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ABSTRACT

Epstein-Barr virus (EBV) is a human herpesvirus that is ubiquitous in the human population.  Study of Epstein-Barr virus is an active field of research, with laboratories worldwide investigating EBV entry into host cells, latency and contribution to human disease.  Bioinformatics applications can assist this research by providing valuable information about sequence and structural features of EBV proteins and interaction of EBV genes with host pathways involved in cell survival and B-cell transformation.  This work provides a detailed analysis of the sequence and structural features of EBV envelope glycoprotein 42 (gp42) and its similarity to other C-type lectin-like proteins.  This thesis also includes a comparison of three pathway analysis applications in the study of EBV latent membrane protein 2A in a mouse model of Burkitt lymphoma.  
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CHAPTER 1 – INTRODUCTION:  BACKGROUND AND SIGNIFICANCE

Human Herpesviruses

Herpesviruses are a large family of viruses with over 200 species identified.  Distribution of herpesviruses in animals includes mammals, birds, amphibians and bivalves.  Most animal species host at least one herpesvirus and many species are hosts to more than one distinct herpesvirus.  A typical herpesvirion is made up of a core containing linear double-stranded DNA consisting of about 100 genes, an icosahedral capsid, a tegument surrounding the capsid and an envelope containing several different glycoproteins.  Herpesviruses establish latency in hosts, during which the virus retains the ability to replicate, but does not produce symptoms.  Once a herpesvirus establishes latency in the host, it remains in some cells for the lifetime of the organism.  Reactivation of the virus facilitates spreading to new hosts and leads to asymptomatic shedding of the virus in some cells or can result in illness (147).     

Eight human herpesviruses have been identified and are divided into three groups:  alpha, beta and gamma herpesviruses.  These classes are defined by host cell range (including type of cell in which latency is established), viral life cycle and genome similarity. Human alpha-herpesviruses (taxonomically labeled HHV-1, HHV-2 and HHV-3) are herpes simplex virus type 1 (HSV-1), type 2 (HSV-2) and varicella zoster virus (VZV).  Alpha-herpesviruses have a short replication cycle and spread rapidly.  They can infect epithelial cells and nerve ganglia, with ganglia being the major latency centers of the viruses.  Beta-herpesviruses (HHV-5, HHV-6 and HHV-7) have a narrow host range, a long lifecycle and long latency.  Latency for beta-herpesviruses is established in peripheral blood and bone marrow-derived myeloid progenitor cells.  Human cytomegalovirus (HCMV), HHV-5, is a characteristic beta-herpesvirus and is usually subclinical in healthy immune-intact individuals.  Human gamma-herpesviruses are HHV-4 (Epstein-Barr virus--EBV) and HHV-8 (Kaposi’s sarcoma-associated herpesvirus--KSHV).  The lytic cycle and cytopathology for the gamma-herpesviruses are variable.  Latency for both EBV and KSHV is established in B-lymphocytes.  Both viruses are associated with cancer and are studied extensively for their ability to promote B-cell transformation and survival.

Epstein-Barr Virus


  Prevalence of EBV is estimated at 90-95% in adult humans.  EBV virus infects epithelial cells and B-lymphocytes in vivo, with lifelong latency established in B-cells (161).  In most individuals, infection will not lead to clinical presentation.  While viral infection in childhood is typically benign, primary infection in adolescence or adulthood may lead to infectious mononucleosis. EBV is associated with lymphoid and epithelial cancers, including Burkitt lymphoma, Hodgkin lymphoma, and nasopharyngeal and gastric carcinomas (14, 82, 108, 116, 159, 175, 182).  In immunocompromised individuals, EBV is associated with diverse complications including immunoblastic lymphomas and oral hairy leukoplakia, an epithelial lesion (29-31, 154, 207).  
Epstein-Barr Virus Membrane Fusion


Infection of host cells by EBV requires delivery of the viral DNA core into host cells.  The virus initiates infection by attaching to and fusing with the host cell membrane.  Attachment to B-cells begins with EBV glycoprotein 350/220 (gp350/220) binding to host cell complement receptor type 2 (CD21) (138), which facilitates subsequent events, but gp350/220 has been found to not be essential for viral entry (89).  EBV envelope glycoproteins which are essential for entry of the virus into host B-cells are glycoproteins B, H and L (gB, gH, gL) (11, 74, 80, 132, 139-140, 149, 156, 172-173, 196).  EBV gp42 is also required for entry in B-cells, but is inhibitory to entry in epithelial cells (100, 112, 169, 192).  The presence or absence of gp42 has been proposed as a tropism switch for determination of cell type infected, with gp42-containing envelopes preferentially infecting B-cells and viruses without gp42 infecting epithelial cells (21, 196).  Some research has shown that some other receptor must be present on epithelial cells for EBV entry (21, 132), but such a receptor has still not been identified.  Following attachment via gp350/220 in B-cells, EBV gp42 binds to the major histocompatiblity complex (MHC) type II receptor protein: human leukocyte antigen (HLA) Class II (72-73, 85).  This binding results in slight conformational changes in gp42, which are believed to provide signals to trigger fusion (102).  Once gp42 binds HLA Class II, it blocks recognition of this receptor by T-cells (157), possibly allowing EBV to escape detection by the host’s immune system.  

The exact mechanism of recruitment of gH, gL and gB is not fully understood.  These three envelope glycoproteins are conserved among herpesviruses and are necessary for fusion and entry into host cells, distinguishing the herpesvirinae from many other viruses, which require only one or two membrane glycoproteins to perform fusion (79, 173).   EBV gH and gL exist in a heterodimer (173) that binds to the N-terminal region of gp42 to form a 1:1:1 ratio complex of these three entry proteins (100).  Disruption of the N-terminal region in a soluble form of gp42 results in disruption of fusion by hindering the binding of gp42 to gH/gL (169).  While earlier studies suggested gL as a binding partner of gp42 in the interaction between these three proteins (112), subsequent work has implicated gH as the most likely primary partner in this interaction (140, 169, 196).  In support of this, a peptide spanning gp42 amino acids 36-81 has been found to effectively bind gH with affinity similar to that of the entire gp42 molecule (100).  Glycoprotein L is necessary for proper folding and trafficking of gH to the surface of the cell (112).  The structure of the ectodomain of EBV gB in a trimeric variant was solved in 2009 (13), and shares structural similarity with previously-solved structures for HSV-1 gB (78), the postfusion form of vesicular stomatitis virus (VSV) protein G (162) and the postfusion structure of baculovirus gp64 (90), leading to the definition of a new class of viral fusion proteins (12).  EBV gB possibly has pre-fusion and post-fusion conformational states, similar to those of VSV G, and the transition from pre- to post-fusion form of gB could serve as the final step in membrane fusion (13).  In HSV-1, the gHgL complex creates a hemifusion state, causing lipid mixing with host cells.  gB is not necessary for hemifusion, but required for full fusion with host cells and contents mixing (177), so the same may be true of EBV gB.
EBV gp42 Structure in Bound and Unbound Forms


The solution of gp42 bound to HLA Class II in 2002 (136), revealed that the majority of EBV gp42 is a C-type-lectin-like domain (CTLD), part of the protein fold superfamily “CLECT: C-type lectin (CTL)/C-type lectin-like domain”.  Specifically, it is in a subclass of CTLDs: “CLECT-NK-receptor like”, members of which are named for their resemblance to natural killer receptors.  More recent solution of the native form of gp42 (102) has revealed subtle structural differences between bound and unbound forms of the protein that possibly affect binding of ligands and provide signals that trigger the fusion machinery of the virus.  

EBV gp42 is produced in two forms by EBV-infected B-cells:  a full length 223 amino acid long form that is a type II transmembrane glycoprotein and a truncated soluble form (schematic shown in Figure 1.1).  The soluble form of gp42 is created by the cleavage of the full-length form by host protease at a protease site determined to be near amino acids 40-42 in the N-terminal membrane spanning domain (158).  Interestingly, studies have shown that this soluble form of gp42 also inhibits HLA class II-bound antigen recognition by T-cell receptors, suggesting a putative role of gp42 in immune evasion (158).  C-type lectin-like protein structures are observed in two forms:  a compact form and a canonical form (201).  The major structural difference between these two forms is the long loop region (LLR), observed in canonical CTLDs (201-202). The long form of gp42 fits the characteristics of a canonical CTLD (136).  However, the characteristic alpha helices and beta strands of canonical CTLDs are observed to be somewhat shorter in gp42 than those described in comparative reviews of the CTLD fold class (136, 201-202).  EBV gp42 possesses two highly conserved disulfide bridges—sometimes called cysteine staples—present in canonical CTLDs.  The first of these bridges connects the N and C terminal regions of the protein, tying together the ends of the entire structure (black arrowhead in Figure 1.2).  The second bridge connects (3 and (5 in most long loop CTLDs (201), but falls just short of the 5 strand in gp42 (gray arrowhead).  Two additional disulfide bridges characterize NK-like CLECTs and are observed in gp42.  The first is typical of Ly49 NK CLECTs (46, 183), and connects (1 to (5 (black arrow); the second is seen in CD94 and NKG2D CLECTs (22, 91, 194), and connects C102 with C115 in the (1 strand (gray arrow).  EBV gp42 also possesses an “extra” cysteine staple, which tacks the N-terminal region to the side of the molecule nearest the HLA receptor (102, 136) (red arrow in Figure 1.2).  In the crystal structure of gp42 bound to Class II, gp42 forms a dimer in which residues 86–95 from two gp42 molecules form an antiparallel two-stranded β sheet (136).  In the structure of native gp42, the protein forms a crystal lattice in which packing is achieved by interactions between the N-terminal domains between layers of the CTLD domains in neighboring molecules (102).  It is currently not known whether gp42 dimerizes or forms multimers in vivo.
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Figure 1.1.  Linear graphical representation of the sequence and structural features of EBV gp42
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Figure 1.2.  X-ray crystallization-determined structure of gp42 in its unbound form, beginning with amino acid 33 (Protein DataBank identification number 3FD4)
Blue coils=alpha helices; red arrows=beta strands; yellow tubeworms=disulfide bridges; black arrowhead=disulfide bridge conserved in all canonical c-type lectin-like domains (CTLDs); gray arrowhead=disulfide bridge conserved in long-loop CTLDs; black arrow=disulfide bridge conserved in Ly49 natural killer (NK) CTLDs; gray arrow=disulfide bridge conserved in CD94 and NK2GD CTLD families; red arrow=disulfide bridge unique to EBV gp42.  Figure created with Pymol.
A primary functional role of many CTLDs is that of binding carbohydrates in a calcium-dependent manner.  Two motifs interact with calcium to facilitate binding of sugars:  the “WND motif” and the “EPN motif” (202).  The presence of these motifs has often been used as a predictor of carbohydrate binding.  Gp42 possesses neither of these domains, so it is unlikely that it binds carbohydrate or utilizes calcium in binding its ligands (136).  

The Long Loop Region of gp42

The long loop region is observed only in canonical CTLDs and is the most variable portion of the fold both in sequence and in structure (202).  CTLDs known to bind calcium possess one of their calcium binding sites in this region.  In most canonical CTLDs, other specific binding sites are likely to be located in the LLR (201).  As a canonical CTLD, gp42 possesses a LLR, which contains a putative canonical hydrophobic binding pocket comprised of 22 residues, 4 of which are supported by the 2 helix (136).  Hydrophobic residues are typically not exposed on protein surfaces.  Therefore, surface hydrophobic patches are often identified as potential locations of protein interactions (185).  The canonical binding pocket corresponds to the carbohydrate binding domain in CTLDs that bind carbohydrates (202).  This suggests that gp42’s hydrophobic pocket could be a location for recruitment of binding partners and initiation of fusion.  In the heterodimeric CD94-NKG2 natural killer (NK) receptor family, this pocket is involved in binding the HLA-E receptor (148), and it binds MHC class I receptors in the Ly49 family of NK receptors (46).  In Ly49 proteins, the core of the binding site is mostly conserved among all Ly49 members, while flanking regions differ among each Ly49 protein to confer specific recognition of the different MHC class I binding partners (43).  However, gp42 binds its receptor HLA protein in an entirely different portion of the CTLD, which corresponds to the homodimerization region in Ly49A and NKG2D (40, 43, 136).  This leaves the canonical hydrophobic binding pocket open to accept another binding partner.  In the unbound gp42 structure, the canonical binding pocket is more closed than in the HLA Class II-bound structure [34].  Specifically, when gp42 binds to HLA Class II, the alpha-2 helix shifts and the loop at residue 158 (“158 Loop”) moves towards the Class II receptor, serving to widen the canonical binding pocket (Figure 1.3).  The subtle opening of the pocket may act as a signal for fusion, since even small structural changes in proteins can result in significant biological effects.  The functional homologue of gp42 in HSV-1 is glycoprotein D (gD).  Structural change in gD upon binding to its receptor, HVEM, is hypothesized to initiate recruitment of gH/gL and gB to the membrane fusion process (177).  A similar event caused by the binding of gp42 with Class II may provide enough of a conformational change in the hydrophobic binding pocket and surrounding residues to initiate recruitment of cellular or viral proteins essential for membrane fusion (102), possibly EBV gB or gH/gL.  
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Figure 1.3.  Overlay of the HLA Class II-bound and unbound structures of EBV gp42  
Bound structure is light blue-gray, unbound is yellow, HLA Class II is deep blue.  Figure created with Pymol.

The N-terminal Region of EBV gp42


The region of gp42 that is critical for interaction between gp42 and EBV gH/gL is the N-terminal region, specifically residues 36-81.  Studies have proposed that this region interacts with gH/gL by contact through amino acids 47-61 and 67-81 with high molecular affinity in a hairpin-like conformation (101).  The structures of gp42 bound to Class II and unbound gp42 begin with amino acid 33 but most of the gH/gL interactive region is flexible and disordered in both the bound and native structures of gp42, and this flexibility may be beneficial in creating regions of contact with gH/gL.  

In separate studies of deletions of portions of the N-terminal region, it was found that the cleavage site that results in the soluble form of gp42 is separate from the gH/gL interactive site (171) and the resultant soluble form of the protein binds B-cells with greater affinity than the full-length protein.  It is this soluble form that functions in B-cell fusion (100).  
Mutation of gp42 and HLA Class II

Several mutational assays of gp42 and/or HLA Class II have been published (101, 125, 169, 171).  Table 1 combines the results of three studies of the effects of mutations to gp42 in functional fusion assays.  Figure 1.4 illustrates the locations on gp42 of some of the mutation sites.  In addition, truncation mutants of gp42 demonstrated that deletion of up to 90 residues from the N-terminal end of gp42 can still produce a protein that is capable of binding HLA Class II, while deletion of as few as 28 residues from the C-terminal end rendered gp42 incapable of binding Class II, presumably because of disruption of the CTLD fold conformation (174).  An important study on mutations to HLA Class II confirmed that gp42 does not bind Class II at the canonical hydrophobic pocket, distinguishing its interactions with Class II from the canonical CTLD docking pattern exhibited by Ly49A with MHC Class I (125).  

The first study of mutations to gp42 in Table 1 confirms the importance of residues that bind HLA Class II in fusion function:  LI104, LI112, LI148, LI149, Y107A and E160A were non-functional in fusion while R220A exhibited reduced fusion capability.  Class II contact mutants T104A and R154A did not affect fusion.  The T104 mutation does not disrupt hydrogen bonds with Class II residue R(72, while mutation of gp42 Y107A likely does disrupt hydrogen bonds with the same residue (169).  R154’s binding partner in Class II is S(63, which has been shown to be non-essential in the interaction (125).  Of greater interest in this group of mutations is the set of mutants that affect the hydrophobic binding pocket without disrupting binding with HLA Class II.  These mutants failed to function in fusion, providing further evidence that this pocket is a potential docking site for another protein necessary for fusion (169), though the ligand for this pocket has yet to be defined.  This study also identified mutants that apparently disrupt core structural features of gp42 that are distinct from the HLA Class II binding site or the hydrophobic pocket.

Mutations to the N-terminal domain shown in the second section of Table 1 fall into three categories:  mutants that retain both fusion and gH/gL binding capabilities, mutants that lose fusion capability but retain gH/gL binding and mutants that lose both fusion and gH/gL binding abilities.  The mutants in the third category revealed that residues 37 to 56 and 72 to 96 are essential for fusion, and the amino acids 47-61 and 67-81 are responsible for binding gH.  Based on this finding a peptide spanning amino acids from 36-81 was constructed and shown to bind to gH/gL with high affinity, inhibiting B cell fusion when competing with soluble gp42 (101).  Some mutants in the second category of this study ((82-86, (87-91 and (92-96) may disrupt the potential dimerization region that was modeled in the structure of gp42 bound to HLA Class II (136).  One mutant, (37-41, eliminates most of the cleavage site that is predicted to reside at residues 40-42, which is responsible for the production of soluble gp42 (101).  

Soluble gp42 plays an important role in membrane fusion (158).  The third set of mutations depicted in Table 1 was constructed to investigate the cleavage site and secretion of soluble gp42.  Truncation mutant (51 was not functional in fusion assays and did not bind gH/gL.  This is not surprising, based on studies mentioned above that implicate residues 37-56 in gH/gL binding.  Truncation mutants (36, (41 and (46 all functioned in fusion and binding with gH/gL and HLA Class II.  In fact, (41 displayed an increased ability to mediate membrane fusion over wild-type gp42.  This truncation mutant matches the start site of wild-type soluble gp42.  These findings, in combination with the evidence that deletion of the cleavage site with mutant (37-41 eliminates fusion, strongly suggest that gp42 must be cleaved from its transmembrane region and secreted to function in membrane fusion.  This truncation study found the cleavage site to be distinct from the gH/gL binding site and provides the clearest functional importance of cleaved, secreted gp42 (171).
	
	Mutant
	Functional Domain
	Expressed at surface?
	Fusion
	Binding
	Binding Partner

	Study 1a
	LI12
	TM
	Yes
	+
	+
	HLA

	
	LI27
	N-terminus
	Yes
	+
	+
	HLA

	
	LI82
	N-terminus
	Yes
	+
	+
	HLA

	
	LI93
	N-terminus
	Yes
	+
	+
	HLA

	
	W44A
	N-terminus
	Yes
	+
	+
	HLA

	
	Q89A
	N-terminus
	Yes
	+
	+
	HLA

	
	T104A
	Class II
	Yes
	+
	+
	HLA

	
	R154A
	Class II
	Yes
	+
	+
	HLA

	
	Y185F
	Pocket
	Yes
	+
	+
	HLA

	
	LI118
	Structural
	Yes
	-
	-
	HLA

	
	LI122
	Structural
	Yes
	-
	-
	HLA

	
	LI134
	Structural
	Yes
	+/-
	+/-
	HLA

	
	LI179
	Structural
	Yes
	-
	-
	HLA

	
	LI195
	Pocket
	Yes
	-
	-
	HLA

	
	LI216
	Structural
	Yes
	-
	-
	HLA

	
	W125G
	Structural
	Yes
	-
	-
	HLA

	
	LI104
	Class II
	Yes
	-
	-
	HLA

	
	LI112
	Class II
	Yes
	-
	-
	HLA

	
	LI148
	Class II
	Yes
	-
	-
	HLA

	
	LI149
	Class II
	Yes
	-
	-
	HLA

	
	Y107A
	Class II
	Yes
	-
	-
	HLA

	
	E160A
	Class II 
	Yes
	-
	-
	HLA

	
	R220A
	Class II
	Yes
	+/-
	-
	HLA

	
	LI193
	Pocket
	Yes
	-
	+
	HLA

	
	LI206
	Pocket
	Yes
	-
	+
	HLA

	
	LI210
	Pocket
	Yes
	+/-
	+
	HLA

	
	F210A
	Pocket
	Yes
	-
	+
	HLA

	Study 2b
	R30A
	N-terminus
	Yes
	+
	+
	gH/gL

	
	R32A
	N-terminus
	Yes
	+
	+
	gH/gL

	
	R36A
	N-terminus
	Yes
	+
	+
	gH/gL

	
	W44A
	N-terminus
	Yes
	+
	+
	gH/gL

	
	K47A
	N-terminus
	Yes
	+
	+
	gH/gL

	
	K47A/P48S
	N-terminus
	Yes
	+
	+
	gH/gL

	
	E51A
	N-terminus
	Yes
	+
	+
	gH/gL

	
	32-36
	N-terminus
	Yes
	+
	+
	gH/gL

	
	57-61
	N-terminus
	Yes
	+
	-
	gH/gL

	
	62-66
	N-terminus
	Yes
	+
	+
	gH/gL

	
	37-41
	N-terminus, cleavage
	Yes
	-
	+
	gH/gL

	
	42-46
	N-terminus
	Yes
	-
	+
	gH/gL

	
	82-86
	N-terminus
	Yes
	-
	+
	gH/gL

	
	87-91
	N-terminus
	Yes
	-
	+
	gH/gL

	
	92-96
	N-terminus
	Yes
	-
	+
	gH/gL

	
	47-51
	N-terminus
	Yes
	-
	+/-
	gH/gL

	
	52-56
	N-terminus
	Yes
	-
	-
	gH/gL

	
	67-71
	N-terminus
	Yes
	+/-
	-
	gH/gL

	
	72-76
	N-terminus
	Yes
	-
	- 
	gh/gL

	
	77-81
	N-terminus
	Yes
	-
	+/- 
	gH/gL

	
	45-89
	N-terminus
	Yes
	-
	- 
	gH/gL

	
	37-41/67-71
	N-terminus
	Yes
	-
	- 
	gH/gL

	
	42-46/72-76
	N-terminus
	Yes
	-
	- 
	gH/gL

	
	77-81/47-51
	N-terminus
	Yes
	-
	- 
	gH/gL

	Study 3c
	N36
	N-terminus
	No; +gH/gL Yes
	+
	+, +
	HLA, gH/gL

	
	N41
	N-terminus
	No; +gH/gL Yes
	+
	+, +
	HLA, gH/gL

	
	N46
	N-terminus
	No; +gH/gL Yes
	+
	+, +
	HLA, gH/gL

	
	N51
	N-terminus
	No; +gH/gL No
	-
	+, -
	HLA, gH/gL

	
	VAAAA37-41DDDDK
	N-terminus, cleavage
	ND
	+/-
	ND
	


Table 1.  Mutational studies of gp42
Summary of effects of mutation on gp42 from three published studies.  Symbols used:  Plus sign (+) = functional in fusion assays; minus (-) = non-functional in fusion assays; plus/minus (+/-) = reduced function in fusion assays; ∆ = deletion of residues following the symbol; ND = assay not done.  a (169), b(101), c(171).

[image: image4.png]B0




Figure 1.4.  Structure of EBVgp42 bound to HLA Class II (PDB identification number 1KG0) with residues selected for mutation highlighted in color
Amino acids in the N-terminal domain are shown in silver-gray; HLA Class II contacting residues are brown; hydrophobic pocket residues are pink-purple; residues in other structural features are green.  Hydrogen bonds between selected gp42 and HLA contact residues are shown by chartreuse dotted lines.  Structure visualized with Pymol.

Epstein-Barr Virus and Burkitt Lymphoma


Epstein-Barr was the first virus found to have an association with human cancer.  Lymphoma cells were isolated from biopsy tissue collected from jaw region tumors in children in sub-Saharan Africa by Denis Burkitt (97).  This type of lymphoma was identified as a new disease and defined by Burkitt to have a high correlation with the presence of infection with Plasmodium falciparum malaria in subjects (25).  Cells supplied by Burkitt were discovered to harbor a virus, identified by Epstein, Achong and Barr and subsequently named Epstein-Barr virus (59).  The form of Burkitt lymphoma (BL) that is associated with P. falciparum malaria is identified as endemic BL.  It displays a strong link to EBV, with malignant cells from nearly 100% of endemic BL tumors expressing the EBV genome (117).  Sporadic BL is histologically identical to the endemic form of the cancer, but is seen at lower incidence than the endemic form and is not definitively associated with EBV, since only 10-20% of sporadic BL tumors are positive for EBV (97).  In a third form of BL associated with AIDS, EBV is absent from the majority of BL tumors, with a 30-40% association between the virus and these tumors (97).  The presence of EBV latent membrane protein 1 (LMP1) in HIV-associated Hodgkin lymphoma (HL) suggests a role of EBV in HIV-HL (30-31), so it is possible that a stronger link between EBV and BL may exist than was previously suspected.  While the association between EBV and Burkitt lymphoma is still not fully understood, the increased association of EBV with HIV-associated and malaria-associated BL suggests an immune function link between the virus and Burkitt lymphoma.  


In all three types of Burkitt lymphoma, the molecular events in B-cells are the same:  the MYC proto-oncogene is activated via translocation into an immunoglobulin (Ig) locus.  Specifically, a break occurs in chromosome 8 at 8q24 and translocates the MYC gene to the heavy Ig (IgH) locus on chromosome 14 or the light (IgL) locus on either chromosome 2 or 22 (39). Following B-cell infection, EBV-determined nuclear antigens (EBNAs) begin to appear.  The first of these is EBNA2, which is a transcriptional activator of specific cellular (37, 61, 104, 189-191) and viral (1, 170, 178, 190, 204-205) genes.  Genes that are affected by this activation include members of the NOTCH pathway and the other EBNA genes in EBV (9, 206).  Following this activation, latent membrane proteins (LMPs), including LMP1, are expressed.  LMP1 is almost entirely homogeneously expressed in endemic BL, but studies of EBV in Burkitt lymphoma cells have found rare EBNA2+/LMP1- variants that suggest that EBV may act as an anti-apoptotic rather than a B-cell growth promoter in BL (95).  Disruption of tumor suppressant pathways is a cause of tumor development in BL, and mutation of tumor suppressor pathway p53 members is found in BL tumor biopsies and cell lines (18, 60, 66).  EBV latent membrane protein LMP2A, like LMP1, has been shown to promote survival in B cells (64, 118-119, 151).  Originally it was not believed that LMP2A is present in BL tumors, but it has been detected in low levels in BL biopsies (15).  This suggests a role for EBV in BL tumor survival possibly due to bypass of apoptotic pathways through LMP2A involvement, discussed further in the next section.  

Mouse Models of Burkitt Lymphoma


The mouse as a model for human physiology and disease has more than one hundred years of history, marked by the first studies of mouse genetics published between 1909 and 1918 (135).  The first inbred mouse strain, DBA, was developed in 1916 by C.C. Little with the goal of creating a genetically uniform stock of mice in which to study the genetics of cancer susceptibility.  Thus the development of inbred mice and mouse models of cancer have been linked since the inception of mouse breeding for biomedical research (134).  


Mouse models of Burkitt lymphoma were first attempted by creating transgenic mouse strains that expressed the MYC oncogene under the control of IgH or IgL regulatory sequences (2).  Transgenic (Tg) mice expressing c-MYC in B-cells produce pre-B-cell and B-cell lymphomas (77, 99).  However, these tumors do not display the characteristic “starry sky” histological phenotype that distinguishes BL tumors.  With the goal of creating a more BL-consistent strain, Kovalchuk developed mice that express c-MYC under control of the IgL regulatory sequences on chromosome 22 (Ig().  These mice are generally labeled (-MYC transgenics and spontaneously produce B-cell lymphomas that fit the phenotype and histologic features of BL tumors (105).  Tg mice that express c-MYC under control of the heavy chain  promoter and enhancer (E-MYC mice) develop pre-B-cell and B-cell lymphomas with approximately 80% of these tumor cells displaying inactivation of ARF-MDM2-p53 tumor suppressor pathway (56).  Crossing these mice with strains deficient in or null for proapoptotic downstream targets of the p53 pathway results in accelerated onset of tumors and in reduction of p53 pathway mutations or deletions, indicating that inactivation of these downstream targets relieves the need for inactivation of the p53 tumor suppression pathway during lymphomagenesis, effectively bypassing the pathway (51, 57, 67).  


The Longnecker laboratory has been investigating the involvement of the EBV protein LMP2A in B-cells (8, 26-27, 64, 126-127, 150-151, 179) and in mouse models of lymphomagenesis (7, 9, 19-20, 24).  LMP2A increases expression of the anti-apoptotic Bcl-XL (151).  Both BIM and p53-induced PUMA (BBC3) bind and inactivate members of the BCL family, including Bcl-XL (199), to block tumor development.  Increase of Bcl-XL by LMP2A to higher than normal levels in premalignant cells may serve to overcome these proapoptotic pathways after MYC translocation and thus promote tumorigenesis (24).  LMP2A can also activate the Ras/PI3K/Akt pathway (63-64, 151), the MAP kinase pathway (7) and the Nf-(B pathway (23, 176, 181).  The Longnecker laboratory crossed an ELMP2A mouse line (Tg6) (27) with a (-MYC transgenic line (105) to produce a LMP2A/(-MYC line, heretofore referred to as Tg6MYC mice.  These mice produce B-cell tumors at an accelerated rate when compared to (-MYC mice and express wild-type p53 in all cervical tumor and spleen samples tested, suggesting that the presence of LMP2A bypasses the requirement for p53 pathway inactivation during lymphomagenesis during MYC deregulation (19).  That work suggests that LMP2A provides a pro-survival function in EBV-infected B-cells by inducing anti-apoptotic proteins such as Bcl-XL, which protect developing tumor cells from the p53 tumor suppressing pathway while maintaining the p53 pathway intact (without mutations or deletions).  A recent review written by Kathryn Bieging details the molecular events of EBV with respect to LMP2A and p53 pathway mutations (20).  This paper provides a possible explanation for why so little LMP2A has been discovered in BL biopsies.  In EBV-negative BL, the MYC translocation occurs and induces a p53 pathway response, triggering apoptosis and often p53 pathway mutations can be seen in tumors.  In EBV-positive BL, the MYC translocation and MYC-activated p53 response occur as they do in EBV-negative BL, but LMP2A promotes survival in B-cells by increasing levels of anti-apoptotic proteins.  This leads to a larger number of pretumor cells in the spleen as evidenced by splenomegaly observed in double transgenic mice (19, 24, 180).  This increase in cell numbers raises the potential for mutation in p53 pathway members in an EBV-positive cell.  These mutations trigger tumor progression and immune surveillance may then select against cells with high levels of LMP2A.  After the p53 mutations have occurred, the pressure on LMP2A to bypass this pathway is relieved, so cells with low levels of LMP2A survive in BL tumor biopsies (20). These effects are of particular importance in the early development of lymphoma.  These LMP2A studies have illuminated tactics evolved by the Epstein-Barr virus in counteracting the apoptotic function of the p53 pathway and potentially other cancer suppressant pathways.

Bioinformatics Applications 


Bioinformatics (or computational biology) has many definitions, but can be loosely defined as a discipline in molecular biology dealing with nucleotide or amino acid sequences and the information they contain (184).  From the discovery of DNA to genome sequencing to microarrays to biological pathways analysis, bioinformatics methods and databases have aided life sciences researchers in describing and discovering relationships between biomolecules within species or across multiple species.  Publication in bioinformatics often focuses on algorithms created to improve current methods in computational biology or to establish new computational protocols.  Bioinformatics techniques in the study of disease are often included as supplemental methods that inform laboratory experimentation.  This thesis is a demonstration of the application of a number of bioinformatics methods to investigate the sequence and structural characteristics of EBV gp42 and to investigate pathways involved in a mouse model of Burkitt lymphoma.

CHAPTER 2  – SEQUENCE AND STRUCTURAL CHARACTERISTICS OF EPSTEIN-BARR VIRUS ENVELOPE PROTEIN gp42
SUMMARY

C-type lectins are among the oldest known animal lectins, with snake venom agglutinating lectin first described in the late 1800s and bovine conglutinin described in 1906 (98).  There are now more than one thousand identified animal CTLDs (some of which are inferred from genome sequences) with most of these proteins lacking lectin function, and thus best defined as “C-type lectin-like” by exhibiting characteristic CTLD fold structure and ligand binding features (202).  Non Metazoan CTLDs fall into two broad categories:  1) parasitic bacterial & viral CTLDs and 2) a group of CTLDs that contains non-viral plant proteins and the planktomycete Piruella bacterium (202).   Parasitic bacterial CTLDs exhibit the features of a compact form of the fold, while viral CTLDs appear to be of the canonical type, possessing a long-loop region.  Many of these viral proteins show significant similarity to mammalian CTLD-containing proteins, suggesting evolutionary adaptations in which viruses hijacked or imitated host proteins to facilitate evasion of immune detection.
This chapter contains analyses of sequence and structural orthologues to gp42 in other species and discussion of the ability of the fold class CTLD to tolerate great sequence variation while still maintaining structural and functional homology between species.

RESEARCH DESIGN AND METHODS

Sequence Similarity Searches


Sequence similarity searches for viral homologues to human EBV gp42 return very few orthologues in other species: notably rhesus and marmoset lymphocryptovirus gp42-type proteins.  Basic Local Alignment Search Tool (BLAST) begins a search by indexing all character strings of a certain length within the query sequence by their starting position in the query.  The length of the string to index, called the “wordsize”, is typically 3 for protein-to-protein sequence searches.  BLAST then scans the target database looking for matches between the “words” indexed in the query and strings found within the database sequences.  For protein-to-protein searches, the score of the match is determined using a substitution matrix. The BLOSUM62 matrix is a good choice for providing speed and accuracy of alignment.  BLOSUM are substitution matrices in which scores for each position are derived from observations of the frequencies of substitutions in blocks of local alignments in related proteins. Each matrix is tailored to a particular evolutionary distance.  In the BLOSUM62 matrix, the alignment from which scores were derived was created using sequences sharing no more than 62% identity (81).  When a word match is found, two nearby words in the case of protein searches, BLAST attempts to extend both forward and backward from the match to produce an alignment. BLAST will continue this extension as long as the alignment score continues to increase or until it drops by a critical amount owing to the negative scores given by mismatches (4).  For a more thorough investigation of the phylogenetic diversity of viral CTLD-containing glycoproteins, it is useful to perform a Pattern Specific Iterated BLAST (PSI-BLAST).  This is consistent with protocols used in characterizing the CTLD fold in comparative analysis studies (201).  The PSI-BLAST algorithm is similar to basic BLAST, but assigns a matrix of scores based on alignments of key patterns/motifs in the sequences in the protein database it searches (5-6, 165).  This allows the investigator to uncover more remotely related homologues that may otherwise escape detection with BLAST, due to low overall sequence similarity scores.  A PSI-BLAST was performed on the NCBI protein database for proteins from viruses only using the BLOSUM62 matrix on NCBI’s PSI-BLAST server at http://www.ncbi.nlm.nih.gov/blast/Blast.cgi.  After 20 iterations no novel sequences were found.
Multiple Alignment and Phylogram Construction

The sequences returned by the PSI-BLAST were culled to one representative sequence per viral species using reference sequences where available.  These sequences were verified using the annotations in the InterPro database of viral CTLD containing proteins at http://www.ebi.ac.uk/interpro/IEntry?ac=IPR016186.  The InterPro family of C-type lectin-like proteins (family accession identifier IPR016186) contained 136 viral entries at the time it was consulted, though a number of these sequences are redundant.  One sequence per virus for a total of 51 species was uploaded in FASTA format to the Phylogeny.fr server, where all subsequent steps were performed (45).  Several algorithms are available for multiple sequence aligment and two were tried to arrive at the best multiple alignment with the least manual editing required.  The construction of a phylogenetic tree is only as good as the quality of the multiple alignment used to generate clusters of related sequences.  Phylogeny is used for two purposes.  The first is “true phylogeny” which builds phylograms based on genome similarity across species estimating time span between species’ divergence.  Phylogeny is also used to illustrate similarity among members of a specific protein fold class.  This type of functional phylogenetic analysis is seen commonly in published studies of conserved protein folds.  CLUSTAL-W is the standard multiple sequence alignment tool used by many investigators, but in this work, it aligned sequences in a manner that emphasized global alignment over best alignment of conserved regions.  For this reason, sequences were aligned in a multiple alignment using ProbCons, which has been shown to perform more accurately than other multiple sequence alignment algorithms.  This is because ProbCons begins its alignment by matching regions of highest probability of conservation, then builds the alignment around these regions (47).  As a result, little manual editing was required to improve the alignment.  These results then were submitted to phylogenetic analysis using PHYML (70), and trees were visualized with TreeDyn (34).  After initial tree construction, extreme outlying sequences were removed from the alignment in order to present a more compact phylogram, including sequences from two Oryza (rice) species, bluetongue virus and ovine herpesvirus 2.  These sequences aligned with gp42 for only short spans with low sequence similarity and identity.
Structural Similarity Searches using VAST


CTLDs show a remarkable structural similarity while showing as little as 20% sequence similarity (202).  For this reason, sequence similarity searches may not always elucidate the potential of this family.  The CTLD is a strongly conserved fold with a long evolutionary history.  Given its long history, it is not surprising that the fold family has become more varied and functionally flexible over time and species to bind other ligands besides carbohydrate while still maintaining the same overall structure.  Fish antifreeze CTLDs bind ice crystals (113), pancreatic lithostathine binds CaCO3 (68) and many CTLDs bind proteins (202).  Alignments of gp42 and its structural homologues were made using the Vector Alignment Search Tool (VAST) from NCBI’s MMDB Entrez Structure database (which retrieves structures from the Protein Data Bank (PDB) in PDB format and re-formats them for visualization with the NCBI’s Cn3D viewer) at http://www.ncbi.nlm.nih.gov/sites/entrez?db=structure.  The VAST tool, as part of MMDB, is a pre-set structural similarity alignment based on three dimensional coordinates of the query structure compared with all other structures in the MMDB database.  Over 50 CTLD homologues were returned, scored and ranked by number of residues aligned, and 9 were selected for inclusion in each of the figures shown in the Results section of this chapter.  Using the aligned length alone to compare protein similarity is the default alignment choice with VAST, and structural alignment by RMSD (root mean squared deviation) is also a standard practice, but the Loop Hausdorff Metric (LHM) is a more accurate depiction of structural similarity (143).  LHM measures similarity of loops after first aligning major secondary structural elements.  This type of alignment is especially relevant when comparing CTLDs that possess long-loop regions which are essential for the protein’s function or binding.  LHM values were used to re-rank all structural homologues retrieved by the VAST search of the MMDB, and to create a new structural alignment based on loop similarity to EBV gp42.

Literature Review of Sequence and Structural Features of gp42


Since the candidate is a librarian and part of this research is funded by a fellowship from the National Library of Medicine, one of the methods employed for this study was a literature review of the sequence and structure of CTLDs in search of shared features that may be evident in gp42.  This involved focusing on the features of gp42 as a canonical CTLD and searching the literature for these features in other CTLDs returned by PSI-BLAST and VAST, seeking their functional significance.  Findings of these searches are included in the Results sections of the sequence and structural analyses.

RESULTS

Viral Orthologues to gp42


Results of the sequence similarity search are depicted in the phylogram in Figure 2.1.  It is not surprising that proteins from two known primate lymphocryptoviruses, rhesus (88% sequence similarity to gp42, 79% identity) and marmoset (56% similar, 39% identical), are most closely related to EBV gp42.  Sequencing of several non-human primate lymphocryptoviruses (LCVs) has resulted more than 50 known primate LCVs and detailed phylogenetic analysis of these sequences suggests it is possible that orthologous proteins exist in several other primate gammaherpesvirus species in addition to marmoset and rhesus, representing species from Old World and New World primates and other hominoids (53, 55, 109). Some of the next nearest neighbors in the phylogram are other mammalian gammaherpesvirus proteins.  
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Figure 2.1.  Rooted phylogenetic cladogram of viral CTLDs  

Gamma herpesvirus CTLDs are grouped (green branch).  Tree visualized with TreeDyn.
The results of this analysis prompted literature investigation of other viral CTLDs’ function and structural characteristics.  No crystallography or NMR-solved structures exist for other viral CTLDs except for major tropism determinant (Mtd), a retroelement-encoded receptor-binding protein of Bordetella bacteriophage.  This protein lacks disulfide bridges and was not detected during the PSI-BLAST performed above, but it has been cited as an example of the fact that CTLDs can tolerate massive sequence variation yet still maintain structural stability (123).    Many viral C-type lectin-like containing proteins are identified as CTLD structures solely by prediction from genomic sequence data.  Interestingly, one of the sequences removed from the alignment to generate a more compact phylogram belonged to Ov7 protein from ovine herpesvirus, a (-herpesvirus (30% similar, 9% identical to gp42).  Despite belonging to the same viral family as EBV, the protein from ovine herpesvirus does not exhibit the typical disulfide bond locations that characterize many CTLDs.  In fact, this protein aligned to the N-terminal region of gp42, not the canonical CTLD region, is most similar to the Alcelaphine (wildebeest) herpesvirus protein A7 (38% similar, 20% identical to gp42), but does not exhibit many characteristics of a CTLD itself.  Little is known about this protein, which has not been experimentally investigated.  Phylogenetic studies of gammaherpesvirinae in such diverse species as hyena, rhinocerous, zebras and crocodiles (among many others) has made the gammaherpesvirus family the most extensively characterized among the three subfamilies (alpha, beta and gammaherpesvirinae), but also the most complex (54, 122).  This complexity makes coevolutionary interpretation difficult and may help to explain why such proteins as Ov7 differ greatly from EBV gp42 while still belonging to the same viral subfamily.  

Information from experimental studies of viral gp42 orthologues’ similar function and overall structure despite sequence differences is valuable for understanding function of this protein class.  Rat cytomegalovirus (RCMV) CTLD protein (21% similar, 14% identical to gp42) was the first of this fold class identified in a herpesvirus, and it shows marked similarity to CD69 NK receptors (188).  RCMV is a (-herpesvirus, and the CTLD coded by its genome is a spliced gene with introns and exons—making it different from the unspliced gp42 protein-coding gene BZLF2.  Despite these differences, it is proposed that RCMV C-type lectin-like protein plays a role in immune system evasion by the virus by downregulating MHC class I (153).  Rat CMV lectin-like protein lacks the disulfide bridge between (3 and (5 that is present in EBV gp42 and most other long-loop CTLDs and shares this lack with cowpox (27% similar, 16% identical to gp42) and deerpox (31% similar, 20% identical) virus orthologues.  Canarypox viral CTLD (30% similar, 19% identical) possesses four disulfide bridge features that are shared by gp42 with other canonical CTLDs and is thus groups more closely to gp42 by sequence similarity.  African swine fever virus (ASFV) possesses a CTLD-containing protein (27% similar, 16% identical) that is encoded both early and late in the infection process.  This protein has been shown to be non-essential for viral growth in porcine macrophages or for virulence in domestic swine (137), but to inhibit p53 activity and apoptosis during ASFV infection (84).  Porcine lymphotropic virus CTLD-containing protein (52% similar/35% identical) comes from the (-herpesvirus porcine lymphotropic herpesvirus 1 (PLHV-1), a homologue to EBV (52, 114).  This virus has been shown to upregulate EBV promoters and to trigger reactivation of the virus in BC-3 cells latently infected with EBV, prompting cause for concern when using porcine xenografts in human transplantation (164).  While no direct comparisons between EBV gp42 and the porcine lymphotropic herpesvirus CTLD have been made, strong similarity of sequence exists between these proteins, with PLHV-1 CTLD the closest non-primate sequence recovered in the PSI-BLAST results. 
CTLD Structural Neighbors of gp42


The best-ranked 9 proteins using VAST’s default aligned length and LHM methods are shown in Table 2 and Figure 2.2.  The comparison of the two figures of VAST alignments illustrates why the LHM method provides superior results for gp42.  The aligned length group shows good alignment of major structural features that are common to CTLDs (alpha helices and beta strands), but the more long loop region has poor alignment in this group.  The LHM alignment method retrieved mostly NK-receptor-like CTLDs, which have very similar loop characteristics, despite having very low sequence identity.  The areas demarcated by brackets in Figures 2.2.a and b show that the aligned loop regions are now more compact.  In the LHM model, the best-matched structure with EBV gp42 is human natural killer receptor CD94NKG2A complexed with HLA-E that only shares 22% amino acid identity.  These alignments emphasize that, when evaluating a fold as common as the CTLD, it is important to consider structural similarity when attempting to deduce functional characteristics of the protein.
	9 Best Structural Orthologues Based on Numbers of Aligned Residues
	9 Best Structural Orthologues Based on Loop Hausdorff Metric

	PDB ID#
	Aligned Length
	RMSD
	% Sequence Identity
	LHM
	Description
	PDB ID#
	Aligned Length
	RMSD
	% Sequence Identity
	LHM
	Description

	1GZ2 A 
	108
	2.6
	17.6
	4.9
	Ovocleidin-17 protein of gallus gallus eggshell calcified layer
	3CDG F1 
	46
	1.6
	21.7
	1.3
	Human Cd94NKG2A in complex with HLA-E

	1WMZ A 
	108
	2.7
	13
	3.8
	C-type lectin Cel-I complexed with N- Acetyl-D-Galactosamine
	1HQ8 A1 
	47
	1.5
	23.4
	2.5
	Murine Nk cell-activating receptor Nkg2d at 1.95 A

	3CDG E 
	107
	2.5
	13.1
	3
	Human Cd94NKG2A complexed with HLA-E
	3CCK B 
	96
	1.9
	20.8
	2.5
	Human Cd69

	2C6U A 
	107
	2.2
	17.8
	3.5
	Human Clec-2 (Clec1b)
	3FF9 B 
	95
	2.1
	16.8
	2.6
	Nk cell receptor Klrg1

	2OX9 C 
	106
	2.2
	17.9
	3.3
	Mouse scavenger receptor C-type lectin carbohydrate- recognition domain
	3FF7 C
	100
	1.9
	18
	2.7
	Nk cell receptor Klrg1 bound to E-cadherin

	1JZN A 
	103
	2.3
	14.6
	3.4
	Galactose-specific C-type lectin
	2RIC C1 
	97
	2.4
	12.4
	2.8
	Human surfactant protein D With L-Glycero-D-Manno-Heptopyranosyl-(1-3)-L- Glycero-D-Manno-Heptopyranose

	3CAD B 
	101
	2.3
	23.8
	4.1
	Natural killer cell receptor, Ly49g
	1R13 A 
	97
	2.3
	12.4
	2.8
	Carbohydrate recognition and neck domains of surfactant protein A (Sp-A)

	1R13 A1 
	100
	2.5
	12
	2.9
	Carbohydrate recognition and neck domains of surfactant protein A (Sp-A)
	2IT5 A 
	95
	2.1
	22.1
	2.9
	Dcsign-Crd with Man6

	3BC7 A 
	100
	2.2
	18
	3
	Carbohydrate recognition domain of langerin
	3BC7 A 
	100
	2.2
	18
	3
	Carbohydrate recognition domain of langerin


Table 2.  Structural neighbors of gp42
Listing of best structural alignments to gp42 from the Molecular Modeling Database (MMDB) using the VAST structural alignment tool.  Left side shows 9 structures with greatest number of aligned residues.  Right side shows 9 structures with best structural alignment using the Loop Hausdorff Metric (LHM).
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Figure 2.2.  VAST alignments of structural orthologues to EBV gp42
2.2.a.  Nearest structural neighbors of EBV gp42 as determined by number of residues aligned with VAST 

EBV gp42 is highlighted in yellow.  Areas demarcated by brackets show less-aligned loops.  Blue=alpha helices; red arrows=beta strands.  Structures visualized with Cn3D.
2.2.b.  Re-alignment of nearest structural neighbors using the Loop-Hausdorff Metric with VAST 

Loops are now more compactly aligned.  Colors as in Figure 2.2.a.  Structures visualized with Cn3D.
The N-terminal Region of EBV gp42:  Sequence and Structural Similarity with Viral and Structural Orthologues

The N-terminal region of EBV gp42 showed little to no sequence identity with other viral CTLDs in the PSI-BLAST.  Neither does it have strong sequence similarity with other non-viral CTLDs identified by the structural VAST search.  However, investigation of these orthologous proteins’ N-terminal domains may uncover some similar characteristics shared by this region of gp42 with other lectin-like proteins. Lithostathine, pancreatitis associated protein (PAP) and other members of a multifunctional CTLD family exhibit a protease cleavage site located between arginine and isoleucine residues in the short N-terminal domain that, like gp42, produces a soluble short form of the protein (88, 166).  These proteins have a great variety of functional roles depending on their location in cells, so similarity of cleavage site and CTLD fold structure do not ensure similar biological function.  This diversity of function in a single fold class is another characteristic of the long evolutionary persistence of the fold (202).   Chinese white shrimp (193) and Zhikong scallop (203) possess an N-terminal signal sequence paired with a C-type lectin-like fold in proteins that, in both species, serve as pattern recognition receptors that are upregulated in immune response to invasion by bacterial pathogens.  Other CTLDs with roles in cytotoxicity such as CD69 (75), NKG2D and NKp80 (133) and the Ly49 family share gp42’s type II transmembrane features in their N-terminal regions.  Similarity to native immune response protein folds in diverse species raises the possibility that EBV gp42 evolved by the virus hijacking or mimicking a CTLD fold host protein in order to evade immune system detection.

In studies of EBV gH/gL chimeric complexes consisting of various combinations of human, marmoset and rhesus gH and gL proteins matched with human gp42, gp42 fails to function in fusion assays with marmoset gH (MgH) while it does function with rhesus gH (RhgH) (169, 197).  It could be possible that EBV gp42’s N-terminal region is not well-fitted for interaction with MgH and thus does not function in fusion with B cells, so the fault may lie in the human EBV gp42 and not MgH.  Marmoset gp42 homologue CalHV3gp47-ORF 44 is more similar to gp42 in its CTLD region than in its N-terminal span.  Additionally, the N-terminal region is at least 20 residues longer in marmoset than in EBV gp42 in the current data entry in EntrezProtein at NCBI.  This may mean that the marmoset protein adopts a different conformational shape in its N-terminal region and this shape is possibly dissimilar enough to human gp42 that they are not interchangeable for fusion function.  To evaluate the extent of dissimilarity between human and marmoset gp42 orthologues, the human, rhesus and marmoset gp42-like proteins were aligned in a multiple alignment, using the RefSeq sequences for each protein from EntrezProtein at NCBI.  This alignment brings to light a possible error in the annotation of marmoset gp42.  The marmoset protein sequence is the result of automated gene-finding algorithms and places the start codon for CalHV3gp47-ORF44 60 bases farther upstream than either the human or rhesus orthologue.  The gene has three possible methionine-coding ATG start sites early in its sequence.  When the three sequences are realigned, using an ATG start codon 61 bases into the marmoset DNA sequence, the resulting translated protein is nearly the same length as the human and rhesus orthologues and, more importantly, places the CTLD in the same location of the protein.  The results of these alignments are shown in Figures 2.3 and 2.4.  This possible error in annotation of CalHV3gp47 does not fully explain the failure of human EBV gp42 to function in fusion assays with marmoset gH.  It does raise the possibility that the open reading frames for the marmoset virus genome for this gene and perhaps others—such as marmoset virus gH—are incorrectly predicted.  Alternatively, sequence differences between EBV gp42 and the marmoset orthologue may explain the lack of interchangeable function.  This doubt can only be extinguished by more extensive laboratory experimentation on marmoset HV3 gp47 or on human-marmoset viral chimeras.
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Discussion

Epstein–Barr virus gp42 is a well-studied protein.  It has been crystallized and identified as a C-type lectin-like protein, in both bound and native structures (102, 136).  Despite its structural similarity with other members of the NK-like CTLDs, it displays a unique binding conformation with its receptor HLA class II and has a flexible N-terminal domain that carries essential sites for binding gH/gL and cleavage that are necessary for membrane fusion.  In-depth sequence and structural analysis have identified no other CTLDs that share this combination of N-terminal domain features, though some small similarities exist in cleavage and secretion characteristics.  Also, the binding partner for the canonical hydrophobic binding pocket has not yet been identified, though this region is also essential for fusion (169).  That this protein and others in the CTLD fold class can maintain strong structural similarity while displaying little sequence identity and diverse functionality suggests that the Epstein-Barr virus may have co-opted or mimicked a host immune protein structure in order to become more efficient in infecting host B cells and evading immune detection.  EBV gp42 has been altered in a number of mutational studies that have helped to define functional regions necessary for fusion and binding of gH/gL and HLA class II (101, 125, 169, 171, 174).  Despite this intense study, the exact mechanics of EBV binding, fusion with and entry into host cells awaits further structural evidence of gp42 bound with gH/gL and potential ligand candidates of the hydrophobic pocket, including gB or gH/gL, if there is a direct interaction. Gp42 is not currently a therapeutic target for development of EBV vaccines, but it does provide an attractive model for small-molecule inhibition of viral infection, as evidenced by studies that blocked membrane fusion with a peptide identical to the N-terminal region from amino acids 36-81 (101).  It also will help provide insight into the mechanics of immune evasion by herpesviruses, and possesses other potential targets in the N-terminal cleavage site and the hydrophobic pocket for therapeutic intervention against EBV entry and transmission.
CHAPTER 3  – COMPARISON OF PATHWAY ANALYSIS TOOLS APPLIED TO A MOUSE MODEL FOR BURKITT LYMPHOMA, AN EPSTEIN-BARR-VIRUS-ASSOCIATED LYMPHOMA 

SUMMARY


The Tg6MYC mouse model was recently used in a series of microarray experiments in the Longnecker laboratory (data not yet published).  Statistical analysis of this data was shared for use in this thesis so that it could be submitted for study using three pathway analysis products.  Pathway analysis software and Web servers offer powerful inferential computation combined with easy to use graphical interfaces.  When dealing with pathway analysis, it is advisable to keep certain pathways in mind as focus for study.  Otherwise the wealth of information generated by these packages can become unmanageably large and complex.


Three pathway analysis platforms were used to analyze the microarray data of Kathryn Bieging, whose research centers around the refinement of a double-transgenic mouse model of Burkitt lymphoma with expression of the Epstein-Barr virus membrane protein LMP2A (19-20).  It is hoped that pathway tools can help to illuminate currently known and promising molecular interactions between LMP2A, the MYC translocation seen in BL and apoptotic pathways in the host.

RESEARCH DESIGN AND METHODS
This chapter’s work utilizes gene sets taken from microarray data collected by Kathryn Bieging in the Longnecker laboratory. These gene lists were analyzed with a number of free and commercial pathway analysis applications, in order to highlight genes that are affected by the presence of LMP2A in B-cells in a mouse model of Burkitt lymphoma.  

Micrarray analysis was performed by Kathryn Bieging of the Longnecker laboratory.  Data from these experiments was given to the Northwestern University Bioinformatics Center (NUBIC).  These data were statistically normalized and analyzed for significant up- and down-regulated genes by Gang (Gilbert) Feng under the general direction of NUBIC lead consultant Simon Lin.  Data files were provided by Drs. Feng and Lin with the permission of Dr. Longnecker and Kathryn Bieging.  Files for the comparison between Tg6MYC (the LMP2A/(-MYC mouse) vs. control wild-type mice and Tg6MYC vs. Tg6MYC pre-tumor spleens were used, based on Dr. Feng’s analysis that these datasets provided the greatest differentiation between the target model (the LMP2A/(-MYC double-transgenic mouse) and its comparison partner.


Gene lists were analyzed using 3 platforms:  the FunDO (Functional Disease Ontology) server created by NUBIC; the Database for Annotation, Visualization and Integrated Discovery (DAVID) server and Ingenuity Pathways Analysis (IPA) licensed software.  The gene MYC was added to the gene lists for analysis, mostly for the benefit of pathway expansion using IPA, since the mouse model is a MYC mouse, and the microarrays did not measure MYC expression.

FunDO


FunDO is a free web tool for discovering disease-gene interactions.  It can be accessed at the URL http://fundo.nubic.northwestern.edu/.  FunDO is based on the Disease Ontology Lite annotation database created by NUBIC bioinformaticists (49, 141).  Disease Ontology uses the Gene RIF (Gene References Into Function) feature of NCBI’s EntrezGene records for each gene in the list to search for disease-gene references in published literature in the PubMed MEDLINE literature database.  Therefore all gene-disease interactions discovered by FunDO are supported by biomedical literature.  The search results are returned in an interactive table of all diseases associated with the gene set ranked by number of genes associated with each disease as well as a graphical representation of the genes associated with the top five diseases to which genes in the list mapped.  FunDO uses a statistic equivalent to Fisher’s Exact Test to compare genes from the users gene list to genes in the entire human genome for any given disease term.  Enrichment is determined as by both the number of genes from the user’s query set which mapped to a specific disease term and the total number of genes that are associated with the same disease term in the Disease Ontology Lite annotation database.    


Gene lists from Ms. Bieging’s microarray results were copied and pasted into the gene list window on the FunDO home page.    

DAVID


DAVID is an open source web-based system developed by the National Institute of Allergy and Infectious Diseases (NIAID) at the NIH (44, 83).  All analysis for this report was done on the DAVID version 6.7 at http://david.abcc.ncifcrf.gov/.  DAVID allows users to upload a list of genes, define a background list or species for their gene set, and perform a number of functional and definitional analyses on the genes.  It includes information from a number of gene function and definition schemas, such as Gene Ontology (GO) enriched terms (10), KEGG pathways (92-94), CGAP’s BioCarta Pathways (http://cgap.nci.nih.gov/Pathways/BioCarta_Pathways) and other tools.


Gene lists are analyzed by the DAVID Analysis Wizard interface using the gene list upload features on the page.  The same gene lists used for FunDO analysis were copied into the gene list box and compared against mouse and human gene backgrounds.  Results were analyzed for functional annotation and functional classification using DAVID tools.  The Functional Annotation Clustering tool was selected as the primary tool for analysis.  This tool clusters genes according to number of shared functional annotation terms.  Functional Annotation Clustering uses the kappa statistic for determining shared terms for clustering.  If genes share similar set of terms, they are most likely involved in similar biological mechanisms. Kappa measures agreement between two entities on a set of terms and resultant values range from 0 to 1 (36).  Each gene associates with some of the annotation terms so that a binary gene-annotation matrix is constructed where 1 represents a positive match for the particular gene-term and 0 represents unknown or non-association. Thus, each gene has a unique profile of annotation terms represented by a combination of 1s and 0s.  For any two genes, a contingency table is constructed for kappa statistics calculation, then genes are clustered based on associations between genes that match the cutoff value of kappa that is selected by the user.    
Ingenuity Pathways Analysis (IPA)


IPA (http://www.ingenuity.com/) is a licensed software package for which Northwestern University has a site license paid by the Galter Health Sciences Library.  IPA allows users to manage datasets of gene expression from microarray results and analyze this data through pathway analysis and gene annotation features of the Ingenuity Pathways Knowledge Base created by Ingenuity scientists using citations from published literature.  


Gene lists were analyzed by IPA using program-defined p-values.
Literature Search for Published Associations Between EBV or LMP2A and Pathway Result Terms


Similar to Chapter 1, the MEDLINE literature was searched for publications discussing EBV or LMP2A association with diseases or pathway features uncovered by the pathway analysis tools FunDO and IPA.

RESULTS

FunDO


FunDO is a simple tool that is useful for highlighting unexpected enriched gene-disease relationships, but it may not have as much utility for tracing functional pathways contained in microarray results.  It can lead to new knowledge of disease connections with the LMP2A-Burkitt mouse model gene set.  The disease-gene interactions discovered by FunDO led to subsequent literature investigation of possible connections between EBV and newly-highlighted diseases as identified by FunDO.

Tg6MYC vs. WT 

For the Tg6MYC mouse vs. wild-type, the gene list of 150 genes was copied into the gene window at the FunDO server home page and results were retrieved.  This gene list returned some interesting interactions.  Results are shown in Figure 3.1.  Tables of disease terms and their numbers of gene interactions can be found in Appendix 1.  Twenty-six genes from the gene list mapped to the top five diseases depicted in this figure.  As expected, cancer is one disease that appears in the top five diseases represented by the gene list, but the most-enriched disease is diabetes mellitus. This is because the number of genes from the microarray results which mapped to diabetes (n=10) represents a larger proportion of the diabetes dataset (2.76%) than the number of genes which mapped to cancer (n=13) represent in proportion to the total cancer dataset (1.77%).  Diabetes shares genes with three of the other four most-represented diseases (ulcerative colitis, cancer and atherosclerosis).  
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Figure 3.1.  Top five diseases mapped from the Tg6MYC-WT gene list
26 out of 150 genes mapped to the diseases diabetes mellitus, cancer, atherosclerosis, ulcerative colitis and communicable disease.
Based on the results of this mapping, PubMed was searched for literature discussing interactions between three of the most-represented diseases and Epstein-Barr virus and searched specifically for interactions between these diseases and LMP2A.  
While there is no definite relationship between viral infection and subsequent diabetes mellitus (69), a number of studies have investigated the co-occurrence of EBV with autoimmune diabetes (number of results in PubMed=147).  EBV infection leading to mononucleosis has been reported in acute diabetes mellitus onset (35).  Patients with diabetes mellitus (DM) who present with oral hairy leukoplakia (an EBV-associated cancer) also have higher levels of EBV DNA than control patients without DM (128).  Significantly lower levels of antibodies against EBV nuclear antigen (EBNA) have been observed in DM type 1 patients compared to healthy controls (106).  Since Type 1 diabetes mellitus is an autoimmune disease, it is reasonable to suspect that genes involved in immune function in response to EBV are also involved in the development of DM, but the role played by these genes in DM is not understood and could involve several mechanisms including molecular mimicry of immune cell receptors (160) or effects on transcription factors that regulate immune receptor genes (such as XBP1), both types of genes which were highlighted by FunDO.  No specific citations were found that discuss LMP2A’s involvement in diabetes, but the presence of this protein in B-cells can have an effect on the host cell’s B-cell receptor (BCR) response and function (which will be discussed in greater detail in the IPA results section).  EBV infection cannot be definitively identified as a cause for DM, but the coincidence of immune response molecules in both diseases is interesting and has been a subject of investigation in autoimmune diabetes literature.

There is less literature published on the potential for interaction between EBV and atherosclerosis (PubMed n=39) than is available for the EBV-DM relationship, and conflicting conclusions are reached by the authors of the available literature on viral infection and atherosclerosis.  In a study investigating the relationship between clinical depression, C-reactive protein (CRP)—a plasma protein that increases in response to inflammation—and viral pathogen levels in patients with atherosclerosis, patients with the highest clinical depression symptoms were also seropositive for EBV, herpes simplex 1 (HSV1) and cytomegalovirus (CMV).  These patients also exhibit an increase in CRP levels.  However, despite the fact that CRP and viral pathogen burden were both clustered with depression, there was no correlation between highest levels of EBV and highest levels of CRP.  Therefore, latent infection was not determined by these investigators to be a stimulus for inflammatory reaction (130).  Similar conclusions were reached by another study, which found no contribution by virus to inflammation in atherosclerosis (167).  In contrast, another study isolated T-cells from atherosclerotic plaques and exposed them to EBV-transformed B-cells.  79% of exposed T-cell cultures expressed EBV DNA by PCR.  EBV-respondent cells also secreted granzymes, indicating their cytotoxic potential.  This study concluded that T-cell response to EBV could contribute to atherosclerotic plaque inflammation (41).  Another study has found Epstein-Barr virus-induced gene 3 in atherosclerotic plaques (96).  In light of this conflicting literature, it seems likely that EBV gene expression in atherosclerosis may be more coincidental than causal or even correlated with plaque inflammation.  No studies were found investigating LMP2A in atherosclerosis.

There are a number of studies linking EBV with ulcerative colitis (PubMed n=44), which is an autoimmune disease.  EBV-encoded small RNA1 (EBER-1) was detected in B-lymphocytes from inflamed areas of colon of ulcerative colitis cases (17, 198).  EBV-associated lymphomas have also been observed to develop after immunosuppressive treatment for ulcerative colitis (UC) (3, 71, 115), though some researchers maintain that the increase of EBV infection following immunosuppressive therapy does not occur at a high enough incidence to suggest increased risk (110).  A study measuring presence of EBNA2 and LMP1 in non-Hodgkin lymphoma (NHL) associated with UC found that 4 out of 7 patients with UC and NHL were EBV-positive (195).  Authors determined that EBV contributes to development of pathogenesis in a proportion of ulcerative colitis-associated NHL cases possibly by transformation of lymphocytes by the virus, but they found that no cases of colorectal cancer in UC patients were EBV positive.  No studies investigating LMP2A in UC were found, but it is possible that LMP2A could also play a role in survival of B-cells in some UC patients, since LMP1 has been found in tumors of patients with UC and NHL mentioned above.  Though there is more literature suggesting a link between EBV and ulcerative colitis than linking EBV and atherosclerosis, it is unclear whether presence of EBV DNA or antibodies indicates a role for the virus in ulcerative lesions or whether the presence of the virus is again coincidental.
Tg6MYC vs. Tg6MYC Pretumor 

For the Tg6MYC vs Tg6MYC pretumor spleen gene list, 281 genes were recognized by FunDO and are represented by Figure 3.2. Tables of the top 50 disease terms and their numbers of gene interactions can be found in Appendix 1.
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Figure 3.2.  Top five diseases mapped from the Tg6MYC-MYC pretumor gene list
53 out of 282 genes mapped to the diseases cancer, neoplasm metastasis, breast cancer, lupus erythamatosis, and lung cancer.
For this gene list, few non-cancer diseases were discovered by FunDO in the top 5 diseases represented in the list.  This is likely because the gene list for this experiment was selected based on genes that are expected to be affected by cancer and tumor development.  The fact that lupus is one of the most-represented diseases is not surprising, since lupus is an auto-immune disorder and there is also a large body of literature discussing the role of EBV in systemic lupus erythematosus (SLE) (PubMed n=278).  In a review of the contribution of EBV to SLE, Posnett concludes that EBV may contribute to the initiation of autoantibody formation in preclinical stages of SLE through molecular mimicry of antigenic receptors, specifically by mimicry of the SLE-antigenic Sm spliceasome proteins by EBV EBNAs, which have a similar proline-rich signature motif to the Sm proteins.  EBV may then contribute to disease progression through multiple mechanisms including “bystander activation” of innate immune mechanisms, interferon-mediated gene regulation and reactivation of virus in diseased tissues of SLE, though activation of immune mechanisms and the activation of interferon gene signatures are not specific to SLE, but are seen on other autoimmune disorders as well.  This paper cites work by the Longnecker laboratory which suggests a role for LMP2A in promoting B-cell survival and maturation in the disease (152).  Several groups have reported a 10- to 100-fold increase of EBV load in peripheral blood of SLE patients compared to controls (76).  Specific involvement of EBV LMP2A in SLE has been studied by a number of groups as reviewed by Swanson-Mungerson (180).  LMP2A expression is increased in B-cells of SLE patients.  LMP2A increases the numbers of B-cells that become plasma cells, resulting in greater numbers of plasma cells in the blood of SLE patients.  LMP2A decreases Lyn protein levels through NEDD4 ubiquitin ligases, leading to decreased levels of Lyn in B-cells of SLE patients.  LMP2A increases toll-like receptor (TLR) expression and TLR ligand sensitivity in mouse models, resulting in increased severity of SLE in mice.  LMP2A increases BAFF expression, as evidenced by increased BAFF levels in the serum of SLE patients.  The induction of host interferon-( by EBV DNA is still a subject of investigation, and recent work has suggested that EBV binding to major histocompatibility (MHC) class II molecules could be the initiating event for the involvement of EBV in SLE (155).
Much of the literature discussing autoimmune diseases and EBV in the past has emphasized a molecular mimicry role played by EBV proteins (160).  However, the LMP2A mouse model suggests that molecular mimicry may not be the only or most important factor in EBV contributing to autoimmune disease.  Another possibility may be that LMP2A promotes survival of B-cells during development of the disease, then contributes to disease progression by increasing numbers of plasma cells expressing autoreactive antibodies or by increasing the activation of autoreactive T-cells by enhanced expression of CD86 (or both) (180).
DAVID

Many genes are implicated in several pathways, so this section concentrates on genes from Ms. Bieging’s dataset that are enriched in apoptotic pathways or pathways related to lymphoma.  DAVID highlights enriched biological themes, particularly through relation to Gene Ontology (GO) terms and protein family clusters.  

For the both gene lists, genes were analyzed by DAVID using their orthologous human gene ID symbols, in order to highlight human biological processes.    
Tg6MYC vs. WT 

Using a medium stringency filter (kappa value of 0.5), in which genes are allowed to share fewer terms to be clustered together, produced a set of 78 clusters.  The top cluster represents genes whose GO annotation terms generally describe structural features of proteins:  disulfide bonds, glycoprotein, signal peptides and extracellular domain.  The next largest set of genes represents cellular projection functions.  The third most-enriched cluster contains inflammatory response or innate immune response genes, the fourth set of genes represents adaptive immune response and the fifth set depicts protein homodimerization or protein-protein binding.  Since the top cluster depicts functional annotations that are obvious based on structural features of molecules and are not as interesting in terms of pathology, the stringency of the clustering was raised so that clusters were required to include members that shared a greater number of annotations.  This reduces the number of clusters and also serves to eliminate some of the obvious biological function clusters in which genes share fewer GO terms and thus cluster into a more general category.  Increasing stringency on kappa statistics to “high” (0.85) resulted in 67 clusters.  The most-enriched cluster now features genes involved in innate immune response or lymphocyte and leukocyte-mediated immune response.  The second most-enriched cluster contains genes related to endocytosis and membrane invagination.  The third most-enriched cluster contains genes related to apoptosis regulation.  The fourth cluster contains genes related to vesicle formation and the fifth cluster includes genes related to activation of lymphocytes and leukocytes. Tables of the top 5 annotation clusters and associated genes for both medium and high stringency can be found in Appendix 2.
Tg6MYC vs. Tg6MYC-pretumor

The larger set of genes present in the LMP2A/-MYC vs. pretumor set resulted in 106 clusters using medium stringency. The top cluster of this gene set contains terms related to intracellular and nuclear lumen, nuclear and nucleolus-associated genes.  The second best-enriched cluster contains genes associated with the Src homology 2 (SH2) domain.  The third cluster represents genes affiliated with the LIM zinc finger domain.  The fourth cluster depicts cytokine production-associated genes and the fifth cluster contains genes associated with nucleotide binding and ATP binding.  Increasing stringency to high for this dataset results in 96 clusters.  The top cluster still contains lumen-associated genes.  The second most-enriched cluster now depicts apoptosis-related genes.  The third cluster represents genes related to activation of T-cells, lymphocytes, leukocytes and general immune system activation.  The fourth cluster is the SH2 cluster and the fifth is the LIM domain cluster. Tables of the top 5 annotation clusters and associated genes for both medium and high stringency can be found in Appendix 2, as well as tables of apoptotic genes identified by DAVID for both datasets.
DAVID is a good tool for clustering genes by biologically related functional annotation. However, its value is mostly descriptive of a gene set.  The selection of a gene set for initial microarray analysis is important in influencing the results of DAVID analysis.   Including markers of normal features and function is necessary to microarray analysis, but these genes end up as highly represented in DAVID results.  Some genes, especially ubiquitously expressed protein coding genes, will appear in several categories.  An example is APP, which appears in the categories for endocytosis and apoptosis.  

Genes associated with SH2 domains indicate involvement of genes in signaling cascades—expected in this model which investigates the effects of LMP2A on pathways.  An example is RIN3, a Ras pathway interactor.  The zinc finger LIM domain is involved in protein-protein interactions.  Proteins expressing this domain are involved in cytoskeleton organization, cell lineage specification, organ development, and oncogenesis.  Its enrichment in this dataset could describe oncogenic processes or merely protein binding.  A member of this gene set is LPXN, which is present in lymphoid tissues of spleen, lymph nodes and peripheral blood lymphocytes.  Lumen-associated genes are a large and diverse group including phosphatases, protein binding genes and a number of maintenance genes.

While the clustering of these genes by DAVID provides convenient at-a-glance summaries of biologically related genes, little else can be accomplished with these results as they are presented.  Combining biological function with the microarray expression profiles and literature validation is a next step in understanding what, if any, significance exists in the gene sets.  

Ingenuity Pathways Analysis (IPA)

IPA includes a number of canonical pathway models that can be used to overlay microarray results to highlight genes in the experiment that are affected by certain diseases or pathways.  IPA has a filter for Burkitt lymphoma, which was used to pre-filter the microarray results to select for genes enriched in BL as identified by literature findings, GO terminology or Entrez Gene RIFs.  This filter was used for both microarray gene lists.  

For both gene lists, genes were analyzed by IPA using their orthologous human gene ID symbols, in order to highlight human biological and disease processes.  

IPA builds a network diagram of all interactions between molecules in the dataset and adds new molecules to the results in order to create pathways of interconnection between genes if no direct connections are known for the genes in the list alone.  After this network was built, indirect connections were removed from the diagram and shortest pathways between orphaned genes and the rest of the gene set were added using the IPA Build tool Path Explorer.  This was done to create a less tangled diagram of connections emphasizing direct connections as much as possible.  While this is not necessarily the best way of discovering all interactions between genes, it was done in order to present a more legible graph.

The value of IPA for this gene set is that it allows the user to overlay expression values from the experiment onto the pathway in order to view up- and down-regulated genes.  Upregulated genes are red in network diagrams and downregulated genes are green.  The intensity of color and a small expression legend is added next to each molecule for which expression data is available.
Tg6MYC vs WT

For the double-transgenic LMP2A/MYC mouse vs. wild-type, 51 genes were highlighted by the Burkitt filter.  Most expression values fell in the range of -1.5 to 2 with a p-value cutoff of 0.04.  This p-value is rather high and most molecules would not pass a higher stringency filter if p-value is set to a smaller value, but cutoff was left at the higher value to provide greater illustration of pathway connectivity.  This list was clustered by IPA into networks involving cellular growth and proliferation, tissue morphology, hematological system development and function, cell-to-cell signaling and interaction, cellular movement, immunological disease and cell death.  

Figure 3.3 shows a network diagram produced by IPA for the Tg6MYC vs. WT results.  Some overexpressed genes in the transgenic mouse include several kinases (PIK3CD (PI3K), PRKCZ (PKC2) and MERTK) phosphatases (PPAP2B, SIRPA) and transcription factors (TCF4, XBP1, CEPBP), indicating potential effects on transcription and post-translational events by LPM2A or MYC translocation.  The transcription factor CIITA (or C2TA) is downregulated in the Tg6MYC mouse but XBP1 is increased and both are transcription factors affecting major histocompatibility complex (MHC) proteins.  This is interesting because both XBP1 and C2TA are affected by BCL6.  BCL6 increases transcription of C2TA and inhibits transcription of XBP1.  Since XBP1 expression is increased in the transgenic model and C2TA is decreased, it seems possible that the presence of LMP2A is affecting the expression of these transcription factors, possibly through dysregulation of BCL6.  Another possible explanation may be that the germinal center reaction in which MYC is translocated may affect BCL6 transcriptional regulation of both XBP1 and C2TA.

It is interesting that two heat shock proteins are differentially expressed in the transgenic model.  HSP90AB1 is a cytoplasmic chaperone protein that is involved in protein folding and is often upregulated in tumor cells, though different types of tumors express different Hsp90 levels (121).  HSP90B1 (ECGP or HSP96) is an antiapoptotic protein.  The fact that an anti-apoptotic protein is increased may also suggest the pro-survival effects of LMP2A in B-cells in Burkitt lymphoma.
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Figure 3.3.  IPA graph of TgMYC-WT network with Burkitt filter
Upregulated genes from the dataset are colored red; downregulated genes are green.  Intensity of color indicates level of up- or downregulation. 
Overlaying canonical pathways from the IPA KnowledgeBase may help to highlight genes involved in these pathways.  An overlay of MYC-Mediated Apoptosis highlights kinases PI3K and PRKCZ.  MYC activation of the PI3K or PI3K-Akt pathway enhances survival in T-cell leukemia cell lines (16, 86, 142) and in B-lymphocytes (32, 48).  It is possible that it is not only the activation of MYC pathways that accounts for the increase of PI3K in the TgMYC mouse.  Earlier work in the Longnecker laboratory has shown that LMP2A activates the Ras/PI3K/Akt pathway (63-64, 151), so the increased expression of PI3K may be a specific effect of LMP2A in this Burkitt model.

Overlay of the NF-B Signaling pathway and NF-B Activation by Viruses pathway highlights the same kinases and Akt.  Since PI3K is involved in a number of other pathways (including NF-B and MYC-mediated apoptosis), PI3K seems to be the gene that is highlighted in the most pathways by IPA.  This high level of interconnection between pathway members makes it difficult to determine specific effects, but LMP2A has been implicated in the NF-B pathway as well (23, 176, 181).  FCER1G (CD23, or low affinity IgE receptor) is also increased in the transgenic mouse.  CD23 is a marker of B-cell activation and is expressed in Burkitt lymphoma cells transformed with EBV and expressing EBNA2 (189).  
Based on FunDO results, the Type I Diabetes Mellitus Signaling pathway was overlaid onto the Tg6MYC-WT network (Figure 3.4).  This overlay highlighted a number of genes, including CD23, but didn’t highlight some of the genes that were found by FunDO: XBP1, CEBPB, CD86.  This difference will be addressed in the discussion section of this chapter.  In studies of type I diabetes mellitus (DM) patients, lower levels of CD23 expressed on B-cells (107, 120) and lower levels of soluble CD23 (sCD23) (107) are seen in DM patients compared to controls.  The fact that CD23 expression is a marker of B-cell activation can suggest that patients are expressing immunosuppressive features as marked by lower levels of activated B-cells.
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Figure 3.4.  IPA graph of TgMYC-WT network with Burkitt filter overlaid with IPA’s Type I Diabetes Mellitus Signaling canonical pathway
Molecules involved in the pathway are highlighted in aqua.  Only one of the molecules highlighted in this pathway is represented in the dataset:  FCER1G (CD23).

Tg6MYC vs. Tg6MYC pretumor

For the Tg6MYC vs. Tg6MYC pretumor spleen mouse sets, 82 genes were highlighted by the Burkitt filter.  Most expression values were between -3 and 3, with a p-value cutoff of 0.002.  Therefore more of these genes had greater expression differences with a higher stringency than the MYC vs. wild-type gene set.  This list was clustered by IPA into networks involving cellular development, cellular growth and proliferation, cell death, cancer, hematological disease, cell-to-cell signaling and interaction, hematological system development and function, and immune cell trafficking.  Cell death is the most-enriched functional annotation in this comparison set and cancer is the most-implicated disease by the Ingenuity KnowledgeBase.  Figure 3.5 shows the network diagram of the Burkitt-filtered Tg6MYC vs. Tg6MYC pretumor dataset.  It is notable that, despite the fact that the Burkitt filter highlights more genes in this dataset than in the Tg6MYC vs. WT dataset, the graph displays fewer molecules.  This is because the IPA network builder found more direct interactions between the genes in the microarray results and therefore did not need to add as many molecules in order to create pathway interactions between molecules.
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Figure 3.5.  IPA network graph of TgMYC-Tg6MYC pretumor spleens with Burkitt filter
There are some genes that are differentially expressed between the Tg6MYC-WT and the Tg6MYC-Tg6MYC pretumor sets.  One is CD55.  Its expression in the microarray results is decreased in Tg6MYC vs. wild-type, but it is increased in Tg6MYC vs. Tg6MYC pretumor spleens.  This seems reasonable, since the complement cascade may be inhibited in the LMP2A mouse, illustrated by lower CD55 expression.  In the Tg6MYC tumor vs. Tg6MYC pretumor mice, though, CD55 is higher in the tumor cells than spleen pretumor cells.  This is likely because the complement system development is not complete in the spleen cells, so they express lower levels of CD55 than those seen in tumors.  PI3K is lower in the Tg6MYC tumor cells than in spleen pretumor cells, where it was higher in Tg6MYC vs. wild-type mice.  This can suggest that the activation of PI3K may happen early in the disease cycle and is higher in pretumor spleen samples than in lymphoma cells and is higher in the LMP2A lymphoma mouse than in wild-type mice.   In fact, all of the kinases are lower in the tumor samples than spleens except MAPK12 (also known as p38-gamma, ERK3 and ERK6).  MAPK12 is involved in a number of cancers including lymphomas and it plays a role in extracellular signaling.  It has been specifically studied in Burkitt lymphoma as a member of a signaling cascade in BL cells (103).  Some studies have found that MAPK12 expression is tissue-specific and it does not exist in normal human spleens (111) or mouse spleen dendritic cells (186).  No specific mentions of MAPK12 exist in the literature with direct relation to LMP2A.  However, the involvement of LMP2A in MAPK signaling in general has been reported in numerous studies as reviewed in Pang (144), though exact mechanisms are unclear.  LMP2A is proposed to activate the ERK/MAPK pathway in lymphoblastoid B-cell lines and Burkitt lymphoma cell lines (145), due to phosphorylation of LMP2A by ERK1. Activation of ERK/MAPK and PI3K/Akt pathways is involved in both proliferation and survival of B-cells (7).  The fact that PI3K is lower in tumors than pretumor spleens while MAPK12 is higher in tumors could suggest a continuum of PI3K activity or involvement of different kinases at different stages of B-cell tumor development.  Other work suggests that LMP2A activates MAPK, and phosporylation of c-Jun stabilizes this pathway (33).  

Two phosphatases show decreased expression in the Tg6MYC tumors compared to pretumor spleens:  INPP5D (SHIP) and PTPN6 (SHP-1).  SHP-1 has an inhibitory function in B-cells and has been found to be downregulated in both EBV-positive and EBV-negative Burkitt lymphoma cell lines (42), so the presence of LMP2A may be suppressing this inhibitory phosphatase in order to promote B-cell survival in tumors.  SHIP is related to splenomegaly (from the IPA KnowledgeBase findings) so higher levels in spleen compared to tumor cells are reflected in this dataset.

The cancer suppressor transcription factor EGR1 is one of the most strongly-increased genes in this dataset.  EGR1 is hypothesized to be bound by c-MYC (58), and has been associated with survival of B-cells.  In mature B-cells, signaling through the B-cell receptor (BCR) induces activation of EGR1 (124), but in immature B-cells, BCR signaling does not activate EGR1 and these cells undergo apoptosis (168).  This brings up the BCR signaling pathway as a focus of attention.  LMP2A's effects on the BCR signaling pathway have been studied extensively, and it appears to play a role in the BCR pathway and latency in infected B-cells.  The involvement of LMP2A with BCR is interesting and somewhat complex.  LMP2A localizes to lipid rafts in the membrane and interferes with BCR signaling by excluding BCR from the rafts (50).  Blocking of BCR-induced signaling prevents the EBV lytic cycle and promotes B-cell survival and latency of the virus (62, 129).  At the same time, LMP2A provides some of the signaling normally provided by the BCR by phosphorylating and activating downstream targets of the BCR such as Lyn, Syk, Ras, PI3K and Nf-B (7, 151, 163, 181), serving as a functional replacement or mimic for BCR.  In addition to this functional mimicry of BCR signaling, LMP2A can serve as a surrogate for the BCR by promoting B-cell survival and development.  In human B-cells infected with EBV or EBV lacking LMP2A, only the LMP2A-positive cells were rescued from apoptosis (119).  In LMP2A transgenic mice, B-cells are able to survive without a BCR, as well (26).  If EGR1 is activated by the BCR, presence of increased levels of EGR1 in this dataset could indicate that LMP2A is providing functional survival signals.  FcRIIB (FCGR2B in the dataset) is also part of the BCR pathway as identified by IPA.  This receptor is possibly a target for deregulation in lymphomas involving chromosomal rearrangement, and FCGR2B mRNA has been found in EBV-positive B-cells (28).  While not linked directly to the involvement of LMP2A, it is interesting that this gene is part of the BCR signaling pathway, present in EBV cells and implicated in lymphoma, suggesting that LMP2A may again contribute signals similar to the BCR. 

Like with the transgenic vs. wild-type dataset, overlay of IPA’s canonical pathways highlights genes involved in specific pathways or diseases.  Based on the FunDO findings, the IPA pathway Systemic Lupus Erythematosis was overlaid onto the networks created from the microarray results (Figure 3.6).  Lupus patients exhibit decreased SHIP (INPP5D in the figure) expression (38, 146, 187, 200).  Mouse models of an Fc immunoglobulin G receptor IIB (FcRIIB) deletion mutant lead to lupus-like phenotype in these mice (65), and the FcRIIB pathway is a pathway most enriched in the TgMYC vs. MYC pretumor dataset comparison.  This receptor is also part of the BCR signaling pathway as mentioned in the previous paragraph, suggesting that the integral involvement of LMP2A with the BCR pathway is again a highlight of this dataset.  The gene LAT is also highlighted by the lupus pathway.  LAT’s protein product is phosphorylated by ZAP-70/Syk protein tyrosine kinases following activation of the T-cell antigen receptor (TCR) signal transduction pathway. Lat transmembrane protein localizes to lipid rafts and acts as a docking site for SH2 domain-containing proteins, which were found to be enriched in this dataset by DAVID.  Upon phosphorylation, it recruits multiple adaptor proteins and downstream signaling molecules into multimolecular signaling complexes located near the site of TCR engagement.  The presence of LMP2A may interfere directly with Lat by displacing it from lipid rafts, similar to its effects on the BCR complexes in the rafts.  Alternately, since phosphorylation of an ITAM motif in LMP2A creates a binding site for the ZAP-70/Syk tyrosine kinases (87), LMP2A may compete with Lat as a phosphorylation target, effectively co-opting ZAP/Syk from the TCR signal transduction pathway.  
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Figure 3.6.  IPA graph of TgMYC-WT network with Burkitt filter overlaid with IPA’s Systemic Lupus Erythematosus canonical pathway
Highlighted molecules from the dataset are INPP5D (SHIP), PTPN6 (SHP-1), PIK3C1 & PIK3R (PI3K), FCGR2B (FcRIIB) and LAT.3.
Identification of gene candidates for future experimentation is a potential use for IPA results.  From these two experimental sets, genes that are differentially expressed in each experiment may be of interest.  They include kinases PI3K and PRKCZ, which are higher in pretumor spleen cells than tumor cells, but higher in BL tumor cells than wild-type.  This may indicate that there is a continuum of activation of these kinases during the disease development process.  CD55 is higher in tumor cells than spleen in the TgMYC mouse, but lower than in wild-type, which may give hints to other complement system genes involved in the Burkitt mouse model.  Genes involved with B-cell receptor signaling that may be differentially expressed in various stages of lymphoma cell growth could also be of interest (such as EGR1 and FcRIIB).
Comparing the Tg6MYC vs. WT and the Tg6MYC vs. Tg6MYC-pretumor IPA networks side-by-side looks interesting but little can be inferred from this visual comparison.   More genes from the Tg6MYC vs. WT set are increased in expression using the IPA Burkitt filter, and more genes are decreased in the Tg6MYC vs. Tg6MYC pretumor gene list.  This cannot be used as evidence for any conclusions except possibly in the case of genes that are included in both comparisons, such as PI3K, PRKCZ and CD55, which have been discussed.
DISCUSSION

Pathway analysis tools and software provide a wealth of information that is organized and easy to navigate for the user. However, this wealth of information on biological or disease-associated function can be so voluminous as to be distracting.  The value of pathway analysis tools is to identify highly-interconnected relationships among genes that may lead to new candidates for experimentation in the future.  They are not as useful for specific discovery of exact effects of individual gene mutations.

Some inconsistencies were encountered between the results of the various pathway analysis tools that were used in this study.  First, FunDO and IPA identified different genes involved in diabetes, as mentioned in the IPA results section.  This is likely due to the way in which gene-disease associations are made in each platform.  FunDO utilizes citations in the GeneRIF section of EntrezGene reports to automatically make connections between a specific gene and a disease state using computational methods.  IPA utilizes Gene Ontology annotations, but relies more heavily on manually curated findings from their team of researchers who read the literature and annotate functional and disease interactions.  Therefore, some of the GeneRIF interactions may be missed or omitted by the Ingenuity method of annotation, while other interactions which are less direct may be inferred better by this method than by algorithm discovery from GeneRIFs.  When using both IPA and DAVID, it is often discovered that some genes are associated with directly opposing biological function.  For example, a gene may be pro-apoptotic in some tissues and anti-apoptotic in others.  This is not a mistake of annotation, but does require very careful literature searches to confirm the conditions under which each differentially-expressed state may occur.  However, it is these genes that may be of great interest, especially when they are differentially expressed in wild-type, pretumor spleens and lymphoma B-cells in the LMP2A/MYC mouse model. 

It must be noted that decreasing p-values to more stringent settings would have resulted in few to no genes available for investigation using the IPA network system.  P-values were left higher in order to be able to view as many connections as possible between genes in IPA.

The greatest and most pleasant surprise came from the results of FunDO.  While it seems to be a simple tool, it did open some doors of discovery, leading to investigation of published evidence to support or dismiss links between Burkitt lymphoma, Epstein-Barr virus or LMP2A with autoimmune diseases such as ulcerative colitis, atherosclerosis, type I diabetes and lupus.

It is difficult to definitively identify new candidates for investigation through the use of these tools for this thesis.  Confidence in such identification could come from greater knowledge of B-cell growth and transformation, which was beyond the scope of this work.  However, there are a number of downstream targets of the p53 tumor suppressor pathway, the Ras/PI3K/Akt pathway and the NF-B pathway that can be affected.  Since the MYC translocation occurs at such an early phase in B-cell development and life-cycle, a large number of pathways are potentially impacted by this mutation.  EBV receptor proteins add an even greater degree of interconnectivity and complexity to this model of Burkitt lymphoma in the LMP2A/MYC double transgenic mouse.

I have found that the greatest value of using each of these tools is that they are best used together.  The interactions discovered by FunDO led disease-specific canonical pathway overlays in IPA.  The list of apoptotic genes highlighted by DAVID led to searches for more apoptotic roles and interconnectivity in IPA.  Each platform has its own strengths and when they are used together, a more interesting picture of interactions between genes and disease processes arises.
CHAPTER 4  – DISCUSSION AND FUTURE WORK


The choices available to researchers in selecting products for analysis of herpesvirus proteins and genes are numerous and good information can be found in applying a number of tools to the study of Epstein-Barr virus.

Combining the results of the two disparate studies of bioinformatics analysis on Epstein-Barr virus seems difficult.  However, during the FunDO analysis and subsequent literature searches for interactions between EBV genes and disease, one publication led to an exciting connection.   Quan specifically implicates gp42’s binding to MHC Class II DR receptors on plasmacytoid dendritic cells (pDCs) for increased production of interferon alpha (IFN-) by pDCs in systemic lupus erythematosus.  Gp42-deficient EBV virions did not promote INF- production by pDCs (155).  In B-cells, MHC class II makes cells susceptible to EBV infection, but it may serve as bait for EBV attachment to pDC, enabling these cells to degrade viral particles and produce IFN-α.  Then, as pDCs mature in response to EBV stimulation, they increase MHC class II production (131), offering a potential mechanism for pDCs to increase viral uptake.  Quan emphasizes the necessity for further investigation of this putative role for EBV gp42 in SLE.  Findings such as these make small peptide inhibition of gp42 even more attractive as a therapeutic strategy for battling EBV and the complications that arise in EBV-infected individuals.

Further work stimulated by the pursuit of this degree will involve continued comparison of EBV entry glycoproteins with other herpesvirus entry glycoproteins, specifically gH and gL.  With respect to microarray gene analysis, the Northwestern University Bioinformatic Center team of computational scientists has created a platform for gene discovery called GeneAnswers.  GeneAnswers is an open source script available at Bioconductor (http://www.bioconductor.org) for use with the statistical programming software language R (http://www.r-project.org/).  As Biosciences Librarian, I plan to receive training in the use of GeneAnswers from the NUBIC team so that I may then provide support and instruction in the use of the software to users at the Feinberg School of Medicine.  This is in addition to the bioinformatics support and training that I currently offer and will be expanding to instruction on even more tools and databases for bioinformatics analysis.
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APPENDIX 1 – TABLES OF GENE-DISEASE ASSOCIATIONS RETURNED BY FunDO

	
	DO Term
	Number of Genes in List
	% of Disease Gene List
	Fold Enrichment
	p-value
	Bonferroni corrected p-value

	1
	Diabetes mellitus
	10
	2.76
	7.5097
	1.042E-06
	5.002E-05

	2
	Cancer
	13
	1.77
	4.8017
	3.679E-06
	0.0001766

	3
	Atherosclerosis
	7
	3.41
	9.2827
	1.172E-05
	0.0005625

	4
	Ulcerative colitis
	5
	5.32
	14.4602
	2.654E-05
	0.001274

	5
	Communicable disease
	3
	14.29
	38.8359
	6.179E-05
	0.002966

	6
	Huntington disease
	3
	14.29
	38.8359
	6.179E-05
	0.002966

	7
	Multiple myeloma
	4
	6.9
	18.7484
	6.391E-05
	0.003068

	8
	Alzheimer's disease
	6
	3.11
	8.4513
	8.442E-05
	0.004052

	9
	CNS metastases
	2
	25
	67.9628
	0.0003709
	0.0178

	10
	Systemic scleroderma
	4
	4.35
	11.8196
	0.0003821
	0.01834

	11
	Rheumatoid arthritis
	6
	2.24
	6.0862
	0.0004941
	0.02372

	12
	HIV infection
	4
	3.64
	9.8855
	0.0007501
	0.036

	13
	Herpes
	3
	6.12
	16.644
	0.0007938
	0.0381

	14
	Muscular dystrophy
	2
	15.38
	41.8233
	0.001021
	0.049

	15
	Leukemia
	6
	1.9
	5.1781
	0.001142
	0.0548

	16
	Leprosy
	2
	14.29
	38.8359
	0.001188
	0.05703

	17
	Adenovirus infection
	3
	5.08
	13.823
	0.001363
	0.06545

	18
	Connective tissue disease
	2
	12.5
	33.9814
	0.001559
	0.07484

	19
	Hepatitis B
	2
	11.76
	31.9825
	0.001763
	0.08461

	20
	Yersinia infection
	3
	4.23
	11.4867
	0.002321
	0.1114

	21
	Systemic infection
	3
	3.95
	10.731
	0.002817
	0.1352

	22
	Bipolar disorder
	3
	3.85
	10.4558
	0.003033
	0.1456

	23
	Enteritis
	3
	3.61
	9.826
	0.003614
	0.1735

	24
	Obesity
	4
	2.35
	6.3965
	0.003683
	0.1768

	25
	Cholelithiasis
	2
	8
	21.7481
	0.003814
	0.1831

	26
	Autoimmune disease
	3
	3.53
	9.5948
	0.003864
	0.1855

	27
	Immunologic deficiency syndrome
	2
	6.45
	17.5388
	0.005827
	0.2797

	28
	Skin disease
	2
	5.88
	15.9913
	0.00698
	0.335

	29
	Prostate cancer
	5
	1.36
	3.6936
	0.01189
	0.5709

	30
	Encephalopathies
	2
	3.92
	10.6608
	0.01523
	0.7311

	31
	Amyotrophic lateral sclerosis
	2
	3.64
	9.8855
	0.01757
	0.8434

	32
	Tuberculosis
	2
	3.64
	9.8855
	0.01757
	0.8434

	33
	Colon cancer
	4
	1.41
	3.8289
	0.02115
	1.015

	34
	Breast cancer
	5
	1.16
	3.1464
	0.02215
	1.063

	35
	Myopathy
	2
	2.94
	7.9956
	0.02613
	1.254

	36
	Congenital abnormality
	3
	1.7
	4.6338
	0.02746
	1.318

	37
	Kidney disease
	2
	2.86
	7.7672
	0.02757
	1.323

	38
	Down syndrome
	2
	2.6
	7.0611
	0.03286
	1.577

	39
	Rabies
	2
	2.47
	6.7124
	0.03604
	1.73

	40
	Lung cancer
	3
	1.46
	3.9783
	0.04032
	1.935

	41
	Pancreas cancer
	2
	2.15
	5.8463
	0.04626
	2.22

	42
	Infection
	2
	1.74
	4.7278
	0.0673
	3.231

	43
	Embryoma
	3
	1.14
	3.101
	0.07347
	3.526

	44
	Lupus erythematosus
	2
	1.45
	3.9399
	0.09199
	4.415

	45
	Endometriosis
	2
	1.38
	3.7497
	0.09995
	4.798

	46
	Asthma
	2
	1.32
	3.6007
	0.1069
	5.133

	47
	Brain tumor
	2
	1.27
	3.4631
	0.114
	5.474

	48
	Hypertension
	2
	1.24
	3.377
	0.1188
	5.704

	
	
	
	
	
	
	


 Appendix Table 1.1.  FunDO disease annotations for the Tg6MYC vs. wild type dataset
	
	DO Term 
	Number of Genes in List 
	% of Disease Gene List 
	Fold Enrichment 
	p-value 
	Bonferroni corrected p-value 

	1
	Cancer
	23
	3.13
	4.4586
	3.18E-09
	2.45E-07

	2
	Neoplasm metastasis
	10
	6.62
	9.4486
	1.28E-07
	0.000009873

	3
	Breast cancer
	14
	3.24
	4.6237
	2.7E-06
	0.0002077

	4
	Lupus erythematosus
	8
	5.8
	8.2709
	6.37E-06
	0.0004905

	5
	Lung cancer
	9
	4.39
	6.2637
	1.6E-05
	0.001234

	6
	Diabetes mellitus
	11
	3.04
	4.3354
	5.69E-05
	0.004379

	7
	Leukemia
	10
	3.17
	4.5293
	8.61E-05
	0.006631

	8
	Embryoma
	9
	3.42
	4.8824
	0.00011
	0.008502

	9
	HIV infection
	6
	5.45
	7.7822
	0.000131
	0.01007

	10
	Yersinia infection
	5
	7.04
	10.0474
	0.000146
	0.01122

	11
	Kidney failure
	5
	6.33
	9.03
	0.000241
	0.01855

	12
	Esophagus cancer
	4
	8.89
	12.6821
	0.000281
	0.02162

	13
	Prostate cancer
	10
	2.72
	3.877
	0.000302
	0.02322

	14
	Herpes
	4
	8.16
	11.6468
	0.000391
	0.03007

	15
	Stomach cancer
	6
	4.26
	6.0712
	0.0005
	0.03848

	16
	Rheumatoid arthritis
	8
	2.99
	4.2589
	0.000654
	0.05035

	17
	Adenovirus infection
	4
	6.78
	9.6728
	0.000794
	0.06115

	18
	Brain tumor
	6
	3.82
	5.4525
	0.000878
	0.06758

	19
	Colon cancer
	8
	2.82
	4.019
	0.000951
	0.07322

	20
	Pulmonary alveolar proteinosis
	2
	25
	35.6684
	0.001333
	0.1026

	21
	Primary tumor
	3
	9.38
	13.3757
	0.001454
	0.1119

	22
	Carcinoma
	3
	8.57
	12.2292
	0.001889
	0.1454

	23
	Cervical cancer
	4
	5.33
	7.6093
	0.001943
	0.1496

	24
	Systemic infection
	4
	5.26
	7.5091
	0.00204
	0.1571

	25
	Neck cancer
	2
	20
	28.5348
	0.002123
	0.1634

	26
	Atherosclerosis
	6
	2.93
	4.1758
	0.003372
	0.2596

	27
	Muscular dystrophy
	2
	15.38
	21.9498
	0.003628
	0.2794

	28
	Multiple sclerosis
	4
	4.21
	6.0073
	0.004565
	0.3515

	29
	Cytomegalovirus infection
	2
	13.33
	19.0232
	0.00484
	0.3726

	30
	Polymyositis
	2
	13.33
	19.0232
	0.00484
	0.3726

	31
	Epilepsy
	3
	6
	8.5604
	0.005236
	0.4032

	32
	Ovarian cancer
	4
	4.04
	5.7646
	0.005282
	0.4067

	33
	Connective tissue disease
	2
	12.5
	17.8342
	0.005505
	0.4239

	34
	Encephalopathies
	3
	5.88
	8.3926
	0.005535
	0.4262

	35
	Neuroblastoma
	3
	5.66
	8.0759
	0.006163
	0.4745

	36
	Tuberculosis
	3
	5.45
	7.7822
	0.006831
	0.526

	37
	Infectious lung disease
	2
	10
	14.2674
	0.008558
	0.6589

	38
	Infection
	4
	3.48
	4.9626
	0.008895
	0.6849

	39
	Epstein-Barr virus infection
	2
	9.52
	13.588
	0.009415
	0.725

	40
	Dental plaque
	3
	4.84
	6.9036
	0.009501
	0.7316

	41
	Hereditary disease
	2
	9.09
	12.9703
	0.01031
	0.7938

	42
	Pancreas disease
	2
	8.7
	12.4064
	0.01124
	0.8654

	43
	Emphysema
	2
	8.33
	11.8895
	0.0122
	0.9397

	44
	Muscular dystrophies
	2
	7.69
	10.9749
	0.01424
	1.096

	45
	Metastasis to lymph nodes
	2
	7.69
	10.9749
	0.01424
	1.096

	46
	Hamman-Rich syndrome
	2
	7.41
	10.5684
	0.01531
	1.179

	47
	Lymphoma
	3
	3.9
	5.5587
	0.01702
	1.311

	48
	Down syndrome
	3
	3.9
	5.5587
	0.01702
	1.311

	49
	Melanoma
	4
	2.78
	3.9632
	0.01891
	1.456

	50
	Hodgkin's disease
	2
	6.25
	8.9171
	0.02114
	1.628

	
	
	
	
	
	
	


 Appendix Table 1.2.  FunDO disease annotations for the Tg6MYC vs. Tg6MYC pretumor spleens

APPENDIX 2 – TABLES OF DAVID FUNCTIONAL ANNOTATION TERMS AND GENES ASSOCIATED WITH THESE ANNOTATIONS

	Annotation Cluster 1
	Enrichment Score:    4.330514243264699
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	UP_SEQ_FEATURE
	disulfide bond
	44
	0.86
	7.45E-07
	TNFRSF21,CRELD2,NRP1,CADM1,CD8B,KEL,C6,PRDX4,FCRL1,IL4I1,ITGB5,ACP2,PDIA4,FPR2,TIMP2,APP,CD44,TGFBI,FCER1G,CCBP2,C2,MRC1,LPL,ICAM2,PRG2,TNFRSF13C,PTPRS,TNFRSF17,NID1,SLAMF1,SIRPA,THY1,C1QA,P2RY13,CD55,CD86,PTP4A3,PTP4A2,SORT1,ITGAD,FCRLA,MERTK,PON3,SEL1L
	142
	2828
	19632
	2.1510449

	SP_PIR_KEYWORDS
	disulfide bond
	44
	0.86
	3.94E-06
	TNFRSF21,CRELD2,NRP1,CADM1,CD8B,KEL,C6,PRDX4,FCRL1,IL4I1,ITGB5,ACP2,PDIA4,FPR2,TIMP2,APP,CD44,TGFBI,FCER1G,CCBP2,C2,MRC1,LPL,ICAM2,PRG2,TNFRSF13C,PTPRS,TNFRSF17,NID1,SLAMF1,SIRPA,THY1,C1QA,P2RY13,CD55,CD86,PTP4A3,PTP4A2,SORT1,ITGAD,FCRLA,MERTK,PON3,SEL1L
	141
	2951
	19104
	2.0201735

	UP_SEQ_FEATURE
	glycosylation site:N-linked (GlcNAc...)
	51
	1
	6.49E-05
	NRP1,CADM1,CD8B,SLC15A2,GYPA,FCRL1,IL4I1,APP,CD44,HPSE,KCNK6,ICAM2,PRG2,CHST3,PTPRS,SIRPA,CHST1,THY1,C1QA,CD86,SORT1,TNFRSF21,CRELD2,FFAR2,KEL,C6,ITGB5,ACP2,FPR2,EDEM2,SLC11A1,CNR2,CCBP2,C2,RNF167,PPAP2B,MRC1,LPL,PTPRC,ACER3,NID1,SLAMF1,P2RY13,CD55,ABCC3,SPCS3,ITGAD,MERTK,PON3,SEL1L
	142
	4162
	19632
	1.6941205

	SP_PIR_KEYWORDS
	glycoprotein
	53
	1.04
	8.43E-05
	NRP1,CADM1,CD8B,SLC15A2,GYPA,FCRL1,IL4I1,SDC3,APP,CD44,HPSE,KCNK6,MYC,ICAM2,PRG2,CHST3,PTPRS,SIRPA,CHST1,THY1,C1QA,CD86,SORT1,TNFRSF21,CRELD2,FFAR2,KEL,C6,ITGB5,ACP2,FPR2,EDEM2,SLC11A1,CNR2,CCBP2,RNF167,C2,PPAP2B,MRC1,LPL,PTPRC,ACER3,NID1,SLAMF1,P2RY13,CD55,ABCC3,SPCS3,ITGAD,MERTK,PON3,SEL1L
	141
	4353
	19104
	1.6496522

	UP_SEQ_FEATURE
	signal peptide
	43
	0.84
	1.01E-04
	TNFRSF21,CRELD2,NRP1,CADM1,CD8B,C6,GYPA,APOC1,FCRL1,IL4I1,ITGB5,ACP2,PDIA4,EDEM2,TIMP2,APP,CD44,HPSE,TGFBI,FCER1G,RNF167,C2,MRC1,LPL,PTPRC,ICAM2,PRG2,PTPRS,NID1,SLAMF1,SIRPA,THY1,C1QA,CD55,CD86,SORT1,ITGAD,FCRLA,MERTK,FKBP11,PON3,SEL1L
	142
	3316
	19632
	1.7927929

	SP_PIR_KEYWORDS
	signal
	43
	0.84
	1.64E-04
	TNFRSF21,CRELD2,NRP1,CADM1,CD8B,C6,GYPA,APOC1,FCRL1,IL4I1,ITGB5,ACP2,PDIA4,EDEM2,TIMP2,APP,CD44,HPSE,TGFBI,FCER1G,RNF167,C2,MRC1,LPL,PTPRC,ICAM2,PRG2,PTPRS,NID1,SLAMF1,SIRPA,THY1,C1QA,CD55,CD86,SORT1,ITGAD,FCRLA,MERTK,FKBP11,PON3,SEL1L
	141
	3321
	19104
	1.7543037

	UP_SEQ_FEATURE
	topological domain:Extracellular
	34
	0.66
	0.00183
	TNFRSF21,NRP1,CADM1,CD8B,KEL,FFAR2,GYPA,FCRL1,ITGB5,FPR2,SDC3,SLC11A1,APP,CD44,CNR2,FCER1G,CCBP2,MRC1,PTPRC,ICAM2,TNFRSF13C,PTPRS,TNFRSF17,SLAMF1,SIRPA,ITPR2,P2RY13,CD86,ABCC3,SORT1,ITGAD,MERTK,SEL1L
	142
	2753
	19632
	1.7074536

	
	
	
	
	
	
	
	
	
	

	Annotation Cluster 2
	Enrichment Score: 4.244410486191039
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	GOTERM_CC_FAT
	GO:0042995~cell projection
	20
	0.39
	2.21E-05
	NRP1,MYO6,CADM1,MYO1C,AIF1,ICAM2,VIM,ARPC5,THY1,MYCBP2,SDC3,ITPR2,PPP1CA,CORO1A,APP,HDC,CNR2,MSN,MERTK,ATP6V0D1
	119
	720
	13092
	3.0560224

	GOTERM_CC_FAT
	GO:0043005~neuron projection
	13
	0.25
	7.81E-05
	MYO6,NRP1,CADM1,VIM,THY1,MYCBP2,SDC3,ITPR2,APP,PPP1CA,HDC,CNR2,ATP6V0D1
	119
	352
	13092
	4.0631207

	GOTERM_CC_FAT
	GO:0030424~axon
	9
	0.18
	1.07E-04
	APP,NRP1,MYO6,CADM1,VIM,ATP6V0D1,ITPR2,SDC3,MYCBP2
	119
	162
	13092
	6.1120448

	
	
	
	
	
	
	

	Annotation Cluster 3
	Enrichment Score: 3.7729459733486985
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	GOTERM_BP_FAT
	GO:0006954~inflammatory response
	13
	0.25
	3.67E-05
	CIITA,CEBPB,AIF1,C6,FPR2,CHST1,C1QA,SLC11A1,CD55,CD44,HMOX1,CNR2,C2
	126
	325
	13876
	4.4050794

	GOTERM_BP_FAT
	GO:0006952~defense response
	17
	0.33
	2.15E-04
	CIITA,PTPRC,CEBPB,AIF1,C6,PRG2,FPR2,CHST1,GCH1,C1QA,SLC11A1,CORO1A,CD55,CD44,HMOX1,CNR2,C2
	126
	644
	13876
	2.9070788

	GOTERM_BP_FAT
	GO:0045087~innate immune response
	8
	0.16
	3.09E-04
	C1QA,CIITA,SLC11A1,CORO1A,CD55,C6,C2,GCH1
	126
	143
	13876
	6.1609502

	GOTERM_BP_FAT
	GO:0009611~response to wounding
	15
	0.29
	3.32E-04
	CIITA,CEBPB,NRP1,AIF1,C6,CHST3,FPR2,CHST1,C1QA,SLC11A1,CD55,CD44,HMOX1,CNR2,C2
	126
	536
	13876
	3.0819119

	Annotation Cluster 4
	Enrichment Score: 3.6715989122335704
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	GOTERM_BP_FAT
	GO:0050778~positive regulation of immune response
	10
	0.2
	7.08E-06
	C1QA,SLC11A1,PTPRC,CD55,CADM1,C6,TNFRSF13C,FCER1G,C2,THY1
	126
	147
	13876
	7.4916316

	GOTERM_BP_FAT
	GO:0048584~positive regulation of response to stimulus
	11
	0.22
	6.41E-05
	C1QA,SLC11A1,PTPRC,CD55,CADM1,C6,TNFRSF13C,TGM2,FCER1G,C2,THY1
	126
	241
	13876
	5.0265428

	GOTERM_BP_FAT
	GO:0002822~regulation of adaptive immune response based on somatic recombination of immune receptors built from immunoglobulin superfamily domains
	6
	0.12
	1.71E-04
	SLC11A1,PTPRC,CD86,TNFRSF13C,FCER1G,BCL6
	126
	58
	13876
	11.392447

	GOTERM_BP_FAT
	GO:0002819~regulation of adaptive immune response
	6
	0.12
	1.86E-04
	SLC11A1,PTPRC,CD86,TNFRSF13C,FCER1G,BCL6
	126
	59
	13876
	11.199354

	GOTERM_BP_FAT
	GO:0002824~positive regulation of adaptive immune response based on somatic recombination of immune receptors built from immunoglobulin superfamily domains
	4
	0.08
	0.00243
	SLC11A1,PTPRC,TNFRSF13C,FCER1G
	126
	30
	13876
	14.683598

	GOTERM_BP_FAT
	GO:0002821~positive regulation of adaptive immune response
	4
	0.08
	0.00267
	SLC11A1,PTPRC,TNFRSF13C,FCER1G
	126
	31
	13876
	14.209933


	
	
	
	
	
	
	

	Annotation Cluster 5
	Enrichment Score: 3.3981485157595612
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	GOTERM_MF_FAT
	GO:0042802~identical protein binding
	18
	0.35
	5.67E-05
	NRP1,CEBPB,CADM1,GYPA,MYCBP2,GCH1,IRF9,SLC11A1,CORO1A,APP,RILPL2,PTP4A3,PYGL,BHLHA15,FAAH,HPGD,PON3
	120
	648
	13400
	3.1018519

	GOTERM_MF_FAT
	GO:0042803~protein homodimerization activity
	11
	0.22
	8.92E-04
	SLC11A1,CORO1A,CEBPB,CADM1,BHLHA15,PYGL,FAAH,HPGD,PON3,GCH1,MYCBP2
	120
	340
	13400
	3.6127451

	GOTERM_MF_FAT
	GO:0046983~protein dimerization activity
	14
	0.27
	0.00126
	NFE2,CEBPB,CADM1,MYCBP2,GCH1,SLC11A1,CORO1A,BHLHA15,XBP1,PYGL,FAAH,TCF4,HPGD,PON3
	120
	554
	13400
	2.8219013


Appendix Table 2.1.  DAVID Functional Annotation Table of Tg6MYC vs. wild-type dataset with medium kappa statistic cutoff
	Annotation Cluster 1
	Enrichment Score: 4.229097299535551
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	GOTERM_BP_FAT
	GO:0002460~adaptive immune response based on somatic recombination of immune receptors built from immunoglobulin superfamily domains
	8
	0.15637
	1.21E-05
	C1QA,SLC11A1,CD55,CADM1,C6,FCER1G,BCL6,C2
	126
	86
	13876
	10.244371

	GOTERM_BP_FAT
	GO:0002250~adaptive immune response
	8
	0.15637
	1.21E-05
	C1QA,SLC11A1,CD55,CADM1,C6,FCER1G,BCL6,C2
	126
	86
	13876
	10.244371

	GOTERM_BP_FAT
	GO:0002449~lymphocyte mediated immunity
	7
	0.13683
	7.70E-05
	C1QA,SLC11A1,CD55,CADM1,C6,FCER1G,C2
	126
	79
	13876
	9.7580872

	GOTERM_BP_FAT
	GO:0002443~leukocyte mediated immunity
	7
	0.13683
	2.14E-04
	C1QA,SLC11A1,CD55,CADM1,C6,FCER1G,C2
	126
	95
	13876
	8.1146199

	GOTERM_BP_FAT
	GO:0002252~immune effector process
	8
	0.15637
	2.96E-04
	C1QA,SLC11A1,PTPRC,CD55,CADM1,C6,FCER1G,C2
	126
	142
	13876
	6.2043371

	
	
	
	
	
	
	
	
	
	

	Annotation Cluster 2
	Enrichment Score: 3.5392621492575813
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	GOTERM_BP_FAT
	GO:0010324~membrane invagination
	11
	0.21501
	3.33E-05
	SCAMP1,MRC1,SLC11A1,APP,CORO1A,MYO6,FCER1G,SORT1,MERTK,EHD1,RIN3
	126
	223
	13876
	5.4322728

	GOTERM_BP_FAT
	GO:0006897~endocytosis
	11
	0.21501
	3.33E-05
	SCAMP1,MRC1,SLC11A1,APP,CORO1A,MYO6,FCER1G,SORT1,MERTK,EHD1,RIN3
	126
	223
	13876
	5.4322728

	GOTERM_BP_FAT
	GO:0016044~membrane organization
	13
	0.2541
	1.88E-04
	MRC1,BID,SCAMP1,MYO6,STAP1,SLC11A1,APP,CORO1A,FCER1G,SORT1,EHD1,MERTK,RIN3
	126
	386
	13876
	3.7089399

	GOTERM_BP_FAT
	GO:0016192~vesicle-mediated transport
	11
	0.21501
	0.03344
	SCAMP1,MRC1,SLC11A1,APP,CORO1A,MYO6,FCER1G,SORT1,MERTK,EHD1,RIN3
	126
	571
	13876
	2.1215356


	Annotation Cluster 3
	Enrichment Score: 3.2461012094592334
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	GOTERM_BP_FAT
	GO:0043065~positive regulation of apoptosis
	15
	0.2932
	3.97E-05
	BID,PTPRC,CEBPB,CADM1,C6,GCH1,APP,PTGIS,CD44,HMOX1,TGM2,SORT1,BCL6,MYC,BAT2
	126
	438
	13876
	3.7714721

	GOTERM_BP_FAT
	GO:0043068~positive regulation of programmed cell death
	15
	0.2932
	4.28E-05
	BID,PTPRC,CEBPB,CADM1,C6,GCH1,APP,PTGIS,CD44,HMOX1,TGM2,SORT1,BCL6,MYC,BAT2
	126
	441
	13876
	3.7458158

	GOTERM_BP_FAT
	GO:0010942~positive regulation of cell death
	15
	0.2932
	4.49E-05
	BID,PTPRC,CEBPB,CADM1,C6,GCH1,APP,PTGIS,CD44,HMOX1,TGM2,SORT1,BCL6,MYC,BAT2
	126
	443
	13876
	3.7289047

	GOTERM_BP_FAT
	GO:0042981~regulation of apoptosis
	16
	0.31274
	0.00709
	BID,PTPRC,PRKCZ,CEBPB,CADM1,C6,GCH1,APP,PTGIS,CD44,HMOX1,TGM2,SORT1,BCL6,MYC,BAT2
	126
	823
	13876
	2.1409863

	GOTERM_BP_FAT
	GO:0043067~regulation of programmed cell death
	16
	0.31274
	0.00773
	BID,PTPRC,PRKCZ,CEBPB,CADM1,C6,GCH1,APP,PTGIS,CD44,HMOX1,TGM2,SORT1,BCL6,MYC,BAT2
	126
	831
	13876
	2.1203751

	GOTERM_BP_FAT
	GO:0010941~regulation of cell death
	16
	0.31274
	0.00798
	BID,PTPRC,PRKCZ,CEBPB,CADM1,C6,GCH1,APP,PTGIS,CD44,HMOX1,TGM2,SORT1,BCL6,MYC,BAT2
	126
	834
	13876
	2.1127479

	
	
	
	
	
	
	
	
	
	

	Annotation Cluster 4
	Enrichment Score: 2.6623900220210452
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	GOTERM_CC_FAT
	GO:0016023~cytoplasmic membrane-bounded vesicle
	14
	0.27365
	0.00159
	HSP90AB1,SCAMP1,MYO6,CADM1,PDIA4,SLC11A1,APP,CORO1A,PLEKHF2,SORT1,EHD1,ATP6V0D1,HAP1,RIN3
	119
	560
	13092
	2.7504202

	GOTERM_CC_FAT
	GO:0031988~membrane-bounded vesicle
	14
	0.27365
	0.0021
	HSP90AB1,SCAMP1,MYO6,CADM1,PDIA4,SLC11A1,APP,CORO1A,PLEKHF2,SORT1,EHD1,ATP6V0D1,HAP1,RIN3
	119
	578
	13092
	2.6647669

	GOTERM_CC_FAT
	GO:0031410~cytoplasmic vesicle
	15
	0.2932
	0.00214
	HSP90AB1,SCAMP1,MYO6,CADM1,PDIA4,GCH1,SLC11A1,APP,CORO1A,PLEKHF2,SORT1,EHD1,ATP6V0D1,HAP1,RIN3
	119
	651
	13092
	2.5349495

	GOTERM_CC_FAT
	GO:0031982~vesicle
	15
	0.2932
	0.00314
	HSP90AB1,SCAMP1,MYO6,CADM1,PDIA4,GCH1,SLC11A1,APP,CORO1A,PLEKHF2,SORT1,EHD1,ATP6V0D1,HAP1,RIN3
	119
	679
	13092
	2.4304155

	
	
	
	
	
	
	

	Annotation Cluster 5
	Enrichment Score: 2.5999188921218996
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	GOTERM_BP_FAT
	GO:0002694~regulation of leukocyte activation
	8
	0.156
	8.69E-04
	PTPRC,CORO1A,CD86,LST1,HMOX1,TNFRSF13C,BCL6,THY1
	126
	170
	13876
	5.182446

	GOTERM_BP_FAT
	GO:0050865~regulation of cell activation
	8
	0.156
	0.00117
	PTPRC,CORO1A,CD86,LST1,HMOX1,TNFRSF13C,BCL6,THY1
	126
	179
	13876
	4.921876

	GOTERM_BP_FAT
	GO:0051251~positive regulation of lymphocyte activation
	6
	0.117
	0.00208
	PTPRC,CORO1A,CD86,TNFRSF13C,BCL6,THY1
	126
	100
	13876
	6.607619

	GOTERM_BP_FAT
	GO:0051249~regulation of lymphocyte activation
	7
	0.137
	0.00252
	PTPRC,CORO1A,CD86,LST1,TNFRSF13C,BCL6,THY1
	126
	152
	13876
	5.071637

	GOTERM_BP_FAT
	GO:0002696~positive regulation of leukocyte activation
	6
	0.117
	0.00303
	PTPRC,CORO1A,CD86,TNFRSF13C,BCL6,THY1
	126
	109
	13876
	6.062035

	GOTERM_BP_FAT
	GO:0050867~positive regulation of cell activation
	6
	0.117
	0.00368
	PTPRC,CORO1A,CD86,TNFRSF13C,BCL6,THY1
	126
	114
	13876
	5.796157

	GOTERM_BP_FAT
	GO:0050863~regulation of T cell activation
	6
	0.117
	0.00474
	PTPRC,CORO1A,CD86,TNFRSF13C,BCL6,THY1
	126
	121
	13876
	5.460842

	GOTERM_BP_FAT
	GO:0050870~positive regulation of T cell activation
	5
	0.098
	0.0056
	PTPRC,CORO1A,CD86,TNFRSF13C,THY1
	126
	79
	13876
	6.970062


Appendix Table 2.2.  DAVID Functional Annotation Table of Tg6MYC vs. wild-type dataset with high kappa statistic cutoff 

	Proapoptosis
	
	Apoptosis
	

	ID
	Gene Name
	
	ID
	Gene Name
	

	BCL6
	B-cell CLL/ lymphoma 6
	
	BCL6
	B-cell CLL/lymphoma 6
	

	BID
	BH3 interacting domain death agonist
	
	BID
	BH3 interacting domain death agonist
	

	CEBPB
	CCAAT/enhancer binding protein (C/EBP), beta
	
	CEBPB
	CCAAT/enhancer binding protein (C/EBP), beta
	

	CD44
	CD44 molecule (Indian blood group)
	
	CD44
	CD44 molecule (Indian blood group)
	

	GCH1
	GTP cyclohydrolase 1
	
	GCH1
	GTP cyclohydrolase 1
	

	BAT2
	HLA-B associated transcript 2
	
	BAT2
	HLA-B associated transcript 2
	

	APP
	amyloid beta (A4) precursor protein
	
	APP
	amyloid beta (A4) precursor protein
	

	CADM1
	cell adhesion molecule 1
	
	CADM1
	cell adhesion molecule 1
	

	C6
	complement component 6
	
	C6
	complement component 6
	

	HMOX1
	heme oxygenase (decycling) 1
	
	HMOX1
	heme oxygenase (decycling) 1
	

	PTGIS
	prostaglandin I2 (prostacyclin) synthase
	
	PTGIS
	prostaglandin I2 (prostacyclin) synthase
	

	 
	 
	
	PRKCZ
	protein kinase C, zeta
	

	PTPRC
	protein tyrosine phosphatase, receptor type, C
	
	PTPRC
	protein tyrosine phosphatase, receptor type, C
	

	SORT1
	sortilin 1
	
	SORT1
	sortilin 1
	

	TGM2
	transglutaminase 2 (C polypeptide, protein-glutamine-gamma-glutamyltransferase)
	
	TGM2
	transglutaminase 2 (C polypeptide, protein-glutamine-gamma-glutamyltransferase)
	

	MYC
	v-myc myelocytomatosis viral oncogene homolog (avian)
	
	MYC
	v-myc myelocytomatosis viral oncogene homolog (avian)
	


Table 2.3.  Apoptosis-associated genes from the Tg6MYC vs. wild-type dataset

	Annotation Cluster 1
	Enrichment Score: 2.2631200000785108
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	GOTERM_CC_FAT
	GO:0070013~intracellular organelle lumen
	45
	0.4449
	0.001003
	MIDN,GRPEL1,MYL4,CDC14B,ZMAT3,LMO4,GLUD1,XRCC6,UCHL1,TOP1,RRP1B,MAK16,FOXF2,SKIL,IMP4,MYC,RDM1,KRR1,SATB1,SHMT2,CEBPB,ADARB1,MRPL3,NIP7,SUCLG1,LMNA,ARNTL,ELL3,ITPR3,RBBP7,CDC25B,MCM6,RCL1,CCND1,PPP1CA,CCR6,PPM1E,PHF2,TRPC4AP,PRM1,PSME4,RUVBL1,HSPD1,WRB,ADAR
	201
	1809
	13092
	1.6202569

	GOTERM_CC_FAT
	GO:0043233~organelle lumen
	45
	0.4449
	0.001582
	MIDN,GRPEL1,MYL4,CDC14B,ZMAT3,LMO4,GLUD1,XRCC6,UCHL1,TOP1,RRP1B,MAK16,FOXF2,SKIL,IMP4,MYC,RDM1,KRR1,SATB1,SHMT2,CEBPB,ADARB1,MRPL3,NIP7,SUCLG1,LMNA,ARNTL,ELL3,ITPR3,RBBP7,CDC25B,MCM6,RCL1,CCND1,PPP1CA,CCR6,PPM1E,PHF2,TRPC4AP,PRM1,PSME4,RUVBL1,HSPD1,WRB,ADAR
	201
	1850
	13092
	1.5843485

	GOTERM_CC_FAT
	GO:0031981~nuclear lumen
	38
	0.3757
	0.001645
	MIDN,MYL4,CDC14B,ZMAT3,LMO4,XRCC6,UCHL1,TOP1,RRP1B,MAK16,FOXF2,SKIL,MYC,IMP4,RDM1,KRR1,SATB1,CEBPB,ADARB1,NIP7,LMNA,ARNTL,ELL3,ITPR3,RBBP7,CDC25B,MCM6,RCL1,CCND1,PPP1CA,CCR6,PHF2,PPM1E,PRM1,RUVBL1,PSME4,WRB,ADAR
	201
	1478
	13092
	1.6746309

	GOTERM_CC_FAT
	GO:0031974~membrane-enclosed lumen
	45
	0.4449
	0.00234
	MIDN,GRPEL1,MYL4,CDC14B,ZMAT3,LMO4,GLUD1,XRCC6,UCHL1,TOP1,RRP1B,MAK16,FOXF2,SKIL,IMP4,MYC,RDM1,KRR1,SATB1,SHMT2,CEBPB,ADARB1,MRPL3,NIP7,SUCLG1,LMNA,ARNTL,ELL3,ITPR3,RBBP7,CDC25B,MCM6,RCL1,CCND1,PPP1CA,CCR6,PPM1E,PHF2,TRPC4AP,PRM1,PSME4,RUVBL1,HSPD1,WRB,ADAR
	201
	1887
	13092
	1.5532829

	GOTERM_CC_FAT
	GO:0005730~nucleolus
	18
	0.178
	0.048384
	KRR1,MIDN,ADARB1,CDC14B,NIP7,ZMAT3,UCHL1,ITPR3,RCL1,TOP1,PPM1E,PHF2,RRP1B,MAK16,IMP4,WRB,ADAR,RDM1
	201
	718
	13092
	1.632894

	GOTERM_CC_FAT
	GO:0005654~nucleoplasm
	20
	0.1977
	0.089234
	MYL4,ADARB1,LMO4,XRCC6,ARNTL,RBBP7,ELL3,ITPR3,MCM6,CDC25B,TOP1,PPP1CA,CCND1,CCR6,FOXF2,PRM1,PSME4,SKIL,RUVBL1,MYC
	201
	893
	13092
	1.4587756

	
	
	
	
	
	
	
	
	
	

	Annotation Cluster 2
	Enrichment Score: 2.034532744911214
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	SP_PIR_KEYWORDS
	SH2 domain
	7
	0.0692
	0.00398
	PTPN6,SOCS2,INPPL1,INPP5D,GRB7,PIK3R1,RIN3
	259
	111
	19104
	4.6515705

	INTERPRO
	IPR000980:SH2 motif
	7
	0.0692
	0.005874
	PTPN6,SOCS2,INPPL1,INPP5D,GRB7,PIK3R1,RIN3
	249
	115
	17542
	4.2882486

	SMART
	SM00252:SH2
	7
	0.0692
	0.008119
	PTPN6,SOCS2,INPPL1,INPP5D,GRB7,PIK3R1,RIN3
	146
	115
	9526
	3.9715307

	UP_SEQ_FEATURE
	domain:SH2
	5
	0.0494
	0.038327
	SOCS2,INPPL1,INPP5D,GRB7,RIN3
	260
	96
	19632
	3.9326923

	
	
	
	
	
	
	
	
	
	

	Annotation Cluster 3
	Enrichment Score: 1.9475705311562
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	UP_SEQ_FEATURE
	domain:LIM zinc-binding 2
	5
	0.0494
	0.004549
	LPXN,LMO2,LMO4,CSRP2,TES
	260
	51
	19632
	7.4027149

	UP_SEQ_FEATURE
	domain:LIM zinc-binding 1
	5
	0.0494
	0.004549
	LPXN,LMO2,LMO4,CSRP2,TES
	260
	51
	19632
	7.4027149

	SP_PIR_KEYWORDS
	LIM domain
	5
	0.0494
	0.016331
	LPXN,LMO2,LMO4,CSRP2,TES
	259
	72
	19104
	5.1222651

	INTERPRO
	IPR001781:Zinc finger, LIM-type
	5
	0.0494
	0.020753
	LPXN,LMO2,LMO4,CSRP2,TES
	249
	74
	17542
	4.7601216

	SMART
	SM00132:LIM
	5
	0.0494
	0.026077
	LPXN,LMO2,LMO4,CSRP2,TES
	146
	74
	9526
	4.4085524

	
	
	
	
	
	
	
	
	
	

	Annotation Cluster 4
	Enrichment Score: 1.9384305517358529
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	GOTERM_BP_FAT
	GO:0042035~regulation of cytokine biosynthetic process
	6
	0.0593
	0.006193
	CEBPB,CD80,BCL3,INPP5D,LTB,EBI3
	211
	77
	13876
	5.1243922

	GOTERM_BP_FAT
	GO:0001817~regulation of cytokine production
	9
	0.089
	0.006528
	CD83,CEBPB,CD80,BCL3,HSPD1,INPP5D,LTB,EBI3,F2R
	211
	182
	13876
	3.2520181

	GOTERM_BP_FAT
	GO:0042108~positive regulation of cytokine biosynthetic process
	4
	0.0395
	0.037844
	CD80,BCL3,LTB,EBI3
	211
	49
	13876
	5.3684109

	
	
	
	
	
	
	
	
	
	

	Annotation Cluster 5
	Enrichment Score: 1.8053246224059456
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	SP_PIR_KEYWORDS
	nucleotide-binding
	39
	0.3856
	0.001591
	CTPS,GLUD1,XRCC6,STK17B,PIP5K1B,TOP1,PTK2,DIRAS2,DHX15,TUBB6,CHD1,DYNC1H1,IP6K1,NT5E,EHD3,HSPA8,TCP1,DARS,CSNK1G2,RYK,SUCLG1,GIMAP8,G3BP1,PIK3CD,AXL,EPRS,ABCB4,MCM6,MAPK12,PAPD4,ATP2A3,UBA1,REM2,YME1L1,HSPD1,RUVBL1,SMC1A,SLC27A3,SMARCA4
	259
	1712
	19104
	1.6802944

	SP_PIR_KEYWORDS
	atp-binding
	32
	0.3164
	0.002523
	CTPS,GLUD1,XRCC6,PIP5K1B,STK17B,TOP1,PTK2,DHX15,CHD1,DYNC1H1,IP6K1,EHD3,HSPA8,TCP1,DARS,CSNK1G2,RYK,PIK3CD,G3BP1,AXL,EPRS,ABCB4,MCM6,MAPK12,PAPD4,UBA1,ATP2A3,YME1L1,RUVBL1,HSPD1,SMC1A,SMARCA4
	259
	1346
	19104
	1.7535957

	GOTERM_MF_FAT
	GO:0005524~ATP binding
	34
	0.3362
	0.009919
	CTPS,GLUD1,XRCC6,PIP5K1B,STK17B,TOP1,PTK2,DHX15,CHD1,DYNC1H1,IP6K1,EHD3,HSPA8,TCP1,DARS,CSNK1G2,RYK,PIK3CD,G3BP1,AXL,EPRS,ABCB4,MCM6,MAPK12,PAPD4,UBA1,ATP2A3,REM2,TRPC4AP,YME1L1,RUVBL1,HSPD1,SMC1A,SMARCA4
	193
	1523
	13400
	1.5499815

	GOTERM_MF_FAT
	GO:0001883~purine nucleoside binding
	36
	0.3559
	0.011023
	GRPEL1,CTPS,GLUD1,XRCC6,STK17B,PIP5K1B,TOP1,PTK2,DHX15,CHD1,DYNC1H1,IP6K1,EHD3,HSPA8,TCP1,DARS,CSNK1G2,RYK,SUCLG1,PIK3CD,G3BP1,AXL,EPRS,ABCB4,MCM6,MAPK12,PAPD4,UBA1,ATP2A3,REM2,TRPC4AP,YME1L1,RUVBL1,HSPD1,SMC1A,SMARCA4
	193
	1652
	13400
	1.5130036

	GOTERM_MF_FAT
	GO:0032559~adenyl ribonucleotide binding
	34
	0.3362
	0.012031
	CTPS,GLUD1,XRCC6,PIP5K1B,STK17B,TOP1,PTK2,DHX15,CHD1,DYNC1H1,IP6K1,EHD3,HSPA8,TCP1,DARS,CSNK1G2,RYK,PIK3CD,G3BP1,AXL,EPRS,ABCB4,MCM6,MAPK12,PAPD4,UBA1,ATP2A3,REM2,TRPC4AP,YME1L1,RUVBL1,HSPD1,SMC1A,SMARCA4
	193
	1544
	13400
	1.5289001

	GOTERM_MF_FAT
	GO:0001882~nucleoside binding
	36
	0.3559
	0.012142
	GRPEL1,CTPS,GLUD1,XRCC6,STK17B,PIP5K1B,TOP1,PTK2,DHX15,CHD1,DYNC1H1,IP6K1,EHD3,HSPA8,TCP1,DARS,CSNK1G2,RYK,SUCLG1,PIK3CD,G3BP1,AXL,EPRS,ABCB4,MCM6,MAPK12,PAPD4,UBA1,ATP2A3,REM2,TRPC4AP,YME1L1,RUVBL1,HSPD1,SMC1A,SMARCA4
	193
	1663
	13400
	1.5029957

	GOTERM_MF_FAT
	GO:0030554~adenyl nucleotide binding
	35
	0.3461
	0.014723
	GRPEL1,CTPS,GLUD1,XRCC6,STK17B,PIP5K1B,TOP1,PTK2,DHX15,CHD1,DYNC1H1,IP6K1,EHD3,HSPA8,TCP1,DARS,CSNK1G2,RYK,PIK3CD,G3BP1,AXL,EPRS,ABCB4,MCM6,MAPK12,PAPD4,UBA1,ATP2A3,REM2,TRPC4AP,YME1L1,RUVBL1,HSPD1,SMC1A,SMARCA4
	193
	1626
	13400
	1.4944968

	GOTERM_MF_FAT
	GO:0000166~nucleotide binding
	45
	0.4449
	0.030028
	GRPEL1,CTPS,GLUD1,XRCC6,STK17B,PIP5K1B,TOP1,PTK2,DIRAS2,DHX15,TUBB6,CHD1,SKIL,DYNC1H1,IP6K1,NT5E,EHD3,HSPA8,RDM1,TCP1,DARS,CSNK1G2,RYK,SUCLG1,GIMAP8,G3BP1,PIK3CD,AXL,EPRS,CBR3,ABCB4,MCM6,MAPK12,PAPD4,ATP2A3,UBA1,REM2,TRPC4AP,YME1L1,RBM38,HSPD1,RUVBL1,SMC1A,SLC27A3,SMARCA4
	193
	2334
	13400
	1.3386257

	GOTERM_MF_FAT
	GO:0032553~ribonucleotide binding
	38
	0.3757
	0.031579
	CTPS,GLUD1,XRCC6,STK17B,PIP5K1B,TOP1,PTK2,DIRAS2,DHX15,TUBB6,CHD1,DYNC1H1,IP6K1,EHD3,HSPA8,TCP1,DARS,CSNK1G2,RYK,SUCLG1,GIMAP8,PIK3CD,G3BP1,AXL,EPRS,ABCB4,MCM6,MAPK12,PAPD4,UBA1,ATP2A3,REM2,TRPC4AP,YME1L1,RUVBL1,HSPD1,SMC1A,SMARCA4
	193
	1906
	13400
	1.3842298

	GOTERM_MF_FAT
	GO:0032555~purine ribonucleotide binding
	38
	0.3757
	0.031579
	CTPS,GLUD1,XRCC6,STK17B,PIP5K1B,TOP1,PTK2,DIRAS2,DHX15,TUBB6,CHD1,DYNC1H1,IP6K1,EHD3,HSPA8,TCP1,DARS,CSNK1G2,RYK,SUCLG1,GIMAP8,PIK3CD,G3BP1,AXL,EPRS,ABCB4,MCM6,MAPK12,PAPD4,UBA1,ATP2A3,REM2,TRPC4AP,YME1L1,RUVBL1,HSPD1,SMC1A,SMARCA4
	193
	1906
	13400
	1.3842298

	GOTERM_MF_FAT
	GO:0017076~purine nucleotide binding
	39
	0.3856
	0.036746
	GRPEL1,CTPS,GLUD1,XRCC6,STK17B,PIP5K1B,TOP1,PTK2,DIRAS2,DHX15,TUBB6,CHD1,DYNC1H1,IP6K1,EHD3,HSPA8,TCP1,DARS,CSNK1G2,RYK,SUCLG1,GIMAP8,PIK3CD,G3BP1,AXL,EPRS,ABCB4,MCM6,MAPK12,PAPD4,ATP2A3,UBA1,REM2,TRPC4AP,YME1L1,RUVBL1,HSPD1,SMC1A,SMARCA4
	193
	1990
	13400
	1.3606895

	UP_SEQ_FEATURE
	nucleotide phosphate-binding region:ATP
	17
	0.1681
	0.208772
	RYK,CSNK1G2,AXL,STK17B,EPRS,MCM6,PTK2,MAPK12,UBA1,DHX15,CHD1,YME1L1,RUVBL1,SMC1A,DYNC1H1,EHD3,SMARCA4
	260
	967
	19632
	1.3274362


Appendix Table 2.4.  DAVID Functional Annotation Table of Tg6MYC vs. Tg6MYC pretumor spleen dataset with medium kappa statistic cutoff 

	Annotation Cluster 1
	Enrichment Score: 2.8034888998267973
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	GOTERM_CC_FAT
	GO:0070013~intracellular organelle lumen
	45
	0.4449
	0.001003
	MIDN,GRPEL1,MYL4,CDC14B,ZMAT3,LMO4,GLUD1,XRCC6,UCHL1,TOP1,RRP1B,MAK16,FOXF2,SKIL,IMP4,MYC,RDM1,KRR1,SATB1,SHMT2,CEBPB,ADARB1,MRPL3,NIP7,SUCLG1,LMNA,ARNTL,ELL3,ITPR3,RBBP7,CDC25B,MCM6,RCL1,CCND1,PPP1CA,CCR6,PPM1E,PHF2,TRPC4AP,PRM1,PSME4,RUVBL1,HSPD1,WRB,ADAR
	201
	1809
	13092
	1.6202569

	GOTERM_CC_FAT
	GO:0043233~organelle lumen
	45
	0.4449
	0.001582
	MIDN,GRPEL1,MYL4,CDC14B,ZMAT3,LMO4,GLUD1,XRCC6,UCHL1,TOP1,RRP1B,MAK16,FOXF2,SKIL,IMP4,MYC,RDM1,KRR1,SATB1,SHMT2,CEBPB,ADARB1,MRPL3,NIP7,SUCLG1,LMNA,ARNTL,ELL3,ITPR3,RBBP7,CDC25B,MCM6,RCL1,CCND1,PPP1CA,CCR6,PPM1E,PHF2,TRPC4AP,PRM1,PSME4,RUVBL1,HSPD1,WRB,ADAR
	201
	1850
	13092
	1.5843485

	GOTERM_CC_FAT
	GO:0031981~nuclear lumen
	38
	0.3757
	0.001645
	MIDN,MYL4,CDC14B,ZMAT3,LMO4,XRCC6,UCHL1,TOP1,RRP1B,MAK16,FOXF2,SKIL,MYC,IMP4,RDM1,KRR1,SATB1,CEBPB,ADARB1,NIP7,LMNA,ARNTL,ELL3,ITPR3,RBBP7,CDC25B,MCM6,RCL1,CCND1,PPP1CA,CCR6,PHF2,PPM1E,PRM1,RUVBL1,PSME4,WRB,ADAR
	201
	1478
	13092
	1.6746309

	GOTERM_CC_FAT
	GO:0031974~membrane-enclosed lumen
	45
	0.4449
	0.00234
	MIDN,GRPEL1,MYL4,CDC14B,ZMAT3,LMO4,GLUD1,XRCC6,UCHL1,TOP1,RRP1B,MAK16,FOXF2,SKIL,IMP4,MYC,RDM1,KRR1,SATB1,SHMT2,CEBPB,ADARB1,MRPL3,NIP7,SUCLG1,LMNA,ARNTL,ELL3,ITPR3,RBBP7,CDC25B,MCM6,RCL1,CCND1,PPP1CA,CCR6,PPM1E,PHF2,TRPC4AP,PRM1,PSME4,RUVBL1,HSPD1,WRB,ADAR
	201
	1887
	13092
	1.5532829

	
	
	
	
	
	
	
	
	
	

	Annotation Cluster 2
	Enrichment Score: 2.563556358844882
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	GOTERM_BP_FAT
	GO:0012501~programmed cell death
	21
	0.2076
	0.001298
	PTPN6,TMEM85,MYL4,LY86,ZMAT3,EGLN3,STK17B,GJA1,DDIT4,TOP1,BBC3,CSRNP1,BAG3,TNFRSF19,NGFRAP1,HSPD1,INPP5D,LTB,MYC,BAT2,F2R
	211
	625
	13876
	2.2096379

	GOTERM_BP_FAT
	GO:0006915~apoptosis
	20
	0.1977
	0.002591
	PTPN6,TMEM85,MYL4,LY86,ZMAT3,EGLN3,STK17B,GJA1,DDIT4,BBC3,CSRNP1,BAG3,TNFRSF19,NGFRAP1,HSPD1,INPP5D,LTB,MYC,BAT2,F2R
	211
	616
	13876
	2.1351634

	GOTERM_BP_FAT
	GO:0008219~cell death
	22
	0.2175
	0.003914
	PTPN6,TMEM85,MYL4,LY86,ZMAT3,EGLN3,STK17B,GJA1,DDIT4,TOP1,BBC3,UBA1,CSRNP1,BAG3,TNFRSF19,NGFRAP1,HSPD1,INPP5D,LTB,MYC,BAT2,F2R
	211
	736
	13876
	1.9657428

	GOTERM_BP_FAT
	GO:0016265~death
	22
	0.2175
	0.00423
	PTPN6,TMEM85,MYL4,LY86,ZMAT3,EGLN3,STK17B,GJA1,DDIT4,TOP1,BBC3,UBA1,CSRNP1,BAG3,TNFRSF19,NGFRAP1,HSPD1,INPP5D,LTB,MYC,BAT2,F2R
	211
	741
	13876
	1.9524787

	
	
	
	
	
	
	
	
	
	

	Annotation Cluster 3
	Enrichment Score: 2.4443666929323316
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	GOTERM_BP_FAT
	GO:0002696~positive regulation of leukocyte activation
	8
	0.0791
	0.001331
	VCAM1,CD83,CD80,CD2,HSPD1,INPP5D,IL7R,EBI3
	211
	109
	13876
	4.8266446

	GOTERM_BP_FAT
	GO:0050867~positive regulation of cell activation
	8
	0.0791
	0.001726
	VCAM1,CD83,CD80,CD2,HSPD1,INPP5D,IL7R,EBI3
	211
	114
	13876
	4.6149497

	GOTERM_BP_FAT
	GO:0051249~regulation of lymphocyte activation
	9
	0.089
	0.002197
	VCAM1,CD83,LAT,CD80,CD2,HSPD1,INPP5D,IL7R,EBI3
	211
	152
	13876
	3.8938638

	GOTERM_BP_FAT
	GO:0050863~regulation of T cell activation
	8
	0.0791
	0.002424
	VCAM1,CD83,LAT,CD80,CD2,HSPD1,IL7R,EBI3
	211
	121
	13876
	4.3479691

	GOTERM_BP_FAT
	GO:0051251~positive regulation of lymphocyte activation
	7
	0.0692
	0.0041
	VCAM1,CD83,CD80,HSPD1,INPP5D,IL7R,EBI3
	211
	100
	13876
	4.6034123

	GOTERM_BP_FAT
	GO:0002694~regulation of leukocyte activation
	9
	0.089
	0.004358
	VCAM1,CD83,LAT,CD80,CD2,HSPD1,INPP5D,IL7R,EBI3
	211
	170
	13876
	3.4815723

	GOTERM_BP_FAT
	GO:0050865~regulation of cell activation
	9
	0.089
	0.005921
	VCAM1,CD83,LAT,CD80,CD2,HSPD1,INPP5D,IL7R,EBI3
	211
	179
	13876
	3.3065212

	GOTERM_BP_FAT
	GO:0050870~positive regulation of T cell activation
	6
	0.0593
	0.006896
	VCAM1,CD83,CD80,HSPD1,IL7R,EBI3
	211
	79
	13876
	4.9946607

	GOTERM_BP_FAT
	GO:0002684~positive regulation of immune system process
	10
	0.0989
	0.011223
	CFP,VCAM1,CD83,CD55,CD80,CD2,HSPD1,INPP5D,IL7R,EBI3
	211
	241
	13876
	2.7287566

	
	
	
	
	
	
	
	
	
	

	Annotation Cluster 4
	Enrichment Score: 2.2405446660916435
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	SP_PIR_KEYWORDS
	SH2 domain
	7
	0.0692
	0.00398
	PTPN6,SOCS2,INPPL1,INPP5D,GRB7,PIK3R1,RIN3
	259
	111
	19104
	4.6515705

	INTERPRO
	IPR000980:SH2 motif
	7
	0.0692
	0.005874
	PTPN6,SOCS2,INPPL1,INPP5D,GRB7,PIK3R1,RIN3
	249
	115
	17542
	4.2882486

	SMART
	SM00252:SH2
	7
	0.0692
	0.008119
	PTPN6,SOCS2,INPPL1,INPP5D,GRB7,PIK3R1,RIN3
	146
	115
	9526
	3.9715307

	
	
	
	
	
	
	
	
	
	

	Annotation Cluster 5
	Enrichment Score: 1.9475705311562
	
	
	
	
	

	Category
	Term
	Count
	%
	PValue
	Genes
	List Total
	Pop Hits
	Pop Total
	Fold Enrichment

	UP_SEQ_FEATURE
	domain:LIM zinc-binding 2
	5
	0.0494
	0.004549
	LPXN,LMO2,LMO4,CSRP2,TES
	260
	51
	19632
	7.4027149

	UP_SEQ_FEATURE
	domain:LIM zinc-binding 1
	5
	0.0494
	0.004549
	LPXN,LMO2,LMO4,CSRP2,TES
	260
	51
	19632
	7.4027149

	SP_PIR_KEYWORDS
	LIM domain
	5
	0.0494
	0.016331
	LPXN,LMO2,LMO4,CSRP2,TES
	259
	72
	19104
	5.1222651

	INTERPRO
	IPR001781:Zinc finger, LIM-type
	5
	0.0494
	0.020753
	LPXN,LMO2,LMO4,CSRP2,TES
	249
	74
	17542
	4.7601216

	SMART
	SM00132:LIM
	5
	0.0494
	0.026077
	LPXN,LMO2,LMO4,CSRP2,TES
	146
	74
	9526
	4.4085524


Appendix Table 2.5.  DAVID Functional Annotation Table of Tg6MYC vs. Tg6MYC pretumor spleen dataset with medium kappa statistic cutoff 

	ID
	Gene Name

	BBC3
	BCL2 binding component 3

	BAG3
	BCL2-associated athanogene 3

	DDIT4
	DNA-damage-inducible transcript 4

	BAT2
	HLA-B associated transcript 2

	F2R
	coagulation factor II (thrombin) receptor

	CSRNP1
	cysteine-serine-rich nuclear protein 1

	EGLN3
	egl nine homolog 3 (C. elegans)

	GJA1
	gap junction protein, alpha 1, 43kDa

	HSPD1
	heat shock 60kDa protein 1 (chaperonin) pseudogene 5; heat shock 60kDa protein 1 (chaperonin) pseudogene 6; heat shock 60kDa protein 1 (chaperonin) pseudogene 1; heat shock 60kDa protein 1 (chaperonin) pseudogene 4; heat shock 60kDa protein 1 (chaperonin)

	INPP5D
	inositol polyphosphate-5-phosphatase, 145kDa

	LY86
	lymphocyte antigen 86

	LTB
	lymphotoxin beta (TNF superfamily, member 3)

	MYL4
	myosin, light chain 4, alkali; atrial, embryonic

	NGFRAP1
	nerve growth factor receptor (TNFRSF16) associated protein 1

	PTPN6
	protein tyrosine phosphatase, non-receptor type 6

	STK17B
	serine/threonine kinase 17b

	TOP1
	topoisomerase (DNA) I

	TMEM85
	transmembrane protein 85

	TNFRSF19
	tumor necrosis factor receptor superfamily, member 19

	UBA1
	ubiquitin-like modifier activating enzyme 1

	MYC
	v-myc myelocytomatosis viral oncogene homolog (avian)

	ZMAT3
	zinc finger, matrin type 3


Table 2.6.  Apoptosis-associated genes from the Tg6MYC vs. Tg6MYC pretumor spleen dataset
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Figure 2.2.a





Figure 2.2.b





Figure � STYLEREF 1 \s �2�.� SEQ Figure \* ARABIC \s 1 �3�.  Jalview screenshot of aligned sequences of human, rhesus and marmoset gp42 orthologues


cDNA and translated protein sequences are shown.  The large gaps inserted into the human and rhesus sequence indicate that there may be a problem with the marmoset gene annotation.





Figure � STYLEREF 1 \s �2�.� SEQ Figure \* ARABIC \s 1 �4�.  Jalview screenshot of realigned sequences with marmoset sequence edited


The large gps are now gone and the translated protein sequence shows better consensus and alignment of CTLD features.





Figure 2


Top five diseases mapped from the Tg6MYC-MYC pretumor gene list.  53 out of 282 genes mapped to the diseases cancer, neoplasm metastasis, breast cancer, lupus erythamatosis, and lung cancer.
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