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Abstract

Non-Hodgkin lymphomas include a biologically and clinically heterogeneous group of cancers 

distinguished by genetics, histology, and treatment outcomes. New discoveries regarding the 

genomic alterations and epidemiological exposures associated with these lymphomas have 

enhanced our understanding of factors that contribute to lymphomagenesis for specific subtypes. 

We explore the impact of normal B-cell biology engineered for recognizing a wide variety of 

antigens on the development of specific lymphoma subtypes, review lymphoma genetics, and 

examine the epidemiology of B-cell NHLs including recent investigations of risk factors for 

particular lymphoma subtypes based on large pooled analyses. Burkitt lymphoma, an aggressive 

form of B-cell NHL involving translocation of the MYC gene and an immunoglobulin gene has 

been associated with a history of eczema, hepatitis C, and occupation as a cleaner. Increased risk 
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of diffuse large B-cell lymphoma has been associated with increased young adult body mass 

index, history of B-cell-activating autoimmune diseases, hepatitis C, and several single nucleotide 

variants involving the human leukocyte antigen (HLA) region of chromosome 6 and non-HLA loci 

near EXOC2, PVT1, MYC, and NCOA1. Tumor sequencing studies suggest that multiple 

pathways are involved in the development of DLBCL. Additional studies of epidemiological 

exposures, genome wide associations, and tumor sequencing in follicular, lymphoplasmacytic, 

marginal zone, and mantle cell lymphoma demonstrate overlapping areas of increased risk factors 

and unique factors for specific subtypes. Integrating these findings is important for constructing 

comprehensive models of NHL pathogenesis, which could yield novel targets for therapy and 

strategies for lymphoma prevention in certain populations.

Introduction

B-cell non-Hodgkin lymphoma (NHL) comprises a heterogeneous group of hematologic 

malignancies distinguished by histology, genetic profile, and clinical behavior (Koff et al., 
2015). In recent years, insights into normal B-cell biology, genetic and genomic alterations 

in lymphoma, and epidemiologic exposures associated with specific NHL subtypes have 

begun to inform our understanding of factors that may contribute to lymphomagenesis in 

general as well as development of certain NHL subtypes. Integrating these findings will be 

important to construct more comprehensive models of NHL pathogenesis, which could yield 

novel targets for therapy or even strategies for lymphoma prevention in certain high-risk 

populations.

Normal B Cell Biology: Primed for Lymphomagenesis

As part of the adaptive immune system, normal B-cells must be able to successfully 

recognize a wide variety of antigens to protect against infection and even malignancy. The 

transmembrane protein B-cell receptor (BCR), also known as antibody or immunoglobulin 

(Ig), is essential in this function: its variable regions bind to a specific antigen, while 

conserved portions of the protein engage in signal transduction that is key to B-cell survival 

and to the adaptive immune response. In order to generate a diverse antibody repertoire, 

maturing B-cells go through a rigorous selection process within lymphoid tissues. Cells that 

do not bind antigen strongly enough or bind self-antigen receive death signals, while those 

that bind antigen well receive survival signals. During this process, the Ig gene undergoes 

physiologic mutation and translocation to increase variety and strength of antigen binding as 

well as produce several antibody isotypes with distinct functions. Since such genetic 

alterations are intrinsic to normal B-cell development, perhaps it should come as no surprise 

that B-cells sometimes acquire mutations or translocations that predispose to malignant 

transformation to lymphoma. Indeed, several NHL subtypes are characterized by specific 

translocations involving the Ig gene, such as t(14,18) in follicular lymphoma (FL). In other 

lymphomas, mutations in genes encoding for key transcription factors such as NF-κB are 

known to play central roles in pathogenesis. However, these characteristic abnormalities 

have been shown to be insufficient to incite lymphoma development by themselves. Thus, 

much more work is needed to elucidate the complex interplay between host genetics and 

environmental factors that results in lymphomagenesis.
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Epidemiology of Non-Hodgkin Lymphoma: Beyond Genetics

Historical studies have identified several strong risk factors for development of NHL, 

including severe immune suppression, autoimmune disorders, infections such as human 

immunodeficiency virus (HIV) and Epstein-Barr virus (EBV). However, until recently, 

investigation of risk factors for particular lymphoma subtypes remained difficult due to the 

relative rarity of each subtype, which limited statistical power. The International Lymphoma 

Epidemiology Consortium (InterLymph) overcame this limitation by pooling large case-

control studies to increase statistical power in examination of risk factors for specific NHL 

subtypes (Bracci et al., 2014; Cerhan et al., 2014b; Linet et al., 2014; Mbulaiteye et al., 
2014; Morton et al., 2014a; 2014b; Smedby et al., 2014; Vajdic et al., 2014). The 

InterLymph NHL Subtypes Project confirmed many known contributors to 

lymphomagenesis and also identified new factors associated with increased risk of certain 

NHL subtypes. Below, we describe these epidemiologic findings along with genetic risk 

factors identified for B-cell lymphoma subtypes. Table 1 organizes by B-cell NHL subtype 

the germline single nucleotide variants (SNVs) discovered in genome-wide association 

studies and epidemiologic risk factors found to confer increased NHL risk, as well as genetic 

abnormalities commonly found in these tumors. The illustration in Figure 1 graphically 

depicts the relationships between B-cell NHL subtypes and normal B-cell populations and 

the epidemiological relatedness and etiologic heterogeneity derived from the InterLymph 

analyses (Morton et al., 2014b).

Genetic and Epidemiological Risk Factors for B Cell Non-Hodgkin 

Lymphoma by Subtype

Burkitt Lymphoma (BL)

Burkitt lymphoma is an aggressive form of B-cell comprised of three variants: (1) endemic 

BL sporadic BL which is rarely associated with EBV NHL with endemic BL, which is 

associated with Epstein-Barr virus (EBV) in >95% of cases and occurs predominantly in the 

equatorial belt of Africa, (2) sporadic BL, which is rarely associated with EBV and amounts 

to <5% of NHL in the United States, and (3) HIV associated BL (Brady et al., 2007). All 

forms of BL involve a characteristic translocation of the MYC gene and an Ig gene. MYC is 

a regulatory gene that codes for a multifunctional transcription factor that activates 

expression of many genes involved in apoptosis, cell cycle progression, and cellular 

transformation. Interestingly, epidemiologic risk factors for BL varied according to age 

(Mbulaiteye et al., 2014). Among patients under 50 years of age, history of allergy (OR = 

0.52; 95% CI = 0.30 to 0.90) or asthma (OR = 0.35; 95% CI = 0.13 to 0.95) decreased risk 

of BL, while history of eczema alone (OR = 2.82; 95% CI = 1.35 to 5.86) and occupation as 

a cleaner were associated with increased risk. Among older patients, history of infection 

with hepatitis C virus (HCV) resulted in increased risk of BL (OR = 4.10; 95% CI = 1.10 to 

15.4), while history of blood transfusions was associated with a decreased risk. Regardless 

of age group, the tallest individuals (those in the 75th percentile of height or higher) were 

found to have a higher risk for BL, and those who consume alcohol had a decreased risk for 

BL.
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A 2012 study characterized the genetic landscape in BL through genome and exome 

sequencing in an attempt to identify alterations that augment the ability of MYC 

translocation to incite development of BL (Love et al., 2012). As BL is characterized by 

dysregulation of the MYC oncogene (most often by translocation with the Ig gene), it is not 

surprising that sequencing of BL tumors revealed frequent MYC mutations. Mutations in 

ID3 that cause increased cell cycle progression and proliferation were also common in BL, 

but not in other subtypes such as diffuse large B-cell lymphoma (DLBCL). This finding 

could suggest that these altered genes cooperate to produce the BL phenotype, just as MYC 

translocation characterizes the BL subtype, but is not exclusive to it (Richter et al., 2012). In 

contrast, mutations in MYD88 and CD79A, while commonly concomitant in the activated B 

cell subtype (ABC) of DLBCL, were found to be mutually exclusive when present in BL. 

Interestingly, BL was also found to harbor mutations typically seen in the germinal center B 

cell (GCB) subtype of DLBCL, in genes such as GNA13, EZH2 and BCL2 (Love et al., 
2012). Although these mutations are found in both BL and DLBCL, it is possible that the 

combinations in which they are found account for differences between the two subtypes.

Diffuse Large B-Cell Lymphoma (DLBCL)

Epidemiologic factors associated with an increased risk of DLBCL included increased 

young adult BMI, history of B cell-activating autoimmune diseases (OR = 2.36; 95% CI = 

1.80 to 3.09), and HCV seropositivity (OR = 2.08; 95% CI = 1.23 to 3.49), among others. In 

contrast, atopic disorder and sunlight were associated with a decreased risk of DLBCL 

(Cerhan et al., 2014b). Interestingly, these factors did not appear to exert a summative effect 

on DLBCL risk, suggesting several distinct pathways of pathogenesis that may help to 

explain the genetic heterogeneity of DLBCL.

A genome wide association study (GWAS) examining 3,878 cases of DLBCL identified 

several single nucleotide variants (SNVs) associated with increased DLBCL risk. 

Importantly, almost all of these involved the human leukocyte antigen (HLA) region of 

chromosome 6, which encodes antigen-presenting proteins on the cell surface that are 

essential for immune function (Abdou et al., 2010). As noted above, HLA genes are 

polymorphic because they encode variations that promote specificity in the antigen binding 

epitopes and have been linked to susceptibility some B-cell NHL subtypes (Wang et al., 
2010). Other studies described SNVs in three non-HLA loci near EXOC2, PVT1, MYC, and 

NCOA1 (Cerhan et al., 2014a). Beyond its role in BL, MYC appears to be an important gene 

across lymphoma subtypes. However, its role in DLBCL and the role of other genes are less 

clear, and this work is predominantly hypothesis-generating and requires confirmatory 

mechanistic studies.

Another study in which exome sequencing of 6 DLBCL patient samples was performed 

revealed novel inactivating mutations in MLL2, B2M, and CD58, thus providing evidence 

that dysregulated histone proteins and interaction with T cells may be important aspects of 

lymphomagenesis in this subtype (Pasqualucci et al., 2011). Mixed lineage leukemia protein 

2 is a histone methyltransferase that controls access to gene transcription. Beta-2 

microglobulin associates with the major histocompatibility complex (MHC) I in all 

nucleated cells. CD48 and CD58 are ligands of intercellular adhesion molecule (ICAM) 1 on 
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T cells and NK cells. Another genomic study performing whole exome sequencing of 

DLBCL tumors found other commonly occurring mutations: BTG1, MEF2B, BCL2, MLL2, 

TNFRSF14, H1 protein, PCLO, P2RY8 and ACTB (Lohr et al., 2012). Additional mutations 

were found to have a functional role in DLBCL pathogenesis, but were less common (Lohr 

et al., 2012). MEF2B codes transcription factors that modulate histones, and H1 proteins are 

histone linkers that help DNA enter and exit the nucleosome. BTG1 regulates the cell cycle, 

while BCL2 is an oncogene that regulates apoptosis. TNFRSF14 is a TNF receptor in T cells 

and P2RY28 is a G-protein coupled receptor (GPCR) whose function is relatively unknown. 

Finally, ACTB is a cytoskeletal protein that activates B lymphocytes, and PCLO is a part of 

the cytoskeletal matrix. Another sequencing study identified 476 DLBCL cancer genes that 

were recurrently mutated in DLBCLs. Known oncogenes that were found to be somatically 

mutated included ARID1A, SETD2, CARD11, and PIK3R1 (Zhang et al., 2013). All of 

these findings suggest that multiple pathways are involved in the development of DLBCL. 

However, as many of these mutations involve immune function, they may likely explain the 

link between autoimmune disease and DLBCL risk discussed earlier.

Follicular Lymphoma

Another InterLymph subtype study indicated that family history of NHL increased FL risk 

by over two-fold (Linet et al., 2014). Individuals who were overweight as young adults also 

had an increased risk of FL. Those who had an increasing amount of recreational sun 

exposure were at a decreased risk of FL. Occupations that reduced risk of FL included baker, 

miller, and teachers in higher education, while working as a spray painter increased FL risk. 

Additional individual and lifestyle characteristics were identified to be sex-differential risk 

factors. Increased height was shown to increase risk of FL in males only, whereas a history 

of cigarette smoking increased FL risk in females only. The only medical condition 

associated with an increased risk of FL was history of Sjögren’s syndrome (OR = 13.2; 95% 

CI = 3.42 to 50.9). History of blood transfusion (OR = 0.78; 95% CI = 0.68 to 0.89) and 

allergies not including eczema (OR = 0.88; 95% CI = 0.79 to 0.98) were found to be 

associated with a decreased risk for FL (Linet et al., 2014). When stratified by gender, 

history of hay fever and food allergies reduced the risk for FL only among female patients.

A GWAS involving FL patients identified a SNV that was associated with changing levels of 

HLA-DPBL (a transcript involved in HLA class II expression) and decreased FL risk 

(Skibola et al., 2012). This association was confirmed in other GWAS, which also identified 

five new loci involved in HLA class II expression that were susceptible to genetic mutation 

in patients with FL (Skibola et al., 2014). Taken together, these findings may implicate 

DRβ1 (a protein of the beta subunit in HLA class II MHC) in FL pathogenesis.

The pathogenesis of FL is of particular clinical interest due to its ability to present as an 

indolent lymphoma with the potential to transform to DLBCL (known as transformed FL, or 

tFL). Whole exome sequencing has been used to identify mutations that promote 

transformation from FL to tFL (Pasqualucci et al., 2014). Genetic analysis suggests that both 

tFL and FL share a common precursor cell that goes on to acquire distinct mutations that 

define each subtype. While the two entities do share some mutations (e.g., in certain genes 

coding for histone modification enzymes), hundreds of mutations specific to tFL were found 
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during exome sequencing, many more than were found in FL. One such example was the 

loss of CDKN2A/B, which is a regulator of G1 cell cycle progression; others include B2M 

and CD58 (involved in T cell recognition), PIM1, Pax5, and RhoH/TTF (involved in 

producing antibody diversity) (Pasqualucci et al., 2014). These findings indicate that the 

transformation from FL to tFL follows a divergent evolutionary path, and that tFL is 

genetically more complex than FL. Comparison of tFL’s genetic profile to that of GCB 

DLBCL showed that many mutations were shared between the two subtypes, but tFL 

retained several unique mutations (e.g., CDKN2A/B and FAS deletions). This genomic 

heterogeneity identifies an important roadblock in current clinical management of patients 

with either tFL or GCB DLBCL. Current initial treatment strategies are largely the same for 

these two patient populations, an approach that does not take into account the unique 

mutations that may influence pathogenesis and response to treatment (Pasqualucci et al., 
2014).

Lymphoplasmacytic Lymphoma

Few factors have been associated with increased risk of lymphoplasmacytic lymphoma, 

including medical and familial histories of patients. Individuals with a history of Sjögren’s 

syndrome (OR = 3.2; 95% CI = 3.42 to 50.9), systemic lupus erthematosus (OR = 8.73; 95% 

CI = 2.91 to 26.2) or HCV infection, as well as family history of any hematologic 

malignancy carried an increased risk of LPL (Vajdic et al., 2014). Future data will need to be 

collected and analyzed to determine any further significant links between other identified 

risk factors and LPL diagnosis. Previously identified as a mutation found in DLBCL tumors, 

MYD88 mutations were observed to occur commonly in LPL patients and were also 

identified in whole exome sequencing of LPL (Poulain et al., 2013). MYD88 functions in 

several pathways, including JAK-STAT signaling, activation of NF-κB signaling, and IL-1 

and IL-18 cytokine signaling. Most MYD88 mutations in LPL patients were gain-of-

function (79%), while some patients carry copy number abnormalities. These findings 

eventually proved to be clinically valuable, as inhibition of MYD88 signaling resulted in 

cytotoxicity and cell growth inhibition in cell lines (Poulain et al., 2013). Further 

investigation of cellular mechanisms affected by MYD88 mutations has led to new targets 

for treatment of LPL. Immunoprecipitation experiments elucidated the mechanism by which 

MYD88 activates NF-κB signaling through TAK1 phosphorylation when TAK1 was found 

to be constitutively active in MYD88 mutant cell lines (Ansell et al., 2014). Importantly, 

TAK1 inhibitors decreased cell proliferation in these cell lines to a greater extent than NF-

κB inhibitors.

Mantle Cell Lymphoma

Analysis of medical history, family history and occupational factors associated with MCL 

risk indicate that the etiology of MCL is likely multifactorial (Smedby et al., 2014). 

Decreased risk for MCL development was seen in individuals with history of any specific 

allergy (non-food related), hay fever, any atopic condition, asthma, eczema, or food allergy. 

Family history of hematological malignancy in first-degree relatives increased patient risk of 

MCL twofold. While working on a farm had no significant effect on MCL risk, individuals 

who lived on a farm had an increased risk of MCL (OR = 1.40; 95% CI = 1.30 to 1.90). The 

interaction between these factors remains unclear, as does the relative importance of each 
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factor on MCL risk and their relationships to genetic risks and genomic abnormalities 

associated with lymphomagenesis. MCL is characterized by the t(11,14) translocation that 

results in constitutive expression of cyclin D1, which is the lesion that characterizes MCL. 

Whole exome sequencing has identified novel mutations present in MCL tumors, some of 

which are unique to MCL. These efforts also lend some insight into possible mechanisms of 

MCL pathogenesis. One such analysis associated presence of mutations in NOTCH2, a 

protein involved in cell differentiation, with dismal prognosis (Zhang et al., 2014). Patients 

with tumors harboring NOTCH2 mutation had a 3 year OS of 0% (versus 62% for patients 

without such a mutation). Other novel mutations recently identified include WHSC1, RB1, 

POT1 and SMARCA4 (Zhang et al., 2014). The mutations most commonly found were 

ataxia telangiectasia mutation (ATM), oncogene CCND11 and the tumor suppressor gene 

TP53. Furthermore, mirroring findings in other NHL subtype analyses, exome sequencing 

demonstrated heterogeneity across MCL patients (Bea et al., 2013). Furthermore, chromatin 

immunoprecipitation studies show that MCL may also be characterized by certain patterns 

of epigenetic gene modification (i.e., via DNA methylation and histone deacetylation) 

(Zhang et al., 2014). Therefore, in order to understand the pathogenesis of MCL, studies 

must take into account biology at the genetic and epigenetic levels.

Marginal Zone Lymphoma

Notably, when analyzing significant risk factors among each of the MZL subtypes 

(extranodal MZL, splenic MZL and nodal MZL,) some commonalities emerged, but other 

risk factors have been MZL subgroup-specific (Bracci et al., 2014). Regardless of MZL 

subtype, Sjögren’s syndrome (OR = 38.4; 95% CI = 17.04 to 86.48), systemic lupus 

erythematosus, peptic ulcers (OR = 6.57; 95% CI = 3.11 to 13.86), family history of a first 

degree relative with a history of a hematological malignancy, HCV positivity (OR = 3.04; 

95% CI = 1.65 to 5.60), decreased years since quitting smoking, asthma without other atopic 

disorders, working as a carpenter OR = 2.43; 95% CI = 1.23 to 4.45), painter or metalworker 

and hair dye use (among women) were associated with increased risk of MZL. Factors 

associated with a decreased risk of MZL included increased recreational sun exposure, 

working as a teacher (OR = .50; 95% CI = 0.35 to 0.70), and alcohol consumption. History 

of B-cell-activating autoimmune disease increased the risk of all three subtypes.

Increased risk for EMZL was also associated with alcohol consumption. Asthma, without 

other atopic conditions, was associated only with SMZL risk (OR = 2.28; 95% CI = 1.23 to 

4.23). Additionally, a family history of NHL was associated with increased risk for NMZL 

(OR = 2.82; 95% CI = 1.33 to 5.98), but not for other MZL subtypes. GWAS findings 

corroborate the epidemiologic link between autoimmune disease and MZL. One study found 

that the most significant genetic variant associated with MZL occurred proximally to HLA 

class II MHC and BTNL2 genes. Significantly, BTNL2 acts to regulate T-cell proliferation 

and cytokine production (Vijai et al., 2015). Exome sequencing has identified several novel 

mutations in SMZL, including NOTCH2, a potential target for therapy as discussed above in 

the MCL section (Rossi et al., 2012). Mutations in TNFAIP3, MAP3K14, MLL2 and SPEN 

also have been described in SMZL. The identification of MAP3K14 dysgregulation posits 

MAP kinase signaling as an important pathway not previously identified in MZL 

pathogenesis. Recurrent non-synonymous mutations specific to SMZL included those in 
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CREBBP and CBFA2T3. CREBBP is associated with chromosome remodeling, while 

CBFA2T3 is involved in myeloid translocation, both of which contribute to cancer 

pathogenesis. Finally, whole exome sequencing of SMZL has also identified many non-

recurrent mutations that affect several pathways involved in a variety of cellular processes: 

marginal zone development, chromatin remodeling, cytoskeleton and apoptosis (Martinez et 
al., 2014). These studies provide novel potential targets for therapy, but more work is needed 

to determine whether such targets will be relevant in SMZL treatment.

Conclusions and Future Directions

GWAS, whole exome sequencing and large cohort epidemiology studies of NHL subtypes 

have confirmed previously noted risk factors and identified novel exposures, genetic variants 

and tumor mutations that hint at the pathogenesis of these malignancies. While some factors 

are unique to a specific subtype, others are shared between two or more, and others still may 

characterize the transformation of one subtype to another. Such findings provide etiologic 

clues relating to both the commonality and the heterogeneity within NHL, which can be seen 

at the level of host genetics, tumor genomic profiling, and environmental factors. SNVs and 

mutations also help discern which molecular pathways may be integral to cancer 

development and maintenance in specific NHL subtypes. Identifying biological pathways 

through multidisciplinary studies thus provides a framework for developing new therapeutic 

drugs by highlighting the mechanisms by which particular lymphomas arise and survive. 

Investigation of risk factors common to several NHL subtypes may provide insight into 

pharmacologic agents that show activity in several different lymphomas. Alternatively, 

examining subtype-specific factors may shed light on possible therapeutic targets for a 

single subtype, such as ALK tyrosine kinase inhibitors in anaplastic large cell lymphoma. 

Thus, future efforts should integrate data obtained from GWAS, epidemiologic and 

sequencing studies to elucidate affected pathways and pursue subtype-specific therapies.
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Figure 1. 
Relationships between B-cell NHL subtypes and normal B-cell populations and the 

epidemiological relatedness and etiologic heterogeneity determined by hierachical clustering 

of medical history, lifestyle, family history, and occupational risk factors from the 

InterLymph analyses. Many NHL subtypes emerge from germinal center B-cells and each 

NHL subtype carries a collection of medical history, lifestyle, family history, and 

occupational risk factors.
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