centre (GC) B cells, and activated B cell-like (ABC) DLBCL, express genes
that are characteristically induced following B cell receptor engagement and activation of
normal B cells*’. Burkitt lymphoma (BL) is another highly aggressive B-cell NHL and the
most common pediatric NHL*®. BL is the fastest growing human tumour and also

originates from germinal centre B cells*®. Other aggressive B cell NHLs are rare and



include Mantle Cell lymphoma (MCL) originating from the mantle zone of the germinal

centre, and plasmablastic lymphoma (PBL)%0°1.

1.2.2. Role of the germinal centre reaction in the development of B-
cell ymphomas

Most of the aforementioned B cell neoplasms originate from GC B cells as
depicted in Figure 1-3. The germinal centre is a transient microanatomical structure
within the follicles of secondary lymphoid tissues®2. Here, mature B cells undergo
repeated rounds of clonal expansion, genetic diversification, and selection of their
immunoglobulin genes. This ultimately results in the generation of high-affinity, clonally
expanded B cells destined to become either memory B cells or plasma cells®®. These
processes occur in distinct regions of the germinal centre known as the dark zone and
the light zone. After proliferative expansion and genetic diversification in the dark zone,
B cells move to the light zone where those that have high affinity for the antigen are
selected for survival. One of the unusual features of GC B cells is that they manifest

phenotypic features that mimic many of the hallmarks of cancer. Some of these include:

Massive proliferation and clonal expansion: GC B cells are highly proliferative,
with cell cycles that can be as short as 5-6 h%*. Cell proliferation is initiated by transient
induction of the transcription factor MYC early in the GC reaction®®. MYC expression is
then reactivated in a very small subset of light zone B cells undergoing positive
selection, primed for re-entry into the dark zone to undergo further cycles of
proliferation®. Transcription factor 3 (TCF3) activates cell proliferation via the cell cycle
regulator, E2F, when MYC expression is transiently lowered®2. The proliferation is also
maintained through the actions of the transcriptional repressor EZH2, which represses

proliferation checkpoint genes®"-%8,

Resisting cell death: Checkpoint genes, specifically those involved in sensing
and responding to DNA damage (such as TP53) are directly repressed in GC-B cells

through another transcriptional repressor, BCL6%°

Genome instability: In the germinal centre, antigen stimulated B cells undergo a
DNA mutational process in their immunoglobulin variable (IgV) region to generate higher
affinity B-cell receptors to the antigen of interest. This process, called somatic

hypermutation (SHM), is initiated by cytosine deamination catalyzed by the activation



induced (cytidine) deaminase enzyme (AID) in the dark zone of the germinal centre.
SHM causes point mutations at very high rates (107 bp per cell generation) which is 10°
fold higher than the spontaneous mutation rate in somatic cells®'-%2. Through error prone
repair pathways this process results in a characteristic pattern of mutations in the IgV
regions where some of these increase the affinity of the antibody. SHM is also known to
physiologically target non-lg genes such as BCL6, albeit at lower rates®®*. In addition to
point mutations in the variable region, procession of AID-induced lesions can produce
double-stranded DNA breaks in switch regions of Ig genes. This triggers class-switch
recombination from IgM to downstream IgG, IgE, or IgA in the light zone of the germinal

centre®5:6,

One key aspect of AID biology is the balance between mutagenic diversity and
genomic integrity. Most human B-cell NHLs originate from GC or post-GC B cells, as
demonstrated by their somatically mutated immunoglobulin genes®’. Aberrant regulation
of somatic hypermutation (aSHM), in part through dysregulated AID activity, has been
reported to cause widespread alterations of genes that are not physiological SHM
targets®®-70. AID-related mutations occur at a frequency of ~8% in hematological
malignancies, many of which have putative driver roles in lymphoma’'. Some aSHM
targets are proto-oncogenes, such as MYC and BCL6, which become susceptible to
chromosomal translocations in B-cell NHLs which is thought to be a byproduct of SHM
induced double-strand breaks®®. Aberrant regulation of class switch recombination has
also been described to predispose B cells to chromosomal translocations’.
Translocations involving the immunoglobulin loci (IGH, IGL, IGK) juxtaposed with
oncogenes have been associated with most types of malignant B-cell ymphomas with

some regarded as hallmark characteristics of the lymphoma subtype’.
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Figure 1-3. Major B-cell non-Hodgkin lymphoma subtypes and their cell of origin.
lllustrated here are the fundamental stages in the later development of B-cell
differentiation. This process commences with a lymphoid blast exiting the bone marrow
and proceeding through the germinal centre (GC), where it undergoes either positive or
negative selection. If successful, it ultimately matures into a plasma cell or memory B-
cell. Each of the several prevalent types of mature B-cell cancers is highlighted within a
red box, originating from the lymphoid cell from which they are most likely derived.
Adapted from Morin et al. (2021). Created with biorender.com.

1.3. MYC-driven aggressive lymphomas

The proto-oncogene MYC, located on chromosome 824, is one of the most
frequently dysregulated genes in B-cell NHLs”. MYC is a transcription factor of the
helix-loop-helix-leucine zipper family and is described to regulate the expression of 15%
of all human genes including some intergenic sites’. Regulation of transcription by
MYC involves the formation of heterodimeric complexes with the MAX protein. The
MYC-MAX heterodimer is the active form that binds to specific DNA sequences called E-
boxes (canonical sequence CACGTG) in the regulatory regions of target genes™. MYC
regulates a diverse array of cellular functions, including proliferation, growth, and
apoptosis. Due to its central role in human cells, MYC is tightly regulated at both the
transcriptional and translational levels and its dysregulation contributes to oncogenesis.
MY C-driven tumours display “oncogene addiction” to MYC where its continuing activity is
necessary for cancer maintenance and its genetic inhibition relieves the tumour

burden”.



Unlike some common oncogenes, MYC dysregulation does not result from
mutations that change its function. Instead, MYC expression is enhanced through
amplification or, more commonly in lymphomas, chromosomal translocations’®. In
contrast to the GC B-cells in which MYC expression is transient, B-cell lymphomas with
MYC translocations have constitutive MYC expression. These changes cause the cells
to proliferate uncontrollably and promotes angiogenesis, genomic instability, and
transformation. In BL, MYC plays a central role in initiating and maintaining tumor
growth. MYC chromosomal translocations are considered a genetic hallmark of BL but
also appear less commonly in other B-cell ymphomas. The most common form of these
translocations is a juxtaposition of potent enhancers belonging to the immunoglobulin
heavy or light chain loci, with the MYC locus’®. MYC translocations are also found in
about 10% of tumors with DLBCL morphology and are a feature of more aggressive
disease®’. MYC rearrangements in tumors with DLBCL morphology are often present in
the context of a complex karyotype and the adverse prognosis associated with MYC
rearrangement is largely derived from concurrent BCL2 and/or BCL6 rearrangements®?.
Tumors with MYC translocation accompanied by BCL2 and/or BCL6 are termed as
double-hit or triple-hit high-grade B-cell ymphomas (HGBCL-DH/TH) and have dismal
clinical outcomes. These patients are refractory to most chemotherapy regimens and die

within the first year of diagnosis®.

1.3.1. Cell cycle dysregulation in MYC driven lymphomas

Promotion of the cell cycle is a major oncogenic feature provided by MYC.
Ectopic MYC expression in quiescent cells is sufficient to mediate cell cycle entry,
whereas inhibition of MYC expression causes cells to withdraw from the cell cycle®.
Progression through the cell cycle phases (G1, S, G2 and M) is under the control of a
family of serine/threonine protein kinases called cyclin-dependent kinases (CDKs). The
CDKs form complexes with cyclins to activate them and phosphorylate downstream
effectors in specific cell cycle phases®*. D-type cyclins preferentially bind and activate
CDK4 and CDK®6 at early G1-phase of the cell cycle, leading to the phosphorylation of
the retinoblastoma protein (pRB) and the release of the E2Fs which are a large family of
transcription factors that regulate cell cycle progression®®8. Cyclin E1/2-CDK2
complexes in the late G1-phase further phosphorylate pRB, allowing the expression of

E2F target genes required for the transition to S-phase.
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MYC promotes cell cycle entry by not only activating or inducing cyclins and
CDKs but also through the downregulation of a set of proteins that act as cell-cycle
brakes®. MYC also promotes the cell cycle entry by directly inducing E2F activities8®88
(Figure 1-4). Induction of E2Fs is considered an essential component of MYC pathways
that control cell proliferation and cell fate decisions®. Numerous studies have shown
extensive E2F crosstalk with MYC signal transduction pathways®-°2. E2F1, a member of
the E2F family, was determined to be transcriptionally activated by MYC. In lymphoma
models, Ep-MYC transgenic mice lacking one or both E2f1 alleles exhibited a slower
onset of lymphoma development®. Elevated expression of E2F1, is also frequently
observed in BL and is thought to collaborate with MYC in BL formation®. Reduction of
E2F1 inhibits BL tumour formation and decreases their proliferation rate®. This
demonstrates an indispensable role of E2Fs in MYC driven lymphomagenesis and

shows that this interaction is vital to dysregulated cell cycle progression in lymphoma.
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Figure 1-4. MYC stimulates cell cycle entry.

MYC induces expression of genes such as D-types cycles and E2Fs to allow cells to
enter the cell cycle®’. During the G1 phase of the cell cycle, Cdk4/cyclin D (cycD) and
Cdk2/cyclin E (cycE) complexes phosphorylate (P) pRb, leading to the activation of E2F
proteins and the expression of E2F responsive genes. This cluster of genes encode cell
cycle regulators required for G1/S transition [cyclin E, cyclin A (cycA) and Cdk1],
enzymes involved in nucleotide biosynthesis [thymidine kinase (TK)] and components of
the DNA replication machinery [Cdc6 and origin recognition complex subunit 1 (Orc1)].
During the G2 phase of the cell cycle, Cdk2/cyclin A and Cdk1/cyclin B (cycB)
complexes sequentially phosphorylate FoxM1, leading to the relief of its self-inhibition
and the recruitment of a histone deacetylase CREB binding protein (CBP) that activates
the expression of FoxM1 target genes. This cluster of genes encodes cell cycle
regulators required for the execution of mitosis (cyclin B) and interactors of the
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kinetochore complex crucial for proper chromosome segregation [centromere protein F
(Cenpf)]. Adapted from Lim et al. (2013). Created with biorender.com.

1.3.2. Evading cell death in MYC driven lymphoma

In recent years, it has become clear that oncogenes that promote cell
proliferation often possess intrinsic pro-apoptotic activities®6. For example, the
transforming activity of MYC is tempered by its capacity to induce apoptosis under
physiological conditions®”%8. MYC triggers apoptosis by either directly engaging tumour
suppressor genes or indirectly by inducing replicative, transcriptional and proteotoxic
stress as a consequence of rapid cell proliferation®'%°, MYC dysregulation alone is
therefore considered to be insufficient to drive tumourigenesis. The regulation of MYC-
induced cell stress in tumour initiation and lymphoma progression, however, is poorly
understood. Studies have shown that heightened sensitivity to apoptosis by ectopic MYC
expression is observed only in premalignant cells but not after malignant
transformation'®'. This demonstrates that tumour cells acquire specific mechanisms for

blunting the apoptotic effects that MYC exerts in their normal counterparts.

These mechanisms are interrelated and are thought to involve some aspects of
the proapoptotic p53 pathway, the pro-survival BCL2 pathway, or both. Mutations
disabling p53, a tumour suppressor that activates pro-apoptotic machinery are frequent
in MYC-driven lymphomas and are thought to be synergistic with MYC, resulting in more
aggressive lymphomas'®. In contrast, BCL2 is a pro-survival factor that blocks apoptotic
cell death in lymphocytes and is a frequent target of chromosomal translocations in
NHLs'%, HGBCL-DH-BCL2 have concomitant MYC and BCL-2 translocations with the
BCL2 translocation thought to represent the initiating event. With MYC translocations as
secondary event, it is likely that BCL2 expression allows these cells to selectively
overcome MYC-induced apoptosis®. Because BCL2 is not expressed in BL, the

collateral damage imposed by MYC in BL must be overcome by other means.

MYC is also able to trigger apoptosis indirectly by inducing proteotoxic stress.
Oncogenic activation of MYC results in abnormally high protein synthesis rates resulting
in proteotoxic stress which if unresolved, leads to apoptosis'®. In a recent study,
heightened proteotoxic stress and active unfolded protein response was observed when

MYC and BCL2 were simultaneously overexpressed in primary germinal centre B
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cells™®. To evade this, loss of function mutations in DDX3X, a regulator of ribosome
biogenesis and global protein synthesis, have been observed in some MYC-driven
lymphomas with the highest abundance in BL'%. These mutations moderate MYC-driven
global protein synthesis, thereby buffering MYC-induced proteotoxic stress during early

lymphomagenesis.

It is interesting to consider that MYC-induced stress remains present despite the
presence of active pro-survival pathways. Given that DDX3X mutations are not
universally found in all tumours, nor are P53 mutations, the question arises: how do
cancer cells without these mutations cope with the stress triggered by MYC activation?
Interestingly it has been found that one mechanism of evading MYC-induced cell death
is moderating MYC expression itself. It was recently shown through in vivo studies that
modest elevation of MYC enhances transformation as expected, however, robust
overexpression leads to a dramatic increase in apoptosis'®. The requirement to keep
activated oncogenes at low levels to avoid engaging tumour suppression is an important
selective pressure governing the early stages of tumour microevolution. Identifying
factors that moderate MYC expression are thus important for both understanding the

pathobiology of these tumours and to identify potential therapeutic vulnerabilities.

1.3.3. Current treatment strategies for MYC driven lymphomas and
precision medicine approaches

The current standard of care for most aggressive lymphomas is a chemo-
immunotherapy regimen called R-CHOP. It consists of a combination of drugs,
incorporating rituximab (a monoclonal anti-CD-20 antibody), along with the
chemotherapeutic agents cyclophosphamide, doxorubicin, vincristine, and the steroid
prednisone’”’. The response to treatment in MYC-driven lymphomas with
chemoimmunotherapy is variable. BL remains the most curable with an overall response
rate of 89-90% if tumours are detected early, although with significant toxicity®®. In
patients with relapsing disease, the prognosis is typically poor. Patients with MYC driven
DLBCL or HGBCL-DH/TH have poor overall and progression free survival with many
showing primary treatment failure, partial response or relapse after initial treatment with
R-CHOP'%, In light of poor outcomes with MYC-related lymphomas, both intensified
chemoimmunotherapy regimens and consolidative stem cell transplantation have been

evaluated for management.
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Efforts to improve upon the R-CHOP backbone have included dose
intensification as well as the addition of new agents; the dose-adjusted rituximab,
etoposide (a topoisomerase Il inhibitor), prednisone, vincristine, cyclophosphamide, and
doxorubicin (DA-R-EPOCH) regimen has been identified as a potential replacement for
R-CHOP in high-risk cases'”. Currently, combination chemoimmunotherapy with dose
adjusted DA-R-EPOCH is the only treatment regimen that has the potential to induce
complete response in a proportion of HGBCL-DH/TH patients however no overall
survival advantage in MYC-rearranged lymphomas''°. Additionally, EPOCH-R is more
intensive therefore has a higher toxicity and is less tolerable in older and fragile
patients''". In general, patients with relapsed/refractory BL or HGBCL have very poor
outcomes with an overall response rate of 39% to salvage therapy and a median overall
survival of only 2.8 months''2. The lack of a clear benefit from intensification of therapy
(with or without stem cell transplantation) suggests that incorporating novel and targeted

agents should be pursued.

Given the lack of favorable chemotherapeutic regimens for MYC-driven cancers
and increased risk of relapse when treated with standard chemotherapy, targeting the
MYC oncoprotein directly has been pursued. There are two major challenges that have
prevented successful development and application of MYC inhibitors. Firstly, given that
MYC is a ubiquitously expressed general transcription factor, targeting it might not be
well tolerated in normal tissues. Secondly, the MYC protein lacks a preferred binding
pocket for traditional small molecule drugs'. Due to these reasons alternate
approaches to target MYC dependent neoplasms need to be explored. Some of these
include targeting MYC gene expression directly or indirectly (transcription, translation,
stability), targeting the MYC:MAX interaction or targeting the accessibility of MYC to
downstream genes. Since MYC dysregulation also incurs cellular stress, deregulated
MYC would rewire signal pathways and adapt to such circumstances. Hence, cancer
cells could also be selectively killed through targeting critical nodes in these rewired
pathways. Finding and exploring such synthetic lethal pathways as well as factors that
contribute to MYC dysregulation are critical in improving the therapeutic landscape of

these lymphomas.
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1.4. Gene expression modulation by hnRNPs in lymphoma

RNA processing is a fundamental aspect of gene expression and is critical for
transferring genetic information into functional phenotypes. Nearly all RNA molecules
are subjected to some form of processing on route to their mature/active form (Figure 1-
5). Specifically, the immature transcripts of protein-coding genes are spliced, capped,
and polyadenylated prior to export into the cytoplasm, where regulation of stability,
decay, and translation contribute to the expression of the final gene product. These
different aspects of RNA processing are mediated or regulated by many different
proteins and protein complexes. There are approximately 1914 human RNA binding
proteins (RBPs), accounting for 7.5% of protein-coding genes''*. Some of these, such as
the spliceosome, are well-defined and play consistent roles in varied cell types; however,
others, such as the heterogeneous nuclear ribonucleoproteins (hnRNPs) assume a more
diverse repertoire that is highly context specific. Mounting evidence have shown that
RBPs are involved in various important cellular processes, for instance, cell transport,
localization, development, differentiation, and metabolism. Additionally, RBPs engage in
almost every step of post-transcriptional regulation, supervise the formation and function

of transcripts, and maintain cell homeostasis.

Cancer cells exhibit widespread abnormalities in RNA processing, including
driver alterations that functionally contribute to cancer development and progression.
Variations in an RBP’s expression or localization has the capacity to impact oncogene
expression levels or those of tumour-suppressor genes. They can also influence genes
important to genome stability. As a result, different transcriptomic and cellular
phenotypes arise under the influence of RBP-centered gene regulation, such as
differences in proliferation or apoptosis, as well as in other functions like angiogenesis or
epithelial to mesenchymal transition. Eventually all these can, in turn, give rise to
different profiles of cancer invasion and metastasis as well as different cancer
prognoses. It is therefore becoming more and more apparent that RBPs can act as

prospective targets for future cancer treatments.
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Figure 1-5. hnRNPs are involved throughout the RNA lifecycle.

Varied hnRNPs have been described to play a role in (1) transcriptional regulation and
elongation; (2) binding to cis-regulatory elements to affect splicing, and (3) regulation of
capping and polyadenylation. Some hnRNPs are also involved in (4) nuclear export and
may remain associated with an exported mRNA in the cytoplasm. There, hnRNPs are
involved in regulating (5) stability and (6) decay, (7) mediating post-transcriptional
regulation with non-coding RNAs, and (8) regulation of translation. hnRNPs:
heterogeneous nuclear ribonucleoproteins. Created with biorender.com.

1.4.1. The hnRNP protein family

hnRNPs are a large family of RNA binding proteins (RBPs) that are engaged
throughout the RNA lifecycle. These are typically defined as proteins which bind
heterogeneous nuclear RNAs that are not components of other ribonucleoprotein (RNP)
complexes, such as small nucleolar RNPs.""®> hnRNPs are among the most abundant
proteins in the nucleus, with levels similar to histone proteins.'"® Ranging from hnRNP
A1 to hnRNP U, these proteins contain one or more RNA binding motifs and additional
auxiliary domains, which may contribute to protein:protein interactions and affect

subcellular localization'®-118, The RNA binding motifs found in hnRNP proteins generally
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belong to the highly conserved RNA recognition motif (RRM), K-homology (KH), the
RGG box, and the poorly conserved quasi-RRM domains. These motifs broadly govern
the sequence-specific interactions between hnRNPs and RNA molecules,®-'?" thus
small variations in these domains confer diverse sequence specificity to each hnRNP.
hnRNPs have the essential function of directing alternative splicing coupled to
nonsense-mediated decay (NMD),?>-'?* and some hnRNPs can affect the stability and
decay of RNA species via additional pathways. hnRNP F, H1, K, L, and U have been
shown to stabilize various transcripts, including p53'?° . The stability of the RNA naturally
affects its availability for translation; however, hnRNPs can further impact protein levels
through translational regulation, including cap-dependent translation,'?®'2” elongation,'?®

and translation from internal ribosomal entry sites.'?

The complex and multifaceted roles of hnRNPs in regulating gene expression
from transcription through translation makes them particularly important in tissues

composed of continually developing and differentiating cells.

1.4.2. The role of hnRNPs in normal B-cell development and
differentiation

Mammalian B-cell development is a tightly regulated process controlled by the
carefully ordered expression of specific genes that play important roles in their
differentiation and cellular functions. The cellular stages of B-cell differentiation have
been described in detail however little is known about the molecular mechanisms
controlling the various functions in these cells. RNA regulation is thought to play a key
role during B cell development mediated in part by RBPs, including several essential
hnRNPs."3° Several studies illustrate that expression of various genes encoding RBPs
varies between B-cell subsets, primarily examining naive, memory, and plasmablasts.'®'
Naive and memory B cells have a higher proportion of intron retention than pro- and pre-
B cells as well as germinal centre and plasma cells.'® These differences in gene
expression and splicing collectively point to differing requirements for RNA processing in

different subsets of B cells.

A key process in the maturation of B cells is diversification of the antibody
repertoire. This is accomplished through three mechanisms: somatic V(D)J

recombination, somatic hypermutation via AID, and class switch recombination. Several

17



hnRNPs are involved in these processes. PTBP1 is required for affinity maturation, '3
and both hnRNP K and L are required for the DNA cleavage and repair via end-joining in
CSR and somatic hypermutation.'4'35 Other hnRNPs such as hnRNP C, |, and U have
also been described as components of AID:RNA complexes.'® In a recent study,
hnRNP U was shown to facilitate CSR by forming and stabilizing the DNA double strand
repair ribonucleoprotein complex and preventing excessive R-loop accumulation, which
otherwise would cause persistent DNA breaks and aberrant DNA repair, leading to

genomic instability 7.

hnRNPs have multi-faceted roles regulating the key genes orchestrating the
germinal centre reaction. During this process, B cell survival is dependent on specific
regulation of cell death and proliferation. These processes and the necessary
homeostasis between B cell types is regulated in part by MYC, BCL2, and BCL6.38-140
Several hnRNPs are known to influence expression of these three genes'#'-143,
Cumulatively, hnRNPs appear to play essential roles in regulating key regulators of
normal B cell development and differentiation, with specific impacts on genetic diversity,
proliferation, and apoptosis. Deregulation of these cellular processes through regulatory
mutations, changes in gene dosage, or protein-coding alterations are fundamental
contributors to the development of lymphoid cancers. It is thus likely that dysregulation of

hnRNPs serves an important role in lymphomagenesis.

1.4.3. hnRNPs in malignant B cells

Perturbations in the RBP-RNA network have been causally associated with many
B-cell malignancies. It was recently reported that RBPs play important roles in DLBCL
biology and are significantly associated with overall survival."* As hnRNPs are thought
to regulate key lymphoma drivers such as MYC, BCL2 and BCL6, dysregulation in these
interactions is frequently observed in lymphoma. hnRNP A1 was recently reported as an
important regulator of MYC expression and tumour cell expansion in multiple myeloma
by upregulating MYC through stimulation of its cap-independent translation'®. hnRNP K
is overexpressed in patients lacking MYC genomic alterations, thereby representing an
alternate mechanism of MYC pathway activation in B-cell malignancies'®. PCBP1 is
recurrently mutated in BL where mutations predominantly affect the third KH domain
and/or NLS, pointing to a reduced function or complete loss. #7150 In MCL, mutations in

HNRNPH1 aberrantly upregulate the amount of hnRNPH1 protein, dysregulating the
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alternative splicing landscape and resulting in inferior progression free survival'?.
Overexpression of hnRNPL and binding of it to the 3’ UTR of BCL2 allows the aberrant
BCL2-IGH fusion mRNAs to evade NMD and results in BCL2 overexpression''. Various
other hnRNPs are recurrently mutated in lymphoma but their functional implications in
lymphomagenesis remain largely unknown or incomplete underscoring the requirement
of mechanistic studies to understand their role in lymphomagenesis. In addition, since
their expression and functions are tissue specific, their exact roles in the context of B

cells need to be identified.

1.4.4. Discovery of novel hnRNPU mutations in Burkitt lymphoma

hnRNPU is the largest protein in the hnRNP complex and is one of the most
abundant and ubiquitously expressed hnRNP proteins'®2, It is a pleiotropic DNA and
RNA binding protein that plays various important roles in RNA metabolism and nuclear
organisation'®'%4 The domain structure of hnRNPU reflects these different roles, with
an N-terminus DNA binding domain, a central actin binding domain, and a C-terminus,
intrinsically disordered, RNA binding domain'®. Our group has recently identified
hnRNPU as a significantly mutated gene in Burkitt ymphoma®. These mutations occur
in a heterozygous manner and are concentrated at the N-terminus of the gene.
Moreover, there is an enrichment of mutations that lead to a premature termination
codon. This distinctive mutational pattern seems to suggest selective pressure favouring
a truncated hnRNPU isoform. However, this does not exclude the possibility that these
transcripts are untranslated and instead undergo degradation through nonsense-
mediated decay. The discovery of these mutations was novel because HNRNPU
mutations had never been reported in Burkitt ymphoma. Similar patterns of nonsense
mutations or deletions involving the hnRNPU locus are implicated in a rare form of
neurodevelopmental disorder known collectively as “HNRNPU related
neurodevelopmental disorders”. hnRNPU loss in these disorders result in mild to severe
intellectual disability and developmental delay'®’. The mutations in such disorders are de
novo and heterozygous consistent with this gene exhibiting hsploinsufficiency'®. In
cancers other than BL, mutations potentially resulting in a loss or reduced function of
hnRNPU have not been observed. Conversely, hnRNPU amplification is observed in
various cancers, including hepatocellular carcinoma and triple-negative breast cancer,

where it is associated with a poor prognosis'®'%°. Due to its seemingly contradictory
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effects in different cancers, we aimed to mechanistically understand the impact of

hnRNPU nonsense mutations in Burkitt lymphoma.

1.5. Hypothesis

Recurrent HNRNPU mutations dysregulate its expression in cells that harbor
them. Due to its role in regulating gene expression, these alterations may have a
downstream effect on the transcriptome, notably in the expression of key lymphoma

drivers. | will address this hypothesis through two overarching aims:

Aim 1: Identify alterations in the transcriptomic and splicing landscape due to HNRNPU

mutations in B cells.
Aim 2: Mechanistically understand how these alterations contribute to lymphomagenesis.
Copyright statement
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Chapter 2. Methods

2.1. Sequencing data reanalysis

Data from primary (patient) samples are from an ongoing meta-analysis of
mature B-cell neoplasms including unpublished data from the Lymphoma/Leukemia
Molecular Profiling Project. My analysis includes whole genome and/or capture
sequencing data from six B-cell NHL subtypes. Simple somatic mutations were identified
using the SLMS-3 pipeline (relying on Sage, LoFreq, Mutect2, and Strelka2) as
previously described'®?. MYC rearrangements were identified using the Genome
Rearrangement Identification Software Suite (GRIDSS)'®® and Manta'®*. HNRNPU
shRNA knockdown followed by sequencing and eCLIP-seq data in HEPG2 and K562
cells was obtained from the encode project consortium'®. CLIP sites in these cell lines

were resolved to single nucleotide resolution using PureClip©¢.

2.2. Cell culture and reagents

HEK293, Ramos, Raji, JVM2, Mino, SP49, DOHH2 and SU-DHL-4 cell lines
were a gift from Dr. Christian Steidl (Lymphoid Cancer, BC Cancer Research Centre). B-
cell lymphoma lines were cultured in RPMI 1640 medium (Gibco) supplemented with
10% FBS. HEK293 cells were cultured in DMEM (Gibco) supplemented with 10% FBS.
Cell lines were incubated at 37°C and 5% carbon dioxide and passaged every 2-3 days.
Protein was extracted from 2x10° cells with Pierce RIPA buffer (ThermoFisher, 78430)
containing protease inhibitor (ThermoFisher, P8340) and quantified using the Pierce
BCA Protein Assay Kit (ThermoFisher, 23227). 5 ug of protein lysate was resolved on
1.5 mm 12% Tris-Glycine polyacrylamide gels (BioRad, 1610175) and transferred to a
nitrocellulose membrane by wet transfer using the Trans-Blot turbo transfer pack (Bio-
Rad). Antibodies for hnRNPU (Abcam, ab180952), MYC (Abcam, ab32072), Histone H3
(Cell signaling, 9715S ), E2F1 (Abcam, ab137415), E2F2 (Abcam, ab235837) , E2F6
(Abcam, ab155978) , E2F8 (Abcam, ab109596) were diluted according to
manufacturer’'s recommendations. Anti-Rabbit HRP conjugate (Promega, W4018) was
used to visualize the bands with Clarity Western ECL Substrate (Biorad, 1705061) on a

ChemiDoc digital imager (BioRad). Image quantification was performed with ImageJ.
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2.3. Transient transfections

Transient transfections were performed in B-cell lines using the Amaxa
nucleofector with Kit V (VCA-1003, Lonza) according to manufacturer’s
recommendations. Briefly, 2 x 10° cells were resuspended in kit V nucleofector solution
with either 10 ug of plasmid DNA or 30 pmol of siRNA and electroporated on the M-013
program. Transient transfections in HEK293 cells were performed with Lipofectamine
3000 (L3000001, Invitrogen). 1.5x10° cells were seeded on a 6 well plate the day prior to
transfections. When cells reached 60—70% confluence, either 2 ug of plasmid DNA or
25 pmol of siRNA were diluted in Opti-MEM (31985062, Gibco) and then incubated with
the transfection reagent for 20 min before applying dropwise onto the cells. All cells were
incubated for 48 h prior to harvesting; half of the cells per replicate were used for protein

analyses and the other half for RNA extractions.

2.4. CRISPR gene editing

Raiji cells were first authenticated via STR profiling (C287, ABM) and tested
negative for mycoplasma. Once confirmed they were transfected using the Amaxa
nucleofector with IDT’s Alt-R CRISPR/Cas9 system following manufacturer’s
recommendations. Briefly, crRNAs were designed using the IDT custom design tool to
target exon 1 of the HNRNPU gene (CGGGCGACGAGAACGGGCAC). 2x108 cells per
line were electroporated with the generated RNP complex in nucleofector solution V
(program M-013). Cells were grown to confluence, then single cell expanded in 96-well
plates in 100 yL MethoCult H4435 (StemCell). Genomic DNA was extracted using the
DNeasy blood and tissue kit (Qiagen) according to the manufacturer’s
recommendations. HNRNPU was then PCR amplified from the genomic DNA with right
primer GCCCTCACCATGAGTTCCT and left primer TCCGCCTTTCTGTTCTGTTT. The
mutations in clones were verified by Sanger sequencing (GeneWiz) with primer:
GAGGAAGGAATCTCCGCTCT. To obtain single-cell expanded WT clones, parental
cells were single cell expanded in the same conditions as CRISPR cells and validated as

WT by Sanger sequencing.
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2.5. RNA-sequencing and analysis

RNA was extracted from 2x10° cells per sample using the RNeasy mini kit
(QIAGEN) according to manufacturer’'s recommendations with additional DNase |
treatment. Qualities of total RNA samples and RNA integrity numbers were determined
using an Agilent Bioanalyzer RNA Nanochip. Ribo-depleted RNA libraries were prepared
and sequenced by the Genome Sciences Centre in Vancouver, BC. Sequencing was
performed on the lllumina NovaSeq platform with 150 bp PE sequencing (100M
individual reads). RNA-seq reads were aligned using STAR version 2.7.10a'%" to
GRCH38. Feature counts was used to summarize gene counts'®®. The Bioconductor R
package, DESeq2'%®, was used to correct the read counts for library size and to obtain
differentially expressed genes between conditions of interest employing a threshold of
abs(log2FoldChange) > 0.585 and p < 0.05. DESeq?2 results were then fed into the
FGSEA'"? Bioconductor R package for pathway enrichment analyses, with a threshold of
p < 0.05 set for enriched pathways. EnrichR'"" was also used to assess enriched
pathways, particularly for reactome analysis. Differential splicing analysis was performed
using rMATs 4.0.1.

2.6. Quantitative real-time PCR (qPCR)

Total RNA was extracted as described for RNA-seq. RNA concentration was determined
by NanoDrop and 0.25 ug of RNA was used as input for cDNA synthesis using iScript
cDNA synthesis kit (BioRAD). cDNA was diluted 1:10 and mixed with primers and SYBR
Green Supermix (Quantabio). Quantification and analysis were performed with the
QuantStudio 3 RT PCR machine (ThermoFisher). Relative expression of mRNA was
determined after normalization to the geometric mean of human Actin and GAPDH
levels using the AACt method. All plots represent at least three biological replicates of
extracted RNA. Data was analyzed using GraphPad Prism 9 (GraphPad Software).

gPCR primers used in this study are as follows:

Target Forward Reverse

HNRNPU GGATAAGATGATGGTGGCAGG | TTCTTTCGGGCAGCAATCTC

MYC TCTCTCCGTCCTCGGATTCT | TTCTTGTTCCTCCTCAGAGTCG

E2F1 CCGTGGACTCTTCGGAGAACT | GGCTGATCCCACCTACGGTC
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E2F2 CATCCAGTGGGTAGGCAGGG | AAGGCCTGCTCCGTGTTCAT

E2F6 CGGCGAGGAAGTTACCCAGT | TAGAGCTTCAGCAGGCCCTC
E2F8 AGGCTCAAAGAGGGCAAGCA | TGGGAACAAGGTTGCGGAGA
ACTIN CCACGGCTGCTTCCAGC TAGTTTCGTGGATGCCACAG

GAPDH GAAGGTGAAGGTCGGAGTCA | AATGAAGGGGTCATTGATGG

2.7. XBP-1 alternative splicing detection with digital droplet
PCR (ddPCR)

RNA extractions and cDNA synthesis performed as for gPCR. ddPCR was performed on
the QX200 system (BioRad) using the primers and probes as outlined below. We
employed a multiplex digital PCR approach to assess the levels of the two XBP-1
splicing isoforms within a single sample. Utilizing identical forward and reverse primers,
both XBP-1 isoforms were amplified. Forward primer: GGGAATGAAGTGAGGCCAGT,
reverse primer: CTCTGAATCTGAAGAGTCAATACCG. Full length XBP-1 was detected
with the probe 5FAM-AGCACTCAGACTACGTGCAC and spliced isoform was detected
with the probe: 5’HEX-TCCGCAGCAGGTGCAGGC. Assay was validated by inducing
ER stress with 2 yM Thapsigargin for 8 hours and visualizing splice isoforms on agarose
gel. All ddPCR results are quantified as a ratio of the absolute copy numbers of splicing
isoforms in each sample. All plots represent at three biological replicates of extracted

RNA. Data was analyzed using GraphPad Prism 9 (GraphPad Software).

2.8. siRNA knockdown

siRNA knockdowns were performed with an siRNA specific for HNRNPU (Assay
ID: 145413, ThermoFisher). Control transfections were performed with a negative control
siRNA (4404021, ThermoFisher). Transient transfections were performed with the
protocol mentioned above. Cells were incubated with the siRNA for 48 h prior to

harvesting for RNA extractions and western blotting.
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2.9. mRNA half-life analysis

1x10° cells were seeded for the HNRNPU mutant Raji lines or siRNA
knockdowns for HNRNPU were performed in HEK293 cells as described above. 4 uM
actinomycin D was added per well and incubated with cells at four time points, 0,30,60
or 90 minutes. Cells were harvested and RNA extractions and analysis were performed
as described above. mMRNA quantities were determined relative to the amount of mMRNA

at time point 0. Time points were plotted and fit to a linear regression using GraphPad.

2.10. Plasmid construction

2.10.1. HNRNPU-eGFP vector

The hnRNPU coding sequence was amplified from the pFRT/TO/HIS/FLAG/HA-
HNRNPU vector (plasmid #38068, Addgene) with Q5 master mix (M0491L, NEB) using

the following primers:

Forward primer: gatacaAAGCTTTGATGAGTTCCTCGCCTGTT
Reverse primer: gatacaGGTACCCTAATAATATCCTTGGTGATAATGCT

The PCR amplificon was run on an agarose gel and gel extracted (28704,
Qiagen) according to the manufacturer's recommendations. The amplicon was digested
with the restriction enzymes Hindlll and Kpnl (NEB). The digested fragment was then
cloned into the pEGFP-C1 vector, placing hnRNPU in frame and downstream of eGFP.

2.10.2. MYC minigene vectors

Two variants of the MYC minigene vector were cloned, one containing all introns
and exons up until the stop codon (full-length minigene) and the other lacking intron 1
(Aintron-1). The full length MYC sequence containing the 5 UTR, all introns and exons
up until the stop codon was PCR amplified from normal human donor DNA (G1471,

Promega) in two PCR reactions with the following primers:
N-terminus

= Forward Primer: gatacaAAGCTTGGGATCGCGCTGAGTATAAA
» Reverse Primer: TGAAGGAGAAGGCGAGAGGC
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C-terminus
=  Forward Primer: TAGGGCGCGAGTGGGAAC
= Reverse Primer:

gatacaTCTAGATTActtgtcatcgtcgtectigtagic CGCACAAGAGTTCCGTAGCTG

Both fragments were amplified with PCR. A C-terminal FLAG-tag was introduced
into the sequence using the C-terminus reverse primers. The N-terminus fragment was
digested with Hindlll and Apal and the C-terminus fragment was digested with Apal and
Xbal. The pRL-TK vector (Promega, E2241) was digested with Hindlll and Xbal to
remove the luciferase insert. A three-part ligation was then performed with the N-
terminus, C-terminus MYC fragments and the digested vector. The complete sequence
was validated with Sanger sequencing (GeneWiz) using tiled primers along the length of

the gene.

For the Aintron-1 variant of the MYC minigene, the full-length minigene was used as

input for the PCR reaction.

5 UTR-Exon 1 was amplified with the following primers. The reverse primer contained
an overhang complimentary for exon 2 that would be necessary for the next round of

amplifications.

Forward primer: gatacaAAGCTTGGGATCGCGCTGAGTATAAA
o Reverse primer:

CGTCGCGGGAGGCTGCTGGTTTTCCACTACCCGAAAAAAATCCAGCGTCTA
AGCAG

Exon 2-Stop codon sequence was amplified with the following primers. The forward

primer contained an overhang complimentary to the end of exon 1:

e Forward primer:
TTCGGGTAGTGGAAAACCAGCAGCCTCCCGCGACGATGCCCCTCAACGTTA
GCTT

o Reverse Primer:
gatacaTCTAGAT TActtgtcatcgtcgtecttgtagtc CGCACAAGAGTTCCGTAGCTG

The amplicons from the above reactions were gel extracted, co-purified and used as
substrate for the next reaction. An overlap PCR strategy allowed for by complementary
overhangs introduced by the above reaction. This would generate the full MYC

sequence lacking intron 1.
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o Forward primer: gatacaAAGCTTGGGATCGCGCTGAGTATAAA
o Reverse primer:
gatacaTCTAGATTActtgtcatcgtcgtecttgtagtc CGCACAAGAGTTCCGTAGCTG

This amplicon was gel extracted and digested with Hindlll and Xbal (NEB) and
cloned into the PRL-TK backbone. The entire sequence was subsequently validated with

sanger sequencing (GeneWiz) using tiled primers along the length of the gene.

2.11. Fluorescence-activated cell sorting

To enrich for positively transfected cells with the HNRNPU-eGFP construct
FACS was performed using the FACSAria Fusion Cell Sorter (BD) using a 100mm
nozzle. Gates were applied to enrich for cells with medium-high GFP expression and
were collected in 15 mL round-bottom polystyrene test tubes containing cell culture
media. Immediately after sorting, the cells were spun down at 300xg for 5 minutes and

lysed for western blot or RNA extractions.

2.12. Cell viability assay

Cell viability was measured with a fluorimetric test as previously described'”2.
Raji cells were first seeded at varying densities to optimize the concentration within the
readable, linear range of detection, as shown below. This range was determined to be
10,000-40,000 cells per well, and all future experiments were conducted within this

range.

For cell viability assays, 100 uL of cells at a concentration of 200,000 cells/mL
were seeded in a 96 well tissue culture plate and incubated for 24 hours. After the
incubation period, 20 uL of cell titre blue (Promega, G8080) was added and incubated
for 2 hours before determining fluorescence (560gx/590em) using a fluorometer
(SpectraMax A5 PlateReader, Molecular Devices). Readings were taken at two time
points, at seeding and after 24 h in 3 technical replicates per sample. Cell viability was
normalized to that at seeding to account for differences in cell counts. The percentage of
viable cells were calculated relative to the control cells. Each experiment was performed

in at least three biological replicates.
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2.13. Fluorescence imaging

Raiji cells were first transfected with the eGFP-HNRNU construct and adhered in
a monolayer to coverslips treated with concanavalian A. Coverslips were coated in 1
mg/ml concanavalin A for 2 h before washing twice with 1X phosphate buffered saline
(PBS) (Gibco) and drying overnight. The coverslips were then incubated with 2 x 10°
cells/mL cells and allowed to adhere for 2 h and immediately fixed with 1 mL of ice-cold
methanol (-20°C) over a 5-min period, followed by a single rinse with room temperature
1X PBS. After discarding the PBS, the cells were briefly washed with a 0.2 ng/mL
Hoechst 33342 solution (prepared in 1X PBS). This was followed by another wash with
1X PBS, and the coverslips were mounted on glass slides using Fluoromount G
(ThermoFisher). The edges of the coverslips were sealed with nail polish. Fluorescence

images were captured at 40X magnification using an EVOS FL Auto 2 microscope.

2.14. Inhibitor assays

50 ul of 400,000 cells/mL were seeded in a 96 well tissue culture plate. E2F
inhibitor - HLM00647 (324461, Sigma) or MYC inhibitor - Mycro3 (HY-100669, MCE)
were diluted in cell culture media to various concentrations. 50 uL of diluted inhibitor was
added to the cells at a final concentration of 5 -100 uM. Cells were incubated in standard
tissue culture conditions for 24 h. After 24 h, viability assay was performed as described
above. All cell viabilities were normalized to a DMSO control. Drug concentrations were
plotted after log-transformation and plotted as log[inhibitor] vs response — variable slope
(four parameters) using GraphPad. One curve was plotted per biological replicate with

two technical replicates each to determine the IC50.
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2.15. Statistical analyses

All statistical analysis were performed with R version 1.4.1 or graphpad prism.
For multiple comparisons a one-way ANOVA for multiple comparisons was used.

Analyses involving two populations were analysed with a students T-test.
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Chapter 3. Results

3.1. Splicing factors are recurrently mutated in mature B-
cell lymphomas

To identify splicing factors recurrently mutated in B-cell NHLs, | investigated
sequencing data from our ongoing meta-analysis of mature B-cell ymphoma (GAMBL).
When examining the simple somatic mutations present in these lymphomas alongside a
catalog of established splicing factors'®, it was observed that splicing factors are
recurrently mutated in B-cell NHLs at varying frequencies as shown in Figure 3-1. This
includes many hnRNPs, with HNRNPU, HNRNPQ (SYNCRIP), HNRNPD, and

HNRNPM ranking among the top 10 most commonly mutated splicing factors.

Furthermore, a trend of mutual exclusivity in mutations amongst different splicing
factors was observed as shown in Figure 3-1 where we see that it is uncommon to find
more than one splicing factor mutated within the same tumour. Given the crucial role and
expression of distinct splicing factors at each stage of B-cell development, it is
understandable that the prevalence of some splicing factor mutations may vary
depending on the lymphoma subtype. For instance, HNRNPD mutations are most
prevalent in DLBCL, while PCBP1 mutations are predominantly found in BL. The exact

mechanism or role they play in disease progression, however, remains largely unknown.

In the cohort evaluated, HNRNPU is the most recurrently mutated splicing factor
across all ymphomas with mutations observed in BL, HGBCL-DH/TH, DLBCL AND FL.
These mutations are interesting because nonsense mutations are common and they
appear heterozygous, indicating that biallelic loss of this gene may be rare. These have
not previously been reported in the context of lymphoma, so we sought to further
evaluate the role of hnRNPU in B-cells and explore the functional relevance of these

mutations.
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Figure 3-1. Recurrently mutated splicing factors in mature B-cell lymphomas

A total of 5427 tumour samples were evaluated for splicing factor mutations. Cases with
at least one mutated splicing factor are shown in the oncoplot with total cases evaluated
for each lymphoma subtype displayed above. We find that splicing factors are

recurrently mutated in B-cell NHLs with HNRNPU being the most frequently mutated
splicing factor.

HNRNPU mutations are most frequent in HGBL-DH/TH tumours (12%) followed
by BL tumours (5.6%). Mutations are also found in DLBCL and FL but at lower

frequencies, specifically 2.6% and 2%, respectively. HGBL-DH/TH and BL are similar in
that both are derived from the dark zone of the germinal centre (centroblasts) and
harbour MYC rearrangements. As shown in Figure 3-2A, HNRNPU mutations are
enriched in tumors with MYC translocations perhaps linking a functional importance of
hnRNPU in MYC-driven lymphomagenesis. We also found HNRNPU mutations to be
enriched in Epstein-Barr virus (EBV) + tumors. EBV has a tropism for B-lymphocytes
and is a primary risk factor in BL, specifically in the equatorial belt of Africa and other
parts of the world where malaria is hyperendemic'’4. Latent EBV subsequently
predisposes to malignant transformation, especially in the setting of impaired cell
mediated immunity and chronic antigenic activation, where the virus replicates and

expresses viral antigens that promote growth and survival of the cell'’>. HNRNPU
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mutations preferentially occur in EBV+ BL (7.35% of cases) relative to EBV- (2.28% of
cases) and this difference is statistically significant (Figure 3-2B). We also see
HNRNPU mutations in EBV+ HGBL-DH/TH although with only 3 cases in this cohort

being EBV+ it remains inconclusive.

Based on the findings presented above, we aimed to investigate the expression levels of
hnRNPU in relation to MYC expression, translocation status, and EBV status in cell
lines. For this study, we selected two cell lines from HGBL-DH/TH and BL, each being
either EBV+ or EBV-. We then compared the hnRNPU and MYC protein expression
patters in these cell lines to a non-lymphoma cell line, HEK293, and cell lines from MCL
where HNRNPU mutations are rarely observed (Figure 3-2C). The unifying feature
amongst all cell lines is that those with high MYC expression also express high
expression of hnRNPU. We did not observe any pattern with regards to EBV status from

the cell lines tested.
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Figure 3-2. HNRNPU expression and mutations are enriched in lymphomas with
high MYC expression

A) Lymphoma subtypes were evaluated for MYC rearrangement status with GRIDSS
and Manta. Enrichment of HNRNPU mutations are seen in 12.07% cases mutated in
HGBCL-DH/TH, 5.7% in BL, 2.6% in DLBCL and 2% in FL. B) HNRNPU mutations are
also enriched in EBV+ tumors. P value calculated with fishers’ exact test. C) lymphoma
cell lines with high hnRNPU expression also have high expression of MYC protein.
Western blot shown as representative image from three biological replicates.
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3.2. CRISPR-induced HNRNPU mutations in BL cell line led
to decreased protein levels

Due the recurrence of HNRNPU mutations in MYC-driven lymphomas, our
objective was to establish a cell line model suitable to evaluate the function of these
mutations in lymphoma cells. Given the pleiotropic role of hnRNPU, we sought to
comprehensively determine the effects of these mutations on the transcriptome. We first
investigated the distribution of mutations on the HNRNPU locus and found that there
was a predominance of nonsense mutations clustered at the 5’ end of the gene.
Interestingly, most nonsense mutations were the result of a single nucleotide substitution
converting a Glutamine residue to a stop codon as shown in Figure 3-3A. These
mutations clustered at the 5’ end and were C -> A mutations, which can be obtained
through the enzymatic activity of AID. We were curious whether these mutation hotspots
arose due to aberrant AID activity (i.e. aSHM). Indeed, most nonsense mutations existed
in WRCY motifs (W = A/T, R = A/G, Y = C/T) which are known AID target hotspots'’®.
This alludes to aSHM as a putative mechanism for acquisition of these mutations. Most
mutations occur before the SPRY domain, which would effectively remove it and the C-
terminus RNA binding domain but may leave N-terminus DNA binding domain intact. We
sought to evaluate whether these mutations indeed caused complete loss of the protein
or produced a truncated isoform that retained only certain activities relative to the full-

length protein.

We therefore used a CRISPR-Cas9 approach whereby we designed a guide
RNA targeting the region proximal to the mutation hotspot (aa152-158). We chose the
BL cell line Raji as our model since it best reflected the patient cells harbouring these
mutations. Specifically, Raji cells have a MYC-IgH translocation, are EBV+ and express
high levels of hnRNPU and MYC as shown in our cell screen (Figure 3-2C). Following
validation of cell lines positive for HNRNPU frameshifts, we chose two cell lines,
CRISPR 36 and 38 for our downstream analysis. Interestingly, both cell lines are
compound heterozygotes with a frame shift deletion in one allele and an in-frame
deletion in the other (Figure 3-3B). Since amino acids 60-250 of hnRNPU are in an
intrinsically disordered region, we hypothesise that the in-frame deletion removing 2-4
amino acids would not negatively impact the protein and thus consider this allele to
produce a variant of hnRNPU that is functional. The deletions in CRISPR36 and 38

result in frame shifts at aa150 and aa155 respectively. These eventually result in a stop
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codon at aa203 for CRISPR36 and aa199 for CRISPR38. We did not identify any
compound heterozygotes representing two frameshift mutations. As seen in Figure 3-
3C, we observed an additional band at the 100kDa mark for CRISPR38. Raiji cells are
diploid for HNRNPU and the DNA sequencing from this cell revealed only the 41bp and
6bp deletions consistent with this cell line being a compound heterozygote. We were
curious about the mechanism of achieving this isoform given that it must contain the first
100 amino acids of hnRNPU as the antibody used is an N-terminus antibody that binds
this region. This isoform is also too large to be a truncated variant. We then looked at the
RNA-sequencing alignment for this cell line and we observed a 348bp skipping event
that would skip the site of deletions in both alleles and result in an in-frame transcript.
This was found in nearly 25% of all the RNA-sequencing reads but was absent from the
DNA sequencing reads from HNRNPU, suggesting that this is an RNA level event.
There are no canonical splice sites at the edges of this deletion event, so it is not likely a
splicing event. There are, however, strings of Gs at either side of the deletion, perhaps
contributing to G-quadruplex structure which are known to contribute to instability based
deletions'””. We find that with greater passages the cells evolve to favour this shorter

isoform relative to the WT isoform.
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Figure 3-3. CRISPR induced HNRNPU mutations in Raji cell line

A) Recurrent HNRNPU nonsense mutations form hotspot at the N-terminus of the gene
in both BL and HGBL-DH/TH. Mutations plotted with proteinpaint'’® B) CRISPR induced
deletions in the HNRNPU locus of Raji cells results in the formation of compound
heterozygotes with a frame shift deletion in one allele and a small in-frame deletion in
the other. C) HNRNPU expression measured at mRNA level with qPCR and western blot
for protein level. We see that while there is variable expression of HNRNPU at the
MRNA level, there is a consistently low level of hnRNPU protein in these cell lines.
gPCR performed in three biological replicates; western blots shown as representative

image from three biological replicates. Significance was calculated by ANOVA (p* <
0.05; **p < 0.01)
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We then analyzed the protein and mRNA levels of HNRNPU in the mutant cell
lines relative to a WT cell line that had been single cell split, expanded in the same way
and at the same time as the mutant lines and were validated to have wild type HNRNPU.
We found that while there was variable expression of HNRNPU at the mRNA level, the
protein expression was consistently lower in the mutants (Figure 3-3C). We also did not
observe the presence of any truncated isoform even in the context of inhibited
proteasomal activity, indicating that the transcripts bearing frameshift mutations are likely

degraded by NMD and are not translated.

3.3. HNRNPU mutations alter the transcriptomic and
splicing landscape in MYC driven B-cell ymphomas

The observation of decreased hnRNPU protein levels in the mutant cell lines
support the notion that a single copy of HNRNPU that is close to the WT sequence, is
insufficient to maintain normal levels of protein. We hypothesised that this decrease
would have a downstream effect on the transcriptome, altering the gene expression and
splicing landscape to promote lymphoma progression. To understand this further we
generated RNA-seq libraries from the two HNRNPU mutant cell lines and compared the

gene expression and splicing landscape to the wild-type cell line.

3.3.1. Impact of HNRNPU mutations on the gene expression
landscape

We first performed transcriptomic analyses to gain insights into the molecular
mechanisms underlying HNRNPU mutations. Through differential expression analysis
we found that there were 909 significantly differentially expressed transcripts when
comparing HNRNPU mutant to WT samples (P-value <0.05, Log2FC > 0.58) (Figure 3-
4A). Within these, there were more transcripts significantly upregulated (563) than
downregulated (346) in the mutants. As seen through hierarchical clustering based on
gene expression, we see that both mutant cell lines cluster together and have similar
gene expression patterns that are distinct from the wild type cells and the gene
expression in both mutant cell lines (CIRPR36 and CRISPR38) is more consistent
(Figure 3-4B).
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Figure 3-4. HNRNPU mutations alter the gene expression landcape of Raji cells

A) Volcano plot demonstrating 563 genes upregulated and 346 genes downregulated. B)
Heatmap showing hierarchical clustering of the expression of 909 DE genes in WT
(HNRNPU+/+) and Mutant (HNRNPU+/-) Raji lines. C) Comparisons of differentially

expressed transcripts in HNRNPU mutant cell lines compared to hnRNPU shRNA
knockdown in HEPG2 and K562 cells.
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In addition, we reanalyzed HNRNPU knockdown followed by sequencing data in
two cell lines, HEPG2 and K562 obtained from the encode project. Our objective was to
identify the degree of overlap among genes that showed differential expression in these
cell lines relative to those found in the HNRNPU mutant Raji cells. HepG2, a
hepatocellular carcinoma cell line, stands out as quite distinct from B cells in terms of
cell lineage. In contrast, K562 originates from lymphoblasts and shares a closer lineage
with B cells. Few transcripts (191) were consistently differentially expressed between the
mutant Raji cells, HNRNPU knockdown HEPG2 cells and HNRNPU knockdown K562
cells (Figure 3-4C). The mutant Raiji cells contain most gene expression similarities with
the HNRNPU knockdown K562 cells, consistent with the notion that K562 cells are
closer in lineage to B cells it was. This emphasized the notion that hnRNPs exhibit

distinct functions and cellular targets that vary according to the cell type.

Next, we wanted to understand what cellular functions are broadly impacted by
HNRNPU mutations. Using differentially expressed genes from the HNRNPU mutant
CRISPR lines, we performed gene set enrichment analysis. Using the hallmark
pathways data set, we found that the most significantly upregulated pathways were
related broadly to promotion of the cell cycle (Figure3-5A). These include enrichment in
targets of the transcription factors MYC and E2F (Figure 3-5B). These results were
interesting since MYC is one of the primary oncogenic drivers of BL and HGBL-DH/TH
and are thought to carry out cell cycle dysregulation in cooperation with E2Fs®2. Genes
related to the G2M checkpoint, mitotic spindle and DNA repair were positively enriched,
indicative of increased cell cycle entry and proliferation. Downregulated gene sets
included those belonging to various metabolic pathways such as angiogenesis,

cholesterol homeostasis and fatty acid metabolism.

Given that many of the significantly upregulated pathways were linked to the
initiation and advancement of the cell cycle, along with the elevated expression of both
MYC and E2F target genes (Figure 3-5C), we postulated that mutations in HNRNPU
may be influencing MYC and E2F family proteins to carry out these roles. To investigate
this further, we examined the gene expression of MYC and E2F family members in the
differentially expressed transcripts from the RNA seq data. Notably, both MYC and E2F
family members were significantly differentially expressed. The expression pattern,
however, was intriguing, as MYC expression was significantly reduced in these cells.
Within the E2F family members, E2F1, E2F2, and E2F8 showed significant upregulation,
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and E2F6 exhibited a substantial downregulation (Figure 3-5D). The E2F family
members, exist as canonical activators (E2F1,E2F2), canonical repressors (E2F6) or
atypical repressors (E2F8)'". Since activating E2Fs (E2F1 and E2F2) are upregulated
and repressive E2F6 is downregulated in the RNA-seq data, it is understandable that
E2F targets are upregulated, and cell cycle entry is subsequently promoted. What is
perplexing however, is that MYC targets are seemingly upregulated even when MYC
itself is downregulated (Figure 3-5C). We propose that the higher representation of MYC
targets in this dataset could be attributed to the shared pathway for cell cycle
progression between E2F and MYC, along with the extensive crosstalk between these
two transcription factors. Despite the reduced expression of MYC itself, the upregulation

of E2F family members may consequently enhance the expression of MYC target genes.

3.3.2. Impact of HNRNPU mutations on the alternative splicing
landscape

Given the roles of HNRNPU in RNA splicing, we analyzed the RNA-seq data to
identify differences in isoforms detected in the HNRNPU mutant cell lines compared with
the WT cell line using rMATS. We found a total of 908 alternative splice variants (FDR =
0.01, dPSI > 0.1) where the majority, 698 (77%), were skipped exon events, alternative
3’ and 5’ splice sites were observed in 41(4.5%) and 27(2.9%) events respectively, and
intron retention was observed in 78(8.6%) events (Figure 3-6A). Due to the uncertainty
in resolving mutually exclusive exons with short read RNA-seq data, this category was
not further assessed. It's worth noting that only 45 of the alternative splice events lead to
significantly altered gene expression. This implies that the altered splicing events result
in isoforms that aren't merely subject to NMD and underscore hnRNPU's involvement in

diverse facets of mMRNA metabolism.
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Figure 3-5. Significantly differentially expressed MYC and E2F family members in

HNRNPU mutant CRISPR cell lines

A) Gene set enrichment analysis was performed using FGSEA with the hallmark
pathways dataset. A positive Normalized Enrichment Score value indicates enrichment
in the HNRNPU mutant phenotype, a negative NES indicates enrichment in the WT
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phenotype. Significance threshold: adjPvalue>0.05. B) Heatmap showing expression of
top 20 significantly differentially expressed MYC and E2F targets. C) Enrichment plots
for top enriched pathways, showing the profile of the running Enrichment Score and
positions of gene set members on the rank-ordered list. D) MYC and E2F family
members that are found to be significantly differentially expressed with DESEQ, P-value
<0.05, log2fc >0.58.

Next, we were interested in what cellular pathways were overrepresented in the
alternatively spliced transcripts. We queried this list with the Reactome2022 dataset
using EnrichR'"". The most enriched cellular pathways amongst the alternatively spliced
mRNAs were those involved in cell proliferation such as the G2/M transition, mitotic
prometaphase, and organelle biogenesis (Figure 3-6B). Notably, a skipped exon event
was observed in CDC25A, which is a protein phosphatase, and one of the most crucial
cell cycle promoters, removing the inhibitory phosphorylation in various cyclin-dependent
kinases important for G1/S transition'®. We observed increased skipping of exon 6 in
the CDC25A transcript of mutant cell lines (Figure 3-6C). CDC25A lacking exon 6
contributes to protein stabilization and activation based on reduced ubiquitination and
phosphorylation at specific sites in exon 6'®'. Taken together, these findings suggest that
HNRNPU mutations not only increase E2F expression, but also allows the cells to
overcome inhibitory effects of Rb through the actions of CDC25A contributing to

increase in proliferation associated genes observed in these cells.

The Rho GTPase cycle and signalling by Rho GTPases was also
overrepresented in the altered splicing events. Rho GTPases are a family of small G-
proteins of the Ras superfamily and are major regulators of actin polymerization'®. In
general terms, RHO GTPases are mostly involved in human tumourigenesis as
downstream effectors of driver oncogenes and in hematological malignancies, they are
implicated in tumour dissemination and invasion'®'84 Rho GTPases have also been
shown to regulate cell cycle entry and progression, in particular by regulating a number
of genes involved in G1/S transition, e.g. cyclin D1, Several Rho proteins have altered
splicing in our mutant cell lines such as enhanced exon 3 skipping in ARHGEF26, a
protein that activates RhoG and alters cytoskeletal reorganization'®. Other Rho proteins
with altered splicing include various transcripts encoding Rho GTPase activating
proteins such as ARHGAP44 and ARHGAP25, and ARHGAP10. These proteins bind to

Rho GTPases to stimulate their activity. Enhanced exon skipping events in all three have
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been observed in the HNRNPU mutant lines. In addition to the potential involvement of
these proteins in cell cycle initiation, their influence on actin polymerization may be
pertinent to HNRNPU mutations. Research has indicated that hnRNPU, when in
complex with actin, exerts a regulatory function in the early stages of transcription
activation by interacting with the C-terminal domain of RNA-polll'®’. Nevertheless,
despite the documented instances of exon skipping in transcripts encoding Rho proteins
and their annotation as such, the functional implications of these events remain largely
unexplored. Although these exon-skipping events result in protein coding variants, the

consequence of shifting from one isoform to the other is not well understood.

In addition, regulators of apoptosis also show differential splicing. CARDS, a
member of the Caspase-associated recruitment domains (CARD) protein family was
found to be differentially spliced in HNRNPU mutant cells. CARDS triggers apoptosis in
response to cell death signals by physically interacting with Caspase1'®.
Overexpression of CARD8 has been shown to induce apoptosis in transfected cells'®. In
the HNRNPU mutant cell lines, we observe a skipping event in exon 4 resulting in a
transcript that is out of frame and degraded by NMD (Figure 3-6D). Exon skipping
events in other transcripts encoding proteins involved in apoptosis such as MAPKS,
CASP8, DNM1L were also observed although the functional impact of these altered

splicing events are not understood.

Taken together, the gene expression and differential alternative splicing results
collectively point to HNRNPU mutations altering the cell cycle dynamics of the B cells

that harbour them to promote cell survival and proliferation.
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Figure 3-6. HNRNPU mutations alter the splicing landscape in Raji cells

A) A total of 908 alternative splice variants were identified from the RNA-seq data when
we compare HNRNPU WT cell lines to mutants. FDR = 0.1 dPSI > 0.1. Amongst these,
the most overrepresented class is that of skipped exon events. B) Pathway enrichment
analysis performed with EnrichR using the Reactome2022 database. Genes involved in
cell cycle progression are differentially spliced. C) Differential splice events in CARDS8
and CDC25A. dPSI calculated based on inclusion reads/exclusion reads.
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3.4. HNRNPU mutations uncouple MYC and E2F activities
allowing for cell cycle progression

Lymphomas with MYC dysregulation such as BL and HGBL-DH/TH exhibit
oncogene addiction to MYC, meaning they are dependent on its expression for
survival'. In Raji cells, it has been observed that MYC knockdown results in a
significant decrease in cell viability'®*'%'. For this reason, we were curious that the
HNRNPU mutant Raji cell lines exhibited significantly decreased expression of MYC in
the RNA-seq data (Figure 3-5B). We validated the decrease of MYC with both gPCR
and western blot analysis. Notably, even though MYC was reduced to approximately
50% of WT at the mRNA level, with further reductions at the protein level, the cells
maintained similar viability to WT (Figure 3-7C). We believe this might be a direct
consequence of the upregulation of E2Fs and their target genes to promote cell
proliferation. Upon evaluating the E2F pathway for major regulators exhibiting differential
expression in mutant cells, it becomes apparent that there are limited alterations
upstream of E2Fs in this pathway, except for the reduction in MYC. However,
downstream targets of E2Fs, such as CDK1, CDC6, and ORC1, show upregulation,
signifying that E2F upregulation plays a pivotal role as the mediator for cell cycle
promotion (Figure 3-7A). We then validated the differentially expressed E2Fs from the
RNA-seq results with gPCR and western blot (Figure 3-7D-E). With gPCR we observed
the same trend where the canonical activators (E2F1 and E2F2) are upregulated, the
canonical repressor E2F6 is downregulated and atypical repressor, E2F8 is upregulated.
At the protein level we see E2F1 having the highest upregulation amongst E2Fs tested
in both mutant cell lines. This is consistent with the mRNA expression, showing almost
two-fold increase in E2F1 mRNA. E2F2 upregulation at the protein level is most
apparent in CRISPR38 and E2F6 expression is significantly lower in both HNRNPU
mutant lines. Changes in E2F8 protein are less conclusive. E2F1 is the primary E2F
linked to MYC driven lymphomagenesis. E2F1 in particular is required for the initial entry
to the cell cycle from a quiescent state and is required for the activation of other E2F
genes'®. It has been shown in cell lines that MYC is required to promote E2F1 mediated
cell cycle entry. We hypothesise that HNRNPU mutations aid in uncoupling of the MYC-
E2F axis, allowing for elevated E2F expression and cell cycle entry despite lower

expression of MYC itself.
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Figure 3-7. HNRNPU mutations uncouple MYC and E2F expression

(A) MYC and E2F pathway for cell cycle entry from GO to G1/S phase. Blue boxes depict
those that are significantly downregulated in the RNA-seq from the mutant lines relative
to the WT, and red boxes indicate those that are significantly upregulated. (B) MYC
expression measured with gPCR normalized to the geometric mean of Actin and
GAPDH. Significant reduction of MYC is observed in the mutant lines relative to WT. (C)
HNRNPU loss minimally alters cell viability. (D)Western blot showing reduction in
hnRNPU protein in mutant lines, downregulation of MYC protein and induction of E2F1
protein. Histone H3 used as a loading control. (E) Altered mRNA expression of E2F
family members in mutant lines, validated with gPCR. Significance was calculated by
Anova (p* < 0.05; **p < 0.01; ***p < 0.001). All gPCRs performed in three or four
biological replicates; western blots shown as representative image from two biological
replicates.
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3.5. hnRNPU mediated modulation of E2Fs is observed in
HNRNPU mutated HGBL-DH/TH tumours

We proceeded to investigate whether there was any observable evidence of E2F
dysregulation in patient samples with HNRNPU mutant tumours. To do this, we utilized
RNA-seq data from patients diagnosed with HGBL-DH/TH carrying HNRNPU mutations.
Given that HGBL-DH/TH cases often involve translocations of MYC to non-Ig partners,
we specifically selected a subset of samples with MYC-Ig rearrangements. The
juxtaposition of MYC to the enhancers of non-Ig genes may result in distinct biological
implications and altered MYC expression compared to that of MYC-Ig rearranged
tumours, which is why we opted to exclude them. Subsequently, we compared the
HNRNPU mutant samples to HGBL-DH/TH cases that did not have any mutations in
splicing factors, ensuring no other splicing factors contributed to the observed changes.
This comparison involved a total of 8 HNRNPU mutant samples and 28 splicing factor

WT samples.

Through this analysis, we identified a similar pattern in patients as we did in the
HNRNPU mutant cell lines. The dataset showed an enrichment of E2F target genes
(Figure 3-8A), along with those associated with the G2M checkpoint. When we
examined the expression of MYC and E2F family members that exhibited significant
differences in the HNRNPU mutant Raiji cells, we found that MYC expression was
significantly reduced, consistent with what we observed in the mutant cell lines. While
E2F1 expression showed an increase in the HNRNPU mutant HGBL-DH/TH tumours, it
did not reach statistical significance, whereas E2F2 and E2F8 expression were
significantly upregulated (Figure 3-8B). There were no noteworthy changes in E2F6

expression.

Given the limited sample size due to availability of RNA-seq data and filtering out non-Ig
translocated cases as well as splicing factor mutated cases, it was encouraging to see a
similar trend of E2F targets upregulated in the patient cell lines consistent with the
findings in the HNRNPU mutant Raji cells.
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Figure 3-8. E2F targets and E2F expression is altered in HNRNPU mutated HGBL-
DH/TH tumours
(A) RNA sequencing data from 8 HNRNPU mutants was compared to 28 splicing factor
WT HGBL-DH/TH cases to obtain differentially expressed genes. Gene set enrichment
analysis was performed with DESEQ2 and E2F targets and genes involved in the G2M
checkpoint are the most significantly enriched. (B) Variance stabilized expression of E2F
and MYC family members from the RNA-seq data. MYC and E2Fs differentially
expressed in HNRNPU mutant lines were queried for differences in expression. Overall,
MYC expression was significantly lower, consistent with findings in cell lines and E2F1
and E2F8 expression was significantly higher. Significance is determined with DEseq.
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3.6. HNRNPU mediated modulation of E2Fs but not MYC is
cell line specific

Subsequently, we aimed to determine whether the alterations in MYC and E2F
expression were a direct outcome of HNRNPU depletion or if the cells had slowly
adapted and reconfigured cellular dynamics to achieve this. To test this, we knocked
down HNRNPU in Raji cells using an siRNA approach and validated the knockdown with
both gPCR and western blot (Figure 3-9A, C). We then investigated the mRNA and
protein expression of E2F and MYC 48 hours post transfection. Consistent with the cell
line experiments, we observed that when HNRNPU was knocked down, there was a
significant decrease in the mRNA expression of MYC (Figure 3-9B, C), accompanied by
a reduction in its protein expression. Similarly, we observed consistent changes in E2F1,
with an increase in its MRNA expression and the induction of the corresponding protein.
As for E2F2, E2F6, and E2F8, although their mRNA expression patterns were consistent
with what we observed in the HNRNPU mutant Raji cells (Figure 3-9D), we did not
observe differences at the protein level (Figure 3-9C). This observation may suggest

that E2F1 plays a pivotal role in the dysregulation of E2Fs.

We then performed the same experiment in HEK293 cells. From our initial cell screen
(Figure 3-2C) we found that HEK293 cells, despite lacking MYC translocations, have
high expression of MYC and HNRNPU. We knocked down HNRNPU in these cells and
validated the knockdown with gPCR and western blot 48 hours post transfection. Here
we see very robust decrease in MYC expression at almost 10% that of WT levels and
very depleted MYC protein levels. When we examine expression of E2F family members
we see a modest but significant decrease in all E2F family members however with no
apparent changes at the protein level. We hypothesise that since MYC is responsible for
the transcription of E2F family members under normal conditions, perhaps depleting it in

HEK293 cells directly causes its expression to be lower.

The distinction between the two cell lines is intriguing and may be attributed to the fact
that in certain cells, such as in MYC-driven B-cell lymphomas, HNRNPU loss instigates
gene expression changes capable of uncoupling MYC expression from E2Fs, enabling
the upregulation of the latter even in the absence of high MYC expression. HNRNPU-
mediated control of MYC appears to be consistent across all cell lines tested. We had

previously conducted a differential expression analysis using publicly available data from
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the ENCODE project'® in two cell lines, HEPG2 and K562 that had HNRNPU knocked
down. When we inspect the common genes shared between HNRNPU-depleted
HEPG2, K562, and Raji cells, we find MYC among them, but E2Fs do not appear in this
intersection. Taken together we conclude that that hnRNPU's influence on E2F

expression is specific to individual cell lines.
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Figure 3-9. HNRNPU knockdown in Raji cells dysregulates expression of the MYC
and E2F family transcription factors
(A) HNRNPU knockdown was validated in Raji cells using gqPCR. Results showing
normalized expression of HNRNPU to the geometric mean of Actin and GAPDH. and
showed a 50% reduction in mRNA levels. (B) HNRNPU knockdown significantly lowered
MYC expression. (C) Western blot for significantly altered MYC and E2F family
members from the RNA-seq data. Activating E2F expression most noticeably induced.
(D) gPCR results of significantly altered E2F family members follows similar trend to that
of the RNA-seq data. Significance was calculated by Student’s t-test (p* < 0.05; **p <
0.01; **p =< 0.001). All gPCRs performed in three biological replicates; western blots
shown as representative image from two biological replicates.
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Figure 3-10. HNRNPU knockdown in HEK293 cells reduced MYC and E2F mRNA
expression
(A) HNRNPU knockdown was validated with qPCR. (B) HNRNPU knockdown resulted in
significant decrease in MYC mRNA expression. (C) HNRNPU knockdown resulted in
decreased hnRNPU and MYC protein but no changes in E2F family proteins was
observed. (D) Relative mRNA of all E2F family members was lower due to HNRNPU
knockdown. Significance was calculated by Student’s t-test (p* < 0.05; **p < 0.01; *™*p <
0.001; p****<0.0001). All gPCRs performed in three biological replicates; western blots
shown as representative image from two biological replicates.

50



3.7. hnRNPU eCLIP-seq reveals its direct interaction with
MYC and E2F1 mRNA

Given that HNRNPU mutations resulted in the dysregulated expression and
splicing of transcripts encoding other RNA binding proteins and proteins with broad roles
in gene expression and RNA metabolism, we were curious whether the observed
changes in the E2F and MYC family members were under the direct control of hnRNPU
or mediated through downstream intermediaries. We examined the splicing of MYC and
E2F family transcripts, but we did not detect any alterations in their splicing patterns,

indicating their expression was modulated by a different mechanism.

We hypothesised that by investigating whether hnRNPU directly binds to these
transcripts, we could gain insights into how hnRNPU regulates their expression. To do
this, we reanalyzed publicly available hnRNPU-enhanced crosslinking
immunoprecipitation (eCLIP) data, followed by sequencing in two cell lines, HEPG2 and
K562 cells from the ENCODE project. eCLIP techniques enable the precise detection of
protein-RNA interaction sites, based on distinct events occurring at crosslink sites. We
utilized PureCLIP to identify individual crosslink sites, considering both regions enriched
in protein-bound fragments and eCLIP-specific truncation patterns, providing nucleotide-
level precision on where the RNA binding protein is bound on the transcript'®. Crosslink
sites are then scored on a scale from 0 - 3. A rating of 0 signifies sites without crosslinks
or enrichment, 1 indicates non-enriched sites with crosslinks, 2 refers to enriched sites

without crosslinks, and 3 represents sites that are both enriched and crosslinked.

Using this approach, we analysed hnRNPU eCLIP targets relative to an IgG
control to account for the extent of background binding and found that both MYC and
E2F1 had extensive hnRNPU binding in intron 1 of their transcripts in both K662 and
HEPG2 cells. These were scored as 3 on the PureCLIP scale indicating that hnRNPU
was directly bound to these transcripts and these regions were enriched in the IP.
hnRNPU bound to E2F2 and E2F6 in K562 cells but not HEPG2 cells and no binding
was observed for E2F8 (Figure 3-11). These findings provided evidence that hnRNPU
may directly regulate MYC and E2F1 expression by binding to their mRNA. Since no
changes in their splicing was observed we hypothesised that hnRNPU might play a role
in regulating the stability of these mRNA transcripts and/or their rate of translation into

proteins.
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Figure 3-11. hnRNPU e-CLIP sites in HEPG2 and K562 for MYC and E2F family
transcripts

Using PureClip hnRNPU binding sites and co-immunoprecipitated RNA were analyzed.

We found that hnRNPU binds extensively to intron 1 of the MYC and E2F1 targets in

both HEPG2 and K562 cells but binds E2F2 and E2F6 transcripts to a lesser degree and

this binding is only observed in K562 cells.
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3.8. hnRNPU regulates MYC expression through enhancing
MYC mRNA stability

Since dysregulated MYC expression is pertinent to BL and HGBL-DH/TH
pathobiology, our next goal was to mechanistically understand how hnRNPU modulates
the expression of MYC. In a recent study it was shown that hnRNPU enhances the
expression of specific genes by binding to, and stabilizing their MRNA'%, Given that
hnRNPU knockdown causes a decrease in MYC expression at both the mRNA and
protein levels and it binds directly to the MYC mRNA transcript, we hypothesised that
this modulation was related to transcript stability. In a recent study conducted in U20S
osteosarcoma cells, it was shown that hLnRNPU is associated with the mRNA binding
IGF2BP1 complex promoting stabilization of the MYC mRNA via its coding region
instability determinant (CRD)'. The CRD is located at the last 249 nucleotides of the
MYC coding sequence and when bound to these proteins, shields it from

endonucleolytic attack, stabilizing the mRNA"®,

To test this in our cell lines we conducted an actinomycin D pulse chase assay
where we incubated WT, hnRNPU siRNA depleted HEK293 cells or HNRNPU mutant
Raji cells with the transcriptional inhibitor, actinomycin D. Given that under normal
conditions MYC mRNA half-life is roughly 10-30 minutes in various cell lines, we chased
MYC mRNA expression every 30 minutes after the addition of actinomycin D"%6.197,
Interestingly, our results show that MYC stability is higher than these estimates in both
HEK293 and Raji cells at 104.5 minutes and 72.7 minutes, respectively. We found that
MYC mRNA stability was lower in hnRNPU-depleted HEK293 cells as well as
CRISPR38 cells. We did not notice any differences in MYC mRNA stability in CRISPR
36 cells. The half-life of MYC decreases from 104.5 minutes to 70.26 minutes in HEK293
cells (Figure 3-12A) and to 70.9 and 53.7 minutes in CRISPR 36 and 38 respectively
(Figure 3-12B). This suggests that hnRNPU mediated regulation of MYC can at least in
part be attributed to the decrease in its mMRNA stability.
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Figure 3-12. MYC half-life is lower in hnRNPU-depleted cells than hnRNPU WT
cells
To determine MYC mRNA stability in hnRNPU-depleted cells we tested two cell lines (A)
WT or HNRNPU knocked down HEK293 cells and (B) WT or HNRNPU mutant Raji
cells. We incubated these cells with 4uM actinomycinD to block transcription and then
harvested mRNA at 4 time points, 0,30,60 and 90 minutes. The relative mRNA
expressions of MYC to that at time point 0 were then plotted and were subjected to
linear regression analysis. MYC half-life decreases from 104.5 minutes to 70.26 minutes
in HEK293 cells and from 70.9 to 53.7 minutes in HNRNPU mutant CRISPR 38.
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3.9. Intron 1 of MYC is important for hnRNPU mediated
modulation

As hnRNPU'’s regulation of MYC could not be fully attributed to regulating its
mRNA stability, we remained intrigued by the pattern of hnRNPU binding to the MYC
transcript, as indicated by the eCLIP-seq data. hnRNPU'’s role in the regulation of MYC
stability was previously reported to be through its interaction with a MYC-CRD
stabilization complex. This CRD is at the C-terminus of its coding sequence, however we
observe direct hnRNPU binding in intron 1 of the MYC transcript through eCLIP-seq in
HEPG2 and K562 cells (Figure 3-13A). In addition, even though MYC half-life was lower
in the hnRNPU-depleted cells, the difference was only moderate. Based on these
observations, we hypothesize that hnRNPU may exert influence on MYC expression
through mechanisms that extend beyond regulation of its stability through the CRD. An
additional confounder is that the region of MYC intron 1 where hnRNPU binding has
been detected coincides with the region where a subset of MYC-IgH translocations

occur.

MYC translocation breaks fall into three categories, translocations within intron 1
(Type I), those upstream of the MYC locus (Type-Il), and those downstream of it (Type
) (Figure 3-13B). HNRNPU nonsense mutations only appear in tumours that have
upstream or downstream MYC translocations but are never observed in patients with
MYC intronic translocations (Figure 3-13C). Since the region 5’ of the intron 1
breakpoint contains many regulatory motifs, we hypothesize that hnRNPU may have an
additional role in MYC regulation by interacting with these regions. This together with the
notion that hnRNPU has binding sites in intron 1 of the MYC transcript made us consider
that perhaps this region is necessary for h(nRNPU mediated modulation of MYC and in
its absence HNRNPU mutations do not serve a functional advantage. Looking deeper at
the crosslinking immunoprecipitation sites of hnRNPU on MYC we found that hnRNPU
binds poly G-tracts in intron 1 that are capable of forming G-quadruplexes, a secondary

structure that is a known hnRNPU target'®.

To explore this further, we cloned two minigene vectors in the PRL-TK backbone
containing either the MYC locus, spanning from its 5’UTR, all exons and introns until the
stop codon or a version that lacks intron 1 (Figure 3-14A). To test what effect loss of

intron-1 has on hnRNPU mediated MYC regulation, we transfected the minigene
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constructs into HEK293 cells that ether had WT HNRNPU (treated with a negative
control siRNA) or cells with siRNA depleted HNRNPU. When comparing the RNA
expression of MYC relative to a control that had no minigene expression (mock) we
found that cells transfected with full-length minigene had on average 33% minigene
expression relative to those with WT levels of hnRNPU (Figure 3-14B-C). Cells
transfected with Aintron-1 minigene had 52% expression of the minigene in HNRNPU-
depleted cells. This shows that while HNRNPU loss affects both intron-1 containing and
intron-1 lacking transcripts, the effect is appreciably greater in those containing intron-1.
This demonstrates that hnRNPU may have additional roles in regulating MYC through
interactions with its intron-1 region, however further analyses need to be performed
using these constructs in HNRNPU mutant Raji cells or in HNRNPU depleted lymphoma
cell lines. Nevertheless, these results align with the hypothesis that an intron 1
translocation might diminish hnRNPU's regulatory control over MYC exerted through
intron 1. Further investigations into this observation could offer insights into why
instances involving intronic translocations never coincide with HNRNPU nonsense

mutations.
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Figure 3-13. Mutual exclusivity of HNRNPU nonsense mutations and MYC intronic
translocations suggest putative hnRNPU binding site in intron 1
(A) hnRNPU eCLIP-seq data resolved to single nucleotide resolution with PureCLIP.
Data suggests hnRNPU binds directly to the MYC locus in intron-1 poly G-tracts
predicted to fold into G-quadruplexes, a secondary structure that can be bound by
hnRNPU. B) MYC translocation breakpoints. MYC translocations can occur at three
distinct sites, either upstream, downstream, or within intron 1 of the gene. C) HNRNPU
nonsense mutations do not appear in cases with MYC intronic breaks.
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Figure 3-14. HNRNPU regulation of MYC is regulated partly through interactions
with intron-1
(A) Schematic representation of the two MYC minigenes, either containing the entire
MYC locus or lacking intron 1. Full length MYC minigene is depleted more at both the
(B) protein and (C) mRNA level when HNRNPU is knocked down. All gPCRs performed
in three biological replicates; western blots shown as representative image from three
biological replicates.
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3.10. HNRNPU mutations moderates MYC mediated
proteotoxic stress

Considering that MYC serves as the primary driver of BL and HGBL-DH/TH, and
dysregulated MYC expression is a characteristic associated with aggressiveness, we
questioned why these tumours would exhibit HNRNPU mutations given that this
decreases MYC expression. We postulated that this phenomenon might be related to
the fact that the high expression of MYC can have potent and acute effects on
programmed cell death, and one of the mechanisms of evading this is to reduce MYC
levels to tolerable amounts, especially during early stages of lymphomagenesis. Since
Raiji cells are established lymphoma cell lines, they do not exhibit markers of active UPR
and proteotoxic stress. We questioned if we overexpressed hnRNPU, and by
consequence increase MYC expression, would we be able to trigger proteotoxic stress
due to elevated MYC.

To test this, we first designed an hnRNPU-eGFP expression vector. The eGFP
was cloned at the N-terminus of the coding sequence with considerations taken to
ensure it does not disrupt the native folding of the protein. Since hnRNPU is a large
protein, we wanted to validate that adding GFP to its N-terminus would still allow it to
localize to the nucleus. We overexpressed hnRNPU in Raiji cells and looked at eGFP
expression in the transfected cells. Through this we confirmed the localization of
hnRNPU to be diffuse nuclear consistent with what has previously been described
(Figure 3-15A). After enriching for positive transfectants with FACS, we looked at
expression of MYC with gPCR and western blot analysis. Indeed, overexpression of
hnRNPU led to increased MYC mRNA and protein as expected (Figure 3-15 B-C).

However, this increase led to a decrease in cell viability as shown in Figure 3-15D.

In a recent study by Gong et. al, it was reported that overexpression of MYC in
primary germinal centre B cells results in an increased global protein synthesis which
induces the unfolded protein response (UPR), suggestive of proteotoxic stress'®.
Physiologically, an imbalance between the folding load of nascent proteins entering the
ER and the capacity of the ER to handle this load causes ER stress'®. Intrinsic stresses
in the tumour, such as oncogenic activation increase the levels of misfolded proteins in
the ER, triggering the activation of UPR pathways?®. Active UPR first attempts to restore

protein folding homeostasis. If the stress is sustained UPR triggers apoptosis. It is
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thought that UPR-mediated killing may eliminate cells expressing high oncogene
activation and select those cells with either lower oncogene activation or defective death
pathways?’'. We wanted to see if hnRNPU mediated overexpression of MYC induces
the UPR in the Raji cell line. We analyzed the splicing of XBP-1, as a marker of activated
UPR and ER stress. XBP-1 (X-box-binding protein 1) splicing is one the primary
responses to ER stress in B cells, specifically observed in plasma cells that are secreting
and producing large amounts of antibody?%2. Upon activation of the ER stress sensor
IRE1, XBP-1 is spliced in the cytoplasm to produce a transcript encoding the XBP-1
protein aimed at restoring protein folding homeostasis?°®. Conversely, if the stress

cannot be reversed, IRE1 also triggers apoptosis.

We designed a custom digital droplet PCR assay to quantify the abundance of
spliced XBP-1 in the cells transfected with either the empty vector or hLnRNPU-eGFP
(Figure 3-16A). The splicing ratio was defined as the ratio of the spliced XBP-1 over the
total abundance of all XBP-1 transcripts. In the hnRNPU overexpressed cells we noticed
an increase in the splicing ratio suggesting an induction of the UPR and proteotoxic
stress (Figure 3-16B). This proteotoxic stress may potentially be leading to decreased
cell viability in the Raji cells transfected with HNRNPU. Based on these results, we
propose a model where HNRNPU mutations moderate MYC expression, thus buffering

MY C-induced apoptosis and proteotoxic stress in the B cells that harbour them.
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Figure 3-15. HNRNPU-eGFP overexpression results in significantly decreased cell
viability

(A) Exogenous HNRNPU expression in Raji cells shows protein localizing to the nucleus.

Scale bars correspond to 10um. HNRNPU overexpression shows increased (B) MYC

mRNA and (C) protein expression (D) hnRNPU overexpression significantly decreases

cell proliferation in overexpressed cells relative to those transfected with just the empty

vector. Significance was calculated by Student’s t-test (*p < 0.05). All gPCRs performed

in four biological replicates; western blots shown as representative image from four
biological replicates.
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Figure 3-16. HNRNPU overexpression enhanced splicing of XBP-1 suggestive of
proteotoxic stress

(A) A custom digital droplet PCR assay was designed to identify the abundance of
spliced XBP-1 in the cells transfected with either the empty vector containing eGFP or
HNRNPU-eGFP. The splicing ratio was calculated as the ratio of the spliced XBP-1 over
all XBP-1 transcripts. (B) In the overexpressed cells we noticed an increase in the
splicing of XBP-1 suggesting an induction of the UPR and proteotoxic stress.
Significance was calculated by Student’s t-test (*p < 0.05). ddPCR performed in three
biological replicates.
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3.11. HNRNPU mutant cell lines are sensitive to E2F
inhibitors

Since we do not see a difference in cell viability between the HNRNPU mutant
lines relative to WT, despite reduction of MYC expression, we were curious whether
these cells were now even more dependent on E2Fs to promote cell cycle entry and
promotion. To test this we used a pan-E2F inhibitor, HLM006474, which had shown
efficacy in blocking cell growth in a melanoma culture model?*. HLM006474 blocks DNA
binding activity of all E2F complexes therefore we thought it would be an ideal drug
candidate to use in our experiments. Concentrations ranging from 5-100 uM E2F
inhibitor was added to the cells and then viability was measured relative to a DMSO
control. We found that after 24 hours of incubation with the drug, there was lower cell
viability in the two HNRNPU mutant cell lines. HNRNPU WT Raiji cells also responded
well to the drug with an IC50 of 31.6 uM. The IC50 of CRISPR36 and CRISPR38 was
significantly lower at 18.57 uM and 13.8 uM respectively.

Since these cell lines are MYC driven yet can tolerate lower MYC expression due
to increased E2F expression, we wondered if reducing MYC in these cell lines even
further would result in cell death. To test this we used another inhibitor, Mycro3, which is
a MYC-MAX dimerization inhibitor and showed efficacy in mouse models of pancreatic
cancer?®, When tested in WT and HNRNPU mutant Raji cells we do not see any notable
differences in cell viability between WT and mutants. In fact, the drug did not appear to
work very well with only partial cell death even at 100 uM. The IC50s were variable and
very high therefore the efficacy of this drug was determined to be low in both WT and

hnRNPU mutant cases.

In summary, these findings demonstrate that cells with HNRNPU mutations
exhibit a greater reliance on E2F activities to propel the cell cycle, making them
selectively more vulnerable to E2F small molecule inhibitors. Moreover, we observed
that E2F inhibitors also effectively target WT Raiji cells. Considering the limited efficacy
of MYC inhibitors in these cell lines and the shared pathway between MYC and E2F for
cell cycle initiation and proliferation, E2Fs emerge as promising therapeutic targets for

these lymphomas.
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Figure 3-17. HNRNPU mutations render cells more sensitive to E2F inhibitors
Comparison of IC50 for Raji WT and HNRNPU CRISPR-mutant (36,38) cell lines for (A)
HLMO006474 (E2F inhibitor), (B) Mycro3 (MYC-inhibitor). Representative dose response
curve for each drug is shown and IC50 calculated from three independent drug dose-
curve assays. All data represent the mean of three independent experiments £ SD.
Significance was calculated by Student’s t-test (**p < 0.01).
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Chapter 4. Discussion

4.1. Summary of research findings

Here, we have characterized the role of HNRNPU mutations in MYC-driven B-
cell ymphomas and show that they provide a selective advantage to the cells harbouring
them. Through re-analysis of multiple large datasets, we have clarified the prevalence of
HNRNPU mutations in BL and HGBL-DH/TH. Although these mutations predominantly
occur in MYC translocated lymphomas, we observed rare examples in FL and DLBCL.
This highlights the importance of understanding the functional role of hnRNPU and

mutations that affect its expression in hematological malignancies.

Initial studies of HNRNPU knockout mice showed altered pre-mRNA splicing and
post-natal development of the heart and brain'®22%, |nterestingly in these studies,
hnRNPU targets and cellular functions were largely tissue specific and mice with
knockout HNRNPU displayed early lethality (within 2 weeks of birth). In an essential
gene screen conducted in B-cell ymphoma cell lines, HNRNPU was also found to be an
essential gene in all cell lines tested?”’. It was thus apparent that HNRNPU mutations
may have distinct effects in MYC-driven B cells and harbouring mutations in a single

allele would play an important role in determining these functions.

4.1.1. HNRNPU is haploinsufficient and mutations dysregulate cell
cycle dynamics

The classification of a gene as either an oncogene or a tumor suppressor has
long been a cornerstone of cancer biology. However, as our understanding of these
genes deepens, this categorization has become increasingly challenging as they do not
always reflect the reality of aberrant gene expression. Many RNA binding proteins,
particularly hnRNPs, have the capacity to regulate both tumor suppressive and
oncogenic pathways, and both their overexpression and knockdown results in cell
proliferation and apoptotic defects?®®. This together with hnRNPs having tissue specific
functional roles suggest that they might have different target repertoire as well as
functional affects depending on the tissue type. As an example, hnRNP K’s role as
tumor suppressor has recently been described in acute myeloid leukemia and

demonstrated in a haploinsufficient mouse model?®. In contrast, data from other clinical
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correlation studies suggest that hnRNP K may be more fittingly described as an
oncogene, due to its increased expression in a variety of other malignancies?'%-2'1,
Similar to hnRNPK, hnRNPU’s involvement in cancer to date has primarily featured its
role as an oncogene, where its increased expression is associated with tumor
progression'®1¢0 |t was thus intriguing that we observed an enrichment of nonsense
mutations in a single allele of mutant tumors. To understand the role of these mutations
further and in the context of B cells, | introduced heterozygous frameshift mutations in
the genome of the BL cell line Raji. Through this we found that frame shift deletions in a
single allele reduces the amount of hnRNPU protein in B cells that harbour them.
Through RNA-seq, and subsequent transcriptomic analysis relative to cells with wild type
HNRNPU, we observed that HNRNPU mutations result in significant alterations to the
transcriptomic and splicing landscapes of the mutant cells. This is consistent with the
model that HNRNPU is haploinsufficient in these cell lines as a single copy of the
functional allele at the HNRNPU locus in heterozygous combination with the variant
allele is insufficient to produce the wild-type phenotype. Overall, most of these changes
indicated a propensity toward cell cycle promotion by upregulation of genes that facilitate
the G1S and G2M transition.

4.1.2. HNRNPU modulates E2F expression in B cells

Our transcriptomic analysis revealed altered expression of several transcription,
cell proliferation, and cell cycle related genes. Notably, we found enrichment of members
of the E2F transcription factor family and of cell cycle related targets of the E2F family.
While we do not observe elevated expression of E2F activators or lower expression of
E2F repressors at the mRNA level, the overexpression of E2Fs' downstream targets
implies that the root of dysregulation within this pathway likely stems from the E2Fs

themselves.

So far, eight mammalian E2F family members have been identified. The
expression of various E2Fs is differentially regulated throughout the cell cycle, and some
E2Fs are expressed in a cell type-specific manner?'2. The family is divided into two
subfamilies: E2Fs 1-3A are activators of transcription, whereas E2Fs 3B-8 act as
repressors?'3, The current model of E2F function in the cell cycle is that the oscillatory
nature of cell cycle-dependent gene expression is driven by sequential binding of E2F

activators and repressors to target promoters?'4. This results in the transcription of
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numerous target genes involved in DNA replication and cell cycle progression?'s. Under
normal conditions, activating E2Fs allow for transcription of cell cycle progression genes
promoting G1/S phase of the cell cycle. E2F6 then initiates transcriptional repression of
E2F targets during S phase. During replicative stress, E2F6 is inhibited prolonging E2F
activity and E2F target expression in S phase, enabling cells to recover from replicative
stress?'4. In the HNRNPU mutant cell lines, we uncover an increased mRNA and protein
expression of activating E2Fs, E2F1 and E2F2, alongside reduced expression of the
repressive E2F, E2F6. We validated this modulation through HNRNPU knockdown in
Raiji cells where we observed a similar result. However, it is worth noting that while we
observe similarities in E2F expression in the knockdown cells, it is not as pronounced as
in the HNRNPU mutants, potentially suggesting that this dysregulation intensifies due to
significant cellular adaptation. In addition, this regulatory pattern seems to be specific to
certain tissues, as we do not observe similar regulatory patterns in HEK293 cells. This
observation could offer insights into why hnRNPU mutations that decrease its
expression have not been reported in malignancies beyond lymphomas. The precise
mechanism behind the dysregulated expression of E2Fs is not fully understood.
However, preliminary evidence from crosslinking immunoprecipitation in K562 and
HEPG2 cells (Figure 3-11) suggests that hnRNPU may directly bind to the activating
E2F, E2F1, and affect its expression through this interaction. We hypothesise that the
exact mechanism of this modulation is through a combination of direct interactions with
the E2F transcripts and downstream effects on gene expression and alternative splicing

changes, which collectively impact various transcription regulators.

Accumulating evidence has implied that E2Fs are closely linked with
tumorigenesis in a variety of cancer types and were found to be closely associated with
poor prognosis of cancer patients?'¢2'7, In MYC-driven lymphomas, particularly Burkitt
lymphoma, E2F1, is highly expressed relative to non-transformed B cells and reduction
in its expression decreases tumor formation and proliferation®. Ectopic expression of
E2F1 is sufficient to drive quiescent cells to S phase?'®. In plasmablastic lymphoma, the
upregulation of E2F1, E2F3 and E2F8 correlates significantly with an increased
expression of MKI67 (Ki67), indicating that E2F exerts a crucial role in the abnormal
proliferation?'®. Generally, E2F pathway dysregulation in cancers is a direct result of
alterations in the RB1 pathway however we see no alterations in the RB1 mRNA

highlighting a possible RB1-independent mechanism for E2F dysregulation in these
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lymphomas. We do however see altered splicing in CDC25A, a crucial cell cycle
regulator. We observe enhanced skipping of exon 6 in CDC25A in the mutant cell lines
relative to the wildtype. This event removes two poly-ubiquitination sites, ultimately
increasing in its protein stability. CDC25A removes inhibitory phosphorylation from
various cyclins that phosphorylate the Rb repressor rendering its dissociation from E2F,
and promoting G1/S transition'. We hypothesised that the combined effects of
hnRNPU elevating E2F expression as well as altered expression of cell cycle regulators
such as CDC25A contribute to increased cell cycle progression in the HNRNPU mutant

cells.

4.1.3. Putative role of hnRNPU mutations in buffering MYC induced
cell stress

Considering the overall increase in the expression of genes associated with the
cell cycle and the elevation of genes that are known MYC targets, it was striking that
HNRNPU mutant cell lines exhibited a reduction in MYC expression itself. This
observation raises curiosity, especially in the context of MYC-driven lymphomas like BL
and HGBL-DH/TH, as to why mutations that lower MYC expression would be enriched in
these tumors. Several studies have shown that targeting MYC expression in MYC-driven
lymphoma cells results in diminished tumor cell proliferation through cell cycle arrest,
necrosis and apoptosis'®®220, We find that despite the reduced MYC levels in HNRNPU
mutants, we still see similar viability to that of WT. This could be attributed to the

upregulation of E2Fs, which may serve to compensate for the reduced MYC expression.

Studies have shown that in contrast to normal cells, MYC-overexpressing human
cancer cells need E2F activity for their survival®?. As E2Fs are recognized as
transcriptional targets of MYC and several CDKs that facilitate E2F-mediated cell cycle
initiation?'®, we propose that hnRNPU modifies the gene expression profile in a manner
that uncouples MYC from E2F expression. This uncoupling would enable the cell cycle
to proceed, even with reduced MYC levels. This phenomenon is thought to be cell
specific as it is not observed in HEK293 cells. In the case of HEK293 cells, the decrease
in HNRNPU results in diminished expression of both MYC and all E2Fs, aligning with

expectations when MYC regulates their expression.
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When considering the reasons behind the reduced MYC expression in these
cells, it is worth noting that MYC has intrinsic tumor suppressive role in these
lymphomas where its overexpression has potent and acute effects on programmed cell
death. This is thought to be mediated in part through triggering proteotoxic stress'%0-221,
Elevated expression of MYC in primary germinal centre B-cells has been shown to
upregulate genes involved in the unfolded protein response, indicative that the cells are
undergoing proteotoxic stress'?®. During tumor development, the protein synthesis rate is
tightly regulated to sustain cell survival. Increased protein synthesis requires
concomitant increased folding capacity to avoid proteotoxicity??2. MYC activation
constitutes a global increase in protein synthesis and intrinsic stress that places further
weight on protein synthesis and secretion'®. If the cell fails to restore protein folding
homeostasis, the resulting chronic ER stress and persistent UPR signaling leads to cell
death??3, In MYC-driven lymphomas, loss-of-function mutations have been observed in
DDX3X, a RNA-binding protein that promotes global protein synthesis'®. These
mutations are thought to dampen MYC induced proteotoxic stress by lowering global
protein synthesis. Similarly, another way of lowering MYC induced cell stress is by
lowering MYC expression itself. It was recently shown through in vivo studies that
modest elevation of MYC enhances transformation as expected, however, robust
overexpression of MYC leads to a dramatic increase in apoptosis'®. The requirement to
keep activated oncogenes at low levels to avoid engaging tumor suppression is likely an
important selective pressure governing the early stages of tumor microevolution. We
hypothesize that HNRNPU mutations lower MYC expression to a tolerable amount to
help buffer MYC induced proteotoxic stress. In addition, we have not observed instances
of HNRNPU and DDX3X nonsense mutations in the same tumor likely pointing to their

similar roles.

In addition, data suggests that overexpression of HNRNPU in the BL cell line Raji
results in elevated MYC expression and is accompanied by proteotoxic stress. While we
can not attribute this proteotoxicity to MYC alone, it is important to note that it results in
lower cell viability. Because this is an established B-cell NHL cell line, it has undergone
substantial cellular adaptations to endure proteotoxic stress and handle elevated MYC
expression. As a result, we do not observe active UPR in WT cells. However, when we
modify this condition, by increasing MYC expression, it may lead to an imbalance in the

mechanisms in place to regulate protein folding homeostasis and consequently, lead to
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increased proteotoxic stress. Given their existing low levels of proteotoxic stress as they
have presumably already stabilized the level of proteotoxic stress induced by MYC, the
reduced expression of hnRNPU in the HNRNPU mutants does not exhibit any additional

decreases in the activation of the UPR pathway.

It has been reported that reducing E2Fs expression affects MYC's ability to
induce proliferation, while its capacity to trigger apoptosis remains unaffected®. Taken
together we propose a model where HNRNPU mutations might be an early event in
lymphomagenesis where they would provide a selective advantage to cells by lowering
MYC expression to a tolerable amount to help buffer MYC induced cell stress yet sill
allowing for the cells to enter the cell cycle by means of upregulated E2F activity (Figure
4-1).

Germinal centre

Myc
translocation

X Proteotoxic e
— L — stress due to high —— S

MYC expression

B cell Apoptosis

Germinal centre

HNRNPU mutation
Increased E2F activity
mMyc
translocation Tolerable MYC

‘ ‘ = expression X
[ ) E—— A 3 MYC induced stress is -—— * ‘;}
: ﬁ?’ 2, buffered o/
Cell cycle progression
through E2F activity
B cell Lymphoma

Figure 4-1. Model for hnRNPU mediated regulation of MYC and E2Fs allowing for
lymphoma progression

(A) Aberrant upregulation of MYC results in global proteotoxicity that can be harmful to

tumor cells during early stages of tumor development. (B) Proposed mechanism of

HNRNPU mutations and subsequent decrease in its expression, buffering MYC induced

proteotoxic stress and activation of the E2F pathway to allow for cell cycle progression.
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4.2. Potential clinical relevance

Current therapies for MYC driven lymphomas are based on highly aggressive
short-term combination chemotherapy regimens and the toxicities associated with these
therapies can be severe. In addition, patients with MYC translocations such as HGBL
DH/TH have a higher tendency to be refractory to conventional therapy options or
experience early relapse. Such patients would therefore benefit from new therapeutic
strategies that exploit molecular vulnerabilities specific to MYC-driven lymphomas. We
found HNRNPU mutations in 5.6% of patients with Burkitt and 12% patients with HGBL-
DH/TH. Our results highlight hLnRNPU-mediated regulation of MYC and its downstream
effects as a new layer of regulation particularly relevant in MYC-driven lymphomas. We
show that HNRNPU mutations reduce expression of MYC, thereby increasing
dependence on E2Fs for tumor cell survival. We hypothesised that this would result in
the mutant cells being more sensitive to E2F inhibitors. Indeed, we observed a greater
sensitivity to E2F inhibitors in the HNRNPU mutant cell lines relative to WT. Interestingly
we also noticed that the WT cell line was also sensitive to E2F inhibition with an IC50 of
31.6 uM. This is consistent with previous reports of E2F dependence in MYC driven
lymphomagenesis where it was shown that loss of a single or both alleles of E2F1

slowed MYC driven proliferation and lymphomagenesis in mice®.

Considering the reduced MYC expression in the HNRNPU mutant cell lines, we
hypothesised that this lowered expression might be at a level where the cells can evade
MY C-driven cellular stress while maintaining their viability. In such a scenario, we
postulated that this reduction could make the cells more responsive to MYC inhibition.
MYC was historically thought to be “undruggable” owing to its lack of traditional small
molecule binding pockets and its intrinsically disordered structure??*. Over the years,
various strategies to inhibit MYC have been presented, including inhibition of either MYC
expression or MYC/MAX dimerization. The role of MAX as an obligate partner of MYC
has led to significant efforts towards the development of MYC-MAX heterodimer
inhibitors. We used a MYC-MAX dimerization inhibitor, Mycro3, to test whether the
HNRNPU mutant cell lines were more sensitive to MYC inhibition. Mycro3 showed
efficacy in pre-clinical trials where daily treatment by oral gavage increased survival in a
mouse model of pancreatic ductal carcinoma and xenografts of human pancreatic

cancer cells??®. We tested efficacy of this compound to inhibit proliferation of Raji and
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HNRNPU mutant Raji cells, however the response was variable and associated with
unacceptably high IC50s, indicating that its efficacy was limited. Another MYC/MAX
dimerization inhibitor, OMO-103, has shown efficacy in inhibiting lymphoma cell
proliferation in vitro, This compound is currently being evaluated in a stage | clinical trial
for pancreatic, bowel, and non-small cell lung cancers??227, We aim to test the efficacy
of OMO-103 directly or in combination with E2F inhibitors in future experiments in both

MYC driven lymphoma cell lines and HNRNPU mutants.

Aside from direct targeting of MYC or E2Fs in lymphomas, many other indirect
targeting avenues also exist. Many of hnRNPs, like hnRNPU, are essential genes
therefore therapeutic windows may be limited due to toxicity at higher doses?2%-2%,
However, in tumours with loss of heterozygosity events in essential genes, monoallelic
inactivation of the allele retained in tumors can selectively kill cancer cells but not
somatic cells, which retain both alleles?®’. It should therefore be considered that lower
concentrations of targeted therapeutics to essential hnRNPs, could confer increased

tumor sensitivity in some cases.

Another feature of hnRNPU is its propensity to interact with G-rich sequences of
RNA capable of folding into stable tertiary structures known as G-quadruplexes (rG4).
Dynamic changes in rG4 folding and unfolding dictate the biological significance of these
structures in regulating RNA metabolism?32. The changes in folded and unfolded state of
rG4s have been causally linked with malignancy?3®. Herviou et al. found an over-
representation of unfolded rG4s in hnRNP H/F-binding sites at translational regulatory
regions of mMRNAs involved in pathways associated to genome instability and DNA
damage?**. To date, around 1000 small molecules that target rG4s have been reported,
affording another opportunity to perturb hnRNP-mediated regulatory processes?®.
Specific small molecule rG4 inhibitors such as pyridostatin blocks the interaction
between hnRNP H1 and a rG4 within the pre-mRNA of the EWSR1 protein involved in
sarcoma translocations?3®. In addition, the small molecule emetine binds and disrupts G-
quadruplexes, globally inhibiting rG4 dependent alternative splicing®’. Our data warrant
exploration of the potential utility of G4-inhibition in B-cell ymphomas, particularly those
with HNRNPU mutations.

Further, since many hnRNPs are shown to contribute to oncogenesis by means

of aberrant alternative splicing, splice-switch oligonucleotides (SSO) may also be
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promising therapeutic strategies. SSOs are antisense oligonucleotides, typically 15-30
nucleotides long, capable of base-pairing with the pre-mRNA target site to sterically
block the binding of splicing factors.?*® An important feature of SSOs are their chemically
modified bases allowing pre-mRNA-SSO complex to preclude RNase H cleavage.?*®
This feature allows SSOs to modify splicing without necessarily altering the abundance
of the mRNA transcript. We identified a potential pathogenic splice variant in CDC25A,
an important regulator of cell cycle progression. Further understanding of this splicing
event and its consequences to the cell may be helpful in exploring the potential for SSOs

as a therapeutic approach.

4.3. Ongoing work and future directions

Thus far, my analyses have relied mostly on the BL cell line Raji. The results
have demonstrated that HNRNPU mutations in this specific cell line led to gene
expression changes consistent with those observed in patients. This positive correlation
has motivated us to extend our investigation by evaluating the efficacy of E2F inhibition
in cell lines carrying HNRNPU mutations. In my ongoing research, | have identified two
HGBL-DH/TH cell lines, namely SU-DHL-4 and Seraphina, both harbouring monoallelic
deletions in the HNRNPU gene locus. Experiments testing the efficacy of E2F inhibitors
on these cell lines in comparison to other lymphoma cell lines and correlating these with
the gene expression of E2Fs should therefore be pursued. Given that Mycro3 did not
prove to be the optimal inhibitor for MYC, testing the sensitivity of HNRNPU mutant cell
lines to MYC inhibition using a different inhibitor, OMO-103, will provide further insights.
This inhibitor has demonstrated greater efficacy in studies of MYC-driven lymphomas.
To support these findings, examining the effects of depleting MYC in these cell lines via
siRNA to determine whether they exhibit heightened sensitivity or resistance to MYC
depletion should also be pursued. In addition, since HNRNPU is an essential gene in
MYC driven cell lines, further reducing its expression could selectively kill the cancer
cells. Cell lines with the HNRNPU mutation could therefore be used to perform a small
molecule library screen to find lead compounds targeting specific vulnerabilities in these

cell lines.

Secondly, in this thesis | have made use of multiple large data sets from the
ENCODE project consortium to mechanistically understand how hnRNPU modulates

both MYC and E2F expression. | have found preliminary evidence of hnRNPU binding to
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both MYC and E2F1 transcripts in HEPG2 and K562 cells. However, as is apparent from
the data presented in this thesis, hnRNPU’s cellular targets and functions are largely
tissue specific. While it is encouraging to see evidence of hnRNPU binding MYC and
E2F1 in two distantly related cell lines, it does not escape the possibility that this might
not be the case in BL cell lines. Unbiased experiments to globally delineate the hnRNPU
interactome in specific BL cell lines will provide important context. Similarly, the
relationship between hnRNPU binding of MYC and E2Fs should be studied in additional
BL and HGBL-DH/TH cell lines to determine the generality of the current findings.

A HyperTRIBE approach would therefore be beneficial in globally understanding
hnRNPU’s interactome. HyperTRIBE expresses a fusion protein consisting of an RBP
and the catalytic domain of the RNA-editing enzyme ADAR (adenosine deaminase
acting on RNA) (ADARcd), which marks target RNA transcripts by converting adenosine
to inosine near the RBP binding sites?°. These marks can be subsequently identified via
high-throughput sequencing. | have cloned an hnRNPU-ADAR construct and a version
that has a catalytically dead version of ADAR as a control. The control would bind RNA
transcripts through hnRNPU but would lack RNA editing. | have expressed these
constructs in mammalian cells and have confirmed their expression and localization to
the nucleus. Expressing these constructs in MYC driven cell lines and subsequent RNA-
seq will help resolve the interactome of hnRNPU in these cells. For local binding
analysis, an RNA-IP strategy can be implemented where RNA that co-
immunoprecipitates with hnRNPU can be analysed using quantitative PCR methods.
Implementing this strategy with the MYC minigene constructs may help resolve whether

hnRNPU binding is increased or diminished due to the presence or absence of intron 1.

Lastly, the HNRNPU mutations were created in mature and established B-cell
lymphoma cell lines. These typically carry an extensive and biased mutational repertoire
and had presumably learned to adapt to MYC induced stress, having undergone many
rounds of clonal evolution and cellular adaptation. Since we hypothesise that HNRNPU
mutations are early events, allowing the cells to handle MYC induced cell stress, it would
be interesting to observe the effects of hnRNPU loss in primary human GC B cells grown
ex vivo in a co-culture designed to mimic the GC microenvironment. Dan Hodson’s
group has recently described an optimized methodology that facilitates proliferation and
efficient transduction of non-malignant, primary, human GC B cells ex vivo*'. Using

such a strategy would allow us to model the initial stages of human lymphomagenesis in
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a manner that is not possible in established cell lines. We can then directly test if
overexpressing MYC in HNRNPU mutant GC B cells results in lower levels of cell death

and proteotoxicity.

4.4. Conclusions

HNRNPU mutations are novel recurrent driver mutations that appear specific to
MY C-translocated B-cell lymphomas. In the cell of origin, HNRNPU acts as a modulator
of MYC expression, and these mutations appear to diminish this role. We propose a
model wherein HNRNPU mutations buffer the negative effect of excessive MYC
expression caused by a translocation, thus reducing MYC-induced proteotoxic stress
and apoptosis. Introduction of HNRNPU mutations in MYC-translocated lymphomas
leads to a reliance on E2Fs to promote cell cycle progression. These relationships can
be explored to identify novel therapeutic strategies for HNRNPU-mutant tumors. This
thesis also emphasizes the utilization of next-generation sequencing technologies for an
unbiased identification of transcriptomic changes attributed to mutated regulatory
proteins. It underscores the significance of considering the cell-type-specific functions of
these proteins and studying their roles within specific contexts. The results obtained from
these analyses ultimately offer insights into the mechanisms contributing to disease,
supporting ongoing efforts to establish in vitro and in vivo models for future therapeutic

investigations.
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