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Abstract

Lymphomas comprise a diverse group of malignancies derived from immune
cells. High throughput sequencing has recently emerged as a powerful and versatile
method for analysis of the cancer genome and transcriptome. As these data continue to
emerge, the crucial work lies in sorting through the wealth of information to hone in on
the critical aspects that will give us a better understanding of biology and new insight
for how to treat disease. Finding the important signals within these large data sets is
one of the major challenges of next generation sequencing.

In this dissertation, I have developed several complementary strategies to
describe the genetic underpinnings of lymphomas. I begin with developing a better
method for RNA sequencing that enables strand-specific total RNA sequencing and
alternative splicing profiling in the same analysis. I then combine this RNA sequencing
technique with whole exome sequencing to better understand the global landscape of
aberrations in these diseases. Finally, I use traditional cell and molecular biology
techniques to define the consequences of major genetic alterations in lymphoma.

Through this analysis, I find recurrent silencing mutations in the G alpha binding
protein GNA13 and associated focal adhesion proteins. I aim to describe how loss-of-
function mutations in GNA13 can be oncogenic in the context of germinal center B cell

biology. Using in vitro techniques including liquid chromatography-mass spectrometry

iv



and knockdown and overexpression of genes in B cell lymphoma cell lines, I determine
protein binding partners and downstream effectors of GNA13. I also develop a
transgenic mouse model to study the role of GNA13 in the germinal center in vivo to
determine effects of GNA13 deletion on germinal center structure and cell migration.
Thus, I have developed complementary approaches that span the spectrum from
discovery to context-dependent gene models that afford a better understanding of the
biological function of aberrant events and ultimately result in a better understanding of

disease.
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1. Introduction

Identifying the role of genetic aberrations in the context of cancer has
traditionally been established through painstaking investigation of genes on an
individual basis. The rise of Next Generation Sequencing (NGS) of whole genomes,
exomes and transcriptomes has laid the foundation to study the entire landscape of
chromosomal rearrangements, mutations and altered expression simultaneously. This
groundbreaking technology has been applied to a multitude of diseases and has resulted
in a great expansion in our understanding of aberrations that contribute to cancer
(Boycott, Vanstone et al. 2013, Kilpinen and Barrett 2013, Koboldt, Steinberg et al. 2013).
However, this work is far from complete and the application and interpretation of NGS
technology continues to evolve.

The majority of research using NGS has focused on compiling a list of genetic
aberrations that are common to a particular disease yet rare in the general population.
Most disease-focused NGS studies to date have focused solely on the exome or mRNA-
coding transcriptome and have not fully incorporated the non-coding and alterative
splicing components of the transcriptome, two important processes that have known
roles in disease. In addition, most NGS studies to date have been limited in functionally
defining how particular aberrations contribute to disease. Studies that fully delineate

the genome and the transcriptome and contain rigorous functional validation of genes



are necessary to better understand the mechanisms of disease and develop new
strategies and treatment options for therapy.

In this dissertation, I have developed several complementary strategies to
overcome many of these limitations and have applied these techniques to a cohort of 116
Non-Hodgkin Lymphoma (NHL) cases. First, we have developed strand-specific total
RNA sequencing as a method to define the complete coding and non-coding
transcriptome of lymphoma. We have also identified the alternative splicing profile of
particular subsets of lymphomas to more completely describe the transcriptome and
show how differences in alternative splicing contribute to the unique pathogenesis of
these closely related diseases. Finally, through complementary exome sequencing of
these cases we have studied the overlay of genetic aberrations with gene expression and
germinal center (GC) lymphoma biology to identify and describe the functional

consequences of deregulation of the gene GNA13 in the development of lymphoma.

1.1 Germinal center B cell biology

Germinal centers arise when naive B cells encounter T-cell antigen and become
activated in order to mount an immune response. They are comprised of a dark zone
(DZ) where cells rapidly proliferate while undergoing somatic hypermutation and a
light zone (LZ) where cells either undergo apoptosis, are selected for differentiation into
high-affinity plasma or memory cells or return to the dark zone to undergo another

round of mutation (Figure 1).
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Figure 1: The germinal center reaction.

Disruption of the tightly coordinated germinal center reaction can lead to the
development of lymphoma through multiple mechanisms including increased
proliferation, decreased apoptosis or off-target aberrations. Lymphomas are classified
based on the specific B cell stage from which they are thought to arise. For example,
Mantle Cell Lymphoma (MCL) is believed to originate from naive cells, Diffuse Large B
Cell Lymphoma (DLBCL) and Burkitt Lymphoma (BL) from germinal center cells, and

Multiple Myeloma (MM) from plasma cells.

1.2 Lymphomas arising from germinal centers

Lymphomas comprise a diverse group of malignancies derived from immune
cells. The vast majority of lymphomas are derived from B cells and two agressive

lymphomas in particular are believed to arise from normal germinal center cells:



Germinal Center B-cell like (GCB) DLBCL and BL. DLBCL is the most common form of
NHL as it accounts for approximately 30% of all NHLs (Hunt and Reichard 2008). Gene
expression profiling has demonstrated that DLBCL can be classified into two distinct
subgroups—activated B-cell-like (ABC) and GCB DLBCL (Wright, Tan et al. 2003). These
subgroups arise through distinct normal cells of origin, activate different oncogenic
pathways and display markedly different clinical outcomes (Lenz, Wright et al. 2008).

BL is a less common form of NHL that characterized by a translocation of the c-
MYC (MYC) gene to an immunoglobulin enhancer region, resulting in enhanced cell
proliferation and rapid tumor progression. The roles of MYC as an oncogene and
Epstein Barr Virus (EBV) as an oncogenic virus were first described in BL, making this
an important clinical and model disease (Epstein, Henle et al. 1965, Dalla-Favera, Bregni
et al. 1982, Taub, Kirsch et al. 1982).

Recently, NGS has provided the opportunity for high throughput,
comprehensive analysis of the landscape of genetic aberrations, copy number
alterations, and transcript expression patterns to better understand the variety of genetic

abnormalities that contribute to DLBCL and BL.

1.2.1 Diffuse Large B Cell Lymphoma

DLBCL is the most common form of lymphoma in adults, accounting for
approximately 25,000 new cases and nearly 10,000 deaths per year in the United States

alone. Fewer than half of the patients with this disease are cured after treatment with



current chemotherapy regimens. The remaining patients usually succumb to the
disease. Additionally, the incidence of DLBCL continues to increase at 1-2% per year
while the incidence of other common malignancies such as lung cancer and colon cancer
are decreasing (Coiffier, Lepage et al. 2002, Morton, Wang et al. 2006). This may be
related to the late age of onset in DLBCL and the aging population as well as the fact
that there are no known risk factors for this disease. These factors suggest that DLBCL
will continue to have a significant impact in the years to come and that new therapies
are urgently needed. However, it has proved difficult to develop new treatments for
patients with DLBCL. More than 100 clinical trials in DLBCL have shown no significant

benefit and the treatment regimens have not changed in over a decade.

1.2.1.1 DLBCL is a molecularly heterogeneous disease

An important reason for the failure of many clinical trials in DLBCL may be the
approach to the disease as a single entity, even though it is known to be molecularly
heterogeneous. Gene expression profiling of patients with DLBCL demonstrated that
the tumors comprised at least two distinct diseases with different cells of origin, distinct
cytogenetic differences and different response rates to anthracycline-based
chemotherapy regimens (Rosenwald, Wright et al. 2002), (Alizadeh, Eisen et al. 2000)
(Figure 2).

One subgroup, GCB DLBCL, was found to share characteristics of normal

germinal center B cells including the expression of genes such as BCL6 and CD10



(Lossos, Alizadeh et al. 2000). The other subgroup, ABC DLBCL, expressed genes

associated with B cell activation, including PRDM1 and IRF4.
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Figure 2: Gene expression profiling distinguishes ABC and GCB DLBCL.
Columns display gene expression data from individual patient samples and rows
shows relative expression levels of 221 RNA transcripts differentially expressed
between the two groups. The colors show an 8-fold range of expression for each gene
with red indicating higher expression and blue indicating lower expression levels.
Select genes that distinguish ABC and GCB DLBCL are listed on the right.

1.2.1.2 DLBCL subgroup frequency and survival outcomes

Five-year survival rates for patients with ABC and GCB are drastically different,
with a rate of nearly 75% for GCB patients but less than 30% for those with ABC (Brown,
Ashe et al. 2008). Why patients with GCB DLBCL respond better to treatment remains

unknown. Extensive gene expression profiling of DLBCL has found that the ABC and



GCB subgroups each constitute approximately 40% of total DLBCL cases. The
remaining 20% of cases have variable levels of expression of the signature genes and are
termed unclassified (Wright, Tan et al. 2003). Gene expression profiling remains the
gold standard for the distinction of ABC and GCB subtypes and has been validated by
several other groups (Lossos, Czerwinski et al. 2004, Monti, Savage et al. 2005, Hummel,
Bentink et al. 2006) with consistent survival rates and previously described genetic
abnormalities (Bea, Zettl et al. 2005). However, the molecular mechanisms which lead to

the differential gene expression patterns are poorly understood.

1.2.1.3 Recurrent acquired mutations in DLBCL

Multiple whole genome and whole exome sequencing studies have identified a
‘long tail” pattern of gene mutations in DLBCL (Morin, Mendez-Lago et al. 2011,
Pasqualucci, Trifonov et al. 2011, Lohr, Stojanov et al. 2012, Zhang, Grubor et al. 2013).
These emerging data indicate that a striking genetic heterogeneity underlies the
observed clinical and molecular heterogeneity. For example, our laboratory has
identified recurrent somatically acquired mutations in over 300 different genes among
our 94 DLBCL cases, but no single gene was mutated in more than 22% of the samples

and the vast majority of the genes were mutated in less than 10% of cases (Figure 3).
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Figure 3: Acquired somatic mutations in DLBCL demonstrate a long tail pattern as
many genes have acquired mutations in a small number of cases (Zhang, Grubor et al.
2013).

The majority of genes with mutations in DLBCL were found in both ABC and
GCB subgroups. However, some genes were found to be exclusively mutated in only
one subtype, suggesting a unique role for these genes in either germinal center (GCB
DLBCL-related) or plasma cell (ABC DLBCL-related) biology. Genes with recurrent
mutations predominantly in ABC DLBCL include MYD88, CD79B and UQCRC1 while

those specific to GCB DLBCL include GNA13 and EZH2 (Zhang, Grubor et al. 2013).

1.2.2 Burkitt Lymphoma

Burkitt Lymphoma is a disease characterized by the translocation of the c-MYC
oncogene to an immunoglobulin locus (Taub, Kirsch et al. 1982) in nearly all cases. This
translocation results in the strong upregulation of MYC expression leading to
uninhibited cell growth and proliferation. However, deregulation of MYC alone is not
sufficient to cause BL and NGS has helped to understand other aberrations that

contribute to BL (Greenough and Dave 2014).



1.2.2.1 Epidemiology of Burkitt Lymphoma

First described in by Denis Burkitt in 1958 as a highly prevalent cancer in
equatorial Africa, BL is an aggressive disease that results in death when left untreated
(Burkitt 1958). BL has since been recognized as comprising three subgroups: endemic,
sporadic, and immunodeficiency-associated BL. All three subgroups appear the same
histologically, but are defined by their context geographically, anatomically and in
relation to HIV infection. Interestingly, an increased risk of BL is observed in males
compared to females across all subgroups of BL, however the reasons for this difference
is unclear (Mbulaiteye, Biggar et al. 2009, Shiels, Engels et al. 2013).

Endemic BL encompasses the presentation of BL first described by Burkitt; it is
found in equatorial Africa with a distribution strongly overlapping regions with high
incidence of malaria. Burkitt defined this eponymous disease as a common malignancy
in African children, comprising approximately 51% of all pediatric tumors in Uganda at
the time, compared to 8% of childhood cancers in the United States (Burkitt and O'Conor
1961). Follow-up studies noted that the African form of lymphoma was more common
in boys than girls, that it often presented in the jaw bone, lymph nodes and kidneys and
that its rapid growth in the jaw bone especially, although common in the African
children, was rare elsewhere around the world (O'conor 1961).

Importantly, nearly all cases of endemic BL are Epstein-Barr Virus (EBV)-

positive, strongly implicating this virus in the pathogenesis of this disease (Aka, Vila et



al. 2013, Johnston, Mutalima et al. 2014). Indeed, the EBV virus was first identified in BL
tumors and characterized as an oncogenic virus (Epstein, Achong et al. 1964).
Interestingly, the incidence discrepancy between endemic childhood BL in Africa and
sporadic childhood BL in the United States remains roughly the same today as it did in
1958 with approximately 10-fold more cases occurring in equatorial Africa (Ogwang,
Bhatia et al. 2008, Mbulaiteye, Biggar et al. 2009).

Sporadic BL refers to disease outside of Africa and has a bimodal age-specific
incidence. In addition to being seen in children, sporadic BL has a second peak of onset
occurring in adults aged 40-59 in the United States (Castillo, Winer et al. 2013). Sporadic
adult BL is rare, accounting for approximately 1% of adult Non-Hodgkin Lymphomas
(NHLSs) in the United States and Europe (Morton, Wang et al. 2006, Sant, Allemani et al.
2010, Shiels, Engels et al. 2013), yet it is one of the most studied cancers due to its unique
genetic profile.

Immunodeficiency-associated, or AIDS-related, BL applies to all patients with an
HIV infection and are often EBV-positive (Gloghini, Dolcetti et al. 2013). In the United
States, immunodeficiency-associated BL appears to have three incidence peaks,
occurring near ages 10, 40 and 70 (Guech-Ongey, Simard et al. 2010). The contribution
of HIV to BL is particularly striking, with nearly two-thirds of BL cases in patients
between the ages of 20-59 in the United States occurring in those who are HIV positive

(Mbulaiteye, Pullarkat et al. 2014).
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1.2.2.2 The role of MYC overexpression in Burkitt Lymphoma

Despite the differences in geographic, age, and anatomical distributions that
characterize the different BL subgroups, all BL cases share the common genetic feature
of bearing a MYC translocation. Approximately 80% of patients with BL harbor the
MYC-IGH t(8;14)(q24;q32) translocation while the remaining cases have MYC
translocated to either the IGK (chromosome 2) or the IGL (chromosome 22) locus (Janz
2006). As a consequence of this translocation, MYC expression is strongly upregulated
and drives cell proliferation that is among the most rapid of any tumor type (Buckle,
Collins et al. 2013).

Heterogeneity in MYC translocations occurs not only between IGH, IGK and IGL
loci but also at the breakpoints within these loci. Long-range PCR has been used to
better define MYC-IGH translocations by pinpointing distinct translocation breakpoints
(Burmeister, Molkentin et al. 2013). Two specific breakpoint clusters near MYC have
been observed while nine different breakpoint regions have been identified in the IGH
loci. No observable differences have been found between sporadic and EBV-associated
MYC-IGH translocation breakpoints (Burmeister, Molkentin et al. 2013).

A small number of lymphomas have been recently described which share the
classic morphology, clinical presentation, and gene expression signature of BL, yet lack a

MYC translocation. These samples were found to have chromosome 11q abnormalities,
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suggesting a new genetic signature for a minority of BL cases (Salaverria, Martin-

Guerrero et al. 2014).

1.2.2.3 MYC in BL, DLBCL and Double Hit Lymphoma

Translocation of the MYC gene is not exclusive to BL — it is also detected at low
frequency in other lymphomas that originate from germinal center B cells. These tumors
often harbor additional translocations involving the BCL2 and/or BCL6 genes and are
referred to as “double hit” or “triple hit” lymphomas (Snuderl, Kolman et al. 2010, Li,
Lin et al. 2012, Pedersen, Gang et al. 2014). The consequences of MYC translocations in
these cancers have been studied in the context of clinical outcome (Aukema, Kreuz et al.
2013, Horn, Ziepert et al. 2013). In particular, MYC-IG translocations were found to be
associated with significantly worse overall survival rates than patients with MYC-non-
IG translocations. Somewhat surprisingly, double hit translocations were not always
associated with worse overall survival compared to single-hit MYC-IG (Pedersen, Gang
et al. 2014).

MYC has also been documented as having high expression in a subset of patients
with DLBCL despite the absence of a MYC-IGH translocation (Hummel, Bentink et al.
2006, Love, Sun et al. 2012). A colorimetric in situ hybridization assay developed to
identify multiple copies of MYC in DLBCL revealed increased RNA and protein
expression of MYC in clusters near MYC loci that had increased copy number due to

either amplification or translocation (Valentino, Kendrick et al. 2013).
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While gene expression profiling of BL and DLBCL revealed distinct signatures
that distinguish these groups, these studies have also identified an intermediate
phenotype that resembles both diseases (Dave, Fu et al. 2006, Hummel, Bentink et al.
2006). These cases have a MYC translocation frequency that is significantly lower than
BL and higher than DLCBL and often contain atypical MYC rearrangements to non-IG
partners. Double or triple hit lymphomas are also more common among these cases

(Hummel, Bentink et al. 2006, Perry, Crockett et al. 2013).

1.2.24 Recurrent acquired mutations in Burkitt Lymphoma

The application of next generation sequencing to sporadic BL has identified
novel loss-of-function mutations in the tumor suppressor ID3 at high frequency in BL
(Love, Sun et al. 2012, Richter, Schlesner et al. 2012, Schmitz, Young et al. 2012). Nearly
all ID3 mutations were found to occur in the highly conserved helix-loop-helix (HLH)
functional domain of the protein that is critical to its interactions with other HLH
proteins. These alterations were shown to diminish the tumor suppressor ability of ID3
and led to sustained growth and proliferation (Love, Sun et al. 2012, Richter, Schlesner et
al. 2012). The silencing mutations in ID3 are particularly interesting in light of previous
studies that have identified ID3 as a direct transcriptional target of MYC (Basso,
Margolin et al. 2005, Seitz, Butzhammer et al. 2011). These data suggest a mutual
regulatory relationship between MYC and ID3 that is disrupted in BL through

upregulation of MYC and silencing of ID3.
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Next generation sequencing has identified a number of additional genetic
mutations implicating other pathways involved in BL oncogenesis (Figure 4). For
instance, mutations in genes in the Phosphoinositide 3- Kinase (PI3K) pathway
including PIK3R1, GAB1, FGFR2 and EIF4B suggest a cooperative role between MYC
overexpression and deregulation of PI3K signaling. In support of this, mouse modeling
of the combined activation of MYC and PI3K resulted in tumors with characteristic BL
morphology, surface markers and gene expression (Sander, Calado et al. 2012). Recent
work in BL cell lines suggests that PI3K inhibition might be efficacious in BLs as well as
other lymphomas (Huang, Hu et al. 2012, Fang, Jiang et al. 2013, Shortt, Martin et al.
2013, Walsh, McKinney et al. 2013). These data strongly implicate the PI3K pathway as a

potential therapeutic target in BL.
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Figure 4: Depiction of genes with a high frequency of somatically acquired mutations
in Burkitt lymphoma and their associated pathways.

In addition to PI3K signaling, recurrent mutations in the SWI/SNF family
members ARID1A and SMARCA4 suggest that the nucleosome remodeling complex is
mutated in BL at a frequency similar to other cancers (Shain and Pollack 2013). A
number of genes recurrently mutated in BL were also members of the focal adhesion
family including GNA13, RHOA and ROCKI. Finally, genes already known to be
involved in B cell lymphoma, such as FBXO11, DDX3X and CCND?3, were also found to
be mutated in BL (Love, Sun et al. 2012, Richter, Schlesner et al. 2012, Schmitz, Young et

al. 2012). These frequent acquired mutations in BL were scattered throughout the
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genome, occurring on all chromosomes and clustering in mutational hotspots on

chromosomes 1p, 3p, 11q and 19q (Figure 5).
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Figure 5: The landscape of genetic aberrations identified in BL. MYC-IGH
translocations (orange), recurrent acquired mutations (red) and copy number gains
(green) and losses (pink) are shown at their respective loci.
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Comparing the frequency of mutations in BL with DLBCL revealed a stronger
overlap in genes mutated in BL and GCB DLBCL than ABC DLCBL, further supporting
the notion that BL and GCB DLBCL both originate from germinal center B cells

(Schmitz, Young et al. 2012, Zhang, Grubor et al. 2013).

1.2.2.5 Gene expression profiling of Burkitt Lymphoma

Gene expression profiling of Burkitt Lymphoma using microarrays has revealed
mRNA and miRNA signatures that are distinctive from other B cell lymphomas and
most closely related to germinal center gene expression, supporting the notion that BL
cells originate from normal germinal centers (Dave, Fu et al. 2006, Zhang, Jima et al.
2009, Piccaluga, De Falco et al. 2011). Sporadic BL most closely resembles cells in the
dark zone of the germinal center, distinguishing BL from closely related DLBCL, which
appeared to originate from cells in the light zone of the germinal center (Victora,
Dominguez-Sola et al. 2012). As cells in the dark zone of the germinal center undergo
rapid proliferation, somatic hypermutation and class switch recombination, it is
conceivable that BL could arise from these normal cells of origin through inadvertent
recombination of IGH to MYC and subsequent proliferation. Paradoxically, MYC has
been found to be expressed exclusively in the light zone population of normal cells,
suggesting that expression of this light zone marker in the context of a dark zone gene
expression phenotype is a hallmark of BL (Sander, Calado et al. 2012, Victora,

Dominguez-Sola et al. 2012).
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1.3 The cancer transcriptome: beyond gene expression

The inherited (DNA) genome encodes the instructions that enable the formation
of the millions of proteins that make up an organism. Although each cell comprises
virtually the same complement of DNA, the resulting proteome is drastically different
between cell types. The fraction of DNA that is transcribed as RNA, the
“transcriptome,” is the key mediator between the genetic code and translation of the
proteome. The transcriptome thus serves the critical role in regulating all effector

functions of a cell.

1.3.1 The role of the transcriptome in generating diversity in cell
structure and function

Multiple mechanisms regulate the process of RNA transcription to ensure correct
quantity, localization and timing of transcripts to ensure effective cell function.
However, genetic alterations can disrupt both the constitution and function of the
transcriptome with significant downstream consequences. Thus, alterations in the DNA
can lead to transcription of dysfunctional proteins or non-coding RNAs, translation of
dysfunctional proteins, or inhibition of transcription or translation altogether. While
some changes in the proteome are essentially silent, others can drastically affect cell

function and cause diseases such as cancer.

1.3.2 Defining the alternative splicing profile of DLBCL

Alternative splicing is a mechanism through which nearly 24,000 encoded

human genes give rise to an order of magnitude greater number of distinct proteins
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(Taussig, Stoevesandt et al. 2007) that ultimately govern effector functions of each cell.
Alternative splicing is estimated to occur in nearly all human genes containing more
than one exon (Chen and Manley 2009), resulting in over 100,000 unique alternative
splicing decisions in each human cell (Nilsen and Graveley 2010). Misregulation of
alternative splicing underlies many human diseases (Chen and Manley 2009), however
the mechanisms underlying isoform selection and their consequences in human cancers

are largely unknown.

1.3.2.1 Mechanism of alternative splicing

Splicing occurs when a ribonucleoprotein complex called the spliceosome binds
to nascent pre-mRNA and facilitates the removal of intronic sequences and the joining of
two exons (Figure 6a). Briefly, the U1 snRNP binds to the 5 splice site, the SF1 protein
binds to the branch point, and the U2 snRNAP and U2AF splicing complex bind to the 3’
splice site. This complex is converted into a new complex through the binding of U2AF
and replacement of SF1 with the U2 snRNP. Addition of the U4/U6-U5 tri-snRNP and
finally loss of U1 and U4snRNPs results in an activated spliceosome. Normal splicing
occurs through two transesterification reactions. First, the A residue at the branch point
in the intron attacks the conserved GU motif at the 5’ splice sight, cleaving the 5" exon at
the exon/intron boundary and forming a lariat structure within the intron. Second, the
5" exon attacks the conserved AG motif at the 3’ splice site and as a result the intron is

removed and the exons are ligated. Alternative splicing events — such as exon skipping,
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intron retention, alternate 3’ or 5" splice sites and mutually exclusive exons — occur as a
consequence of the spliceosome structure and nucleotide sequence (Figure 6b) (Wang

and Burge 2008, Chen and Manley 2009, Keren, Lev-Maor et al. 2010)(Ghigna, Valacca et

al. 2008).
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Figure 6: a) A simplified splicing mechanism is shown. b) Alternative splicing
can be divided into five main types of events. Retained RNA is shown in blue and
excised RNA is shown in teal.

Where the spliceosome binds and which subsequent alternatively spliced
isoforms are generated is highly cell-type specific and dependent on developmental
stage (Skotheim and Nees). Recent estimates suggest that greater than 50% of
alternative isoforms are differentially expressed among tissues (Wang, Sandberg et al.

2008). Regulatory elements bind to intron or exon enhancer or silencer sites to help
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determine when and where particular types of alternative splicing events will occur.
Differences in alternative splicing lead to translation of a wide variety of proteins which
can affect numerous cell responses including cell signaling, proliferation and apoptosis
(Luco and Misteli 2011). Mutations in the splice sites or binding motifs can affect the
relative abundance of alternatively spliced isoforms and be important contributors to

aberrant cell behavior.

1.3.2.2 Alternative splicing in disease

Alternative splicing has been implicated in a number of human diseases and
cancers (Stoilov, Meshorer et al. 2002, Ghigna, Valacca et al. 2008). Splice variants can be
uniquely found in cancer cells or differentially expressed between normal and cancer.
Only a few instances of aberrant alternative splicing events in DLBCL have been
described (Tzankov, Pehrs et al. 2003, Brown, Ashe et al. 2008). One study revealed that
smaller isoforms of the transcription factor FOXP1 were found to be highly expressed in
ABC DLBCL, suggesting altered expression of FOXP1 target genes as a mechanism for
ABC oncogenesis (Brown, Ashe et al. 2008). Another study found that CD44 variant
isoform 6 was directly correlated with disease stage (Tzankov, Pehrs et al. 2003). Both of
these studies used targeted approaches and more findings like these remain to be

uncovered through use of RNA sequencing.
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1.3.3 Identification of genetic aberrations through RNA sequencing

By eliminating the dependence on predesigned microarray probes, RNA
sequencing not only enables detection of novel and disease-specific splice isoforms but
also and has the ability to detect gene fusions and trans-splicing events (Ozsolak and
Milos 2011). Greater than 80% of all known gene fusions are attributed to leukemias,
lymphomas and bone and soft tissue sarcomas, which account for only 10% of all human
cancers (Maher, Kumar-Sinha et al. 2009, Maher, Palanisamy et al. 2009)(Maher,
Palanisamy et al. 2009). Translocations implicating BCL6 are among the most frequent
abnormalities in DLBCL, with an estimated frequency of 20% (Ruminy, Jardin et al.
2006), but further translocations remain to be discovered. Paired-end sequencing
strategies are particularly effective at detecting translocations and using a transcriptome-
based approach enables identification of rearrangements that are difficult to detect at the
DNA level.

The biological consequences of alternative splicing and gene fusions are not
limited to the novel protein products that are produced and the variable expression of
these proteins. Mutations in conserved essential splice sites or in regions that bind
splicing enhancers or suppressors can also have important functional consequences
(Pagani, Raponi et al. 2005). Studies have found that both synonymous and
nonsynonymous mutations can have critical effects on splicing when the mutation site

lies within a splicing regulatory element binding region (Kashima and Manley 2003,
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Pagani, Raponi et al. 2005). Further investigation of mutations in these regions will shed
light on the role of particular splice sites and binding motifs in the mechanism of

alternative splicing in both normal and disease states.

1.4 Next Generation Sequencing of the lymphoma
transcriptome

In the past decade, high throughput sequencing has emerged as a powerful and
versatile method for quantification of RNA expression (Costa, Angelini et al.
2010)y(Marguerat and Bahler 2010). There are several different platforms that have been
widely applied including those available from Illumina (formerly Solexa), Roche
(formerly 454) and Applied Biosystems. Although each of these methods relies on
different chemistries to generate the sequencing reads, the output of these different
methods is similar--typically millions of reads that are shorter than that achieved by
conventional (Sanger) sequencing. These methods have been adapted to a variety of

different applications including DNA and RNA sequencing.

1.4.1 The application of deep sequencing to RNA species

Since its initial description in 1995 (Schena, Shalon et al. 1995), microarray
technology has revolutionized the study of the transcriptome by providing the first high
throughput technique to measure genome-wide RNA expression. Microarrays typically
comprise thousands of DNA fragments (probes) attached to an inert surface (usually
glass). RNA is fluorescently-labeled and then incubated on the microarray and

expression is measured by the amount of RNA that hybridizes to the corresponding
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probe as indicated by dye intensity. However, limitations on probe-density and
hybridization severely restrict the ability of microarrays to assay different types of RNAs
simultaneously (e.g. separate microarrays must be used to measure microRNA and
mRNA expression). Another disadvantage of microarrays is that RNA expression is
limited to pre-designed probes and therefore novel splice junctions or fusions cannot be
detected (Richard, Schulz et al. 2010).

High throughput RNA Sequencing (RNA-Seq) overcomes many of the
limitations of microarray technology. One major advantage of RNA-Seq is that it does
not rely on predefined probes and therefore has the ability to identify mutations in the
transcriptome as well as novel transcripts, splice junctions and gene fusions. A variety
of methods exist for generating RNA sequencing libraries but all techniques share the
common process of generating RNA libraries through RNA fragmentation, adapter
ligation and PCR amplification before next generation sequencing is used to generate
single-nucleotide resolution reads of the RNA (Berger, Levin et al. 2010)(Pan, Shai et al.
2008)(Sultan, Schulz et al. 2008, Ozsolak and Milos 2011). Thus, high throughput RNA
sequencing offers an unprecedented ability to identify all splicing events in RNA (Pan,
Shai et al. 2008, Hallegger, Llorian et al. 2010). We have adopted paired-end sequencing
to achieve greater dynamic range, increased coverage and sensitivity and fewer
ambiguous mappings than single-end sequencing or microarrays (Au, Jiang et al.

2010)(Blencowe, Ahmad et al. 2009)(Wang, Gerstein et al. 2009). The major
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disadvantage of high throughput sequencing has been thus far been cost. However, the
costs of sequencing have been steadily falling to the point where they will be

comparable to that of microarrays in the foreseeable future.

1.4.2 Expanding recognition of different RNA species

For several decades, the study of the transcriptome focused almost entirely on
the gene-encoding RNAs, i.e. messenger RNAs (mRNAs). Although much attention has
traditionally been focused on the gene-coding portions of the transcriptome, it has
become increasingly clear that the transcriptome comprises both gene-coding and non-
coding RNAs. In the past several years, attention has been brought to the many distinct
species of RNA - including microRNAs (miRNAs), transfer RNAs (tRNAs), piwi-
interacting RNAs (piRNAs), small nuclear RNAs (snRNAs), small nucleolar RNAs
(snoRNAs), tiny RNAs (tiRNAs), long non-coding RNAs (lincRNAs) — that can play a
major role in regulating the expression of individual genes and proteins and thus
determining cell fate.

A major advantage of RNA sequencing is that it has the ability to detect the
expression of all coding and non-coding RNAs in a single assay (Wang, Gerstein et al.
2009, Licatalosi and Darnell 2010). The fundamental roles of non-coding RNAs in the
context of DLBCL and BL have not been well-studied to date. In addition to offering
insight into molecular mechanisms of lymphoma, these non-coding RNAs also have the

possibility to serve as biomarkers to distinguish disease subtype and to aid in prognosis.
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1.5 NGS as a means to understand the biology of disease

One major advantage of NGS is that it can be used to study a broad range of
diseases and conditions — everything from brain cancer to Alzheimer’s disease to phage
populations of the human gut (Kannan, Inagaki et al. 2012, Reyes, Semenkovich et al.
2012, Cheng, Quek et al. 2013, Amato, Molin et al. 2014). The enumeration of genetic
alteration and expression patterns in different diseases through NGS will continue work
in this field for a long time to come. However, the true work ahead lies in sorting
through the wealth of data generated by these studies to hone in on the critical aspects
that will give us a better understanding of biology and new insight for how to treat
disease. Finding these important signals within these massive data sets is the true
challenge of NGS and for the most part, has yet to be realized.

One of the best starting points for accomplishing this goal is to explore the
overlap of NGS data describing the genome, transcriptome and epigenome. As every
technology has its own biases and limitations, using a combination of different
techniques will help to highlight important processes that are common across all
methods. Thus, applying various methods of DNA, RNA and epigenetic sequencing
studies will not only help to amplify the signal from the surrounding noise but also
provide multiply angles with which to study that signal. A schematic showing some of

the many types of NGS studies currently in use is shown in Figure 7.
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Figure 7: Next generation sequencing technologies currently used to study the
genome, transcriptome and epigenome.

In our studies we have improved upon traditional RNA-Seq methods to enable a
more comprehensive study of the transcriptome. We have combined this RNA-Seq
technique with whole exome sequencing, copy number variation, microarray gene
expression and ChIP-sequencing to our hundreds of cancer cases. Through a
comprehensive analysis of this data, we have identified one gene in particular, GNA13,
which stood out for its unique occurrence and mutation pattern. Further investigation
of this combined data set reveal a role for GNA13 in the context of focal adhesion and a

platform for experimental studies. Using NGS as a starting point, we have begun to
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investigate the normal role of GNA13 and focal adhesions in B cell biology and their role
in lymphomagenesis with the hope that our findings will lead to a better understanding
of these important processes and ultimately new options for detection and treatment of

this disease.

1.6 Overview of contents

Through this work, we endeavor to describe the genetic underpinnings of
lymphomas using NGS combined with traditional cellular and molecular biology
techniques to define the consequences of the observed genetic alterations. Chapter 2
describes these NGS techniques as well as additional materials and methods used in this
work. Chapter 3 details our efforts to improve traditional RNA-Seq to generate the first
large-scale strand-specific, total RNA sequencing study of DLBCL. Through this work
we also detail the first comprehensive portrait of alternative splicing in DLBCL and
differences in splicing between the ABC and GCB subgroups. Chapter 4 connects the
broad findings in our NGS studies and comprehensive analysis of lymphoma mutations
to gain a better understanding of normal underlying biology and subsequent disease
pathogenesis through isolation of a single important gene, GNA13, and its interacting
partners. Finally, chapter 5 provides a discussion of our findings, a presentation of
future work and insight into how this work could lead to better treatment options and

outcomes for patients with lymphoma.
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2 Materials and Methods

2.1 Sample acquisition and processing

Archival DLBCL and BL lymphoma tumors from patients were obtained from
the institutions that constitute the Hematologic Malignancies Research Consortium
(HMRC) (Jima, Zhang et al. 2010). These cases were anonymized and processed in
accordance with a protocol approved by the Institutional Review Board at Duke
University. RNA and genomic DNA were extracted from these cases using column-

based methods described previously (Zhang, Jima et al. 2009).

2.2 Patient sample classification

The tumor samples were profiled at the gene expression level using Affymetrix
Human Gene 1.0 ST arrays. The gene expression data were used to classify the DLBCL
cases into ABC DLBCL and GCB DLBCL using a Bayesian approach as described

previously.

2.3 Exome sequencing and variant calling

Exome sequencing of 187 lymphoma samples was performed using the Agilent
SureSelect system and Illumina sequencing and variants were called as described

previously (Love, Sun et al. 2012, Zhang, Grubor et al. 2013).

2.4 Strand-specific total RNA sequencing

RNA was extracted from 112 DLBCL cases from member institutions that

comprise the Hematologic Malignancies Research Consortium as described previously
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(Jima, Zhang et al. 2010). RNA was treated with DNase I (New England Biolabs,
Ipswich, MA) then analyzed for quality using the RNA 6000 Pico Kit and the Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). 1-5ug of total RNA was
treated with RiboZero rRNA Removal Reagent (Epicentre, Madison, WI) and then
qualitative analysis was performed on the Bioanalyzer to ensure 18S and 285 rRNA
peaks were no longer present. 0.5-50ng of rRNA-depleted total RNA was used to
generate RNA sequencing libraries using the ScriptSeq v2 RNA-Seq Library Preparation
Kit (Epicentre, Madison, WI). Libraries were prepared to a mean size of 300-500 base
pairs and analyzed using the High Sensitivity DNA Kit with the Bioanalyzer. Libraries
were then diluted 1:10,000 and analyzed using the Kapa Library Quant Kit (Kapa
Biosystems, Woburn, MA) on the LightCycler96 (Roche Diagnostics, Indianapolis, IN).
The samples were then normalized for accurate loading on the Illumina Hiseq2000
platform (Illumina, San Diego, CA) where sequencing generated nearly 4 billion reads

for analysis.

2.5 RNA-Seq data analysis

Reads were trimmed for quality then aligned with TopHat (v2.0.4) (Trapnell,
Roberts et al. 2012) first to the hg19 transcriptome followed by the hg19 genome. Indels
up to 3 basepairs and 3 mismatches were allowed, with no multiple mappings allowed.
Reads not aligned with Tophat were then passed to Novoalign (V2.06.09) for alignment,

and final bam files were merged.
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2.6 RNA-Seq expression quantification

Culfflinks (v2.1.1) (Trapnell, Roberts et al. 2012) was used for reference
annotation-based transcript assembly while allowing for novel isoforms to be identified.
Gene and transcript level expression quantification of Fragments Per Kilobase of exon

per million fragments Mapped (FPKM) was also generated by Cufflinks.

2.7 RNA-Seq variant calling

Variant calling was performed by Samtools mpileup (v0.1.19) (Li, Handsaker et
al. 2009). Variants were annotated with gene name and functional annotations using
Annovar (Wang, Li et al. 2010). Rare variants were selected by filtering against normal
controls and the ESP6500 dataset (frequency<0.001) (Fu, O’Connor et al. 2013).
Additional RNA-seq specific filters were applied to eliminate alignment errors and

strand bias. Finally, non-synonymous SNVs were selected for further analysis.

2.8 Identification of differentially mutated genes

Genes identified to be differentially mutated between ABC and GCB subgroups
in exome sequencing data were selected for further analysis (Zhang, Grubor et al. 2013).
Genes with Fishers exact p-value<0.1 for difference in number of mutated samples
between ABC and GCB in RNA-Seq data were selected as RNA-Seq differentially

mutated genes. Only nonsynonymous rare variants in these genes were used.
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2.9 Identification of differentially expressed genes

Differentially expressed genes between ABC and GCB DLBCL were identified
using log2 transformed Cufflinks-generated FPKM data. Significant features, including
both protein coding and non-coding RNAs, were selected using permutation testing on
the t-statistic between the two groups (Benjamini and Hochberg false discovery rate
<0.1). Additionally, significant features had significant fold changes between the two

groups (p<0.05 permutation test, and log2 FC>0.5).

2.10 Identification of alternatively spliced genes

We used the published Bioconductor package DEXSeq (Anders, Reyes et al.
2012) (ver. 1.1.7) and performed our analysis independently in a discovery and
validation set. Exon read counts for all 92 discovery and 76 validation samples were
generated and normalized. Overall, we identified 2,961 differentially spliced exons
originating from 1,395 genes at FDR < 0.1 in the discovery set of 38 ABC and 54 GCB
DLBCL samples. We conducted a similar analysis for 38 ABC and 40 GCB validation set
samples using the same criteria and found 1282 genes that satisfied these criteria, of
which 1,021 were also found in the discovery set. We then annotated the splicing
pattern of these 1,021 genes that met these criteria in both datasets as alternative 3’

splicing, alternative 5’ splicing or exon skipping.
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2.11 Transcriptome assembly and quantification

Transcript reconstruction was performed using Cufflinks v2.1.1 for all 78 RNA-
Seq DLBCL samples by specifying strand information using library type argument.
Cuffcompare utility program in the Cufflinks suite was used to merge assembled
transcript for the replicate samples in DLBCL. We then obtained a high confidence list of
transcripts by requiring that transcripts have FPKM > 1 in at least 30% of the replicates.
We obtained a total 18,182 isoforms including 16,534 known isoforms and 1,648

predicted novel isoforms.

2.12 Alternative splicing validation

Alternatively spliced genes from each splicing category were chosen for
validation. 7 exon skipping, 3 alternate 3’ splice site and 2 alternate 5" splice site events
were selected which included known and novel cancer genes. PCR and quantitative
PCR (qPCR) were used for validation. Briefly, 1ug of RNA was reverse-transcribed
using qScript cDNA SuperMix (Quanta BioSciences, Gaithersburg, MD). Qiagen
HotStarTaq Master Mix Kit (Qiagen, Valencia, CA) was used for PCR experiments and
the products were run on a 1% agarose gel. For qPCR, gene expression was measured
relative to GAPDH using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). All

experiments were performed in triplicate. Primers used are listed in Appendix B.
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2.13 Cell culture

All cell lines were cultured in RPMI supplemented with 10% fetal bovine serum
or OCI medium (IMDM supplemented with 20% human serum). All cell lines were

grown in 37°C humidified cell culture incubators with CO2 maintained at 5%.

2.14 Inhibition of splicing with TG003

BJAB and TMDS cells were treated with 25uM TGO003 for 24 hours then RNA was
extracted using RNeasy Mini columns (Qiagen, Valencia, CA) and RNA-Seq libraries

were generated using our single-stranded total RNA-Seq method.

2.15 Gene Set Enrichment Analysis

The Molecular Signatures Database available from Gene Set Enrichment Analysis
(GSEA) (Subramanian, Tamayo et al. 2005) was used to compute overlaps and identify
KEGG canonical pathways enriched (p<0.001, FDR<0.1) for alternative splicing. Only
protein coding genes (padjust<0.01) were considered and all ribosomal RNA genes were

excluded prior to analysis.

2.16 Calculating overlap between differentially spliced genes

The hypergeometric distribution of all overlapping non-rRNA, protein coding
genes that were differentially spliced between ABC and GCB was calculated for
Canonical Pathways available from GSEA. Similarly, the hypergeometric distribution
was calculated for all non-rRNA genes with splicing events downregulated in BJAB or

TMDS8 upon treatment with TG003. The p-values for the pathways enriched for a
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particular subtype were compared to those from the cell line with the corresponding

subtype (ABC with TMD8 and GCB with BJAB).

2.17 Tonsil acquisition and processing by flow cytometry

B cell populations were obtained from young patients undergoing routine
tonsillectomy at Duke University Hospital with the use of a protocol approved by the
Clinical Center at the National Institutes of Health (Bethesda, MD). The tonsils of these
patients were disaggregated and separated by Ficoll. The mononuclear cell layer was
harvested, washed in PBS and resuspended in PBS supplemented with 10% bovine
serum albumin. Cells were blocked with FcR blocking reagent (Miltenyi Biotec,
Cologne, Germany) then stained antibodies listed in Appendix A. Cells were sorted with
the SH800 Cell Sorter (Sony Biotechnology, Champaign, IL) into naive B cells
(CD19+1gD+CD27-CD38+), GC B cells (CD19+IgD-CD3-CD38++), memory B cells
(CD19+IgD-CD27+CD38dim), and plasma cells (CD19dimIgD-CD27++CD38+++). GC B
cells were further sorted into dark zone (CXCR4+CD83-) and light zone

(CXCR4-CDC83+) cells.

2.18 Quantitative PCR

1ug of RNA was reverse-transcribed using qScript cDNA SuperMix (Quanta
BioSciences, Gaithersburg, MD). Gene expression was measured relative to B2M using
Tagman primer probes and Tagman Universal PCR Master Mix (Life Technologies,
Carlsbad, CA). All experiments were performed in triplicate.
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2.19 Stable gene knockdown in cell lines

Stable knockdown (KD) of GNA13 in B cell lines was achieved using shRNA
constructs described previously (Rasheed, Teo et al. 2013). For RHOA knockdown,
oligos containing the targeting sequences (GAAAGCAGGTAGAGTTGGCTT and
GTACATGGAGTGITCAGCAAA) were ligated into a modified pRetro-Super vector at
the Bglll and HindIII restriction sites. Retroviral packaging was performed by
overlaying 80% confluent TLA-HEK-293T cells (Thermo Scientific, Waltham, MA) in a
100mm plate with 1ml Opti-Mem (Life Technologies, Carlsbad, CA) containing 5ug
pCL-Ampho, 5ug of the shRNA vector and 20ul Turbofect (Thermo Scientific, Waltham,
MA). Virus was harvested after 48 hours, centrifuged at 3000rpm for 20 minutes at 4°
and then the supernatant was passed through a 0.45um filter. 1x10° cells in 1ml were
placed in a 12-well plate and 1ml virus was added. Cells and virus were spun at 700g
for 30 minutes and then placed in a 37° incubator. After 72 hours, 50ug/ml blasticidin in
media was added to the cells. After 3-4 weeks of blasticidin selection cells were ready

confirmed to be YFP-positive and were ready for experiments.

2.20 Stable gene overexpression in cell lines

A scheme similar to that used to create stable knockdown lines was used of
overexpress (knockin, KI) GFP-tagged proteins in cell lines. The coding region of genes
was ligated into the pLEGFP-N1 vector and retroviral packaging was performed in the

same way as for the shRNA constructs except that GP2-293 cells (Clontech, Mountain
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View, CA) were used instead of TLA-HEK-293T cells and the cells were selected using

500ug/ml Geneticin (G418) instead of blasticidin (Life Technologies, Carlsbad, CA).

2.21 Site-directed mutagenesis

The QuikChange Lightening Site-Directed Mutagenesis Kit (Agilent
Technologies, Santa Clara, CA) was used to introduce point mutations into genes cloned
into the pLEGFP-NI1 retroviral vector. Primers were designed using Agilent’s Primer

Design Program and mutations were confirmed by Sanger sequencing.

2.22 Western blotting

Protein extracts were prepared by washing 1x10°¢ cells twice in PBS then
resuspending in RIPA buffer containing protease and phosphatase inhibitors. Protein
concentration was measured using a BCA Protein Assay Kit (Pierce Biotechnology,
Rockford, IL). NuPAGE Sample Reducing Agent and LDS Sample Buffer were added to
normalized protein extracts and samples were heated at 95° for 5 minutes then loaded
onto a 4-12% Bis-Tris gel and run in MES SDS Running Buffer (Life Technologies,
Carlsbad, CA). Gels were transferred using the iBlot Dry Blotting System (Life
Technologies, Carlsbad, CA), blotted in 5% milk-TBST for 30 minutes then incubated in
primary antibodies overnight (Appendix A). After 3x5 minute washes in TBST, blots
were incubated in anti-rabbit or anti-mouse secondary for 1 hour (Cell Signaling

Technology, Danvers, MA or Santa Cruz Biotechnology, Santa Cruz, CA). Finally, blots
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were washed again and developed using SuperSignal West Femto Chemiluminescence

Substrate (Pierce Biotechnology, Rockford, IL).

2.23 Co-immunoprecipitation

Protein extracts from 1.5x107 cells were prepared by washing twice in PBS then
resuspended in 500yl cell lysis buffer (50mM Tris pH 8.0, 150mM NaCl, 2mM EDTA pH
8.0), 10% glycerol, 1% Triton) containing protease and phosphatase inhibitors. Cells
were incubated on ice for 15 minutes then centrifuged at 14,000rpm for 10 minutes at 4°.
The supernatant was transferred to a new tube and 50ul of this input suspension was
saved for final analysis. Anti-FLAG M2 Affinity Beads (Sigma-Aldrich, St. Louis, MO)
were washed twice in lysis buffer and the remainder of the protein extracts was added
to the beads and the solution was rotated overnight at 4°. The solution was then
pelleted and 50ul of the solution was saved as supernatant. The beads were washed
three times with lysis buffer and finally, the pulldown fraction was eluted into
Laemmeli buffer. All samples were heated at 95° for 5 minutes then loaded onto a gel

and analyzed using the same method described in section 2.22.

2.24 Mouse strains

B cell-specific GNA13-deficient (Mb1-Cre*;; GNA13%f) and germinal center B
cell-specific GNA13-deficient mice (AID-Cre*-; GNA13%%) were generated by
intercrosses of Mb1-Cre*", AID-Cre*- (The Jackson Laboratory, Bar Harbor, ME) and
GNA13% (a gift from Nina Wettschureck, Max-Planck-Institute for Heart and Lung
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Research Bad Nauheim, Germany). MYC-overexpressing mice (Ep-Myc*;Mb1-Cre*;
GNA13"% and Epu-Myc”; AID-Cre”; GNA13%%) mice were generated by intercrosses with
Ep-Myc*- mice (The Jackson Laboratory, Bar Harbor, ME). Animal experiments were
performed in accordance with Institutional Animal Care and Use Committee
Regulations.

Genotyping was performed using Qiagen HotStarTaq master mix (Qiagen,
Valencia, CA) and touchdown PCR. Primers used for GNA13 alleles were 5'-
CACCCCCTTCAGTGTTTCAA-3, 5-GCACTCTTACAGACTCCCAC-3 and 5'-
GCCACAGAGGGACTCAGCAC-3. Primers used for Eu-Myc allele were 5-CAG CTG
GCG TAA TAG CGA AGA G-3’ and 5-CTG TGA CTG GTG AGT ACT CAA CC-3..
Primers used for Mb1-Cre allele were 5- CCC TGT GGA TGC CAC CTC-3" and 5’-GTC
CTG GCA TCT GTC AGA G-3'. Primers used for AID-Cre allele were 5-CCG TAA CCT
GGA TAG TGA AAC AG-3, 5-CCA TGC GAG TCT TAA GAT GTT G-3', 5’-CTA GGC
CAC AGA ATT GAA AGA TCT-3’, and 5'-GTA GGT GGA AAT TCT AGC ATC ATC C-
3.

2.25 Sheep red blood cell injection

Purified sheep red blood cells (Innovative Research, Novi, MI) were washed
three times with PBS then resuspended in PBS at a concentration of 5x108 cells/ml. 8
week old mice were injected intraperitoneally with 1x10® sheep red blood cells and mice

were sacrificed 6-10 days later for analysis.
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2.26 Flow cytometry of murine cells

Mouse spleen, mesenteric lymph nodes and Peyer’s patches were disaggregated
into a single cell suspension using Frosted Micro Slides (Corning, Corning, NY). Red
blood cells were lysed and remaining cells were washed twice with PBS/2% FBS. Cells
were blocked with CD16/CD32 (Biolegend, San Diego, CA) for 5 minutes at 4° then
incubated with the antibodies for 20 minutes at 4° (Appendix A). Cells were then
washed twice and resuspended in PBS/2% FBS and kept in the dark at 4° until analyzed
by flow cytometry. Analysis and sorting were performed on a Sony SH800 Cell Sorter

(Sony Biotechnology, Champaign, IL).

2.27 Transwell migration assays

Freshly isolated mouse splenocytes were disaggregated into a single cell
suspension and then washed twice in PBS and resuspended at a concentration of 2x107
cells/ml in RPMI 1640/10 mM HEPES/0.1% BSA and incubated at 37° for 30 minutes.
600ul RPMI 1640/10 mM HEPES/0.1% BSA alone or containing 100ng/ml CXC12 or
800ng/ml CXCL13 (Peprotech, Rocky Hill, NJ) was placed in the lower well of 5um
transwell chambers (Corning Inc., Corning, NY). 100ul cells were placed in the upper
well of the chamber and then cells were allowed to migrate for 3 hours at 37°. Cells
pretreated with 100nM S1P were incubated for 5 minutes at 37° prior to placing in upper
chamber. After 3 hours, the transwell plates were placed on ice for 20 minutes then

centrifuged at 180g for 3 minutes. Inserts were discarded then cells were then
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resuspended in the existing media and carefully pipetted into Eppendorf tubes then
centrifuged for 5 minutes at 1,400rpm. After aspirating the supernatant, cells were
resuspended in blocking buffer (100ul PBS/2%FBS, 2ul CD16/CD32) and incubated for 5
minutes at 4° then stained with the antibodies for 20 minutes at 4° (Appendix A). Cells
were washed then twice and resuspended in 100ul PBS/2% FBS. Analysis was
performed on a Sony SH800 Cell Sorter (Sony Biotechnology, Champaign, IL).
Chemotactic index was calculated by dividing the number of cells that migrated towards
a particular chemokine by the number of cells that migrated in the absence of

chemokine.
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3 RNA-Seq of the cancer transcriptome

RNA-Seq has emerged as a powerful tool for defining the completely coding and
non-coding cancer transcriptome (Mortazavi, Williams et al. 2008, Trapnell, Pachter et al.
2009). While mRNA sequencing is the most widely applied method for RNA-Segq, it
overlooks non-coding RNAs, requires high-quality RNA and lacks strand-specificity. To
overcome these limitations, we developed a strand-specific total RNA sequencing
method to characterize the transcriptomes of 112 Diffuse Large B-Cell Lymphoma
(DLBCL) tumors, resulting in the most comprehensive study of the DLBCL

transcriptome to date.

3.1 Developing a method of strand-specific RNA-Seq

RNA-Seq is being applied widely in tumor biology to characterize the cancer
transcriptome in terms of gene expression, miRNA expression, gene fusions and
translocations. However, many of the methods currently being used are limited by the
design used to generate RNA-Seq libraries. First, the most frequently applied RNA-Seq
protocols utilize a short sequence of deoxy-thymine nucleotide (oligodT) primers to bind
the poly-A tail of mRNAs to create cDNAs for sequencing. This means that RNAs
lacking poly-A tails--including the vast majority of non-coding RNAs--are excluded
from this analysis. Second, this method relies upon intact RNAs which frequently limits
its applicability to snap-frozen tissues and usually precludes the use of cases preserved

using the widely applied formalin fixed and paraffin embedded (FFPE) method. Third,
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strand-specific information is lost in the generation of cDNA, greatly reducing the ability
for resolving transcript strand of origin and limiting the discovery of novel transcripts
and isoforms.

Strand-specific total RNA-Seq (Levin, Yassour et al. 2010), while technically
challenging, has the potential to characterize the expression of both coding and non-
coding RNAs while maintaining strand-specific information needed to resolve novel
isoforms and non-coding RNAs. This method might also overcome the need for snap
frozen tissue. However, this method for RNA-Seq has not been applied in a large cohort
of samples to assess its reproducibility and robustness. Although aspects of the
transcriptome of DLBCL such as the role of mRNA (Alizadeh, Eisen et al. 2000, Monti,
Savage et al. 2005) and microRNA expression profiles (Malumbres, Sarosiek et al. 2009,
Zhang, Jima et al. 2009) have been studied extensively, the expression patterns of other
non-coding RNAs such as lincRNAs and extent of alternative splicing in DLCBL is
largely unknown.

Our overall schema for strand specific sequencing is shown in Figure 8. We
began by isolating total RNA from 112 DLBCL cases. Since ribosomal RNA (rRNA) is
known to constitute as much as 80% of the RNA in tumors and confound the
measurement of other functional RNA types, we removed rRNA from total RNA by
using homologous rRNA sequences bound to magnetic beads. Then, using random

hexamer primers with affixed 3" tags, we generated strand-specific cONA from our
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existing pool of rRNA-depleted total RNA. After digesting the RNA from the RNA-
DNA duplex, we ligated a 5 tag to the single-stranded DNA. Finally, we purified the
DNA and PCR amplified the product using barcoded primers in order to generate our
final sequencing libraries. These sequencing libraries were assessed for quality and
subjected to high throughput sequencing using the Illumina platform to generate more

than 4 billion 100bp paired end reads (average of 32.7 million reads per sample).
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Figure 8: Method for generating ssRNAseq libraries. Ribosomal RNA was removed from
total RNA and the remaining RNA was synthesized into cDNA with the addition of a 3’ tag.
RNA was removed from the RNA-DNA duplex then a 5’ tag was added through DNA
synthesis to the remaining strand. The DNA was then purified and PCR amplified to
produce the final ssSRNAseq library.

46



The sequencing reads were aligned using TopHat, a spliced read aligner which
allows for sequencing reads to span multiple exons (Trapnell, Pachter et al. 2009). On
average, we were able to align 80% of the sequencing reads for each sample to the
reference genome. The Cufflinks software package was then used for reference-based
transcript assembly and quantification of gene and transcript level expression (Trapnell,

Roberts et al. 2012).

3.2 Strand-specificity of our RNA-Seq method

By using a strand-specific sequencing strategy, we maintained the orientation of
the transcript to enable more accurate transcript annotation and better prediction of
novel transcripts. An example of such strand-specific alignment is illustrated in Figure 9
for RNA transcribed from two genes encoded on opposite strands of the genome in close
proximity to each other. As this example indicates, reads from the neighboring genes
CD97 and DDX39A on chromosome 19 mapped with a high degree of specificity

(indicated by red and blue tracks) to the correct DNA strands encoding these genes.

Number || 50
of Reads

Reads Mapping to
Positive Splicing Track
Reads Mapping to
Negative Splicing Track

CD97 DDX39A

Figure 9: Strand-specific splicing of two nearby genes transcribed on opposite strands.
Total coverage (top track) shows reads align predominantly to exonic regions (bottom
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track). Positive and negative strand splicing tracks (middle) show that CD97 and DDX39
reads align solely to the positive and negative strands, respectively.

We systematically assessed the strand-specificity of our technique by evaluating
all the sequencing reads mapping to annotated genomic regions with non-overlapping
positive or negative strand genes. We further subdivided these sequencing reads based
on whether they mapped to the positive strand of the genome or the negative strand and
compared this to the genome annotation on a read by read basis. We found a high
degree of strand-specificity in our method as over 95% of the reads mapped to the
correct strand (p<10¢, Chi-squared test). This degree of strand-specificity was consistent

and reproducible across all the DLBCL samples.

3.3 RNA-Seq of FFPE samples

Since our method uses strand-specific random priming, we reasoned that it could
work robustly using the fragmented RNA that is typically recovered from
conventionally preserved FFPE cases. We obtained paraffin blocks from three DLBCL
patient tumors that were preserved using both flash freezing followed by storage at -
80°C and FFPE methods. We compared the measured gene expression in these cases and
found a striking degree of overlap (r = 0.93, p<10%, correlation test, figure 10). The
number of distinct genes identified, expression patterns indicating DLBCL subgroup
and strand-specificity were virtually identical for all paired cases indicating that our

method is efficacious in FFPE cases.
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Figure 10: Correlation of ssRNAseq gene expression measurements between FFPE and
frozen tissue preparations of the same patient sample.

3.4 Defining the coding and non-coding transcriptome of
DLBCL

In all, we identified 18,182 total coding and non-coding transcripts that were
expressed in at least 30% of the cases. These consisted of 16,534 known transcripts
which mapped to 11,139 distinct genes and 1,648 novel transcripts. Each transcript type
was identified using the genomic annotation from Ensembl (release 60) for the locus
where the sequencing reads were mapped.

Approximately 4% of all transcripts represented non-mRNA species while the
majority of the transcripts (83.6%) were found in the protein coding region. We were
able to robustly measure the expression of over one hundred snRNA, snoRNAs,

lincRNAs, microRNAs and other non-coding RNAs in our DLBCL cases (Table 1).
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Table 1: Detection of unique RNA-Seq transcripts matching known RNA species are
shown for individual RNA types.

Type of Transcript Number of RNAs Detected
Protein Coding 13,823
Processed Transcript 1,359
snRNA 123
snoRNA 106
miscRNA 101
lincRNA 83

We further examined the relative expression patterns of the different coding and
non-coding RNAs. While protein-coding RNAs were the most abundantly expressed
RNAs, we found that a substantial proportion of the non-coding RNAs were found to be
expressed at levels similar to mRNAs (Figure 11). For example, we found that the
lincRNAs NEAT1 and CRNDE, which have both been implicated in cancer (Kim, Hwan
et al. 2010, Graham, Pedersen et al. 2011) were highly expressed in DLBCL, suggesting

that these lincRNAs may have an important role in hematological malignancies.
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Figure 11: Expression levels of various RNA species. A substantial proportion of the non-
coding RNAs were found to be expressed at levels similar to mRNAs.

3.5 Distinguishing ABC and GCB DLBCL through RNA-Seq

We performed gene expression profiling on 112 DLBCL cases using Affymetrix
Gene 1.0 microarrays, and identified 38 ABC DLBCL and 40 GCB DLBCLs (Jima, Zhang
et al. 2010). We then examined the differences in the molecular features that
distinguished these two subgroups of DLBCLs. Gene mutations that distinguish these
DLBCL subgroups have been described previously (Morin, Mendez-Lago et al. 2011,
Zhang, Grubor et al. 2013) using high throughput sequencing of tumors. We examined
individual variants in genes that were previously identified as somatically mutated in
either ABC or GCB DLBCLs and identified the corresponding variants in those genes
from our RNA-Seq data. We found that RNA-Seq identified recurrent variants in six
genes that were specific to DLBCL subgroups. While GNA13, EZH2 and BCL2

mutations occurred largely in GCB DLBCLs, mutations in MYD88, CD79B and UQCRC1
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occurred predominantly in ABC DLBCLs. These data suggest that the variants identified
by RNA-Seq can be used in classifiers that aid the distinction of ABC and GCB DLCBLs.

We further defined the expression of genes and noncoding RNAs in these
DLBCLs using RNA-Seq. Using the Cufflinks package, we quantified the number of
reads mapping to each exonic locus (Trapnell, Roberts et al. 2012). These FPKM
expression data were log-transformed and quantile-normalized. Permutation testing
identified genes and non-coding RNAs with significant t-statistics (FDR<0.1 after
multiple hypothesis testing correction) and significant fold changes (fold change >1.5
and p<0.05) between ABC and GCB DLBCL.

We found the expression of 210 genes and non-coding RNAs distinguished ABC
and GCB DLCBLs. A number of these genes including IRF4, FOXP1, MYBL1, and MME
(CD10) have been described previously in studies using microarrays to render this
distinction (Wright, Tan et al. 2003). In addition to protein coding genes, we were able
to identify differentially expressed lincRNAs (e.g. AC016525.3, LL22NC03-23C6.13),
snRNAs (e.g. SNORA42), snoRNAs (e.g. SNORNA42, SNORND104) and other non-
coding RNAs (e.g. miR-155) that could distinguish ABC from GCB DLBCL.

In addition to our previously identified microRNAs that distinguish ABC and
GCB DLBCLs, we also found that a number of other non-coding RNAs including small

nucleolar RNAs (snoRNAs) and small nuclear RNAs (snRNAs) that are enriched for a
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particular subgroup. To our knowledge, this is the first time expression of these non-

coding RNAs has been described in DLBCLs.

3.6 Measuring alternative splicing with RNA sequencing

In order to comprehensively illustrate the role of alternative splicing in DLBCL,
we have employed two complementary approaches. First, we applied high throughput
methods to broadly define the transcriptome of normal and malignant B cells. Second,
we used experimental methods to demonstrate the biological significance of deregulated
splicing. These approaches enabled us to clearly identify consequences of alternative
splicing in lymphoma.

In order to ensure the reproducibility of identified splicing events, we utilized a
discovery set-validation set approach. The two datasets we used were our RNA-Seq data
and a separate large published dataset of RNA-Seq in 86 DLBCL cases (SRA accession
SRP001599) (Morin, Mendez-Lago et al. 2011). We applied a set of methods published
previously (Anders, Reyes et al. 2012) to discern differentially spliced genes from our
DLBCL RNA-Seq data. We began by normalizing the data based upon sequencing
library size and mapped the sequencing reads to a gene model that incorporates all
exons. Differentially spliced genes that distinguished ABC and GCB DLBCL were
identified at a threshold of FDR <0.1 and p<0.05 in both data sets. In all, we found 1,347

genes that were differentially spliced in our discovery set, of which 1,021 genes were
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also in the validation set, indicating that our method generated reproducible results in
different DLBCL datasets.

Differentially expressed genes were annotated separately and not considered
among alternatively spliced genes. For over 90% of the alternatively spliced genes, we
found that the majority (over 50%) of exons were expressed at similar levels in ABC and
GCB DLBCL, thereby demonstrating that our method was able to discern the few exons
that were differentially spliced in those cases. We found that the splicing events could be
broadly subdivided into three main classes similar to those described previously
(Mortazavi, Williams et al. 2008): alternative 5 splicing, alternative 3’ splicing and exon
skipping. We found that exon skipping comprised the largest proportion of events (50%)
compared to alternative 5 and 3’ splicing events (26% and 24%, respectively).

A number of very important genes involved in B cell biology were found to be
differentially spliced between the ABC and GCB subgroups including BCL2L13, a pro-
apoptotic BCL2 family member that regulates cell death through its C-terminal domain
(citation). We found that an exon region in the C-terminal end of the gene was
preferentially skipped in GCB samples and confirmed this event through qPCR (Figure

12).
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Figure 12: Alternative splicing of BCL2L13 in DLBCL. Top: Exon expression averaged
across ABC (red) and GCB (blue) sample groups with alternatively spliced exon
region 25 (ER25) shown below in red along with alternate isoforms. Bottom:
Increased exon skipping of ER25 in GCB samples is shown by qPCR. GCB samples
(blue) have much lower expression of ER25 compared to ABC samples (green). All
samples have relatively equal gene expression as measured by exon region 26 (ER26).
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An example of alternative 5" splicing in the serine-threonine kinase STK17B is
shown in Figure 13. In this gene, ABC and GCB DLBCLs differ primarily in the
expression of exons 1 and 2, with GCB DLBCLs having much higher expression of these
exons. Downregulation of the pro-apoptotic STK17B has been described in DLBCL as
compared to less-aggressive reactive lymphoid tissues and non-Hodgkin’s lymphoma

(citation).
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Figure 13: Alternative splicing of STK17B in DLBCL. Top: Exon expression averaged
across ABC (red) and GCB (blue) sample groups with increased expression of 5" exons
shown in the GCB samples. Bottom: PCR products of GCB (G) and ABC (A) samples
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showing increased 5" exon expression in GCB samples as indicated by splicing
between exons 1 and 2. Exon expression in the body of the gene is equal in both
sample sets as indicated by splicing between exons 4 and 5.

Lastly, an example of alternative 3’ splicing in the transcription factor BACH2 is
shown in Figure 14. Higher expression of exon regions 9-11 is detected in GCB DLBCL
compared to ABC DLBCL samples whereas there is equivalent expression of all other

exons.
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Figure 14: Alternative splicing of BACH2 in DLBCL. Top: Exon expression averaged
across ABC (red) and GCB (blue) sample groups with increased expression of 3’ exons
shown in the ABC samples.

We applied quantitative PCR and Sanger sequencing to these representative
events and 10 additional genes and found excellent agreement with RNA-Seq (12 of 13

events were validated, Appendix C).
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3.7 Biological processes affected by alternative splicing

We further investigated the biological processes affected by alternative splicing
by examining the ontologies of the 1,021 genes that were alternatively spliced in DLBCL
using gene set enrichment analysis (Subramanian, Tamayo et al. 2005). We found that
these alternatively spliced genes were selectively enriched in a number of different
pathways important in lymphomas including those related to immune function, cell
cycle progression and focal adhesion pathways (p<0.001, FDR<0.1, figure 15). These data
suggest that alternative splicing regulates a number of important oncogenic processes in

DLCBL.
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Figure 15: Ontologies of alternatively spliced genes in DLBCL identify recurrent important
cellular processes that are affected by alternative splicing in DLBCL.
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3.8 Consequences of alternative splicing inhibition

Alternative splicing is regulated through numerous complex processes that fine
tune the specificity of isoform expression in a tissue-specific and lineage-dependent
manner. SR proteins play a key role in stabilization of the spliceosome by guiding
proper assembly of the spliceosome components.

We wanted to investigate the effects of induced deregulation of alternative
splicing to determine the genes that change in response to spliceosome inhibition. The
Cdc2-Like Kinase inhibitor TG003 has been shown to affect phosphorylation of SR
proteins and consequently disrupt regulation of alternative splicing. We treated the
wild type ABC and GCB cell lines TMD8 and BJAB with TG003 and then isolated RNA
to perform strand-specific RNA sequencing. We first looked at CLK1, a known target of
TG003, and observed significant changes in exon expression in both cell lines (Figure

16).
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Figure 16: Splicing track showing exon junctions detected in CLK1 in TMDS cells pre-
and post-treatment with TG003. Untreated are shown in blue and treated samples are
shown in red.

Next, we determined the genes that were differentially spliced between each cell
line pre- and post-treatment with TG003. Of the approximately 12,000 genes expressed
in these samples, 3,949 and 2,768 genes were alternatively spliced upon TG003 treatment
in BJAB and TMDS8, respectively. There was significant overlap between these two
groups as 1,984 genes were affected in both BJAB and TMDS8 (p<0.0001, Chi-squared
test). We used GSEA to analyze the canonical pathways that were most common in
these 1,984 overlapping genes and found these genes were frequently involved in the

immune system, cell cycle and metabolism (Figure 17).
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Figure 17: Canonical pathways of genes with evidence of deregulated splicing after
TGO003 treatment.

Finally, we sought to investigate the overlap of pathways that are more
commonly alternatively spliced in ABC or GCB with those that were deregulated upon
treatment with TG003. We hypothesized that the pathways which were more
commonly spliced in a particular subtype would also be more likely to be deregulated
after spliceosome inhibition by TG003 in a cell line of the same subtype. We began by
looking at the GSEA Reactome pathways that were preferentially spliced in a subtype-

specific manner and then measured the percentage of genes that were downregulated in
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these same pathways after TG003 inhibition (Figure 18). The significant correlation

between these pathways and subgroups further demonstrates the critical role of

alternative splicing in DLBCL.
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Figure 18: GSEA Canonical Pathways enriched for splicing in a subtype specific
manner (top) were significantly deregulated in cell lines of the corresponding
subtype (bottom).
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3.9 Merging RNA-Seq with other NGS Technologies

As mentioned previously, the true value of NGS lies not just in the vast amount
of data that it generates, but in the focused analysis of specific signals that provide better
understanding of biology and disease. This is best accomplished when multiple NGS
techniques are combined to analyze the same dataset from the perspective of the
genome, transcriptome and epigenome all together. Therefore, as a means to better
understanding the role of the altered transcriptome in patients with DLBCL, we have
profiled these same cases using Affymetrix microarrays, Exiqon microRNA microarrays
and DNA exome sequencing. These cases and their corresponding NGS data provide a
starting point for the comprehensive exploration of the fundamental genetics of DLBCL
and the consequences of altered transcription in this disease.

One of the intriguing findings from our cohort of NGS data was in a GTP
binding protein named GNA13. Mutation and expression patterns in this gene
suggested it has a specific role to germinal center-derived lymphoma pathogenesis.
Chapter 4 explains how further analysis of this gene and its related pathways revealed a
unique angle of lymphomagenesis and insight into how a normal biological process can

go awry.
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4 Understanding the role of GNA13 deregulation in
lymphomagenesis

GNA13 is a G alpha (Ga) subunit that binds G Protein-Coupled Receptors
(GPCRs) and works as an intermediate effector in signaling from GPCRs to downstream
proteins through transport of GTP molecules. GPCRs are transmembrane-spanning
proteins that mediate signals from the extracellular region into the cell in order to send
messages and respond to the external environment. GNA13 normally rests at the
interior surface of the plasma membrane in a complex bound to a GPCR, as well as a G
beta (GB) and a G gamma (Gy) subunit. In this stage, GNA13 holds a molecule of GDP
in its GDP/GTP binding domain. Upon binding of the external domain of the GPCR to a
ligand, a conformational change occurs throughout the entire GPCR and causes GNA13
to change conformation as well, opening up the GDP/GTP binding pocket and allowing
release of GDP in exchange for GTP. Consequently, GNA13 is released from the protein
complex and moves through the cytosol carrying its precious GTP cargo. GNA13 will
soon come into contact with a downstream effector and pass the GTP to that protein. At
this stage GNA13 will return to the cell surface where it will form another complex with
a GPCR until the next signal is received.

This cycle of Ga subunit activity is well understood as it is a ubiquitous signaling
mechanism found in all tissue types. However, the relative simplicity of Ga subunit
behavior is overshadowed by the complexity of the signaling interactions it mediates.

Recent estimates suggest up to 1,000 different GPCRs exist, many of which bind multiple
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ligands, and when combined with dozens of different Ga, GB and Gy subunits, the
possibilities for different signaling pathways are nearly endless (Baumann 2013). In
studying GNA13, the challenge lies in identifying which signaling pathways (GPCRs,
beta subunits, gamma subunits and downstream effectors) are relevant in the context
being studied and how genetic aberrations to any components affect the pathway as a

whole.

4.1 Known roles of GNA13 in cancer

Ga subunits are categorized into four families: Gai, Gas, Gag and Gazis. Each
family is made up of multiple different Ga subunits that perform a variety of functions.
GNA13 is a member of the Gai2i13 family and its role signaling through RHOA has been
described in the context of breast cancer (Tan, Martin et al. 2006, Yagi, Tan et al. 2011),
prostate cancer (Rasheed, Teo et al. 2013), pancreatic cancer (Gardner, Ha et al. 2013) and
Kaposi sarcoma (Shepard, Yang et al. 2001, Martin, Tanos et al. 2007). In these cancers,
increased expression and constitutive activation of the GNA13/RHOA signaling
pathway is associated with increased cell migration, invasion and metastasis and as such
GNA13 has been considered to be an oncogene. By contrast, GNA13 is recurrently
silenced in germinal center lymphomas including GCB DLBCLs and BLs, suggesting
that it functions as a tumor suppressor gene in the context of lymphoma.

Until NGS studies of lymphoma revealed a possible role for GNA13 in

lymphoma, little research had been performed on its role in B cell biology. We
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hypothesized that GNA13 had specific roles in germinal center B cell biology that
directly led to its role as a tumor suppressor gene in B cell lymphomas. Therefore, we
began by studying the normal role of GNA13 in B cells to better understand how

mutations in this gene could contribute to lymphoma.

4.1.1 Role of GNA13 in B cell biology and lymphoma

Our exome and total RNA sequencing of lymphoma revealed that GNA13 was
mutated in 13/53 (25%) of BL cases and 7/35 (20%) of GCB DLBCL cases but not in ABC

DLBCL (0/29), or other lymphomas (0/69) (Figure 19).
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Figure 19: Mutations in GNA13 are only detected in the germinal center-derived
lymphomas BL and GCB DLBCL.

Sequencing of paired normal tissue and Sanger sequencing confirmed that these

mutations are somatically acquired (Figure 20).
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Figure 20: Sanger sequencing of tumor and paired normal samples GCB-
DLBCL 705 and GCB-DLBCL 833 for mutations in GNA13.

Mutations in GNA13 were roughly clustered around the three switch region
domains and four GTP-binding domains (Figure 21). One mutational hotspot was
identified in 5 samples and located early in the gene (amino acid 27 of a normally 377
amino acid protein). 4 of these 5 samples had nonsense mutations, which are considered
to be loss-of-function as they are either untranslated, immediately degraded or form a
truncated version of the protein. Another nonsense mutation was found at amino acid
183. In addition, one sample was found to have an in frame deletion and one sample

had a frameshift mutation. The remaining mutations were all nonsense mutations.
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Figure 21: Mutations in the coding region of GNA13 in B cell lymphoma discovered
through exome and RNA sequencing. Color-coding indicates types of
nonsynonymous mutations as well as important functional protein domains. The
numerical scale in black indicates the protein length in amino acids.

When visualized along a publically available 3D structure of a Ga subunit from
the RCSB Protein Data Bank (PDB ID 3AB3, (Hajicek, Kukimoto-Niino et al. 2011)), the
missense mutations in GNA13 clearly surround the GDP/GTP binding pocket (Figure
22). This suggests that these mutations disrupt the normal conformation of the pocket
and perhaps prevent GNA13 from properly exchanging GDP and GTP. Therefore,
without the ability to properly change conformation, signaling through the GPCR to
downstream effectors is most likely compromised by these mutations in GNA13. As the
majority of mutations in GNA13 are monoallelic, this suggests that GNA13 mutations
are oncogenic either through a dominant negative blockade of GPCR signaling or due to

haploinsufficiency.
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Figure 22: 3D structure of GNA13 with mutations highlighted in orange and a
GTP molecule shown in green. Amino acid mutations for selected residues are
labeled.

Recent NGS studies of lymphoma have also identified mutations in GNA13 with
the same characteristics described here: that mutations in GNA13 are somatically
acquired, present only in germinal center derived-lymphomas and have characteristic
loss-of-function alterations (Morin, Mendez-Lago et al. 2011, Morin, Mungall et al. 2013).
These findings directly contradict the gain-of-function phenotype of GNA13 in breast,
prostate and pancreatic cancer. This, coupled with the highly specific cell of origin in
which these loss-of-function mutations are found, suggests there is something unique

about the germinal center B cell that gives GNA13 a role as a tumor suppressor.
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4.1.2 GNA13 expression in healthy B cells

In order to better understand the function of GNA13 in the germinal center, we
began by looking at its expression across multiple types of B cells. RNA sequencing and
microarray gene expression data both showed that GNA13 expression was upregulated
in germinal center cells compared to naive cells, plasma or memory B cells. To validate
this finding, we sorted these cell populations from human tonsils then harvested RNA

and used qPCR to measure the expression of GNA13 (Figure 23).
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Figure 23: Quantitative PCR of GNA13 expression in naive, germinal center, memory
and plasma cells.

This suggests that as naive cells become activated by T cell antigen and enter the
germinal center reaction, expression of GNA13 is upregulated and maintained
throughout the entirety of the reaction. GNA13 expression is then downregulated once

the germinal center cell differentiates into either a memory or plasma cell. Therefore,
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GNA13 plays a critical role in the germinal center reaction as its expression is increased
specifically for this stage of B cell maturation.

We also looked at GNA13 expression in the dark and light zone germinal center
populations via qPCR. Although we saw a trend of higher GNA13 expression in the
dark zone, this data was not conclusive so we turned to a protein-based approach. We
used hematoxylin and eosin (H&E) and immunohistochemistry (IHC) staining to look at
GNA13 expression in the germinal center, dark zone and light zone. These techniques
showed great enrichment of GNA13 protein in germinal centers compared to
surrounding naive cells and also revealed that GNA13 expression was present

throughout both zones of the germinal center (Figure 24).

GC marker DZ marker

Figure 24: H&E staining (top) shows germinal centers in a section of human tonsil.
THC (bottom) shows staining of traditional GC, LZ and DZ markers BCL6, CD23 and
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AID. IHC staining of GNA13 suggests that its expression is highest in germinal
centers and present in both the dark and light zones.

4.1.3 GNA13 expression in lymphoma

Extending our analysis of GNA13 expression to lymphoma cases showed that
GNA13 was more highly expressed in GCB DLBCL than ABC DLBCL or unclassified
DLBCL (UC) based on RNA sequencing data (Figure 25, p<0.001). When we separated
the GCB DLBCL samples into those that were either mutant or wild type for GNA13 we
found that the mutant samples had lower expression on average but that this was not

statistically significant.
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Figure 25: RNA-Seq expression of GNA13 in GCB, ABC, and UC DLBCL (left). RNA-
Seq expression of GNA13 in mutant and wild type GCB DLBCL cases (right).

To understand the consequences of GNA13 on translation, we harvested protein
from B cell lymphoma cell lines. Through western blotting we found that protein
expression among cell lines with a known mutation or copy number loss (from the

COSMIC CONAN project (Shepherd, Forbes et al. 2011)) was quite variable but in
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general lower than the expression of wild type samples (Figure 26). Complete loss of
protein product in some cases indicated that mutations in GNA13 in lymphoma are

truly loss of function.
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Figure 26: Western blot of DLBCL and BL cell lines for GNA13 and GAPDH.
Mutation status of GNA13 for each allele is indicated above.

Finally, we performed qPCR on DLBCL and BL patient samples and showed that
expression of GNA13 was significantly higher in both BL and GCB DLBCL as compared

to ABC DLBCL (Figure 27).
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Figure 27: Quantitative PCR of GNA13 expression in BL, GCB DLBCL and ABC
DLBCL.
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4.1.4 Proteomics analysis identifies GNA13 binding partners

Once we determined that GNA13 expression was enriched in germinal center B
cells compared to non-germinal center B cells both in normal tissue and cancer, we
wanted to learn more about the function of this alpha GPCR subunit in the context of the
germinal center. We chose to use liquid chromatography-mass spectrometry (LC-MS) as
a high throughput method for identifying protein-protein interactions involving GNA13

in B cells.

4.1.4.1 Methodology

We began by overexpressing GNA13 in BL and DLBCL cell lines. We
overexpressed wild type GNA13 with an N-terminal FLAG tag in cell lines that
contained a mutation in GNA13 and expressed little or no protein at baseline. We also
generated a constitutively active form of N-terminally FLAG-tagged GNA13 (Ga13-
Q226L) through site-directed mutagenesis and overexpressed this construct in cell lines
with wild type GNA13 expression at baseline.

We grew cells overexpressing GNA13 and also cells transfected with template
control until we had 200 million cells of each type. At that point we pelleted each
sample and washed the cells three times with PBS. We then gave these samples to our
collaborators Matthew Walker and Ben Major at the University of North Carolina who

performed LC-MS.
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4.1.4.2 LC-MS Results
We assayed two different cell lines using this method and also performed the
experiment using two different lysis buffer conditions to detect binding interactors of
different strengths. With the results from these four experiments, we were able to make
a ranked list of likely GNA13-binding partners based on the number of peptide
fragments for a particular gene that were identified in each sample (Table 2).
Table 2: Possible GNA13-binding proteins identified through LC-MS.

Samples are ranked based on the number of unique peptides that were found and the
number of samples in which they were found.

Gene Rank Gene Name Number of Peptides

1 GNB1 26
2 RIC8A 18
3 GNB2 10
4 GNG5 8
5 LCP1 8
6 IGKC 6
7 TAPBP 3
8 GNG7 2

These findings were promising as many of the top hits have biological relevance
to GNA13. GNB1 and GNB2 are Gf subunits and GNG5 and GNG7 are Gy subunits
which implies that we are detecting a portion of GNA13 that is sitting at the plasma
membrane in a complex with a GPCR. As there are more than a dozen different Gf3 and

Gy subunits, this is the first data to suggest these are the primary 3y subunits involved
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in GNA13 signaling. Unfortunately we did not detect any receptors at significant levels
in our LC-MS data, which was not surprising as receptors are difficult to isolate from the

plasma membrane for analysis.

4.1.4.3 LC-MS validation and interpretation

To validate these findings we used a traditional co-immunoprecipitation method
to pulldown our FLAG-tagged GNA13 along with its binding partners. As hoped, we
indeed saw enrichment of our top hit, GNB1 binding to GNA13 in our cell lines. We

also saw strong enrichment of RIC8A and slight enrichment of the receptor SIPR2

(Figure 28).
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Figure 28: Co-immunoprecipitation of FLAG-GNA13 protein.

RICS8A is a known downstream interactor of GNA13 but has not been well
described in the context of the B cell (Tall and Gilman 2004). RIC8A acts to transfer the

GTP molecular from an activated GNA13 protein and pass it along to a downstream
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signaling partner. Proteins that function in this way are known as guanine nucleotide
exchange factors (GEFs). The three main GEFs that are known to be associated with
GNA13 are all Rho-GEFs, meaning they directly activate RHOA, RHOB or RHOC.
These proteins, ARHGEF1, ARHGEF11 and ARHGEF12 (also known as p115-RhoGEF,
PDZ-RhoGEF and LARG) are all expressed in B cells and it was assumed that the
majority of GNA13 signaling would be through these Rho-GEFs. Therefore, in addition
to identifying GNA13 binding partners, our LC-MS study has revealed an unexpected

GEF with importance for GNA13 signaling in B cells.

4.2 GNA13, RHOA and the focal adhesion pathway

A major strength of NGS is the ability to study entire pathways of genes instead
of focusing on a single gene at a time. We have studied the overlaps between our exome
sequencing, RNA sequencing, microarray and LC-MS data to develop a better

understanding of the pathways in which GNA13 play a role in germinal center B cells.

4.2.1.1 Mutual exclusivity of focal adhesion mutations

One striking feature of GNA13 in lymphoma is the specificity of mutations
arising in germinal center-derived lymphomas BL and GCB DLBCL and never in other
lymphomas including closely related ABC DLBCL and MCL. We wanted to know
which other genes that were expressed in germinal center cells (based on RNA-Seq and
microarray) were also frequently mutated in BL and GCB DLBCL (according to exome
and RNA sequencing). To find proteins that were likely in the GNA13 pathway, we also
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required that genes be nearly mutually exclusive in mutations by requiring that fewer
than 20% of the mutated samples also have a mutation in GNA13. These criteria
produced a list of 81 genes that had recurrent mutations enriched in germinal center-
derived lymphoma that were highly mutually exclusive to GNA13.

To understand the nature of these 81 genes, we used the program STRING v9.1
(Franceschini, Szklarczyk et al. 2013). This program identifies links between genes based
on existing experimental data and literature. 69 interactions were detected between
these 81 proteins, which is highly significant (p<1x10", hypergeometric test). Two
major networks of interacting genes were revealed: one set including genes involved in
proliferation and DNA repair and including the known oncogene MYC and another set
involving genes known for their role in focal adhesion formation and including GNA13

and RHOA (Figure 29).
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Figure 29: Genes that are recurrently and specifically mutated in germinal center-
derived cancers. Two major networks of genes, focal adhesion (blue) and
proliferation and DNA repair (green), are circled.

GNA13 is likely involved in multiple signaling pathways in germinal center cells.
Mutual exclusivity of mutations help to suggest which genes are in the GNA13 pathway
as it is likely that for a cell to become oncogenic it will need mutations in multiple

pathways, but only one mutation in each pathway. Of course, full mutual exclusivity is
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not needed as cells may acquire one hit in the pathway early and then acquire another
mutation as the cancer develops due to deregulated enzymatic activity. T

We graphed the mutations of genes in the focal adhesion pathway identified by
STRING v9.1 and the samples in which they occurred (Figure 30). We found evidence of
mutual exclusivity between these mutations which strongly suggested that these genes
do in fact operate in a pathway. Amazingly, 68% (x/x) of the germinal center
lymphomas for which we had variant calling data had a mutation in one of these 12

genes in our focal adhesion pathway.

Figure 30: Mutations in focal adhesion genes are highly mutually exclusive. Teal
boxes indicate a mutation in a particular gene (rows) and sample (columns). Samples
are either BL (orange), GCB DLBCL (blue) or UC DLBCL (green).

For comparison, we added MYC, ID3 and TP53 mutations into this analysis and
the effect of mutual exclusivity was lost (Figure 31). Nearly half of the samples with a
mutation in a focal adhesion gene also had a mutation in MYC, ID3 and/or TP53,

suggesting that a hit is needed in both the focal adhesion pathway and at least one of

these oncogenes.
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Figure 31: Mutations in the oncogenes MYC, ID3 and TP53 are not mutually exclusive
to mutations in focal adhesion genes. Pink or teal boxes indicate a mutation in a
particular gene (rows) and sample (columns). Samples are either BL (orange), GCB
DLBCL (blue) or UC DLBCL (green).

The canonical GNA13 binding partner and effector RHOA was one of the focal
adhesion genes identified through this analysis. Visualization of the location of
mutations in RHOA on a 3D structure revealed that these nonsynonymous mutations
occurred at the interface between RHOA and a Rho-GEF (PDB ID 2RGN, (Lutz,
Shankaranarayanan et al. 2007)), suggesting that these are loss-of-function mutations

that prevent proper binding between these two proteins (Figure 32).
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Figure 32: 3D structure of a Ga subunit (pink), Rho-GEF (orange) and RHOA (green).
Mutations in RHOA are highlighted in teal.

4.2.1.2 RNA-Seq of GNA13 and RHOA knockdown cell lines

To better understand the consequence of loss-of-function mutations in GNA13
and RHOA, we used shRNAs designed against these genes in BL and GCB DLBCL cell
lines. RNA and protein expression was reduced to 30-40% of wild type and scramble
control levels in the BL cell lines Namalwa and Ramos and the GCB DLBCL cell line

BJAB (Figure 33).
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Figure 33: Knockdown of GNA13 in Ramos and Namalwa cell lines was confirmed
through qPCR (left) and western blotting (right). Scr. = scramble, #1 = GNA13 shRNA
#1, #2 = GNA13 shRNA #2.

Similar to the method used in the LC-MS experiments, we also overexpressed
wild type GNA13 in two cell lines with mutations in GNA13. This time, however, we
overexpressed GNA13 alone without a FLAG tag. We then harvested RNA from
knockdown and knockin these cell lines and the proper control cell lines and performed
total RNA sequencing. We found that there was strong correlation in the gene
expression changes for each individual condition (GNA13 or RHOA knockdown or
GNA13 knockin) across different cell lines. There was also a strong correlation in gene
expression changes between GNA13 knockdown and RHOA knockdown within the
same cell line (Figure 34). The similarity in the changing gene expression patterns upon
GNA13 and RHOA knockdown are further proof that these genes function primarily

along the same signaling pathway in germinal center B cells.
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Figure 34: Correlation in gene expression in knockdown cell lines.

Investigating the function of the genes that changed in expression after GNA13
or RHOA knockdown or GNA13 knockin revealed surprisingly few hints to the
downstream effectors of the GNA13-RHOA pathway. GSEA of these genes was
enriched for MYC signaling and mitosis pathways but a MYC luciferase assay and
multiple proliferation assays showed no conclusive data that these were truly affected
by GNA13 or RHOA expression.

We measured the correlation in the changes in gene expression due to changes in
GNA13 or RHOA expression with MYC status, AID expression and expression markers
for various B cell stages and subtypes but saw no significant correlations. Finally, we
investigated the overlap with a dark zone/light zone gene signature developed in our

lab as well as a recently published signature (Victora, Dominguez-Sola et al. 2012) and
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observed a strong correlation. We found that expression of dark zone genes increased
upon GNA13 and RHOA knockdown and expression of light zone genes increased upon
GNA13 knockin (p<107, Fisher’s Exact Test, Figure 35). This finding suggests that loss-
of-function mutations in GNA13 and RHOA may promote a dark zone phenotype,
which could over time lead to an extended period of increased proliferation and

mutation due to off-target somatic hypermutation.
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Figure 35: Association of GNA13 and RHOA knockdown and overexpression with
germinal center dark and light zone gene signatures.

4.2.1.3 Focal adhesion genes detected by LC-MS

Through our LC-MS studies of cells lines overexpressing FLAG-tagged GNA13,
we identified a list of potential interacting proteins with at least 2 unique peptide
sequences. Gene expression microarray confirmed the majority of these proteins were
well-expressed in germinal center B cells, indicating that these were true potential

candidates for interactors. GSEA of these proteins indicated the focal adhesion pathway
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was significantly enriched among these genes (p<0.001, hypergeometric test). These
genes were clustered based on using STRING v9.1 and the focal adhesion genes are

shown in Figure 36.
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Figure 36: Focal adhesion genes identified through LC-MS

Taken together, these multiple different lines of evidence from our exome
sequencing, RNA sequencing, microarray, LC-MS and functional studies suggest a role
for GNA13 in coordinating focal adhesion formation, cytoskeletal arrangement, and
dark/light zone structure in germinal center cells.

Although these computation analyses and in vitro experiments yielded a

significant amount of information and insight into the role of GNA13 in germinal center

86



biology, the best way to study these processes is through in vivo experiments. In order
to better study the complex mechanisms of development and oncogenesis we needed to
develop a mouse model in which we could investigate the role of GNA13 in B cells, focal

adhesion and lymphomagenesis.

4.3 Developing a mouse model to investigate the role of
GNA13 in lymphoma

The mouse immune system is the best understood among all model organisms
and is widely used to study mouse development and cancer models. GNA13 knockout
mice are embryonic lethal (Moers, Nieswandt et al. 2003) so in order to better determine
the molecular mechanisms by which GNA13 mutations contribute to lymphoma, we
have developed a conditional GNA13 mouse model based on the findings of the DLBCL
and BL mutation landscape from our exome and RNA sequencing and our preliminary

studies in human cell culture.

4.3.1 Mouse strains

GNA13% mice were first developed in 2003 (Moers, Nieswandt et al. 2003) and
have been used to study a broad variety of biological processes involving G alpha
signaling including angiogenesis, neural migration and marginal zone B cell
development (Rieken, Herroeder et al. 2006, Rieken, Sassmann et al. 2006, Moers,
Niirnberg et al. 2008, Sivaraj, Takefuiji et al. 2013). We used this strain as a basis for our
study. We first designed parallel experiments to investigate the consequences of GNA13

deletion in either germinal center B cells alone or throughout the entire B cell lineage.
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This was achieved by crossing the GNA13%f mice with either AID-Cre (germinal center
specific) or Mb1-Cre (pan B-cell specific) mice to delete GNA13 expression in a tissue-
specific manner.

In addition to developing these two GNA13 knockout strains, we also
investigated the consequence of GNA13 deletion in the context of MYC overexpression
via crossing our mice to the well-established Eu-Myc transgenic mouse (Harris, Pinkert
et al. 1988, Sidman, Shaffer et al. 1993, Ruddell, Mezquita et al. 2003). Mice bearing the
Ep-Myc transgene develop a heterogeneous disease that is suggested to model human
BL and DLBCL (Segal, Friedman et al. 2005). By crossing GNA13%% mice with Epu-Myc
hemizygous (Eu-Myc+) mice we aimed to determine if loss of GNA13 expression
increases the rate of onset of tumor formation.

The strains established in our study provide a basis to investigate the role of
GNA13 signaling in the germinal center reaction and better understand how
deregulation of this signaling protein can lead to lymphoma. The potential findings will
help uncover the basic mechanisms underlying both normal germinal center
development and lymphomagenesis and ultimately lead to the finding of better

methods to target and treat lymphoma.

4.3.2 Breeding scheme

In order to generate a significant number (20-25) of GNA13fl/Cre+ or

GNA13fl/Ep-Myc+/Cre+ mice, we began by breeding Eu-Myc mice, Mb1-Cre mice and
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AID-Cre mice with GNA13%f mice. In the first generation, male Ep-Myc+ mice were
mated with female GNA13%f mice to generate GNA13*Eu-Myc+ in one quarter of the
offspring. As the Eu-Myc transgene is highly oncogenic, we only allow one copy per
mouse and have elected to exclude Epu-Myc+ females from breeding as they would be at
risk for developing lymphoma during pregnancy or while nursing pups.

At the same time, Mb1-Cre+ and AID-Cre+ mice were mated with GNA13%1 mice
to generate heterozygous GNA13 deletion in half of the offspring. Similar to the Ep-
Myc+ mice, we choose to have no more than one Cre allele expressed in a given mouse
due to the off-target and deleterious effects that can arise when two Cre alleles are
present.

In the second generation, GNA13 #*Eu-Myc+ mice were mated to GNA13
#Mb1Cre+ or GNA13 *AID-Cre+ mice. 1/16 of the offspring from these breeding pairs
were our knockout mice of interest (GNA13 "Eu-Myc+/Cre+) and another 1/8 had
heterozygous GNA13 deletion. Both the heterozygous and knockout deletion strains are
of interest as GNA13 alterations in human DLBCL and BL patients are most commonly
heterozygous in nature but are sometimes homozygous. GNA13 wild type Eu-Myc+
littermates were used as controls to determine the synergistic effect of GNA13 mutation
and MYC overexpression. GNA13** wild type Eu-Myc littermates were also used to

control for the effects due to Eu-Myc+ activity alone.
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In parallel with the Eu-Myc+ breeding, we also generated GNA13fl/Mb1Cre+ and
GNA13fl/AID-Cre+ mice in the absence of Eu-Myc+ to study the consequences of tissue-
specific deletion of GNA13 alone. These mice were generated by breeding GNA13 *

mice with GNA13 #*Mb1-Cre+ or GNA13#+*AID-Cre+.

4.4 The Eu-Myc tumor phenotype

Ep-Myc mice are thought to model BL but are also known to be quite
heterogeneous. We wanted to know if the tumors in Eu-Myc+ mice often originated
from germinal centers like in classical BL. In order to analyze the B cell stage of
lymphoma development in our Ep-Myc+ mice, we sacrificed the tumors and Peyer’s
Patches of five Epu-Myc+ mice that had developed tumors between 6 weeks and 1 year of
age. These samples, along with spleen from a wild type mouse were staged according to
panel of B cell markers using flow cytometry. Early B Cells were characterized as B220+,
CD43+, IgM+, germinal center B cells were characterized as B220+, GL7+, Fas+, CD38-,
CD4- and late B cells were characterized as B220+, CD138+, IgD—, IgM-. All 5 mice
were found to have early B cell lymphomas but the markers ranged in expression levels
(3 representative examples are shown in Figure 37). Peyer’s patches in the Eu-Myc+

mice contained a mixture of tumor and normal cells.
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Figure 37: Markers for various B cell populations show that clonal tumor populations
arising in Eu-Myc+ mice vary in their point of origin within the B cell lineage.

In addition to measuring the number of germinal center cells, the relative
proportion of dark zone and light zone germinal center cells were also analyzed in the
Peyer’s Patches of wild type and Eu-Myc+ mice. Peyer’s Patches are chronically
stimulated by gut-associated antigens and thereby continually maintain a substantial

portion of active germinal centers. Interestingly, the Peyer’s patches in the Eu-Myc+
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mice which had developed lymphoma consistently had a significantly greater

percentage of germinal center cells as a proportion of the total B cell population yet a

significantly smaller percentage of B cells overall as compared to wild type mice (Figure

38).
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Figure 38: Comparison of Peyer’s Patch B cell populations in a wild type and an Ep-
Myc+ mice with lymphoma. Top: Flow sorting scheme. Bottom: Percentage of B cell
populations for each mouse. Data is representative of 5 experiments.
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4.5 Germinal center induction via sheep red blood cell
exposure

Staging of 5 initial Eu-Myc+ lymphomas indicated that although this strain is
commonly used to model BL, the majority of the tumors that form are from a B cell stage
other than the germinal center. In order to better observe the consequences of GNA13
deletion in the germinal center and increase the likelihood that tumors develop in the
germinal center stage, we induced germinal center reactions through injection of T-cell
dependent antigen (sheep red blood cells, SRBCs) into 8 week old mice. This is a
commonly used method to study germinal center biology by intentionally increasing the
number of germinal center reactions occurring at a specific time. Sacrificing the mice 6-
14 days after the injection will yield maximal germinal center cells (Béguelin, Popovic et
al. 2013, Hatzi, Nieves et al. 2013, Sagardoy, Martinez-Ferrandis et al. 2013).

To demonstrate the efficacy of this technique, we injected an 8 week old mouse
with 1x108 SRBCs and harvested the spleen 10 days post-injection along with the spleen
of an age-matched mouse that was not injected. The spleens had a similar percentage of
B cells but the induced spleen has 8 times as many Fas+GL7+ germinal center cells as the

uninduced spleen (Figure 39).
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Figure 39: Injection of SRBCs induces germinal center reactions. B and GC cells from
an uninduced spleen (top) and induced spleen 10 days after injection (bottom) show
an 8-fold increase in GC cells after SRBC injection.

4.5.1 Timecourse to determine optimal SRBC reaction length

Once we confirmed that our method was working, we wanted to determine the
optimal length of time after SRBC injection to maximize the number of germinal center
cells in the mouse. We performed a timecourse assay to analyze the germinal center
reaction at 6, 8 and 10 days post injection. 3 mice per timepoint were injected with
SRBCs and 3 uninjected mice were used as controls. Spleen and Peyer’s patches were
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harvest from all mice to investigate differences in the germinal center reaction in
transiently stimulated splenocytes versus chronically stimulated Payer’s patch cells. B
cells (B220+), germinal center cells (Fas+,CD4—,CD38—), dark zone germinal center cells
(Fas+,CD4—,CD38 —,CXCR4+,CD83 —) and light zone germinal center cells (Fas+,CD4 —
,CD38 —,CXCR4—,CD83+) were counted for all samples. Two mice, one in the day 6
cohort and one in the day 8 cohort, had no measurable germinal center response
compared to controls. These mice were likely misinjected and were excluded from
analysis.

As shown in figure 40, there was a significant increase in the number of germinal
center cells as a proportion of the total B cell population in the spleen at day 8 and day
10 post-injection compared to uninjected controls. However, there was no difference in
the proportion of germinal center cells in Peyer’s patches between any of the cohorts,
suggesting that these chronically stimulated cells are not significantly affected by SRBC
injection (Figure 41). Uninduced Peyer’s patches have 15-20 times higher frequency of
germinal center cells in the B cell population compared to splenocytes, so perhaps the 3-
4 fold increase in germinal center cells in the spleen is masked by the greater number of
germinal center cells in Peyer’s patches at baseline. Or perhaps the germinal center
reaction in Peyer’s patches is already at maximal levels due to chronic stimulation by
gut-associated antigens and therefore injection of SRBC is not able to progress the

reaction any further.
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Figure 40: Germinal center cells as a percentage of total B cells in the spleen after
injection with sheep red blood cells at day 6, 8 and 10 compared to uninjected mice
(day 0).
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Figure 41: Germinal center cells as a percentage of total B cells in Peyer’s patches after
injection with sheep red blood cells at day 6, 8 and 10 compared to uninjected mice
(day 0).
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The percentage of dark and light zone cells present in the germinal centers was
also measured. Similar to the germinal center cells, the Peyer’s patches showed no
differences between any of the experimental groups. The splenocytes, however, showed
a discernible difference in dark and light zone populations during the timecourse. As
the germinal center reaction progressed, the percentage of dark zone germinal center
cells increased, consistent with the idea that more cells are actively proliferating in the
dark zone over time (Figure 42). Interestingly, the number of splenocytes in the light
zone also increased significantly after injection with SRBC, possibly indicative that the
robust germinal center reactions induced by the SRBCs resulted in more clearly defined
dark and light zone populations as compared to the uninduced germinal centers (Figure
43). The induced germinal centers across all timepoints had roughly 80% of germinal
center cells characterized as either dark or light zone cells as compared to uninduced
germinal centers which only had approximately 50% of cells classified into these two
groups. The percentage of germinal center cells in the light zone population decreased
from day 6 to day 10 post-injection, likely due to more total germinal center cells

proliferating in the dark zone.
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Figure 42: Dark zone germinal center cells in splenocytes after injection with sheep
red blood cells at day 6, 8 and 10 compared to non-injected (N.I.) mice.
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Figure 43: Light zone germinal center cells in splenocytes after injection with sheep
red blood cells at day 6, 8 and 10 compared to non-injected (N.I.) mice.
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We chose a sacrifice timepoint of 10 days post-injection of SRBCs for all future
experiments as it proved to be the peak of the germinal center reaction in our timecourse
based on the total percentage of both germinal center cells in general and rapidly

dividing dark zone cells in specific.

4.5.2 SRBC effects in Ey-Myc+ mice

Although SRBC induction of germinal centers has proven a reliable and robust
method in wild type mice, we wanted to ensure that Eu-Myc+ mice were also capable of
responding to SRBCs in a similar manner. As so many Ep-Myc+ mice develop tumors in
early B cell stages, we wanted to be sure that these mice were not compromised in their
ability to form germinal centers due to deregulation of MYC.

We injected 4 wild type Eu-Myc (Ep-Myc-) and 6 Eu-Myc+ mice with SRBCs and
harvested spleens and Peyer’s patches from these mice 10 days later along with 8
uninduced mice (4 wild type Eu-Myc and 4 Eu-Myc+). Although none of the Eu-Myc+
mice showed signs of disease at the time of injection, 3 had slightly enlarged spleens,
larger cells as measured by flow cytometry forward scatter, and an expansion of the B
cell population in the spleen, all indicative that these mice had early stage lymphoma

(Figure 44).

99



B Cells in Spleen

100-
80+ P o
2 | =5 _aem
& 604 YY) v
@

5 40- -
=

20-

0 : .

(7} o

- &

<& &

Figure 44: Percentage of B cells in spleen in wild type and Eu-Myc+ mice. Mice with
signs of early stage lymphoma are indicated in red.

We found that transient induction of germinal centers in the spleen was equally
effective in the wild type Eu-Myc and Ep-Myc+ mice except that mice with early stage

lymphoma had fewer GC cells upon induction (Figure 45).
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Figure 45: Percentage of germinal center cells in spleen in wild type and Ep-Myc+
mice shows germinal center induction after SRBC injection is effective in the Ep-
Myc+ background. Mice with signs of early stage lymphoma are indicated in red.
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Similar to the timecourse experiment, no difference in germinal center formation
was observed in the Peyer’s patches. In fact, all experiments performed to date show no
observable difference in the number of germinal centers in Peyer’s patches before or
after SRBC injection. However, the Peyer’s Patches did show some discernable
differences between wild type Eu-Myc and Eu-Myc+ mice. For one, Eu-Myc+ mice had
a significantly smaller percentage of B cells compared to Ep-Myc— mice: 60% of total Ep-
Myc+ cells were B cells compared to 80% of wild type Epu-Myc cells (Figure 46). Second,
despite having fewer total B cells, Eu-Myc+ mice had significantly more germinal center
cells than wild type Eu-Myc mice (Figure 47). Thus, Eu-Myc+ mice have a far higher

ratio of germinal center cells to B cells at baseline compared to wild type Ep-Myc mice.
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Figure 46: Eu-Myc+ have significantly fewer B cells in Peyer’s patches compared to
wild type Ep-Myc mice (p<0.0001, Student’s t test).
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Figure 47: Eu-Myc+ have significantly more germinal center cells in Peyer’s patches
compared to wild type Ep-Myc mice (p<0.005, Student’s t test).

4.6 GNA13 deletion phenotype

In order to investigate the consequences of GNA13 deletion in the germinal
center in the context of the conditional Eu-Myc mouse model, we generated two cohorts
of mice. First, we bred GNA13fl/Mb1-Cre+ mice to study the effects of loss of GNA13
across the entire B cell lineage. Second, we bred GNA13fl/AID-Cre+ mice to study the
effects of GNA13 deletion restricted to cells that are either in or have passed through the
germinal center.

4.6.1 Validation of Cre-Lox system and breeding schemes

To confirm that our Cre-Lox system was working properly, we harvested spleen

from GNA13**Mb1-Cre+ and GNA13%*Mb1-Cre+ mice and sorted 2x10° B220+ B cells

from each mouse. The number of healthy lymphocytes and B cells were similar in both
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mice (Figure 48) suggesting that heterozygous loss of GNA13 does not significantly

affect B cell proliferation.
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Figure 48: Flow cytometry of GNA13**Mb1-Cre+ (top) and GNA13?*Mb1-Cre+
(bottom) splenocytes. B220+ cells were sorted for further analysis.

We extracted RNA from these samples and performed quantitative PCR to show
that GNA13 RNA expression in the heterozygous mouse was half that of the wild type
mouse. For comparison, RHOA RNA expression was unaffected (Figure 49). We also
extracted DNA and performed PCR of the floxed allele to show loss of the conditional

GNA13 allele in B cells but not tail DNA (Figure 51).
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Figure 49: Quantitative PCR confirms 50% reduction in mRNA expression of GNA13
in heterozygous mice compared to wild type. RHOA expression is not affected by
loss of GNA13.

To establish the efficacy of the Lox-Cre system using the germinal center specific
AID-Cre mouse model, we followed a similar technique a few with additional steps. We
began by harvesting spleen from GNA13%*AID-Cre+ and GNA13%*AID-Cre+ mice. In
order to account for the increased specificity needed to differentiate between germinal
center and non-germinal center B cells, we began by selecting healthy lymphocytes
through 7-AAD exclusion. We then selected B cells based on high expression of B220.
Finally, we sorted this population into germinal center B cells (B220+/Fas+/CD4-/CD38-)
and non-germinal center B cells (B220+/CD4+/CD38+) (Figure 50). We extracted RNA

and DNA and performed qPCR and PCR as before (Figure 51).
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Figure 50: Flow cytometry scheme to isolate germinal center and non-germinal center
B cells from GNA13**AID-Cre+ and GNA13%*AID-Cre+ mice.
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Figure 51: PCR analysis of genomic DNA shows loss of conditional allele in
appropriate cell lineage in Mb1-Cre+ (red) and AID-Cre+ (blue) mice.
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With this analysis complete, we were confident that our Lox-Cre system of
GNA13 deletion in both a pan-B cell and germinal center specific manner was effective.
We then crossed GNA13#Mb1-Cre+ and GNA13%*AID-Cre+ mice with GNA13%*Ep-
Myc+ mice to investigate how conditional deletion of GNA13 in combination with MYC
deregulation affects B cell lymphoma development. The majority of Eu-Myc+ mice
develop lymphoma within six months and studies are ongoing to determine if loss of
GNA13 increases rate of tumor onset or affects other tumorigenic properties such as cell

migration, proliferation or apoptosis.

4.6.2 GNA13 deletion in B cells

4.6.2.1 Morphology and constitution of B cell populations

To study the effect of GNA13 deletion in the entire B cell lineage, we injected
SRBCs into 8 week old mice that were GNA13**Mb1-Cre+ (WT; n=6), GNA13"*Mb1-
Cre+ (Heterozygous (Het); n=6) and GNA13%"Mb1-Cre+ (Knockout (KO); n=5). After ten
days, we harvested spleen and Peyer’s patches from these seventeen animals along with
three uninjected (non-induced) WT controls. There was no discernable difference in
spleen size, weight or morphology between the different experimental groups (Figure
52). There was also no appreciable difference in the number, size or appearance of

Peyer’s patches between the groups.
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Figure 52: Spleen weight of GNA13 Mb1-Cre+ mice.

Next we used flow cytometry to analyze the B cell populations by measuring the
percentage of B220+ B cells as a percentage of the total number of live cells for each
individual. We found that there were on average approximately 60% B cells in the
splenocyte population across all genotypes. Peyer’s patches contained a higher
percentage of B cells with approximately 80% of cells being B220+ in the WT and Het
populations. We also found that there were slightly more B cells in the Peyer’s patches

of KO mice with 82% of cells being B220+ on average (Figure 53).
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Figure 53: Percentage of total splenocytes (left) and Peyer’s patch cells (right) that are
B cells for each given cohort.

After determining the number of B cells in each sample, we counted the number
of germinal center cells within the B cell population. We found significant induction of
germinal centers in the spleen of the three injected cohorts as compared to the uninjected
control (Figure 54). We also saw a trend in that there were on average more germinal
center cells in the spleen upon deletion of each allele of GNA13. In other words, the
GNA13%Mb1-Cre+ cohort had more germinal center B cells than the GNA13%*Mb1-
Cre+ cohort which in turn had more germinal center B cells then the GNA13**Mb1-Cre+
cohort. As with previous experiments, we saw no difference in the number of germinal
center cells in Peyer’s patches after injection with SRBCs. There were also perhaps
slightly more germinal center cells in the GNA13##Mb1-Cre+ mice compared to the

other cohorts but more mice would be needed to determine if this is truly significant.
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Figure 54: Number of germinal centers in the spleen (left) and Peyer’s patches (right)
as a percentage of the total B cells in each cohort.

4.6.2.2 Germinal center substructure: dark zone and light zone populations

The final populations we studied were the dark and light zone cells within the
germinal centers. We counted the number of CXCR4"shCD83!w dark zone cells and
CXCR4vCD83tigh light zone cells for each individual sample. We found that the

induced mice had a significantly greater proportion of dark zone cells than the
uninduced mice, characteristic of the induced mice being in the peak germinal center

reaction phase. The GNA13% Mb1-Cre+ mice had the highest percentage of dark zone

cells in both the spleen and Peyer’s patches (Figure 55).
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Figure 55: Percentage of dark zone cells in the germinal centers of the spleen (left) and
Peyer’s patches (right) in each cohort.

The percentage light zone cells in the spleen held a different trend than the dark
zone cells. To begin with, there was a significant increase in the percentage of light zone
cells in the induced GNA13**Mb1-Cre+ mice vs. the uninduced GNA13**Mb1-Cre+
mice. However, there was a smaller percentage of light zone cells in the GNA13{l*"Mb]-
Cre+ mice as compared to the GNA13**Mb1-Cre+ mice and then an even smaller
percentage in the GNA13% Mb1-Cre+ mice such that it was nearly at the baseline level of
the uninduced cohort. The Peyer’s patches had fewer light zone cells in the induced
cohorts, with the fewest in the GNA13**Mb1-Cre+ mice and even fewer in the

GNA13%8Mb1-Cre+ mice (Figure 56).
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Figure 56: Percentage of light zone cells in the germinal centers of the spleen (left) and
Peyer’s patches (right) in each cohort.

4.6.2.3 BCL6 expression in B cell populations

BCL6 is a transcription factor that plays a critical role in germinal center
formation and development (Dent, Shaffer et al. 1997, Fukuda, Yoshida et al. 1997).
BCLG6 is highly expressed in germinal centers and normally promotes the germinal
center reaction by repressing the transcription of genes needed for germinal center cells
to differentiate into plasma or memory cells (Basso and Dalla-Favera 2012). BCL61is a
known oncogene in lymphoma and is often overexpressed upon deregulation via
chromosomal rearrangement or mutation in germinal center-derived lymphomas
including GCB DLBCL and BL (Migliazza, Martinotti et al. 1995, Ye, Chaganti et al. 1995,
Wagner, Ahearne et al. 2011, Green, Vicente-Duenfas et al. 2014). Among the many
oncogenic processes in lymphoma that have been tied to BCL6 deregulation include
aberrant somatic hypermutation, decreased apoptosis signaling and suppression of the

DNA damage response mediators TP53 and ATR (Pasqualucci, Migliazza et al. 1998,
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Phan and Dalla-Favera 2004, Cattoretti, Pasqualucci et al. 2005, Ranuncolo, Polo et al.
2007, Basso, Saito et al. 2010).

Multiple studies have investigated the correlation between BCL6 expression and
survival in lymphoma and have shown that increased BCL6 expression is associated
with a more favorable outcome in DLBCL (Lossos, Jones et al. 2001, Barrans, O'Connor
et al. 2002, Winter, Weller et al. 2006). This is consistent with the fact that BCL6 target
genes are more significantly repressed in GCB DLBCL and that GCB DLBCL has a
significantly better survival rate than ABC DLBCL (Rosenwald, Wright et al. 2002, Cij,
Polo et al. 2009). BCL6 mRNA and protein expression levels are not only affected by
translocation and mutation of BCL6 itself but also by mutations in the BCL6 effectors
MEF2B and FBXO11 (Duan, Cermak et al. 2012, Ying, Dominguez-Sola et al. 2013).

In addition to its role in the germinal center reaction, BCL6 has recently been
described as a marker for dark zone germinal center cells as significantly higher
expression of BCL6 was found in dark zone cells as compared to light zone cells
(Victora, Schwickert et al. 2010, Victora, Dominguez-Sola et al. 2012). With its
importance in germinal center development and lymphomagenesis understood, we
aimed to determine if BCL6 protein expression was affected by conditional deletion of
GNA13.

We used intracellular flow cytometry to measure the expression of BCL6 in our

mouse cohorts. As BCL6 is predominantly found in germinal centers, we measured the
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level of BCL6 protein in germinal center B cells and non-germinal center B cells
individually. We found that on average between 4-6% of non-germinal center B cells in
the spleen were BCL6-positive and 2-4% of non-germinal center B cells in Peyer’s
patches were BCL6-positive (Figure 57). There were slightly more BCL6-positive cells in
the Peyer’s patches of the induced mice as compared to the uninduced mice but

otherwise we did not notice any major differences between the cohorts.
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Figure 57: Percent of spleen (left) and Peyer’s patch (right) non-germinal center B cells
that are BCL6+ within each cohort.

In the germinal center cells, we found that the induced mice had twice as many
BCL6-positive cells as the uninduced mice, reflecting the increase in the number of dark
zone cells present during the peak germinal center reaction in the induced mice.
However, there was no significant difference in the number of BCL6-positive cells

between the three induced cohorts. In the Peyer’s patches, however, there was a
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noticeable increase in the number of BCL6-positive cells in the GNA13%"Mb1-Cre+
cohort compared to the others. Greater than 80% of the germinal center cells in the
GNA13%Mb1-Cre+ mice were BCL6-positive compared to an average of approximately
60% of the germinal center cells in the other mice. This could indicate that complete loss
of GNA13 results in downregulation of a signaling pathway that normally represses
BCL6. Interestingly there was not an increase in dark zone cells in this cohort relative to
the other mice, indicating this increase in BCL6 is likely throughout all the cells in the

germinal center and not restricted to the dark zone (Figure 58).
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Figure 58: Percent of spleen (left) and Peyer’s patch (right) germinal center B cells that
are BCL6+ within each cohort.

4.6.2.4 Cell Migration
In order to assay the migratory capability of the lymph node cells for our mouse

cohorts, we used a well-described transwell chamber method to measure the ability of
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cells to migrate from an upper level chamber, through a porous interface and into a
lower chamber (Rieken, Sassmann et al. 2006, Moriyama, Takahashi et al. 2014). We
labeled the cells with fluorophore-conjugated antibodies and used flow cytometry to
distinguish between the types of cells that migrated and then compared the ability of
particular cell types to migrate towards various chemokines.

Our data is presented in terms of a chemotactic index, which indicates the value
of the number of cells that migrated towards a chemokine divided by the number of
cells that migrated in the absence of any chemokine. Using this method, we measured
the ability of the T cells, B cells and germinal center B cells from a mixed splenocyte
population to migrate towards 100ng/ml CXCL12 or 800ng/ml CXCL13 in the presence
or absence of 100nM S1P (Figure 59). CXCL12 is most highly expressed in the dark zone
whereas CXCL13 is more highly expressed in the light zone and S1P is at the greatest
concentration in the vicinity surrounding the germinal center. Therefore, through these
three chemokines we can create a basic model of the germinal center and study the effect
of GNA13 deletion on the migration pattern of specific cell types in the germinal center.

We began by looking at T cell migration, which we did not expect to be affected
by GNA13 genotype since loss of GNA13 was restricted to the B cell lineage. We found
that approximately 4 times as many T cells migrated towards CXCL12 as compared to

CXCL13 and that T cell migration was not affected by GNA13 expression in B cells. This
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is consistent with recent findings describing T cell migration in the germinal center
(Moriyama, Takahashi et al. 2014).

Next we examined the ability of B cells to migrate in the GNA13 wild type,
heterozygous and knockout cohorts. We found that in all four conditions, the knockout
GNA13"8Mb1-Cre+ cells migrated at the highest rate, followed by heterozygous
GNA13%*Mb1-Cre+ then wild type GNA13%*Mb1-Cre+ cells. The migration rate of the
knockout cells towards CXCL12 was approximately 1.5-fold higher than wild type cells
and was not affected by pre-incubation of the cells with S1P. Although wild type cells
migrated at equal rates towards CXCL12 and CXCL13, heterozygous and knockout cells
migrated at an increased rate towards CXCL13 compared to CXCL12, both in the
presence and absence of S1P. This indicates that there is a non-germinal center subset of
B cells that increases in its ability to migrate upon deletion of GNA13. There is some
previous research to suggest that these cells may be follicular B cells or marginal zone B
cells (Rieken, Sassmann et al. 2006) but more experiments will be needed to confirm this.

Finally, and most importantly, we investigated the ability of the germinal center
cells to migrate in our assay. Our preliminary findings suggest that under nearly all
circumstances, germinal center B cells migrate at higher rates than non-germinal center
B cells. Just as in the non-germinal center B cells, the GNA13 knockout germinal center
cells migrated the best towards CXCL12, followed by the heterozygous and then wild

type cells. In fact, knockout germinal center cells showed a 2.5-fold increase in

116



migration towards CXCL12 compared to wild type cells. GNA13 heterozygous and
knockout cells both migrated better towards CXCL13 as well, at approximately 2-fold
higher rates than wild type cells.

Interestingly, pre-incubating cells with S1P resulted in increased migration of the
heterozygous germinal center cells towards CXCL12 and CXCL13 but decreased or
equivalent migration of the knockout cells relative to wild type. As mutations found in
GNA13 are often monoallelic, this finding may indicate specific enrichment of migration
in germinal cells after loss of one allele of GNA13. This effect was especially prominent
in the context of CXCL12 as heterozygous germinal center cells migrated at six times the
rate of B cells towards CXCL12 after pre-incubation with S1P.

Further work will be necessary to confirm our findings relating the role of
GNA13 to germinal center cell migration but this initial study has three major
conclusions. First, our assay is sensitive and specific: T cell migration rates strongly
agree with previously published literature and are not affected by GNA13 deletion in B
cells. Second, B cell migration is increased in heterozygous and knockout GNA13 cells
under all conditions, suggesting that loss of GNA13 leads to deregulation of normal
chemokine gradient signaling clues and a global increase in migration. Finally, germinal
center B cell migration is increased at least 2-fold compared to the total B cell population
in most cases and up to 6-fold in some conditions. Migration in germinal center B cells

is highest in heterozygous cells, suggesting a monoallelic advantage for these cells in
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having maximum ability for movement. The cells demonstrated enhanced migration
towards CXCL12 and CXCL13 in the presence and absence of S1P highlighting the
ability of these cells to move more freely upon loss of GNA13. This suggests that loss-of-
function mutations in GNA13 may enable cells to escape the strictly regulated germinal
center reaction and disseminate to other areas where they are not properly apoptosed. If
these cells are continuing to undergo somatic hypermutation and class switch
recombination, these mutation inducing mechanisms will result in the cell accruing off-
target, oncogenic mutations that over time could result in germinal center-cell derived

lymphomas.
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Figure 59: Cell migration towards CXCL12 and CXCL13. The chemotactic index of T
cells (green), B cells (red) and germinal center cells (blue) is shown for migration
towards CXCL12 and CXCL13 in the presence and absence of S1P as indicated below.
Data represents an average of 5-6 samples per condition.
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5 Discussion

In this work we describe the genetic underpinnings of lymphomas using NGS
and traditional cellular and molecular biology techniques. We connect the broad
findings in our NGS studies to a single gene, GNA13, using in vivo and in vitro
techniques to better understand the role of GNA13 in both normal germinal center
biology and lymphomagenesis.

Strand-specific total RNA sequencing is a powerful method for defining the
transcriptome and alternative splicing events in DLBCL. Through this work, we define
the entire spectrum of coding and non-coding RNAs expressed in DLBCLs including
lincRNAs, snoRNAs, microRNAs and mRNAs. We show this method has equal efficacy
on frozen and FFPE tumor specimens from the same patient. We demonstrate
simultaneous measurement of expression of diverse RNA types combined with
mutations. Finally, we apply RNA-Seq to define alternative splicing events in DLBCL
and find 1,021 genes preferentially spliced in a subgroup-specific manner.

The recognition of the molecular subgroups of DLBCLs was a major advance in
the understanding of the biology of the disease. However, the clinical distinction of the
two subgroups has proved to be challenging using conventional microscopy-based
methods in pathology. As high throughput sequencers have become increasingly
ubiquitous in clinical laboratories, a method for distinguishing DLBCL subgroups based

on high throughput sequencing would provide a path to clinical translation that builds
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upon hardware that will soon exist in most laboratories. Our work demonstrates that
strand-specific total RNA sequencing is able to distinguish multiple classes of
biomarkers simultaneously and may hold the capability to accurately classify ABC and
GCB DLBCL cases. We envision that RNA from a clinical sample can be readily
compared to our reference set to quickly determine its likelihood that the case belongs to
a particular defined group DLBCL.

Alternative splicing has been shown to be a widespread mechanism of gene
regulation in eukaryotes. In this study we show for the first time the alternative splicing
patterns underlying the molecular subgroups of DLBCL. Our data indicate that
alternative splicing is widespread in DLBCL and that there are significant differences in
splicing between the two major subgroups of the disease. A number of genes that are
known to be important in B cell malignancies were found to be differentially spliced
including BACH2, BCL2L13 and STK17B.

Performing exome sequencing and gene expression arrays on this same cohort of
samples has enable unprecedented view into the genetics underlying DLBCL and BL
and provided important insight into the molecular mechanisms of the disease. Through
this analysis we identified a role for GNA13 as a highly mutated gene in germinal-center
derived B cell lymphomas. Overexpression of GNA13 has been linked to tumor
progression and metastasis in prostate and breast cancer but its role in lymphoma was

unknown.
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We used a variety of in vitro techniques to study the role of GNA13 in normal B
cell biology and in lymphoma including LC-MS and human cell culture. We showed
that GNA13 binds to GNB1 and RIC8A in B cells through LC-MS and co-
immunoprecipitation assays. In addition, we showed that RNA sequencing of GNA13
KD and KI cell lines revealeda role for GNA13 expression correlating to dark and light
zone gene expression.

As nonliving models are not sufficient to recapitulate the developmental
processes of lymphocyte development and lymphomagenesis, we also developed a
transgenic mouse model to study GNA13 biology. Using flow cytometry, we
investigated the expression of B cell markers and dark zone/light zone architecture in a
BL mouse model and a GNA13 B-cell-specific knockout mouse model.

We found that GNA13 expression did not directly affect the size of B or germinal
center cell populations. We also found that the light and dark zone structure of
germinal centers was similar in wild type and GNA13 knockout mouse but slightly
modified in heterozygous GNA13 mice, perhaps suggesting a role for monoallelic
deletion of GNA13 in disease. We noticed a significant increase in BCL6+ germinal
center B cells in Peyer’s patches in GNA13 knockout mice, suggesting that GNA13 plays
a role in regulating this important transcription factor. Finally, we showed that loss of
GNA13 resulted in increased dissemination of B cells and may contribute to

lymphomagenesis.
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5.1 Future Directions

Our NGS studies and molecular experiments to define the role of GNA13 in
lymphoma remain ongoing. The platform we have established has provided new
avenues for exploration of the underlying genetics of lymphoma and treatment options
for this disease.

The ability to apply RNA-Seq in paraffin-embedded samples would greatly
expand the application in large archival tissue collections in cancer that currently require
frozen tissue. We are sequencing additional pairs of frozen and FFPE cases to improve
our RNA-Seq technique in FFPE.

The expanding recognition of non-coding RNAs has made it difficult to
comprehensively study the transcriptome in different tissues. Our data indicate that
strand-specific total RNA-Seq might overcome key limitations of conventional mRNA
sequencing and define the expression of both coding and noncoding RNAs
simultaneously. Future applications of this work could include the definition of allele-
specific expression, imprinting and the potential relationship among different classes of
transcripts.

We demonstrated that the gene expression measured by RNA-Seq agrees well
with results obtained using microarrays, while offering several key advantages over
microarrays including comparable cost (especially if one considers the multiple

platforms that would be needed to measure different RNA types) and the lack of
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dependence on predesigned probes for measurement of expression. We are working to
develop our RNA-Seq method into a robust and reliable predictor of ABC and GCB
subtypes so that RNA-Seq can replace microarrays as the gold standard in the clinical
setting.

Our alternative splicing profile is the first of its kind in lymphoma. DLBCL and
BL are believed to have originated from normal naive cells that entered into the
germinal center reaction and then subsequently acquired a number of oncogenic
mutations that enabled the cell to evade normal apoptosis regulation mechanisms and
lead to tumor formation. Therefore, determining the normal alternative splicing events
in naive and germinal center cells would provide a starting point for understanding how
changes in these events can contribute to DLBCL progression. In addition, further
validation of the events we’ve identified and experiments to determine their biological
consequences of these are ongoing.

We described how loss-of-function mutations in GNA13 are oncogenic in the
germinal center context and showed that they may function to disturb homeostasis
through deregulation of the germinal center response and chemokine-stimulated
migration. We are continuing these experiments to better explain how GNA13 can act as
a tumor suppressor in lymphoma appears but an oncogene in other cancers. This will
help to better understand the importance of anatomical context in the pathogenesis of

cancers.
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We are planning to investigate an additional cohort of human patient cases to
determine if GNA13 mutation is correlated with disease stage or survival. These clinical
parameters could help shed new light on the role of GNA13 in lymphoma. We will also
investigate the location of the disease presentation to better understand the cell
dissemination phenotype we believe is a consequence of deleterious GNA13.

The GNA13 mouse modeling experiments described here remain ongoing in
order to increase the size of each cohort. For each experiment there is a statistical basis
underpinning the number of required mice to achieve a more complete understanding
of our findings. To generate robust genomic signatures that distinguish lymphoma
classes it has been found that on the order of 25 mice are needed per class (Sander,
Calado et al. 2012). As the phenotypic data comparing mice harboring different
lymphoma classes or undergoing different treatments are incrementally generated,
corresponding statistical analysis will also be updated.

We will also continue our ongoing mechanistic investigation using transgenic
and knockout mice. We will assay the effect of GNA13 deletion on cell cycle,
proliferation and apoptosis through BrDU and caspase assays. We will also investigate
the consequences of GNA13 deletion on phospho-AKT and phospho-ERK signaling to
see if these signaling cascades operate through GNA13. Finally, we will assay the ability
of wild type, heterozygous and knockout GNA13 cells to migrate in the presence of a

variety of agonists and antagonists to better identify which receptors GNA13 interacts
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with in germinal center B cells. The compounds used in these studies, if shown

effective, could be investigated for their role as potential therapeutics.

5.2 Conclusion

Despite decades of research, the molecular mechanisms underlying the
development of non-Hodgkin’s lymphoma and its subtypes remain unknown. This
study represents the first large-scale, strand-specific total RNA sequencing effort in
DLBCL. The sequencing data generated from 116 paired-end libraries has generated the
most complete view of the DLBCL transcriptome to date and is the first to define the role
of alternative splicing in the genetic landscape of DLBCL. In this study, we developed
strand-specific total RNA-Seq as a novel approach to comprehensively define the coding
and non-coding transcriptome of DLBCLs and demonstrated that this method works
well in conventionally preserved FFPE specimens. Finally, we demonstrated that
alternative splicing is widespread in DLBCL with over one thousand genes that are
differentially spliced between ABC and GCB DLCBLs. Thus, our study establishes one
of the most comprehensive views of the DLBCL transcriptome to date.

Through our sequencing studies, we identified silencing mutations in GNA13 in
germinal center derived lymphomas. GNA13 is G-protein signaling molecule with
known roles in cell migration, invasion, growth and adhesion (Worzfeld, Wettschureck

et al. 2008). GNA13 has been linked to tumor progression and metastasis in prostate and
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breast cancer but its role in lymphoma was heretofore unknown (Yagi, Tan et al. 2011,
Rasheed, Teo et al. 2013).

We established GNA13 as a tumor suppressor in the germinal center context.
We identified GNA13 binding partners through liquid chromatography-mass
spectrometry and a role for GNA13 in germinal center dark and light zone structure
through RNA sequencing. Finally, we developed a transgenic mouse model to
investigate the effects of GNA13 deletion in vivo and found that loss of GNA13 resulted
in increased germinal center cell dissemination and increased BCL6 expression. These
findings depict a novel role for GNA13 in lymphomagenesis.

Taken together, this work demonstrates how complementary strategies involving
NGS and cellular and molecular biology techniques can be used together to describe the

genetic underpinnings of lymphoma.
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Appendix A

Human Antibodies:

Antibody Clone Conjugate Application Source

B-Tubulin 9F3 WB Cell Signaling Technology
CD3 - FITC FC BD Pharmigen

CD19 HIB19 PE-Cy5.5, PE-Cy7 FC Invitrogen, Biolegend
CD27 - PE EC BD Pharmigen

CD38 HB-7 APC FC Biolegend

CD83 HB15e BV421 FC Biolegend

CXCR4 12G5 PE FC Biolegend

FLAG M2 WB Sigma

GAPDH D16H11 HRP WB Cell Signaling Technology
GNA13 6F6-B5 WB EMD Millipore

GNB1 C-16 WB Santa Cruz

IgD - FITC FC BD Pharmigen

P115 RhoGEF  D25D2 WB Cell Signaling Technology
RHOA 67B9 WB Cell Signaling Technology
RIC8A - WB Abcam

S1PR1 (EDG1) A-6 WB Santa Cruz

S1PR2 (EDG5) H-64 WB Santa Cruz

Mouse Antibodies:

Antibody Clone Conjugate Application Source
B220/CD45R RA3-6B2 BV421 FC Biolegend

BCL6 IGI91E/A8  PE FC Biolegend

CD3e 145-2C11 APC FC BD Pharmigen
CD4 RM4-5 FITC FC BD Pharmigen
CD38 90 FITC FC Biolegend

CD43 S7 FITC FC BD Pharmigen
CD83 Michel-19 Biotin FC Biolegend

CD138 281-2 PE FC BD Pharmigen
CXCR4 L276F12 PE FC Biolegend

Fas Jo2 PE-Cy7 FC BD Pharmigen
GAPDH D16H11 HRP WB Cell Signaling
GNA13 6F6-B5 WB EMD Millipore
GL7 GL7 FITC FC Biolegend
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GNA13 WB

IgD 11-26¢.2a APC FC Biolegend

Igi 187.1 PE EFC BD Pharmigen
IgA R26-46 FITC FC BD Pharmigen
IgM RMM-1 PE-Cy7 FC Biolegend
Streptavidin - APC EC BD Pharmigen

FC =Flow Cytometry

WB = Western Blotting
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Appendix B

Gene Exon Forward Primer Reverse Primer

Symbol Region

BACH2 ERS8 TGTGCTGCCTTCGAGTCTTA CTGACCTGTCACAAGGTTGC
BACH2 ER3 GTCGGACATCATGAATAAACTCT TGTAGATCAAATCACAGATCTTCCA
SND1 ER32 GGCCTGTGCTCCTCTAACTG ACACGGTGGATAGGCACTTC
SND1 ER31 AACATTGCTGAGGCTCTTGTC CCTCTGCAGCAAGCAGTTC
BCL2L13 ER25 CTTTTCATTTCCTGGGCTTG GCTGGGCAGGATGTAAATGT
BCL2L13 ER26 TGTTTAGTCTTGAGTCAGAGGAGGA TCTGGGGGACTGACTTGTCC
STK17B Exon 0-1 CCACAGGACGAGTTCTCTAGC CCAAGGAGAGGAAGCAGTGA
STK17B Exon 1-2  GCCTGAAATACTTCGGCAAT AAGTGGATCCTGCCACGTT

SGK1 5'UTR CATTTCTTGACTGGGAATCCA CCACTGGAACTTGCACAATC
SGK1 ER34 CAAAGGGGGTTTTATAGCTTCTT TCATCTCAGAGTTCCAGCTTATCA
DIAPH1 ER12 GCTTCTCTAGCCGCTCCTTC CAAGCAGTCAAGGAGAACCA
DIAPH1 ER38 CAATTAATCCCTCAATCTCAATCT TTGATTGAAGAATGTATTTCCCAGA
EXOC2 ER2 AACGGGACACTGAGAAATGC TGCATCTCAGCAGAAGGTTG
EXOC2 ER5 GCTCCATTTTTGCTGAAGGA AAGAACTGGTCCCTCGGGTA
RNGTT ER3 CCATGGCAGTGTTGTAGGC GAACAACAGCTGGGTCTTCA
RNGTT ER18 AATTCCAACCTCTCCGATCC TTCTCCTGGAGCTGTGGAGT
RABGAP1 ERG63 GCTGCTGATGACCAAACAGA TCTTCCAGCCGTCTTTTCTC
RABGAP1 ER37 TGAATGTGAGACCGAAGCAG CAGCTGCCAGACTTCTCCTC
FNBP1 ER23 GATTTTGGGTTTGGAGGTCA AGTCTCCCAAGCAGCAAAAG
FNBP1 ER13 TGCTGCAGCTTTTTCCTTCT ACCGGAGGATTTCAGCAAC

USP8 ER13 GATAGGGGGAAAAGGTGTCC GCAGTCCTGGTACGATCCTC
LUC7L3 ER4-5 TTTTTGTCCTGCGGAATTGT ATAATGCCAAACGAGCATGG
KARS ER2 CTGCCATCCACTTTCACCTC ACGCCTGAAAGCTGAGAAGA
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Appendix C

A skipped exon event in SND1 that preferentially excised exon 32 in GCB
DLBCL was validated through PCR. A smaller band indicating exon skipping of exon
32 was present in 2 GCB (G) samples but notin 2 ABC (A) samples. A control exon 31

was consistent across all samples (Figure 60).

Exon 32 Exon 31

G G A A G G A A

Figure 60: Exon skipping in SND1. A smaller band in exon 32 indicates skipping of
exon 32 in GCB (G) samples but not ABC (A) samples. As a control, exon 31 is
expressed evenly across all samples.

Increased skipping of exon 13 in USP8 was detected and validated by PCR

(Figure 61).

247
160

Figure 61: Exon skipping in USP8. Top of figure shows primer positioning around
exon 13. Bottom of figure shows increased skipping of exon 13 in an ABC sample as
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indicated by the band at 160bp compared to greater presence of the 247bp band in
GCB samples indicating the retained exon.

Increased skipping of exons 4 and 5 in LUC7L3 was detected and validated by

PCR (Figure 62).
B

. 5
HHEHH--.
-Ilrlrner.! W

GCB ABC

Figure 62: Exon skipping in LUC7L3. Left of figure shows primer positioning around
exons 4 and 5. Right of figure shows increased skipping of exons 4 and 5 in ABC
samples as indicated by the strong band at 291bp compared to greater presence of the
496bp band in GCB samples indicating the retained exons.

Increased skipping of exon 2 in KARS was detected and validated by PCR

(Figure 63).
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Figure 63: Exon skipping in KARS. Left of figure shows primer positioning around
exon 2. Right of figure shows increased skipping of exon 2 in an ABC sample as
indicated by the strong band at 174bp compared to greater presence of the 352bp band
in GCB samples indicating the retained exons.
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For the following genes, exon expression was averaged across 4 ABC and 4 GCB
samples. The average of the ratios of the experimental exon divided by a control exon

was calculated and is shown in the graph (Figure 64).
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