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Abstract

Lymphoid cancers, the fifth most common cancer type in Canada, comprise a clinically
and biologically heterogeneous group of neoplasms. Established risk factors include older age,
male sex, compromised immune function, and family history of lymphoproliferative disorders. The
hygiene hypothesis, according to which a relative lack of infectious exposure during early
childhood may cause aberrant immune development and subsequent adult-onset immune-related
diseases, including allergies, autoimmune conditions and some lymphoid cancers, provides a
framework for understanding these risk factors. Susceptibility genes involved in immune function
and DNA repair have been identified; however, there remains a large gap in our knowledge of
genetic and environmental factors for familial lymphoid cancers.
We examined familial aggregation, age of onset and environmental factors in more than
200 multiple-case lymphoid cancer families. Familial lymphoid cancer ages of onset were
substantially earlier than comparable population data and showed an anticipation effect after
controlling for ascertainment biases. Relative to the general population, families were enriched
for some combinations of lymphoid cancers (e.g., HL/HL, CLL/CLL). Familial cases were more
likely to have allergies and a tonsillectomy, which may indicate defective immune regulation. The
risk of lymphoma tended to decrease with later birth order and larger sibship sizes. Measures of
family structure and crowding relate to the hygiene hypothesis as they affect age and extent of
exposures to infections, with low birth order and smaller sibships correlating with higher risk.
These associations underscore the complex etiology of familial lymphoma and suggest that
lymphoid cancers in multiple-case families may be different from sporadic cases.
Genome-wide scans have identified few risk alleles with small effect sizes in multiple-case
families. We performed a genome-wide Identity-by-Descent analysis using 1.8 million markers on
a well-characterized multi-generational family with 4 lymphoid cancer cases. Three interesting
candidate variants were found (MYC, EPHA1, MMS19), but no compelling high-penetrance
disease variant segregated with lymphoid cancer. Identifying genetic factors in rare lymphoid
cancer families will aid in uncovering key networks involved in cancer susceptibility.
Lymphoma has an important familial component. Establishing genetic and environmental
associations facilitates a better understanding of lymphomagenic mechanisms and effective
approaches to cancer prevention and clinical management.
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Lay Summary

Lymphoid cancers are a diverse group of neoplasms. They are the fifth most common
cancer type in Canada; however, multiple-case families are rare. To understand the role that
environmental factors and genetic factors may play on the risk of lymphoid cancer in a familial
setting, we characterized over 200 multiple-case lymphoid cancer families. Familial cases had an
earlier age of onset and were enriched for some subtypes of lymphoid cancer. The risk of
lymphoid cancer decreased among later birth order and larger sibship size. Familial cases were
more likely to show indicators of defective immune regulation than their unaffected siblings. These
observations suggest familial lymphoid cases may be different than non-familial lymphoid cancer
cases. Multiple-case families may have an underlying susceptibility factor that affects lymphoid
cancer risk. Understanding the mechanisms by which environmental and lifestyle factors affect
lymphoid cancer among families may improve cancer prevention.
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Chapter 1: Introduction

1.1

Haematological malignancies
Hematopoiesis is the process by which blood cells form and mature. All blood cells arise

in the bone marrow from a common pluripotent hematopoietic stem cell, and undergo a series of
developmental steps to differentiate into all lineages of mature blood cells. Immature blood cells
may mature in the bone marrow, or other parts of the body (e.g., thymus), depending on their
function. Blood cell production is normally an organized and controlled process based on the
body’s need. Mature blood cells may circulate throughout the body via the blood and lymphatic
vessels, or reside in lymphatic tissues concentrated in lymph nodes, thymus, spleen and in most
major organs (1,2).
The disruption of normal cell fate may form an immature blood cell which can develop into
a hematological malignancy. Hematological malignancies are cancers that affect blood, bone
marrow, and lymph nodes (1,2). The cell’s development is arrested and does not mature further,
but is instead replicated, resulting in the proliferation of abnormal blood cells (1–3). Different
stages of the hematopoietic process may give rise to a distinct type of cancer. Consequently,
hematological malignancies include a large number of genetically and clinically diverse diseases.
There are three main types of hematological malignancies: leukemia, lymphoma and myeloma
(1,2).
Historically, hematological malignancies were classified by their locations in the body,
cellular morphology and the natural disease progression. In lymphoma, the cancerous cells tend
to aggregate and form masses or tumours in lymphatic tissues, whereas in leukemia, the cells
circulate in the blood and bone marrow (1–4). Myeloma is also a tumour of the bone marrow,
which arises from plasma cells and produces a distinctive protein (1,5,6).

1.1.1 Leukemia
Leukemia is a cancer found in blood and bone marrow, and is caused by the rapid
production of abnormal white blood cells (WBC) (2,3). The high number of abnormal WBCs are
unable to fight infection and impair the ability of the bone marrow to produce red blood cells and
platelets. Leukemias are subdivided into 4 groups based on 2 criteria: the type of precursor cell
they develop from (lymphoid or myeloid) and how quickly the disease progresses (acute or
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chronic) (2,3). Each of the 4 subtypes (acute lymphocytic leukemia, acute myeloid leukemia,
chronic lymphocytic leukemia, and chromic myeloid leukemia) are further distinguished by
morphological differences, cytogenetic abnormalities, immunophenotype, and clinical features
(1,3,7).
This thesis examines multiple-case families with lymphomas and myelomas, but not
leukemias. For this reason, leukemias will not be discussed in depth.

1.1.2 Lymphoma
Lymphoma is a type of blood cancer that affects the lymphatic system (1,2,4,7). Abnormal
lymphocyte production may impair immune function. Lymphomas are subdivided into 2
categories: Hodgkin lymphoma (HL) and non-Hodgkin lymphoma (NHL) (1,4). HL is characterized
by the presence of Hodgkin/Reed-Sternberg (HRS) cells, while these cells are absent in NHL
(4,8). HRS cells are derived from B-cells and are unusually large in appearance and may be
multinucleated (4,8). By contrast, NHLs are derived from B-lymphocytes or T-lymphocytes;
however, most NHLs are of B-cell origin. Lymphomas are classified based on cell size, cell
differentiation and cleavage, low-grade or high-grade clinical behaviours, immunophenotype and
molecular genotype with morphology and clinical features (1,4,7) .

Hodgkin lymphoma
HL accounts for 15% of all lymphoid cancers and is further subdivided into Classical HL
(CHL) and nodular-lymphocyte predominant HL (NLPHL) (7,8). Globally, there are an estimated
65,950 new HL cases every year, which vary by age, sex, ethnicity, geographic location and
socioeconomic status (7,9,10).
1.1.2.1.1 Classic Hodgkin lymphoma (CHL)
CHL accounts for approximately 90% of all HL cases (Table 1) and is characterized by
the presence of HRS cells (7–9,11). Based on histological features, CHL is subdivided into four
subtypes that vary with respect to age of onset and sex (7,8,11,12).
Nodular sclerosis (NS)
NS CHL is the most common subtype of HL, accounting for 60-70% of all HL cases (7,8).
NS HL originates in the lymph nodes of the deep tissue in the centre of the chest (mediastinum)
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or neck. In NS, the involved lymph nodes contain HRS cells mixed with normal WBCs. NS is more
common in women than in men, usually affects teens and young adults and adults (15 to 34 years
of age) (7,8). Most cases are curable (7,8).
Mixed cellularity (MC)
MC HL accounts for 20-30% of all HL cases (7,8). The disease is more common in men
than in women, and primarily affects children (under the age of 14) and older adults (55 to 74
years of age) (8). The involved lymph nodes are usually in the upper half of the body, which
contain many HRS cells with a mixed cellular background that varies greatly. This subtype is
usually diagnosed at a more advanced stage of disease (7,8).
Lymphocyte rich
Lymphocyte rich accounts for less than 5% of HL cases (7,8). The disease may be diffuse
or nodular in form and is characterized by the presence of numerous normal-appearing
lymphocytes and classic HRS cells. It usually develops in the lymph nodes in the neck, armpits,
and above the collarbone (7). Lymphocyte rich HL is typically diagnosed at an early stage in
middle-aged adults and has a low relapse rate (8). There is a 2:1 male predominance for the
disease.
Lymphocyte depleted
Lymphocyte depleted is rarely diagnosed and accounts for about 1% of all HL cases (7,8).
The involved lymph nodes contain abundant HRS cells and few normal lymphocytes. This subtype
is usually aggressive and is diagnosed at an advanced stage (8). Lymphocyte depleted HL is
more common in men than in women, and typically affects young adults (30 to 37 years of age)
(8).
1.1.2.1.2 Nodular lymphocyte predominant HL (NLPHL)
NLPHL accounts for nearly 5% of all HL cases (7,8). NLPHL is characterized by scattered
lymphocyte predominant (LP) tumour cells (not HRS cells), also known as "popcorn cells" (7–
9,11). NLPHL is more common in men and adults (30-49 years of age) (7,8). NLPHL is indolent
(slow-growing) and has a high cure rate (8). There is a 3:1 male predominance for the disease.
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Non-Hodgkin lymphoma
The NHLs are a heterogeneous group of more than 60 malignancies with varying clinical
and biological features (7,13). NHL is divided into B-cell and T-cell neoplasms based on
histological characteristics and are further classified by clinical features (13).
1.1.2.2.1 B-cell NHL
B-cell lymphomas represent approximately 85-90% of NHL cases (7).
Burkitt’s lymphoma (BL):
BL is a high-grade mature B-cell lymphoma and represents ~1% of NHL cases (7,14). It is
one of the fastest growing lymphomas and tends to occur in organs and tissues other than the
lymph nodes (extranodal sites), often spreading to the brain or spinal cord. BL develops in children
or young adults and occurs most often in young boys (14). There are three subtypes of BL: 1)
Endemic BL, which occurs in Africa and is almost always linked with Epstein-Barr virus; 2)
Immunodeficiency-associated BL, which occurs in individuals with weakened immune systems
(e.g., human immunodeficiency virus); and 3) Sporadic BL, the most common type of BL in highincome countries (7,14). BL is easily cured.
Chronic lymphocytic leukemia (CLL)/Small lymphocytic lymphoma (SLL):
CLL and SLL are essentially the same disease, the only difference being where the cancer
primarily occurs. For CLL, most of the malignant clones are located in the bloodstream and the
bone marrow (lymph nodes and spleen may also be involved) (7,15). In contrast, for SLL, most
of the malignant clones appear in the lymph nodes (7,15). CLL/SLL can be detected during routine
blood tests and most individuals are asymptomatic. Asymptomatic cases are offered active
surveillance (watchful waiting), while aggressive cases may be treated with combinations of
chemotherapy, radiation therapy or a stem cell transplant. CLL occurs more frequently in men
and typically affects individuals over the age of 70 (7,15).
Diffuse large B-cell lymphoma (DLBCL):
DLBCL is the most common lymphoma subtype which represents ~30% of all NHL cases
(7,16). It is an aggressive subtype and originates in the lymph nodes (16). The average age of
diagnosis for DLBCL is the mid-60s, and it is more common in men than in women. At the time of
diagnosis, approximately 50-60% of DLBCL cases have spread beyond the lymph nodes above
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and below the diaphragm or to different lymphatic organs such as the spleen, liver or bone marrow
(16). Chemotherapy is used as the main treatment; however, a stem cell transplant may be used
for recurrent cases (16).
T-cell/histiocyte rich large B-cell lymphoma (THRLBCL) is a rare morphological variant of
DLBCL (1-3% of all B-cell lymphomas) with abundant nonneoplastic T-cells and histiocytes (17).
THRLBCL is more common in men and middle-aged adults (40 years of age) (17). It is often
challenging to diagnose due to its similarity with other lymphoid cancers such as NLPHL (17).
Follicular lymphoma (FL):
FL is the second most common subtype of lymphoma, comprising 20-30% of all NHL
cases (7,18). FL is indolent (slow-growing) and affected individuals may be asymptomatic (18).
FL usually occurs in individuals over 50 years of age and is slightly more common in women than
in men (7,18). FL responds well to treatment; however, most cases relapse. Although rare, FL
can transform into DLBCL (18).
Hairy cell leukemia (HCL):
HCL is a low-grade B-cell lymphoma and is often left untreated until it reaches a
progressive stage (19). HCL is more common in men than in women, and typically affects
individuals over the age of 50 years. About 1% of NHLs or 2% of all leukemias are HCL (7,19).
HCL gets its unusual name because of the hair-like projections on the surface of the malignant
cell. HCL is called a leukemia because the lymphocytes are found in the blood, but they may also
collect in the bone marrow and spleen (7,19).
Lymphoplasmacytic lymphoma (LPL)/ Waldenström macroglobulinemia (WM):
LPL is a chronic neoplasm that occurs in B-cells that normally mature into antibody
producing plasma cells (20,21). The malignant clone over-produces antibodies which accumulate
in the blood and impair circulation (21). WM is characterized as a subset of LPL that has
detectable immunoglobulin M (IgM) paraproteins, and accounts for approximately 95% of LPL
cases. LPL/WM typically affects individuals over the age of 60 and accounts for 1-2% of all
hematological tumours (20,21).
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Mantle cell lymphoma (MCL):
MCL is a rare B-cell lymphoma which comprises approximately 5% of all NHLs (7,22).
MCL is mostly indolent, but has aggressive variations. It typically affects men over the age of 60
(22). The disease is called “mantle cell lymphoma” because the tumour cells originate from the
“mantle zone,” which is the outer edge of the lymph node. MCL is frequently treated using
chemotherapy (22).
Marginal zone lymphoma (MZL):
MZL is a group of indolent B-cell NHLs which account for 8% of all NHL cases (7,23). MZL
is more common in women than in men and typically affects individuals over the age of 60 (7).
There are 3 types of MZL: 1) mucosa-associated lymphoid tissue (MALT) lymphoma, 2) Nodal
MZL, and 3) Splenic MZL.
1. Mucosa-associated lymphoid tissue (MALT) lymphoma:
MALT (or extranodal) lymphoma is the most common MZL, accounting for 70% of all MZL
cases (7,23). MALT lymphoma is a B-cell NHL which develops in the mucosa membranes of
lymphatic tissue. MALT lymphomas affect individuals in their 60s, and men and women equally
(23). It is usually indolent, but in rare cases may become aggressive. Most MALT lymphomas
originate in the stomach, and nearly 60% of these cases have a history of Helicobacter pylori (23).
Treatment varies by stage of disease (early vs. late) and location in the body (stomach vs. lungs)
(7,23).
2. Nodal MZL:
Nodal MZL is usually slow growing, but has the ability to transform into an aggressive
lymphoma (although unlikely). It occurs within the lymph nodes and accounts for 10% of MZL
cases (7,24). It typically affects individuals over the age of 60 years, and is more common in
women than in men.
3. Splenic MZL:
Splenic MZL is a low-grade B-cell lymphoma which develops in the spleen, and less
commonly in the bone marrow or blood. It represents ~20% of annual MZL cases (7,25). It is most
common among individuals over the age of 50 and affects men and women equally.
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1.1.2.2.2 T- and NK-cell NHL
T-cell NHLs represent less than 10% of NHL cases, while NK-cell lymphomas represent
less than 1% of NHL cases (7). There are several types of T-cell lymphoma, but they are relatively
rare in the population and among families in this study.

1.1.3 Multiple myeloma (MM)
Myeloma is a cancer of plasma cells (2,5–7). Plasma cells are WBCs which produce
antibodies which fight infection and disease in your body. Myeloma is associated with the
abnormal and uncontrolled growth of plasma cells which are primarily located in the bone marrow
(6). Abnormal plasma cells overproduce monoclonal immunoglobulins which interfere with the
production of normal healthy blood cells in the bone marrow, causing the immune system to
weaken and be susceptible to infections (2,6). Because myeloma occurs at many sites in the bone
marrow it is often referred to as multiple myeloma (2,5).
Monoclonal gammopathy of undetermined significance (MGUS) is a common
premalignant plasma cell disorder. Individuals diagnosed with MGUS have a 1% annual risk of
progression to MM (26). Individuals with MGUS are also at risk of developing WM (26–28).
MM and MGUS occur more frequently in men, older individuals (over 60 years of age) and
among persons with an African American ethnicity (6,7,26,29).

1.1.4 Hematopoietic fate
Lymphoma is a cancer that starts in white blood cells (lymphocytes). A lymphoid cancer
may arise from any lymphatic tissue, including the lymph nodes, spleen, bone marrow, thymus,
adenoids, tonsils or digestive tract (13). The type of lymphoma is dependent on the type of
affected lymphocyte (B-cell or T-cell), the maturity of the cell, and several other factors (Figure
1) (7,13,30).
The progression of lymphoma has yet to be completely understood. From a hematopoietic
stem cell origin to a fully differentiated mature cell, the accumulation of genetic mutations
(including translocations) can lead to the transformation and subsequent clonal expansion of a
lymphocyte, resulting in a malignant lymphoma (30). Hereditary factors may increase the
likelihood of disease development for some families and individuals.
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Figure 1: B-cell development and the origins of B-cell lymphoma.
B-cell development commences in the bone marrow where immunoglobulin (Ig) genes are rearranged to generate a B-cell receptor.
B-cells enter the periphery and congregate in lymphoid tissue where antigen-dependent B-cell development occurs. Upon encountering
an antigen, native B-cells become activated and generate germinal centers in which somatic hypermutation and class switch
recombination take place. The status of the Ig genetic regions and cell surface markers/proteins of lymphoid cancer cells are indicative
of the stage of B-cell development.
Notes: Acronyms in red denote the presumed cell of origin of the indicated lymphoma subtype.
Abbreviations: Ig, immunoglobulin; DC, dendritic cell; CLP, common lymphoid progenitor; HSC, haemopoietic stem cell; GC, germinal
center B cell; FDC, follicular dendritic cell; Tfh, follicular helper T cell.
Subtype abbreviations: MALT, mucosal-associated lymphoid tissue lymphoma; MCL, marginal zone lymphoma; MM, multiple
myeloma; MZL, marginal zone lymphoma; DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; BL, Burkitts lymphoma.
Figure reproduced from: Malcolm, et al (2016) (30) (with permission).
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1.2

Hierarchical classification and subtypes
The World Health Organization (WHO) classification of hematopoietic and lymphoid

tumours is currently the most extensively used system for the diagnosis of malignant lymphomas
(31). The WHO divides lymphomas based on the lineage from which they are derived (B-, T- or
NK-cell) and then stratifies the subtypes within each linage based on a combination of
morphology, immunophenotype, genetic features, and clinical features (31). Currently, lymphoid
cancers are subdivided into 5 subgroups:
1) Mature B-cell neoplasms,
2) Mature T and NK neoplasms,
3) Hodgkin lymphoma,
4) Posttransplant lymphoproliferative disorders, and
5) Histiocytic and dendritic cell neoplasms (32).
For the purposes of this thesis, lymphoid cancers were categorized according to 2008 and
2016 WHO criteria and include: 1) Mature B-cell neoplasms, 2) Mature T and NK neoplasms, and
3) Hodgkin lymphoma.

1.2.1 Mature B-cell neoplasms
Mature B-cell neoplasms, which comprise over 90% of mature lymphoid (B- and T-cell)
neoplasms and 83% of all lymphoid cancers (B- and T-cell and HL), consist of MM and NHL
subtypes (Table 1). The most common mature B-cell subtypes are DLBCL, FL and CLL, which
account for 35%, 25% and 10% of lymphomas in western countries, respectively (32,33). Mature
B-cell lymphomas may be aggressive (e.g., DLBCL) or indolent (e.g., FL and CLL) (32). The
distribution of NHL subtypes varies by geographic region (33).
Multiple Myeloma
According to the WHO, myeloma is classified as a mature B-cell neoplasm (Table 1);
however, for the purposes of this thesis (and current peer-reviewed publications), MM is
considered a separate entity.
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Table 1: Mature lymphoid neoplasms according to the 2016 WHO
classification of lymphoid neoplasms.
% observed in
Entity
the population
Mature B-cell neoplasms
83
Burkitt lymphoma (BL)
~1
Chronic lymphocytic leukemia (CLL)
22
Diffuse large B-cell lymphoma (DLBCL)
23
Follicular lymphoma (FL)
12
Hairy cell leukemia (HCL)
~1
Lymphoplasmacytic lymphoma (LPL)/
2
Waldenström macroglobulinemia (WM)
Mantle cell lymphoma (MCL)
2.5
Multiple myeloma (MM)
20
Marginal zone lymphoma (MZL)
7
Mucosa-associated lymphoid tissue (MALT)
70
Nodal MZL
10
Splenic MZL
20
Other/ not otherwise specified (NOS)
9.5
Mature T- & NK-cell
9
Mycosis fungoides (MF)
26
Primary cutaneous lymphoma (PCL)
9
Peripheral T-cell lymphoma (PTCL)
52
Peripheral T-cell lymphoma, NOS
33
Anaplastic large cell lymphoma (ALCL)
22
Cutaneous T-cell lymphoma, NOS
20
Angioimmunoblastic T-cell lymphoma (AITL)
15
Other
10
Other / NOS
13
Hodgkin lymphoma
8
Classic Hodgkin lymphoma (CHL)
93
Nodular sclerosis (NS)
65
Lymphocyte rich (LR)
<5
Mixed cellularity (MC)
25
Lymphocyte-depleted (LD)
<1
CHL, NOS
Nodular lymphocyte predominant (NLPHL)
7
HL, NOS
Total
100%
Notes: “Other” denotes rarer histological subtypes. Population
estimated based on SEER (USA) data.
Subtype abbreviations: NOS, not otherwise specified.

1.2.2 Mature T and NK neoplasms
Mature T- and NK-cell neoplasms are less common and account for less than 10% of
mature lymphoid neoplasms and 8% of all lymphoid cancers (Table 1). Most T- and NK-cell
lymphomas are aggressive (32).
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1.2.3 Hodgkin lymphoma
HL accounts for 15% of all lymphoid cancers and is further subdivided into CHL and
NLPHL. CHL accounts for approximately 90-95% of all HL cases (Table 1) and is characterized
by the presence of HRS cells (9,11). Based on histological features, CHL is subdivided into four
subtypes that vary with respect to age of onset and sex (11,12). NLPHL is uncommon
(representing ~5-10% of all HL cases) and is characterized by LP cells (9,11).

1.2.4 Classification of diseases (ICD)
The International Statistical Classification of Disease (ICD) is a global system for
healthcare providers to classify and code all diagnoses, symptoms, and procedures. ICD-10 is
the 10th revision that was endorsed by the World Health Assembly in 1990 and implemented in
Canada between 2001-2018; it represents notable progress in cancer prognostic and diagnostic
parameters, which are largely driven by technological advances (31,32). The newest version,
ICD-11, was released in 2018 and is expected to replace ICD-10 in Canada by 2022.
The introduction of automated blood counters and the use of flow cytometry in routine
clinical practice had a major effect on the diagnostic criteria for CLL. Improved ability to distinguish
clonal from reactive processes led to a lowering of the absolute lymphocyte count (ALC) required
for CLL diagnosis (15 x 109 ALC/L to 5 x 109 ALC/L). Increased use of automated blood counters
in combination with the lowering of ALC diagnostic threshold led to a temporary dramatic increase
in the number of individuals incidentally diagnosed with CLL after discovering an elevated ALC
from routine blood tests (34). Since individuals with circulating lymphocyte clones were likely to
progress to CLL, a B-cell count was used in replacement of ALC (which includes neutrophils,
eosinophils, monocytes, basophils, and T-lymphocytes as well as B-lymphocytes). The presence
of fewer than 5 x 109 B-cells/L (but greater than the normal level) was defined monoclonal Blymphocytosis (MBL), an asymptomatic CLL precursor state (35,36). Some research groups
observed a decrease in CLL incidence as a result of the change in guidelines in 2008 (37–39),
while others have not (40).
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1.3

Familial lymphoid cancers
Reports of familial clustering of lymphomas and leukemias have been extensively

documented. An emerging theme of lymphoma etiology is that there are both shared susceptibility
factors among all lymphomas, and other factors that differ between histological subtypes (41).
Heritability Estimates:
Heritability estimates and genetic correlation attributable to the additive effects of
common single nucleotide polymorphisms (SNPs) vary by type of lymphoid cancer (42). Variance
explained by SNPs accounts for 21-48% of estimated HL heritability (43–45). Twenty-three
independent risk loci explain an estimated 17% of SNP heritability for MM (46–48). Heritability
estimates vary by NHL subtype; specifically, common SNPs explain approximately 8% of MZL
(49), 21% of FL (49), 9-16% of DLBCL (42,49,50), and 16-34% of CLL (42,49,51–54). There are
no heritability estimates available for rare or uncommon lymphoid subtypes (e.g., MCL or NLPHL).

1.4

Descriptive epidemiology
There were an estimated 14,660 new cases of lymphoma (NHL, HL, CLL and MM) and

4,890 deaths from lymphoma in Canada in 2017, the last year for which complete data is available
(55–60). Collectively, lymphoma is the fifth most common cancer among Canadians (61). NHL,
HL and MM account for 3.4%, 0.1% and 1.9% of all cancer deaths among Canadians (55–58,61).
The lifetime probability to developing NHL, HL and MM are 2.4%, 0.2% and 0.9%, respectively
(61). The projected 5-year net survival of NHL, HL, CLL and MM is 68%, 86%, 83% and 44%,
respectively (61).

1.4.1 Trends in incidence
Lymphoma (NHL, HL and CLL) age-adjusted incidence rates increased annually by 3-4%
in high-income countries for 2 decades before stabilizing or declining in the mid-1990s (33,62–
72). Since the mid-1990s, age-adjusted incidence rates have declined by 1-5% annually in highincome countries, including Canada, USA, Japan and parts of Europe (33,62–65,70–73).
Improved case ascertainment and advancements in diagnosis or change in diagnostic practices
may explain a small portion of earlier generalized rises (33,62,69–72,74). The human
immunodeficiency virus (HIV) epidemic (62,70–72,75), hepatitis C virus (HCV) infection
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(62,70,76), and blood transfusions and transplantations (70) explained a limited proportion of
elevated NHL trends. The prevalence of underlying etiological factors may explain the remaining
portion of these trends (63,72).
Age-adjusted incidence rates for MM increased annually since 1985 (and continue to rise)
in high-income countries, including Canada, USA, Great Britain and other European countries
(61,66,67,77–79). Increasing incidence rates may be partially attributed to improved case
ascertainment (79–81), improvements in diagnosis (77,79,80,82), and change of environmental
factors (80).

1.4.2 Sex
Lymphoid cancers are slightly more common in men than in women (Figure 2)
(9,29,33,83,84). Most NHL subtypes are characterized by a slight predominance of men, with the
exception of MCL (70% male) (33,85), and FL, which is slightly more common in women than in
men (18,33). With the exception of NS (7,8), HL cases are more frequently observed in men than
in women. Lymphocyte rich HL and NLPHL subtypes are characterized by a 2:1 and 3:1 male
predominance, respectively (7,8).

Figure 2: Frequency of male and female population cases of NHL, HL, CLL and MM.
Notes: Created using SEER (USA) population data (86); comparable population data is
unavailable for Canada.
Abbreviations: SEER, Surveillance, Epidemiology, and End Results.
Subtype abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; CLL, chronic
lymphocytic leukemia; MM, multiple myeloma.
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1.4.3 Variation by age
NHL, CLL and MM occur very rarely in children (less than 1% of lymphoma cases; Figure
3) (87). Incidence and mortality rates for NHL, CLL and MM increase steadily with older age,
peaking between the sixth and seventh decade of life (29,33,87,88). Unlike other lymphoid
neoplasms, HL is more frequently a disease of young people between the ages of 15-35 (9,87).
HL typically has bimodal age of onset with the first peak at 25-35 years and a second peak after
50-55 years of age (89). HL accounts for 15% of all cancers in young adults globally (9,83).

Figure 3: Frequency of age of diagnosis for SEER population NHL, HL, CLL and MM cases.
Notes: Created using SEER (USA) population data (86); comparable population data is
unavailable for Canada.
Abbreviations: SEER, Surveillance, Epidemiology, and End Results.
Subtype abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; CLL, chronic
lymphocytic leukemia; MM, multiple myeloma.

1.4.4 Race/ethnicity
Racial differences have been observed among many cancer types, including breast,
colon, prostate and lymphoid (90). NHL (33,62), HL (83) and CLL (88,91) incidence is highest in
Caucasian populations, followed by African American and Asian populations (Figure 4). The
highest global NHL incidence is in North America and is correlated with high socioeconomic status
(SES) (33,92). Elevated rates of CLL have also been reported among specific ethnic groups (e.g.,
14

Jewish and Ashkenazi Jewish) (91,93) and geographic regions (e.g., Latvia and Russia) (94). MM
incidence is highest among African American populations, followed by Caucasian and Asian
populations (29,95). These trends persist for generations in migrants to other countries, which
suggests a genetic basis for the ethnic variation in incidence (91,96–99).

Figure 4: Race/ethnicity population-based frequencies of NHL, HL, CLL and MM.
Notes: Created using SEER (USA) population data (86); comparable population data is
unavailable for Canada.
Abbreviations: SEER, Surveillance, Epidemiology, and End Results.
Subtype abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; CLL, chronic
lymphocytic leukemia; MM, multiple myeloma.

1.4.5 Geography
Age-standardized incidence rates of NHL (74,100), HL (9,65,74,83), CLL (91,101) and
MM (74,77) are higher in high-human development index/high-income countries compared to lowincome regions. Differences between geographic regions are multifactorial and may be partially
explained by lifestyle diversity (e.g., diet, smoking, SES) (83,101,102), histological subtype
(62,101), viral/bacterial exposures (e.g., Epstein-Barr virus (EBV), HIV) (62,74,83), availability of
diagnostic practices (77,83), family history (83), and genetics (77,101,103).
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1.4.6 Correlation with other neoplasms
Survivors of lymphoma are at a higher risk for developing other solid tumours, such as
lung, bladder, brain and breast cancer, and hematological malignancies (104,105). The risk is
altered by the age of diagnosis of lymphoma, type and duration of chemotherapy, effect of
radiation, and treatment area (62,104). For example, chemotherapies with alkylating agents have
been associated with a higher risk of leukemia (104), and radiation to the neck is linked to a higher
risk of thyroid cancer (104). Individuals are at greater risk of secondary cancers if they were
diagnosed at a young age (104,106), have a family history of cancer (e.g., breast and colorectal)
(62,107,108), or had certain tumour cytogenetic abnormalities (e.g., 17p, 6q or 11q deletion)
(109).

1.5

Medical history
Factors that affect the immune system play an important role in the risk of lymphoma

(74,110). A personal history of autoimmune conditions and some atopic conditions have been
associated with a higher susceptibility to lymphoid cancers. Infectious organisms and medical
procedures that affect immune function may also affect lifetime susceptibility to lymphoid cancers.

1.5.1 Immune deficiency
The spectrum of immune-deficiencies includes immune dysregulation through
immunosuppression or autoimmune disorders and chronic infections, which enhance the
predisposition to lymphoma (74,111,112). The genetic inheritance of immunodeficiency is
complex and has an estimated heritability of about 10% (112). Acquired immunodeficiencies can
arise as post-transplant lymphoproliferative disorders in 1-2% of organ or allogenic stem cell
transplant recipients (113) and are caused by immunosuppressive therapies which are used to
prevent donor organ or tissue rejection (33,114–116). Chronic infections associated with
immunodeficiencies and elevated risk of lymphoma include HIV (33,62,112,117), human
herpesvirus-8 (HHV-8) (112), and H. pylori (112). The markedly increased risk of lymphoma is
attributed to uncontrolled B-cell stimulation and proliferation, which increase the probability of
developing a malignant clone (62,118).
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1.5.2 Autoimmune disorders
Autoimmune conditions are a strong established risk factor for lymphoma (110,111,119–
123); however, the underlying biology of autoimmune-related lymphomagenesis remains unclear
(62,124). There are more than 80 recognized autoimmune conditions in which the immune system
fails to recognize itself as self and attacks the body’s own tissues (33). Large case-control studies
suggest that specific lymphoma subtypes are associated with distinct autoimmune diseases,
supporting the idea that there are subtype-specific mechanisms of lymphomagenesis
(62,123,124). For example, the clustering of B-cell origin lymphomas (125,126) (e.g., HL (126–
129) and DLBCL (125,130)) and autoimmune conditions primarily mediated by B-cell responses,
are suggestive of a shared etiology (123,124,130–132). Alternatively, the inflammation and
severity of the autoimmune condition may contribute to increased risk of lymphoma due to chronic
activation or stimulation of B-cells or T-cells (124). For example, aggressive systemic
inflammation among rheumatoid arthritis (RA) cases increases chronic activation of B-cells which
increases clonal B-cell populations which may lead to DLBCL (124–126,130). Other frequently
observed relationships between autoimmune diseases and elevated risk of lymphoma include:
Sjögren's syndrome (SS) and risk of B-cell NHL (111,123,125,126,130–135) and HL (127,128),
systemic lupus erythematosus (SLE) and risk of B-cell NHL (111,123,125,126,130–132,136–138)
and HL (126–129,136), and RA and risk of B-cell NHL (62,125,126,130,138) and HL (126–129).

1.5.3 Atopic conditions
Established positive associations between immune deficiencies and lymphoma risk, and
the origin of lymphoma from cells of the immune system suggest that other forms of immune
dysregulation, such as atopic diseases, may also be related to lymphoma. Results of populationbased epidemiological studies have been inconsistent; however, large case-control and cohort
studies (and meta-analyses) have found a reduced risk of lymphoma in association with a history
of atopy, including allergies, eczema and asthma (123,139).

Allergies
The relationship between allergies or allergy-related conditions and risk for lymphoma has
been widely studied. Allergies are a hyperactive state of the immune system that may lead to
increased tumour surveillance, thus decreasing the chance of aberrant cell proliferation (140–
17

142). Associations between allergies and risk of lymphoma are inconsistent, and may reflect the
spectrum of lymphoid cancers and subtype-specific associations, categorization/grouping of
allergic conditions (e.g., environmental, hay fever, dust; food, peanuts, shellfish; insect bites, bee
strings), selection bias, unadjusted confounders (e.g., age, sex, smoking, race), absence of
serological data (e.g., Immunoglobulin E (IgE) concentrations) (141,142) and/or reliance on selfreported data (62,142–144). Despite these limiting factors, a few recurring patterns have
emerged: a lower risk of lymphoma has been frequently observed among individuals with hay
fever (85,130,132–134,139,145–155), while other environmental allergy associations (e.g., dust,
animal dander, bee/wasp stings) are inconsistent (139,143,145,146,154–156). Food allergies are
associated with a lower risk of lymphoma (130,133,139,145–148,157), and may be attributed to
fruit/vegetable (156), seafood (147), and/or nut allergies (156), while no consistent association
between lymphoma and medication allergy has been reported (143,146,147,157–159).

Eczema
Eczema is a chronic inflammatory skin disease characterized by patches of red, itchy and
inflamed skin (139). Meta-analyses support a modest increase in the risk of lymphoma in patients
with eczema (138,160–162). Risk tends to increase among individuals with severe eczema
(161,162) and those who use topical corticosteroids (158,161–164), which may reduce
immunosurveillance (161). Eczema may also be an artifact of early misdiagnosis of cutaneous Tcell lymphomas (e.g., Mycosis fungoides), which develops slowly over years to decades
(139,161), and may be treated with high potency topical corticosteroids (162).

Asthma
Asthma is one of the most frequent chronic immune conditions that affects children and
adults (150,165). Some prenatal risk factors, such as maternal smoking, are well established,
while others such as maternal diet, stress, antibiotic use, and delivery by emergency cesarean
section are less clear (165–167). Childhood environment, such as infections and exposure to
endotoxins, family size and structure, and SES have been shown to play an important role in
asthma risk (150,165–168).
The overactive state of immune response associated with asthma may be a surrogate
marker of an increased ability of the immune system to recognize and destroy malignant cells,
according to the immune surveillance hypothesis (150,169). A few studies observed a protective
relationship between asthma and risk of NHL and HL (139,148,150,158,170,171) (e.g., B-cell
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NHL (130,133,139,146,172)); however, most studies observed no association between asthma
and

independent

hematological

malignancies

(e.g.,

MCL,

MZL,

MM,

or

LPL)

(85,131,132,147,148,159,160,170–181).

1.5.4 Infectious organisms
Several hematological malignancies have been associated with preceding infections.
Long-term infections that cause chronic immune stimulation and overproduction of lymphocytes
increase the likelihood of mutations over time (182). Agents such as H. pylori and HCV are
associated with a higher risk of MALT lymphoma (33,62,183–191) and splenic MZL (62,131,184–
186,192), respectively; treating the infectious agent often eradicates the lymphoma (62,184–186).
Infections that weaken the immune system, such as HIV, are a risk factor for BL, immunoblastic,
and primary central nervous system (CNS) lymphoma (33,62,182,184). Viruses that directly
transform lymphocytes have also been identified. Infection with human T-cell lymphotropic virus
increases the risk of adult T-cell leukemia/lymphoma, which is most common in Japan and the
Caribbean (62,182,184–187,193). HHV-8 infected lymphocytes may cause primary effusion
lymphoma and/or multicentric Castleman's disease, both of which are rare lymphoproliferative
disorders (LPDs) (33,62,182,184,185,194,195). EBV is a ubiquitous human herpes virus that has
been implicated as a cofactor in the development of several malignancies, including primary CNS
lymphoma (33,62,184,196), BL (33,62,184,185,196,197), and HL (9,62,89,196,197).

1.5.5 Medical procedures and medical history/exposures
Medical procedures known to affect lymphoid tissue and/or immune capacity can affect
long-term health outcomes and susceptibility to immune-related diseases.

Blood transfusions
Allogeneic blood transfusions may induce significant immunosuppression in recipients
(198,199), which has been associated with a 20% increase in the risk of lymphoma (199,200). In
addition to immunosuppression, plausible mechanisms include transfusion of a chemical
carcinogen (e.g., DEHP) (200) or viral transmission (e.g., EBV, HCV, HIV) prior to screening
implementation (199,200).
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Childhood infections and vaccinations
Studies of childhood illnesses provide support for an infectious etiology for lymphoma. A
personal history of infectious mononucleosis (153,158,201–205), tuberculosis (153,205–207), or
malaria (146,153,208) have been independently associated with an elevated risk of lymphoma.
Inconsistencies between studies may be attributed to differences in age at infection, type of
infection, duration of exposure, and family size (209–211). The relationship between preventative
measures,

such

as

vaccinations,

and

risk

of

lymphoma

have

been

inconsistent

(110,154,155,159,207,208,212) and vary by histological subtype, type of vaccination (e.g., live
attenuated, killed whole virus), and adjuvant (e.g., aluminum hydroxide, aluminum phosphate)
(110,155,212).

Medication use
A complicating factor in studies of associations with medication use is that the underlying
medical conditions that prompt treatment, rather than the medications themselves, may explain
the observed associations with lymphoma risk (62). Medications such as antibiotics and aspirin,
and a longer duration of use (62,163,164) have been associated with a higher risk of NHL
(145,155,156,213), HL (213) and MM (214,215). In contrast, no association between duration and
use of medication has also been observed (29,145,163,216). Associations with antibiotic use may
reflect an underlying susceptibility to infections, rather than a direct lymphogenic effect of
antibiotics themselves.

Tonsillectomy
The tonsils are the first lymphoid tissue barrier which defends against foreign pathogens
that enter via the mouth (217–219). An altered immune response of the tonsils and/or a
tonsillectomy may further impair immune function and increase risk of immune-related diseases
(217,218). Recipients of a tonsillectomy have been associated with an increased risk of several
autoimmune diseases (217) and hematological malignancies, including NHL (146,155,220) and
HL (146,221,222) subtypes. Consistent with the declining immunological role of the tonsils from
childhood to adulthood (218), the risk was more pronounced if the procedure occurred during
early childhood (146,210). Several of the autoimmune diseases seen among tonsillectomy
recipients are also independently associated with an elevated risk of lymphoid cancers, including
Graves' disease/hyperthyroidism, Hashimoto disease/hypothyroidism, RA, and SS, suggesting a
similar etiology (217).
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Appendectomy
Pathogenic mechanisms and causative factors involved in appendicitis are not well
understood; however, infectious, inflammatory, dietary and genetic factors are thought to be
involved (223,224). Associations with cancer and a history of appendicitis or an appendectomy
are inconsistent (156,224,225). Some studies report an elevated risk of HL (225–228), but not for
MM (177,229), NHL (158,225,229–231), or common NHL subtypes (225,231,232).

Splenectomy
The spleen is a reticuloendothelial organ with important hematologic and immunological
functions, including clearance of bacteria from the blood and generation of an immune response
to foreign pathogens (233–237). Long-term risks following a splenectomy include hematological
disorders, such as venous thromboembolism (234–239), overwhelming post-splenectomy
infection (234–238,240,241), and hematological cancers, including NHL (145,233,242), HL
(233,242) and leukemia (233,242,243).

1.6

Lifestyle and personal factors
Environmental agents and lifestyle exposures during all stages of life may contribute to

lymphoid cancer risk. Specifically, childhood exposures to infectious agents may affect immune
development and maturation (62). Health and lifestyle factors such as nutrition, smoking, alcohol
intake and education capture knowledge-related behaviours and measures of SES. In addition,
reproductive and hormonal factors have been shown to lower risk of lymphoma and may partly
explain difference in sex distribution of lymphoid cancers (62).

1.6.1 Early childhood
Early life exposures to infections are fundamental to the development and maturation of
the immune system (170), and a relative lack of infections may predispose to adult-onset immunerelated disorders. Early life factors that stimulate a child’s immune system may be protective for
such diseases. Measures of SES and family structure that influence age at, and extent of,
exposures may be surrogates for early infectious exposures.
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The hygiene hypothesis
The hygiene hypothesis proposes that early childhood infections may protect against
adult-onset immune-related diseases, including allergies, autoimmune conditions and some
hematological malignancies (168,244–246). Delayed or lack of infectious exposures during
childhood may inhibit a child’s immune system from maturing optimally, which increases
susceptibility to immune-related disorders (168,247). Measures of family structure (birth order and
sibship size), household crowding, day care attendance, and SES relate to the hygiene
hypothesis as they affect age, extent and response to infectious exposures (248–251). Number
of siblings and birth order can be indicators of age and frequency of exposure to infectious agents
during childhood (168,250,251). Specifically, first-born children are exposed to infections at later
ages than their younger siblings, who may contract infections from their older siblings (39,168).
Likewise, the number of children in a sibship relates to risk of infections during childhood, with
larger sibship size correlated with higher infectious burden (39,168,248).
Birth order and sibship size
Findings of studies of lymphoid cancer risk and family structure (birth order and sibship
size) have been variable. Several studies found an elevated risk of NHL among individuals with
later birth order (147,252–254) or larger sibship sizes (147,252,253), while other studies observed
the opposite (157,170,255,256), or no association (158,191,254,257,258). Variability among
studies may be attributed in part to differences between heterogeneous subtypes and small
sample sizes (147,157,158,191,252–254,256–258). Associations observed between birth order
and risk of DLBCL (157,191,252,256,257), FL (157,191,252,253,257), CLL (157,252,253), and Tcell NHL (157,170,191,252,256) have been inconsistent, while no association between birth order
and rarer subtypes, such as MM (157,191,258) and BL (170,255), have been consistently
observed. Other subtypes, such as MCL, MZL, LPL/WM have not been analyzed. Fewer
population-based studies examine sibship size and risk of NHL. Three case-control studies
observed an elevated risk of NHL among larger sibship sizes (147,252,253), while 2 cohort and
3 case-control studies observed no association (158,191,254,257,258). Associations observed
between sibship size and risk of DLBCL (191,252,257), FL (191,252,253,257), CLL (252,253), Tcell NHL (191,252) and MM (191,258) are inconsistent, while other subtypes (e.g., MCL, MZL,
LPL/WM) have not been analyzed.
Several studies observed an inverse relationship between birth order and risk of HL
(191,201,259,260), but several others found no association (157,170,202,255,258,261). With the
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exception of two small case-control studies (201,262), most population-based studies observed
no relationship between sibship size and risk of HL (191,258–260).
Daycare
Daycare attendance (and crowded environments) are indicators of exposure and
transmission of pathogenic agents (211,263,264). Children in day care are more likely to
experience respiratory tract (264–266) and other infections (266) and less likely to develop adultonset NHL (252) or acute lymphoblastic leukemia (ALL) (211,245,267).

Socioeconomic status: Parental education and family income
Strong indicators of childhood SES include parental education and income, as they
capture behaviours that influence the age, extent and response to infectious agents (249,268–
270). Generally, lower childhood SES may be indicative of crowded or higher-density living
conditions, which increases the likelihood of early and more frequent infectious exposures
(179,268). In contrast, individuals of higher SES tend to live in cleaner environments, which may
delay infectious exposures. Studies regarding childhood environment are inconsistent. An
elevated risk of lymphoma has been reported among individuals with higher maternal
(201,203,256,271,272) or paternal education (256). In contrast, individuals with lower parental
education (179,249,256,273) has been associated with a higher risk of lymphoma. Other
indicators of childhood social environment such as family income (179,274–276), house location
(170,252,253,277,278), type of house (e.g., single family home, high density dwellings)
(179,201,252,253), and sharing a bed (147,254) or bedroom as a child (147,157,254) were
inconsistent or not associated with risk of lymphoma. Discordant findings among studies may be
attributed to study design bias, and differences in parental sex, country, participation rates, and
subtype of lymphoma (179,201,203,249,252,256).

Farm residence
Living on a farm during childhood may lead to earlier and more diverse exposure to
pathogens, zoonotic viruses and antigenic agents that encourage an active immune response
and strong immune competence (149,166,170,212,277). Consequently, farm residence during
childhood is associated with a lower prevalence of hay fever, asthma, allergies (166) and some
leukemias and lymphomas (149,152,170,253,277,279,280). These protective effects may be
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attributed to animal contact (149,170,212,280,281), frequent farm visits (149,170,212), and early
age at exposure (170,212). In contrast, several studies have observed an elevated risk of
lymphoma among childhood farm residents, which may be attributed to pesticide/herbicide
(281,282), organic solvent (283), or livestock exposures (281,282). Assessing farming-related
exposures is complex because these exposures are confounded by other farming-related
practices. For example, the type and application of herbicides and insecticides differ between
crop and livestock farmers. Discrepancies between studies may be attributed age of exposures
(e.g., early childhood, teenager, adult) (170,253,279,281), type of exposures (e.g., pesticides
(281,282), herbicides (281,282), livestock (170,279–282,284), crops (278–280,282)) duration of
exposures

(170,253,281,282),

endotoxins

(257),

and

subtype

of

lymphoid

cancer

(170,252,253,278,281,284,285), or simply to chance.

1.6.2 Anthropomorphic factors
Anthropomorphic factors which affect adiposity (e.g., undernutrition, overnutrition) are
known to suppress immune function and may therefore contribute to lymphoid cancer risk (286).
Although the results of independent studies have been inconsistent, meta-analyses suggest that
body mass index (BMI) and weight in early adulthood may be more relevant to lymphoma
development than current BMI and weight (123,130,133,174,286–288). Larger body size, as
measured

by

BMI

(123,130,133,173,286–292),

weight

(130,286,290,293)

and

height

(130,133,174,175,181,286,288,290,293,294), is generally associated with a higher risk of
lymphoma and some subtypes of lymphoid malignancy (e.g., DLBCL, but not CLL). Inconsistent
associations between anthropomorphic factors and lymphoid cancer subtypes suggests
etiological heterogeneity and that immune dysfunction may be more relevant for lymphomagenic
mechanisms in some (but not all) subtypes or that differences in disease etiology, behaviour, and
aggressiveness of tumours may explain differences in anthropomorphic factors and subtypes
(286,290,291).

Increased

risk

of

lymphoma

among

individuals

of

taller

stature

(130,133,174,175,181,286,290,293,294) may reflect cumulative exposure to hormones/growth
factors, nutrition, and SES (286,290,293); however, the exact mechanism is not understood.
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1.6.3 Education
Education is frequently used as an indicator of SES in epidemiology as education captures
knowledge-related assets of a person, is a strong determinant of future employment and income,
and indirectly measures environment or occupational risk factors (180,222,269,295). There is
limited and contradictory information on the association between education and risk of lymphoma.
Higher educational attainment has been associated with an elevated risk of NHL, including T-cell
and CLL subtypes (295,296). In contrast, education was inversely associated with risk of DLBCL
(295) and MM (180,268), while no association was observed for FL (295). There is no association
between HL and educational attainment (179,295,296), with the exception of a small hospitalbased case-control study (160 cases, 185 controls), which observed a significant positive
association (222).

The relationship between education and cancer risk may be influenced by age of
diagnosis, treatment regimes, childhood SES, and sex. Lower educational attainment may be
attributed to neurocognitive impairments from standard cancer treatment regimes. Some
survivors of childhood HL cancers have poor short- and long-term memory, attention and reduced
brain integrity which negatively impacts postsecondary education and employment (297).
Reduced brain integrity/function has also been observed among adult breast cancer (298–300)
and primary CNS lymphoma (301,302) survivors, although, adult-onset disease are less likely to
affect educational attainment than childhood cases.

1.6.4 Tobacco/smoking
A majority of studies on tobacco use do not support a causal association with NHL or MM
(29,33,62,180,303); however, several studies report a positive dose-response relationship
between smoking/chewing tobacco and FL risk (123,133,303,304).

1.6.5 Alcohol
Current and lifetime alcohol (wine (123,130,131,305), beer (123,130), but not spirits
(130,180,305)) use was shown to lower the risk of NHL (33,123), HL (306–308), MM (180,308)
and several NHL subtypes (DLBCL (123,130), FL (123,133), CLL (308,309), MZL (123,131), BL
(123,174), peripheral T-cell lymphoma (123), and mycosis fungoides (123)). Risk did not vary by
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frequency (daily intake) or duration (years) (62,85,130,305) which makes it less likely that these
associations are indicative of a causal relationship.

1.6.6 Nutrition/diet
Few reproducible associations between lymphoma and food or micronutrient intake have
been observed. Diets high in meat (total (33,62,177,310–313), processed (313–316) or red
(292,294,316,317)), dairy (33,62,292,311–314,318,319), and total (62,311,312,315,319,320) or
saturated (292,311,319–321) fats have been associated with an elevated risk of lymphoma
(177,292,294,310–317,320,321). Consumption of citrus fruits (e.g., oranges, grapefruits)
(177,289,313,318,319), cruciferous vegetables (which contain indole-3-carbinol, isothiocyanates,
and high Vitamin C) (289,292,313,319,322), and high overall vegetable intake (e.g., cruciferous,
dark green, dark yellow, green leafy) (177,289,292,313,318,322) may reduce the risk of some
lymphomas (29,33,62,177,289,292,312,313,318,319,322).

1.6.7 Coffee and tea
Few studies report a significant positive association with high daily coffee consumption
and risk of lymphoma (313,323), while there is no apparent association between tea consumption
and lymphoma (62,180,313,318,324).

1.6.8 Reproductive and hormonal factors
Greater exposure to female reproductive hormones, particularly from multiple pregnancies
or exogenous hormones from oral contraceptives or menopausal hormone therapy, have been
associated with a lower risk of some lymphoid cancers (130,138,325–327), particularly DLBCL
(325,326). Greater estrogen and progesterone levels lead to a reduction in B-cell lymphopoiesis,
differentiation and proliferation (325). Younger age at first use and increased duration of oral
contraceptive use also saw lower rates of NHL (325–327).
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1.7

Occupation and environment
Although no single environmental entity has been convincingly established as a cause of

lymphoma, several occupational and environmental exposures have emerged as likely
candidates. Exposure to hair dye through occupation or personal use has been associated with
an excess risk of lymphoma (130,175,187,328–332). Several studies report positive associations
between

construction

(85,130–132,152,173,231,277,333–337),

farming

(123,130,173,175,180,181,252,280,282,334,335,338), and medical/ healthcare (132,296,333–
335,337,338) occupations and risk of lymphoma; however a specific underlying exposure has not
been identified (277). Results of studies of chemical (29,276,339), solvent (29,276), asbestos
(29), pesticide (29,276), herbicide (29,276), or livestock (181,212,252,280,282,335,338)
exposures have been inconsistent, and no consistent exposure-response pattern has emerged.
Moderate to high ultraviolet radiation exposure is inversely associated with risk of lymphoma
(62,123,340) and several histological subtypes (85,123,130,131,133,152,175,341–343) (e.g.,
DLBCL (123,130), FL (123,133), MCL (85,123), MZL (123,131), CLL/SLL (123,175,342,343), Tcell

(123,152) and HL (307,341)). Assessing life-time exposure of occupational and

environmental agents is challenging; discrepancies between the literature may be attributed in
part to limitations of study design, variability between specificity of exposure, assessment/
measurement of exposure, and recall bias (62).

1.8

Genetic susceptibility
Several studies have investigated familial predisposition and germline susceptibility loci in

families with lymphoid cancers. Some genetic risk factors appear to be shared among most
lymphoid cancers, while other genetic factors appear to be specific to a single lymphoid cancer
type, or subtype (41).

1.8.1 Hereditary factors (organized by study design)
Twin studies
The concordance of a disease phenotype (e.g., cancer) between monozygotic (MZ) and
dizygotic (DZ) twins provides information on hereditary and environmental causality (344). If the
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concordance rate of a phenotype in MZ twins (who share all genetic variants) is greater than that
for DZ twins (who, on average, share 50% of their genetic variants), then there is evidence for a
genetic component (41,344). In contrast, if the concordance is similar among MZ and DZ twins,
then shared environmental effects are likely to be more important (41,344).
In a cohort study of 44,788 pairs of twins from Scandinavia (344), there was an excess of
concordant MZ twins compared with DZ twins for leukemia (attributed to CLL) (344,345) and MM
(344), while no concordant pairs were observed for NHL (344). A study of 179 pairs of MZ twins
in which one had HL observed a 100-fold higher risk (standardized incidence ratio) of HL in the
second twin, relative to the general population, while none of the 187 pairs of DZ twins became
concordant for HL (346). The same study observed a 23-fold higher risk of NHL in the second
twin among 110 MZ pairs ascertained because one twin had NHL, compared to population rates
(346). Among 164 pairs of DZ twins in which one had NHL, there was a 14-fold higher risk in the
second twin, relative to the expected population frequency (346). These observations suggest
shared environment and genetic components may be involved (41,346).

Case-control and cohort studies
Patterns from case-control and cohort studies are generally consistent and provide strong
evidence for familial predisposition to lymphoma (41). An increased risk of NHL was observed
among those with a first-degree relative with NHL, HL and several NHL subtypes (e.g., CLL,
DLBCL, FL, MZL, MCL, peripheral T-cell lymphoma) (41,123). Similarly, a higher risk of HL was
observed among individuals with a first-degree relative with NHL and HL and several NHL
subtypes (e.g., CLL, DLBCL, FL, MZL) (41,123). Some lymphoid cancers had a stronger familial
component than others, and include: a family history of CLL and risk of CLL (ORs = 2.4-8.5)
(123,347), family history of DLBCL and risk of DLBCL (OR, 9.8; 95% CI, 3.1-31) (348), family
history of FL and risk of FL (ORs = 3.9-4.0) (348), a family history of LPL/WM and risk of LPL/WM
(OR, 20; 95% CI 4.1-98) (349), a family history of HL and risk of HL (ORs = 3.1-8.8)
(261,348,350,351), and a family history of CLL and risk of HL (ORs = 2.1-6.3) (348,351,352).

Genome-wide association studies (GWAS)
DLBCL
Common SNPs explain ~16% of the variance in DLBCL risk (42,49,50,353). To date, 8
SNPs from 7 loci have been associated with DLBCL in European populations (41,50). Two of
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these SNPs are in linkage disequilibrium with a super-enhancer that interacts with the promoters
of CD86 and AZI2, which encode proteins required for T-cell activation and survival, and antiviral
innate immunity (354). Another locus of interest is located adjacent to the MYC oncogene (8q24)
(the deregulation of which is observed in BL and some DLBCL cases) (50,355). Two signals
reported in 3q27 and 14q32 among East Asian and Japanese GWAS did not replicate among
individuals of European descent (41,50). Risk variants for populations of European ancestry did
not replicate among small GWAS of Chinese or Japanese populations (356,357). Failure to
replicate GWAS across ethnic populations may reflect differences in linkage disequilibrium and
not differences in the contributions of the underlying genetic factors.
FL
Common SNPs explain 21% of FL heritability (49,353). Most of the variants associated
with FL reside in the human leukocyte antigen (HLA) region on 6p21.33 and 6p21.32
(41,353,358–361). In a meta-analysis the HLA region showed overwhelming association with FL,
with 8104 SNPs achieving genome-wide significance (41,359). In addition, five non-HLA loci have
been associated with risk of FL. In addition to cell-adhesion and motility, these genes are involved
with B-cell migration and apoptosis (e.g., BCL2, CXCR5) (360) and the regulation of MYC (e.g.,
PVT1) (360), which make them plausible candidates in the etiology of FL (41,359).
MZL
Common SNPs explain approximately 8% of MZL heritability (49). One GWAS study has
identified two distinct loci at 6p21.32 (intragenic to BTNL2; HLA class II) and 6p21.33 (near HLAB; HLA class I) (362). BTNL2 is highly expressed in lymphoid tissues and regulates T-cell
proliferation and T-cell mediated responses, whereas HLA-B plays a role in immune response
(362). Both loci are associated with autoimmune disease (e.g., RA, or SS and RA) (362,363)
which suggests possible shared genetic or environmental factors or biological mechanisms that
contribute to MZL (41,362,363).
CLL
The estimated contribution of all common variations to the heritability of CLL is 16-34%
(42,49,51–54). To date, common genetic variation at 42 loci have been shown to affect risk of
CLL (52,364). Many of the SNPs are located in or near genes that are central to B-cell
development (e.g., IRF4, RELA) (41,52,353,365,366), immune response (e.g., NEDD4, PIAS4)
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(41,52,365), apoptosis (e.g., BCL2, CASP8) (41,52,53,365) or maintenance of chromosome
integrity (e.g., TERT, POT1) (41,52,53,364,365). SNPs at some loci have been associated with
autoimmune conditions, such as BAK1 and SLE (51,52,365). CLL cases diagnosed at a younger
age tend to carry a greater number of risk alleles (41,364), suggesting that early-onset CLL is
enriched for genetic factors (364).
HL
Common SNPs explain 21-48% of HL heritability (43–45,367). The estimated heritability
of CHL, NS HL, and MC HL attributable to common variation is 24%, 25% and 22% (368). To
date, 8 GWAS and 1 meta-analysis has been published on HL risk (41,367,369,370). Eighteen
independent risk loci for HL have been identified (369), and the strongest findings have been for
SNPs mapping to HLA class II (in close proximity to HLA-DRA and HLA-DRB1) (368–370).
Several SNPs, including rs6903608 (near HLA-DRA) and rs2281389 (HLA-DPB1) were
associated with early onset HL (41,370). Non-HLA associated loci include genes involved in
regulation of germinal center B-cells (e.g., BCL6, MYC) (368–370), T-cell differentiation and
function (e.g., EOMES, SOSC1, PVT) (41,367–370), and NF-kB activation (e.g., AZI2) (368–370).
Variation at several HL risk loci have also been associated with risk of autoimmune disease
(367,368), suggesting common genetic susceptibility and/or biological pathways (368). No GWAS
has been performed for NLPHL subtypes.
MM
The heritability of MM ascribable to all common variation was approximately 17% in
European populations (46–48). To date, 23 independent risk loci for MM have been identified,
with an additional locus for t(11;14) translocation MM (47,371). No associations between sex or
age at diagnosis were found (47,371). Associated SNPs were enriched in regions of active
chromatin and were in or near genes involved in B-cell and plasma cell differentiation (e.g., ELL2,
TNFSF13B) (47,372), cell cycle and chromosome integrity (e.g., POT1) (47,371), chromatin
remodeling (e.g., SP3) (47,372), and apoptosis/autophagy (e.g., KLF2) (47,371,372).
Summary
With two exceptions (HLA-6p21 and MYC-8q24.21), most genetic loci identified from
GWAS are associated with specific subtypes of lymphoid cancers (Figure 5). Several risk alleles
in the HLA region have been associated with CLL, FL, DLBCL, MZL, and HL disease risk
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(41,50,368–370,373). 8q24 has been associated with several B-cell entities, including CLL (PVT1,
MYC) (52), FL (PVT1) (360), DLBCL (PVT1, MYC) (41,50,370,373) and HL (PVT1, MYC)
(41,368–370). Collectively, GWAS-established loci are common variants (minor allele frequency
(MAF) > 5%) and have small effect sizes, which is suggestive of a polygenic model for disease
susceptibility in the general population (41).

Figure 5: GWAS-discovered loci for lymphoma subtypes mapped to chromosome locations.
Notes: Except for 6p21 and 8q24, there is minimal overlap of loci for subtype-specific
susceptibility.
Abbreviations: DLBCL, diffuse large B-cell lymphoma; HL, Hodgkin lymphoma; MZL, marginal
zone lymphoma; Lym, lymphoma; CLL, chronic lymphocytic leukemia; FL, follicular lymphoma.
Figure reproduced from: Cerhan and Slager, 2015 (41) (with permission).
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Family studies (linkage, germline susceptibility studies)
Linkage studies use multiple-case families or sibling pairs to identify chromosomal
segments that cosegregate with the disease phenotype. Of the few published linkage studies in
lymphoid cancer, several HLA alleles have been associated with risk of HL (374,375), CLL (376)
and WM (377). Beyond HLA, linkage studies in CLL, HL and WM families have not definitively
identified genes with large effects. For CLL, evidence for linkage was observed on regions of
chromosomes 1q, 2q21.2, 3q, 6q, 6p22.1, 11p11, 12q, 13q and 18q21.1 (376,378,379); however,
these findings were not replicated, likely due to limited power, small numbers of families/cases or
locus heterogeneity (376,378,379). Among 44 high risk HL families, strong evidence for linkage
was observed on chromosomes 2, 3, 4, 7, 11 and 17 (380). Among 11 high-risk WM families,
evidence for linkage was found on chromosomes 1, 3, 4 and 6 (377). Studies examining high-risk
multiple-case families with FL, DLBCL or other homogeneous NHL subtypes has not been
published.

Candidate gene studies
Candidate gene studies have highlighted several variants in pathway regulators of
immune function, cell cycle/proliferation, apoptosis, DNA repair, and carcinogen metabolism
(41,381). Some variants are shared between lymphoid cancer subtypes (381–384); however,
many associations fail to replicate possibly due to study design, confounding by race/ethnicity,
and small sample size (41,381–383,385).

Involved pathways
Several studies implicate the role of genetic variants that promote B-cell survival and
growth with increased risk of NHL (386). Associations between genes involved in energy
regulation and hormone production and metabolism have been identified.
1.8.1.6.1 DNA integrity and methylation patterns
Genes involved in DNA double strand (ds) break repair: Individuals carrying mutations
in genes involved in DNA ds break repair are at an elevated risk of LPDs, which underscores the
relevance of this pathway in lymphomagenesis (386). SNPs in genes that hinder DNA repair
mechanisms increase the likelihood of neoplastic lesions that are relevant to lymphoma. Several
polymorphisms in DNA ds break repair and non-homologous end joining genes have been
associated with a higher risk of lymphoma, including variants in ATM, NBS1, RAG1, and BRCA1
(381,386–389).
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One-carbon metabolism (epigenetic regulators): Genetic variants that affect
methylation processes may increase susceptibility to lymphoma by hypo- or hypermethylating
proto-oncogenes or tumour suppressor genes, or through viral re-activation (386,390). Genetic
variants in folate metabolic pathways (e.g., MTHFR) (386,390,391) may also influence DNA
methylation, synthesis and repair mechanisms (386). Polymorphisms in epigenetic regulator
genes including TYMS and MTR, have been associated with risk of several lymphomas (386).
1.8.1.6.2 B-cell survival and growth
Pro-inflammatory cytokine genes: SNPs in tumour necrosis factor (TNF) and interleukin
(IL)-10 and -6 genes have been associated with lymphoma and autoimmune diseases (386,392–
395). TNF-α is a pro-inflammatory immunoregulatory cytokine and key mediator of lymphocyte
responses, NK cell activity and dendritic cell maturation (392). IL-10 and IL-6 are
immunoregulatory cytokines (386,389). TNF variants have been associated with an increased risk
of NHL (386,392), diffuse large-cell lymphoma (DLCL) (386,392), and autoimmune diseases such
as RA and SS (386,392,393). IL-10 variants and haplotypes have been associated with a higher
risk of NHL (386,389,392,393) or DLCL (386,392,394), and IL-6 polymorphisms have been
positively associated with T-cell NHL (386,393) and HL (386), as well as type 2 diabetes mellitus
(386).
Innate immunity genes, toll-like receptor and caspase recruitment domain family
genes: NOD2 and TLR4 are vital pro-inflammatory mediators as a first line of defense against
viral and bacterial infection, providing non-specific protection against numerous pathogens
(386,396). NOD2 variants are associated with the development of Crohn’s disease and MALT
lymphomas (396). A premature stop codon in CARD15 (among other variants) was associated
with autoimmune disorders (Crohn’s disease and psoriasis) (386,397) and excess risk of
lymphoma (386,396,397), and MALT lymphoma subtypes (386,396). Polymorphisms in CARD15
may contribute to lymphoma susceptibility through the chronic activation of TLRs which activates
NF-kB and pro-inflammatory cytokine release/responses (395,397). Variants of TLR4 have been
associated with risk of MALT lymphoma, DLCL, FL, and HL (386,395,397).
Oxidative stress: Reactive oxygen species are implicated in several inflammatory
conditions (e.g., inflammatory bowel disease) and in cancer risk (386,398). SNPs in the functional
domain of NOS2A (a free radical mediator) (386,398) have been associated with a higher risk of
NHL, DLCL, FL, and MALT lymphoma, as well as with gastric cancers (386,398). Variants in
SOD2 (which encodes a protein that binds to superoxide by-products) was associated with an
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increased risk of B-cell lymphoma (386,398). Other candidate genes with known alterations of
functional significance in oxidative stress include: MPO, SOD2, CYBA, MPO, GPX, OGG1, and
PPARG (398).
1.8.1.6.3 Sex hormone production and metabolism
SNPs that regulate sex hormone production and metabolism have also been associated
with lymphoma (386,389). Prolactin and estrogens are important in female reproduction and also
function as immune modulators that regulate apoptosis and activation and proliferation of immune
and B-cells (386,389). SNPs in the CYP17A1 gene, which encodes an enzyme involved in
estrogen and testosterone synthesis, have been associated with an elevated risk of NHL and
DLCL subtypes (386,389). SNPs in estrogen and prolactin regulatory genes, such as COMT and
PRL, have also been associated with a higher risk of lymphoma in men and women (386,389).

Human leukocyte antigen (HLA)
The search for genetic risk factors in lymphoid neoplasia has continually highlighted the
HLA complex (399). HLA molecules initiate the adaptive immune response by presenting
pathogen and tumour-derived peptides to T-cells (399). Several case-control studies have
documented associations between HLA loci and risk of DLBCL (50,130,392,399), FL
(41,353,358–361), CLL (366,399), or HL (368–370). Generally, downregulating the expression of
HLA was associated with a higher risk of lymphoid cancers; however, the opposite has also been
documented (399). Conflicting results may be attributed to smaller sample size, combined
analysis of NHL subtypes or different ethnic groups.

1.8.2 Telomeres
Telomeres are complexes of tandem repeats located at the ends of chromosomes that aid
in chromosomal stability. Telomeres progressively shorten with each cell division, leading to
chromosomal instability and subsequent cell death with aging. Telomere shortening may be
accelerated by various lifestyle factors (e.g., smoking, obesity, lack of exercise, unhealthy diet,
stress) that may be associated with age-related illnesses and premature death (400). Shorter
telomere length may increase the risk of some leukemias and lymphomas and are of poorer
outcomes in patients who develop these malignancies (400–403).
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1.9

Thesis hypothesis and objectives
The heterogeneous nature of lymphoma poses a challenge to understand disease

etiology. Large population-based epidemiological studies have helped to establish lymphoid
cancer risk factors, such as advanced age, male sex, compromised immune function (e.g.,
immune deficiency diseases, autoimmune conditions, allergies), and a family history of LPDs;
however, early childhood lifestyle (e.g., SES, parental education, family income, family structure,
etc.), personal (e.g., anthropomorphic factors, education, diet, smoking, etc.), and occupational
or environmental agents (e.g., hair dye, pesticides, ultraviolet radiation, etc.) may also affect
lymphoid cancer susceptibility. The characterization of lymphoid cancer risk factors is mainly
derived from population-based epidemiological studies. However, there remains a gap in our
understanding of familial lymphoid cancer etiology. To date, one small study examined clinical
and environmental factors in 103 familial WM cases. Characterizing more than 500 familial cases
(from over 200 multiple-case families) with heterogeneous lymphoid cancer types, may aid in our
understanding of lymphoid cancer etiology, and establish associations in the context of multiplecase families.
Common polymorphisms (allele frequency > 5%) from more than 40 loci have been
associated with risk of sporadic lymphoma (41). Clustering of lymphoid cancers in families has
been observed (41,123,261,347–352), however, genetic susceptibility factors are largely
unknown. To date, a handful of linkage studies in high-risk homogeneous NHL or HL families
have identified rare coding variants (374–380). Examining a family with 4 lymphoid cancer cases
may identify additional familial lymphoma susceptibility genes. The phenotypes of this family are
interesting because they may represent a spectrum of a single disease: 2 NLPHL cases, 1
THRLBCL case (a DLBCL variant with similar clinical features as NLPHL), and 1 DLBCL case
(17). Examining germline mutations in the familial context may provide potential insights to the
molecular basis of the disease.
Notably, no study has examined extensive environmental risk factors or patterns of
disease aggregation, in multiple-case lymphoid cancer families; and no study has examined
germline variants among a multiple-case family with heterogeneous rare lymphoid cancers.
The overall objective of my thesis was to characterize the Vancouver collection of multiplecase lymphoid cancer families and to identify patterns and/or etiological factors that may affect
lymphoma susceptibility in the familial context. To complete these objectives, I undertook the
following studies:
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1. Identify patterns of lymphoma co-occurrence in multiple-case lymphoid cancer families
that deviate from the population.
2. Compare lymphoid cancer age of onset patterns among multiple-case families and
sporadic population cases.
3. Characterize the effects of family structure, early life environment, and immune-related
disorders on the risk of lymphoma.
4. Examine shared genetic factors (from SNP array and whole exome sequencing data) in a
multigenerational family with 4 lymphoid cancer cases.

1.10 Lymphoid Cancer Family Study (LCFS)
Unique study features:
Our study is limited to families with a history of lymphoid malignancies; however, our
collection of multiple-case families differ in important ways from other studies. It is a large, but
selected, group of families not limited to one geographic region, specific diagnostic group, twin
studies, or analysis of family cancers by death certificates -- methodologies employed by other
studies. In the LCF Study, we observe rare subtypes that are described infrequently in peerreviewed literature. Families have heterogeneous types of lymphoid cancers across multiple
generations, which facilitates the elucidation of associations in diverse families. We collected
comprehensive environment and lifestyle information in a systematic matter, which allowed for
the investigation of established risk factors in the context of multiple-case families.

.
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Chapter 2: Methods

The Chapter 2 Methods section contains information regarding eligibility and recruitment
for the Lymphoid Cancer Family Study, as well as data collection, quality control, nucleic acid
extraction and sequencing information.
A description of statistical methods can be found in the Chapter in which it was performed.

2.1

Research ethics
This study was approved by the British Columbia Cancer (BCC) – University of British

Columbia (UBC) joint Clinical Research Ethics Board. All participants provided written informed
consent.

2.2

Eligibility and recruitment
Families are eligible for the LCFS if they include 2 or more members (living or deceased)

with a lymphoid cancer or a lymphoid cancer precursor. Lymphoid cancers of interest include
NHL, HL, CLL and MM, while lymphoid cancer precursors include MGUS. Patients with the
disorders of interest, and all of their first-degree relatives, and additional relatives that connect
affected family members, were invited to participate. Participation was not geographically limited,
though most families were identified through a family member residing in British Columbia (BC),
Canada.
Participants were recruited by physician referral (usually oncologists or haematologists),
by volunteering through the study website (http://www.bcgsc.ca/faculty/awilson/recruitment-forlymphoma-study-2013), at BC Cancer’s annual Lymphoid Cancer Education Forum, or through
other means. These families do not represent a population-based collection. Families were
ascertained between 2006 – 2018.
In total, 367 individuals have been contacted to confirm eligibility for the LCF Study. Three
hundred and twenty-six (89%) interviews were conducted. Non-response was due to death (11
cases; 3%) or failure to contact (30 cases; 8%). Two hundred and eighty-seven participants (78%)
provided a family history that met the LCF Study eligibility requirements, while 30 (8%)
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participants refused participation and 6 (2%) participants were ineligible. An additional 78 (21%)
individuals were lost due to non-response. There are currently 212 families enrolled in the LCF
Study. Once enrolled, family and personal medical history may be collected from multiple family
members (cases and unaffected relatives) over time. The approximate response rate is 57.8%
and the approximate completion of enrollment rate is 73.9%.

2.3

Data quality control
Individuals with questionable or uncertain diagnosis (e.g., “lymphocytic leukemia”) were

excluded from analysis.

2.3.1 Lymphoid cancer subtypes
Lymphoid cancers were classified according to the InterLymph hierarchical classification
of lymphoid neoplasms for epidemiological research (404) and include: CLL, NHL excluding CLL,
HL, and MM. The InterLymph hierarchical classification of lymphoid neoplasms is based on the
2008 WHO classification of lymphoid neoplasms and the ICD for Oncology (3rd edition).
Comparable USA population data (accessed through SEER) were also based on the 2008 or
2016 WHO criteria, and ICD for Oncology (3rd edition).
CLL and SLL are two forms of the same B-cell malignancy and they are treated in the
same way. The difference between CLL and SLL is where the malignant clone resides. In SLL
cases, most of the cancer cells are found in the lymph nodes, whereas in CLL cases, most of the
cancer cells are found in the bone marrow or other lymphoid tissues. In this study, CLL and SLL
cases were considered the same entity - we use the term CLL to refer to both CLL and SLL cases.

2.3.2 Multiple lymphoid cancer diagnoses
In rare instances where an individual is diagnosed with more than one lymphoid cancer,
only the first lymphoid cancer diagnosis would be used to classify the affected individual. A
relapsed or recurrent lymphoma may be influenced by cancer treatment methods and/or may
have a different genetic architecture than the first lymphoid cancer diagnosis.
Lymphoid cancers that respond favourably to treatment are less likely to relapse.
Individuals diagnosed with HL or high-grade NHL subtypes typically do not experience relapse;
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however, some high-grade NHL subtypes such as MCL and T-cell NHLs are more likely to
relapse.
Of 549 lymphoid cancer cases enrolled in the LCF Study, 25 cases had 2 or more
occurrences of lymphoid cancer (Table 2). Twelve individuals had a recurrent lymphoid cancer
that was the same subtype as their first lymphoma diagnosis. Seven cases were missing subtype
information for at least one lymphoid cancer occurrence. Six cases had a second lymphoid cancer
diagnosis within 2 years of their first occurrence. There was an average of 12 years between first
and second lymphoid cancer diagnosis.

Table 2: Subtype information for cases with more than one occurrence of lymphoma.
First occurrence
Second occurrence # cases
Type
Subtype
Type
Subtype
Same type and
NHL
NHL
12
subtype of
MCL
MCL
1
lymphoma
DLBCL
DLBCL
3
FL
FL
2
NOS
NOS 1
6
HL
HL
2
NLP
NLP
1
NOS
NOS 1
1
Same type but
NHL
NHL
9
different subtype
DLBCL
CLL
1
of lymphoma
CLL
DLBCL
3
MALT
CLL
1
FL
DLBCL
4
Different types of NHL
HL
1
lymphoma
MZL
NS
1
NHL
MM
1
NOS
MM
1
1
Notes: One or more lymphoid cancer diagnoses did not have subtype information.
Abbreviations: NHL, non-Hodgkin lymphoma; MCL, mantle cell lymphoma; DLBCL, diffuse large
B-cell lymphoma; FL, follicular lymphoma; NOS, not otherwise specified; HL, Hodgkin lymphoma;
NLP, nodular lymphocyte predominant; CLL, chronic lymphocytic leukemia; MALT, mucosaassociated lymphoid tissue; MZL, marginal zone lymphoma; NS, nodular sclerosis; MM, multiple
myeloma.
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2.3.3 SEER, CiNA and BC Cancer data sets
Lymphoid cancer incidence data were available for BC populations from the Cancer in
North America (CiNA) (2010-2015) data set and for USA populations from the Surveillance,
Epidemiology, and End Results (SEER) (1973-2016) data set. CiNA and SEER data is free to
access and requires a Research Data Agreement.
CiNA is a data set released annually by the North American Association of Central Cancer
Registries (NAACCR). NAACCR was established in 1987 and serves as a collaborative umbrella
organization for 71 population-based cancer registries in North America (405). There are 9
participating registries in Canada (8 provinces and 1 territory) and 55 US registries (49 states,
Puerto Rico, and 5 metropolitan registries). CiNA contains comprehensive cancer incidence data
for North America, or independent registries, states, provinces or countries. Data published in
CiNA contains the most current 5 years of data and is available in SEER*Stat (406).
The SEER Program is the main database that the National Cancer Institute uses to
support cancer surveillance in the USA. Data collection began in 1973 with 7 registries and has
since expanded to include 18 registries, covering approximately 34.6% of the American
population (407).

SEER captures more than 400,000 cancer cases annually. Information

collected by SEER includes (but is not limited to): patient demographics, tumour characteristics
(site, morphology), stage of disease (diagnosis), treatment and outcomes (407).
SEER data were used because comparably comprehensive Canadian data were not
available. SEER data contains detailed information on subtype and ethnicity, both of which affect
the age at diagnosis distribution of cases. In CiNA data sets, lymphoid cancer information was
limited to NHL, HL and MM types; detailed information on CLL cases, as well as, NHL and HL
subtypes, and ethnicity data were not available. The following sections compare SEER and CiNA
data sets in detail.

Descriptive information
SEER contains 100 times more lymphoid cancer cases than comparable BC data
available through CiNA data sets (Table 3). A larger sample size enables better descriptive values
of a sample and avoids errors from testing a small number of possibly atypical samples (e.g.,
outliers) which may be the circumstance for rare subtypes. The mean and median and age of
diagnosis for NHL, HL and MM are comparable between the SEER and BC populations for men
and women. A comparison of CLL cases between SEER and CiNA data sets was not possible
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because only “lymphocytic leukemia” cases, which includes CLL and ALL subtypes, were
available in CiNA data sets.

Table 3: Lymphoid cancer age of diagnosis in SEER (USA) and CiNA (BC) populations.
Type
Sex
Data source
n
Mean (y)
Median (y)
NHL
SEER, USA
293,911
62.7
66
Male
CiNA, BC
2662
64.7
65-69
SEER, USA
231,162
65.4
69
Female
CiNA, BC
2149
67.1
65-69
HL
SEER, USA
27,006
42.0
39
Male
CiNA, BC
280
42.6
35-39
SEER, USA
21,905
41.0
35
Female
CiNA, BC
236
38.9
30-34
MM
SEER, USA
48,879
68.5
70
Male
CiNA, BC
803
68.5
65-69
SEER, USA
39,514
70.0
71
Female
CiNA, BC
641
70.5
70-74
CLL/LL1
SEER, USA
62,513
68.6
70
Male
CiNA, BC
1124
62.2
65-69
SEER, USA
43,307
70.9
73
Female
CiNA, BC
661
63.3
65-69
1
Notes: A direct comparison of CLL cases between SEER (USA) and CiNA (BC) data sets were
not possible due to different lymphoid cancer groupings. SEER (USA) population data were
available for CLL cases, whereas CiNA (BC) population data were available for “lymphocytic
leukemia” cases which included both CLL and ALL subtypes.
Abbreviations: SEER, Surveillance, Epidemiology, and End Results; CiNA, Cancer in North
America.
Subtype abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; MM, multiple
myeloma; CLL, chronic lymphocytic leukemia; LL, lymphocytic leukemia; ALL, acute
lymphoblastic leukemia.

The age at diagnosis distributions for NHL, HL and MM are comparable between the USA
(SEER) and BC (CiNA) populations for men and women (Figure 6). Lymphocytic leukemia cases
(BC population) were earlier in onset compared to CLL cases (USA population), likely due to the
inclusion of ALL cases which are most frequently diagnosed among people aged < 20 years (408).
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Figure 6: Age at diagnosis distributions for SEER (USA) and CiNA (BC) population data for (A)
NHL, (B) HL, (C) CLL/LL, and (D) MM cases.
Notes: SEER (USA) population data (blue) is compared to CiNA (BC) population data (red). Male
data (solid lines) is compared to female data (dashed lines). Figure C compares CLL cases from
SEER (USA) population data to lymphocytic leukemia (CLL and ALL) cases from CiNA (BC)
population data.
Abbreviations: SEER, Surveillance, Epidemiology, and End Results; CiNA, Cancer in North
America.
Subtype Abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; MM, multiple
myeloma; CLL, chronic lymphocytic leukemia; LL, lymphocytic leukemia; ALL, acute
lymphoblastic leukemia.
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Subtypes
Lymphoid cancer age at diagnosis differs by type and subtype. For example, NHL, CLL
and MM occur frequently in older individuals in their 60s and 70s (29,33,87,88), whereas HL is
more frequently a disease of young people between the ages of 15-35 years (9,87). Age at
diagnosis distributions also vary within NHL and HL subtypes. For example, the median age of
onset for NS (28 years old) and NLP (45 years old) fall between the median age of onset for HL
(39 years old). Similarly, the median age of diagnosis for NHL cases is 66 years, however,
LPL/WM subtypes are typically earlier in onset (51 years), whereas MZL and DLBCL cases are
older (68 and 70 years, respectively) (24,25,409,410). Figure 7 displays the age at diagnosis
distributions for several NHL and HL subtypes. Of the NHL subtypes depicted in Figure 7A, BL
cases (male) had the earliest median age of diagnosis (40 years), and CLL cases (female) had
the oldest median age of diagnosis (71 years). Of the HL subtypes depicted in Figure 7B, NS
cases (female) had the earliest median age of diagnosis (29 years), and MC cases (female) had
the oldest median age of diagnosis (56 years). The median age of diagnosis for NHL and HL
subtypes varied by approximately 31 and 27 years, respectively. The variation among age at
diagnosis distributions for heterogeneous lymphoid cancer subtypes and sexes suggests it is
important to account for these differences when examining the rarity of lymphoid cancer
occurrences.
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Figure 7: Age at diagnosis distributions for (A) NHL and NHL subtypes and (B) HL and HL
subtypes using SEER (USA) population data.
Notes: SEER data were used because comparably comprehensive Canadian data were not
available. Age at diagnosis distributions are compared between male (solid lines) and female
(dashed lines) population cases. A) SEER population data are compared for NHL cases
considered as a group (grey), and BL (red), FL (green), MF (blue) and CLL (yellow) subtypes. B)
SEER population data are compared for HL cases considered as a group (grey), and NLP (blue),
MC (green), and NS (red) subtypes.
Abbreviations: SEER, Surveillance, Epidemiology, and End Results.
Subtype abbreviations: NHL, non-Hodgkin lymphoma; BL, Burkitts lymphoma; FL, Follicular
lymphoma; MF, mycosis fungoides; CLL, chronic lymphocytic leukemia; HL, Hodgkin lymphoma;
NLP, nodular lymphocyte predominant; MC, mixed cellularity; NS, nodular sclerosis.

Ethnicity
There are significant racial differences for several characteristics of lymphoid cancer
cases, including sex, age at diagnosis, stage and lymph site, and the patterns vary by subtype
(411). For example, NHL, HL and CLL incidence is the highest in Caucasian populations, followed
by African American and Asian populations (33,62,83,88,91). MM incidence is highest in African
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American populations, followed by Caucasian and Asian populations (29,95). Racial differences
in the distribution of age of diagnosis have been observed among DLBCL, FL and CLL subtypes,
with Caucasian populations having the highest age at diagnosis, followed by Asians and African
Americans (411,412). Figure 8A and Figure 8B exemplify racial differences for DLBCL and MZL
cases, respectively, among White, Pakistani and Chinese ethnicities (as defined by SEER). The
median age of diagnosis for DLBCL cases varied by 8 years, while the median age of diagnosis
for MZL cases varied by 9 years. A majority (> 95%) of LCF Study participants were of White
ethnicity, followed by Asian (approximately 3%), and unknown (e.g., ancestry information was
unavailable or not classifiable using SEER race codes).

Figure 8: Age at diagnosis distributions for White, Pakistani and Chinese ethnicities for (A)
DLBCL and (B) MZL subtypes using SEER (USA) population data.
Notes: SEER data were used because comparably comprehensive Canadian data were not
available. Age at diagnosis distributions are compared for male cases only. Ethnicity groups are
defined as per SEER. A) SEER population data are compared for White (blue solid line), Pakistani
(green dashed line) and Chinese (red dashed line) DLBCL cases. The median age at diagnosis
for DLBCL cases was 60 (Pakistani), 66 (White), and 68 (Chinese). B) SEER population data are
compared for White (blue solid line), Pakistani (purple dashed line) and Chinese (yellow dashed
line) MZL cases. The median age at diagnosis for MZL cases was 59 (Pakistani), 67 (Chinese),
and 68 (White).
Abbreviations: SEER, Surveillance, Epidemiology, and End Results.
Subtype abbreviations: DLBCL, Diffuse large B-cell lymphoma; MZL, marginal zone lymphoma.
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The availability and abundance of heterogeneous lymphoid cancer subtypes and diverse
ethnicities makes SEER data an important resource for modelling age at diagnosis distributions
for lymphoid cancers. For these reasons, SEER data were used as a comparison group for the
Lymphoid Cancer Family Study research projects presented in this thesis.

2.3.4 Histopathological confirmation of lymphoma
Living participants provided self-reported lymphoid cancer diagnoses. Probands or a close
relative provided lymphoid cancer information for deceased cases. Reported diagnoses were
validated by review of original medical, pathology, clinical and/or laboratory records or by referring
physician report. When available, histopathology slides from formalin-fixed paraffin-embedded
(FFPE) tumours were reviewed by an expert oncology pathologist to confirm the lymphoid cancer
diagnosis.
CLL/SLL cases typically do not form solid tumours and so we were unable to use
immunohistochemistry to verify the diagnosis; however, in some instances, medical records were
available for confirmation of disease.

2.3.5 Familial predisposition genes
Families with a strong history of neoplasms characteristic of Li-Fraumeni syndrome had
the TP53 tumour suppressor gene sequenced to investigate possible mutations contributing to
inherited multicancer syndromes. TP53 exons 5 – 8 were selected for Sanger sequencing due to
their high frequency of germline mutations in Li-Fraumeni families (413).

2.4

Data collection
Information about lymphoid and non-lymphoid malignancies, family structure and

demographics was obtained systematically using a standardized family history questionnaire and
phone interviews with multiple family members.
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Age-of-onset and histological subtype were self-reported, or reported by the proband or
close relive.
Family members reported on demographic, education of themselves and their parents
(less than high school, high school graduate, post-secondary graduate), income during childhood
(below average, average, above average), farm history (lived on a farm, did not live on a farm),
and location (urban, rural) information. Personal medical history (allergies, autoimmune diseases,
surgical procedures) and early lifestyle data were obtained from a self-administered
questionnaire. Allergies were classified as drug, environmental or food/diet related. Autoimmune
diseases were categorized as systemic conditions with detectable autoantibodies, organ-specific
conditions with detectable autoantibodies, or conditions without detectable autoantibodies,
according to previous studies (232,414).
Participants were invited to provide a DNA sample through blood, saliva and FFPE tumour
blocks as described below. Medical records, pathology/histology reports, and tumour slides were
reviewed by an expert oncology pathologist to confirm the self-reported cancer.

2.5

Nucleic acid extraction

2.5.1 Peripheral whole blood
Peripheral whole blood was collected and stored in a glass BD Vacutainer
ethylenediaminetetraacetic acid (EDTA) tubes. EDTA is a chelating anticoagulant which is used
for routine hematology tests. EDTA preserves the morphology of the cellular elements of blood.
DNA extractions are typically performed within 24-48 hours of blood draw. Genomic DNA (gDNA)
was extracted from white blood cells using a modified sucrose protocol. Blood from individuals
with CLL are separated into granulocyte and lymphocyte fractions using the EasySepTM magnetic
bead method (STEMCELL Technologies, Vancouver, BC) before DNA extraction. Plasma and
viable frozen cells are collected for immortalization to support later functional studies.
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2.5.2 Saliva
Saliva is collected using the DNA Genotek Oragene 500 self-collection kit (415). The
Oragene-500 kit contains a stabilizing liquid that can preserve the integrity of DNA in saliva at
room temperature for at least 5 years (416). gDNA is extracted using the prepIT-L2P laboratory
protocol for manual purification of DNA provided by DNA Genotek (417).

2.5.3 FFPE tissue blocks
FFPE tissue blocks are collected for individuals with lymphoid cancers, when possible.
Tumour blocks may also be collected for non-lymphoid tumours from other members of the family
that may be of interest. An oncology pathologist obtains and evaluates immunohistochemistry
slides to confirm the lymphoid cancer diagnosis. Fresh scrolls (or cores) are obtained for total
nucleic acid extraction.
DNA and RNA are extracted from fresh scrolls or cores within 3 weeks using the QIAGEN
AllPrep DNA/RNA (Germantown, Maryland, USA) and deparaffinization solution according to the
manufacturer’s recommended protocol (418).

2.6

Family prioritization, sequencing and variant calling

2.6.1 Pedigree prioritization:
Multiple-case lymphoid cancer families were prioritized for exome sequencing.
Pedigrees were prioritized by the number of lymphoid cancer cases and the number of germline
and/or somatic samples available for analysis. Individuals with matched tumour samples of
sufficient cellularity (≥ 80% malignant cells) were assigned a higher priority than unmatched
lymphoid cases. If possible, all lymphoid affected relatives in a single pedigree with available DNA
samples were included for sequencing.
Families with three or more lymphoid cancer cases were selected for sequencing. At the
time of sequencing, 69 families had 3 or more lymphoid cancer cases and 10 of these families
contained at least 3 lymphoid affected germline samples (Table 4). Four families with 6 and 11
lymphoid cancer cases were unlikely to receive additional germline samples as they have
declined to participate/are unable to contact, or are deceased.
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Table 4: Number of germline samples received by 2014, organized by number of lymphoid cancer
cases in a family.
# of germline samples
# cases per family
0
1
2
3
4
5
Total
2 cases
15 (9%) 51 (30%) 33 (20%)
99 (59%)
3 cases
12 (7%) 18 (11%) 15 (9%)
3 (2%)
48 (29%)
4 cases
2 (1%)
6 (4%)
1 (1%)
2 (1%) 2 (1%)
13 (8%)
5 cases
1 (1%)
1 (1%)
1 (1%)
3 (2%)
6 cases
2 (1%)
1 (1%)
3 (2%)
8 cases
1 (1%)
1 (1%)
11 cases
1 (1%)
1 (1%)
Total
29 (17%) 78 (46%) 51 (30%) 7 (4%) 2 (1%) 1 (1%)
168
Notes: Bold text denotes families of highest priority.

Families with two lymphoid cancer cases that both have a tumour and normal sample
were a higher sequencing priority than families with two cases without a matched tumour. Families
with cases that had matched tumour-normal samples were assigned a higher priority for
sequencing to support future studies and insights into tumourigenesis. Families which have
tumour only, or 1 blood and 1 tumour from different or unaffected individuals were assigned a
lower priority for sequencing. Families containing a DNA sample from one lymphoid cancer case
were the lowest priority.
Unaffected relatives cannot truly be considered unaffected because they may become
affected at a later date.
92 individuals were selected from 40 families for whole exome and untranslated region
(UTR) sequencing.

2.6.2 Whole exome sequencing (WES)
Library construction and exome capture were performed on DNA from selected blood
and saliva samples using Agilent SureSelect v5 + UTR kit, performed by the Library construction
and Sequencing core laboratories at the Genome Sciences Centre (Vancouver, BC, Canada).
Sequencing was done using the HiSeq 2500 at 125 bp paired-end reads with V4 chemistry at an
estimated 100X coverage. Filtered reads were aligned to the hg19 human reference genome
using the Burrows-Wheeler Aligner, performed by the Bioinformatics core at the Genome
Sciences Centre (Vancouver, BC, Canada).
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2.6.3 Joint variant calling
SNPs and indels were jointly called within 40 families (and 92 individuals) with a family
history of lymphoma. Variants were jointly called among all families to enable clearer distinction
between homozygous reference sites and sites with missing data. Jointly called Variant Call
Format files from 4 relatives in Family 133 were used in Chapter 6. Joint variant calling was
performed using the HaplotypeCaller in genomic Variant Call Format mode using Genome
Analysis Toolkit version 3.0. Read qualities were recalibrated with the Genome Analysis Toolkit
with a minimum quality score of 30. Variant calling was performed by the Bioinformatics core at
the Genome Sciences Centre (Vancouver, BC, Canada).
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Chapter 3: Nonrandom occurrence of lymphoid cancer types in 140 families.

3.1

Introduction
Familial lymphoid cancer is rare; however, it is known that lymphoid cancer risk is elevated

among persons with relatives diagnosed with a LPD and depends on the familial relationship, type
of lymphoid cancer or precursor lesion, sex, and age of onset (256,419–421). There are abundant
reports

of

familial

associations

(62,108,347,351,352,421–427),

between
HL

LPDs,

including

combinations

(62,156,347,351,352,422,423,427–429),

of

NHL
CLL

(108,347,352,366,422,423,426,430) and MGUS (426), with fewer observations of MM cooccurring in families with other lymphoid cancers (108,424,426,431), possibly due to its relative
rarity (352,423). Heritability estimates for susceptibility to individual lymphoid cancers vary by
type: 21-48% for HL (43–45), 8% for MZL (49), 21% for FL (49), 9-16% for DLBCL (42,49,50), 1634% for CLL (42,49,51–54), and 17% for MM (46–48). Clustering of different lymphoid cancers in
families is suggestive of inherited genetic factors affecting susceptibility to multiple lymphoid
cancers. To date, most reports examined small numbers of families. With the exception of a study
evaluating 12 large Australian families with lymphoid and myeloid malignancies across multiple
generations (432), our knowledge about lymphoid cancers and their inheritance patterns in large
families is limited.
GWASs have identified susceptibility loci for sporadic lymphoid cancers, including genes
involved in immune recognition and function (50), particularly the human leukocyte antigen region
(359,370) and genes involved in DNA repair (381). Candidate gene studies have also identified
putative susceptibility factors for sporadic lymphoid cancers. However, few genes associated with
familial lymphoid cancers have been identified: a translocation disrupting KLHDC8B was identified
in a family with NS HL (433), a rare non-synonymous variant in KDR (VEGFR2) was identified in
two HL families (434), and mutations in PRF1 have been found in familial hemophagocytic
lymphohistiocytosis

(435),

T-

and

B-cell

lymphomas

(436,437),

and

autoimmune

lymphoproliferative syndrome (438). These studies aside, there remains a large gap in our
knowledge of the genetics of familial lymphoid cancers.
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3.2

Methods

3.2.1 Eligibility and recruitment
At the time the analysis was performed, 140 multiple-case lymphoid cancer families were
enrolled in the LCFS. Families were ascertained between 2006 and 2014. Medical records and
pathology slides were used to confirm the diagnosis. Lymphoid cancers were classified according
to 2008 WHO guidelines and include: CLL, NHL excluding CLL, HL and MM. Subtype-specific
analyses were not performed due to small sample size. More information on eligibility and
recruitment of families is provided in Chapter 2.2: Eligibility and recruitment (Methods), page
37.

3.2.2 Statistical analysis
Families were ascertained largely through referrals; they do not represent a populationbased collection. For this reason, we cannot estimate a population size to use as a denominator
to calculate the incidence of lymphoid cancers in families vs. in the population. Instead, we test
whether specific properties of the familial cases differ from those of sporadic cases. The
properties assessed were age of onset, co-occurrence patterns, sex distribution, and intergenerational differences.
Statistical analysis was performed using R version 3.1.3.
For analysis of familial lymphoid cancer co-occurrences, year-of-diagnosis and ethnicityspecific population incidence rates were obtained for each NHL, HL, CLL and MM case. Incidence
rates (Supplementary Table A.1) were obtained from Surveillance, Epidemiology, and End
Results (SEER) databases (439–441), accessed through SEER*Stat software (442). SEER
(USA) data were used because comparable Canadian data were not available. Since incidence
rates vary by year and by ethnicity, the rates used to calculate the probability of a lymphoid cancer
type occurring by chance were weighted by the frequency of observed year-of-diagnosis and
ethnicity of cases in the families. The calculation of weighted incidence rates is described in detail
in Appendix A and Supplementary Tables A.2, A.3 and A.4. The weighted incidence rates were
used to calculate the expected probabilities of co-occurrence for 10 pairwise relationships (e.g.,
NHL/NHL, NHL/CLL, NHL/HL, NHL/MM, CLL/CLL, CLL/HL, CLL/MM, HL/HL, HL/MM and
MM/MM) (Supplementary Table A.5).
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A chi-square statistic was used to assess the goodness of fit of observed lymphoid
affected pairs to the expected population pairs (R function: chisq.test). Under the null hypothesis,
the familial lymphoid cancer co-occurrence rates are consistent with the expected population cooccurrence rates. Under the alternate hypothesis, the familial lymphoid cancer co-occurrence
rates are different from the expected population co-occurrence rates. Degrees of freedom is equal
to 9. The chi-square goodness-of-fit test was 1-sided with an alpha level of 0.05 as the threshold
to reject the null hypothesis. A chi-square goodness of fit test is an appropriate test for categorical
data to determine how well the familial proportions (which represent the sample distribution)
compare to the expected population distributions. However, some lymphoid cancer pairs have
fewer than 5 expected cases, which may inflate the contribution to the chi-square statistic.
Families were separated into those with 2 cases, 3 cases, or 4 or more lymphoid cancer
cases. Lymphoid cancer pairs were simulated using population incidence rates, according to the
number of pairs by family size. For example, as there were 88 pairs in families with two lymphoid
cancer cases, 88 pairs of lymphoid cancers were simulated using population incidence rates and
the chi-square statistic was computed. This was repeated 10,000 times, to form a null distribution
of chi-square statistics. The p-value obtained is the proportion of simulated chi-square statistics
that were greater than or equal to the observed chi-square statistic. The signed square root of the
contribution to the chi-square statistic can be viewed as a measure of deviation from the expected
co-occurrence rate.
Co-occurrence patterns were also examined using 2015 Canadian population incidence
rates in replacement of SEER weighted population incidence rates (Supplementary Figure A.1).
Unlike SEER (USA) population data, ethnicity- and year-specific incidence rates were unavailable
for Canadian data (Supplementary Table A.6). The expected co-occurrence patterns were
comparable using SEER (USA) and Canadian population data.

3.3

Results
Within 140 families, 353 lymphoid cancer cases were identified. Families had 2 to 6 cases

spanning 1 to 4 generations. Year of diagnosis was available for 85% of cases, ranging from 1950
to 2014. Demographic variables are displayed in Table 5. Medical records were available for 191
(54%) cases, all of which supported their self-reported diagnosis. Eighty-one (23%) cases were
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pathologically confirmed. A subtype was reported for 69% and 48% of NHL and HL cases,
respectively. Subtype proportions resemble those of the population (data not shown), with the
exception of FL and LPL, which were over-represented within NHL (39% and 10% of cases
compared to 22% and 1% of NHL cases in Canada).

Table 5: Demographic and medical data for 353 lymphoid cancer cases among 140 multiple-case
lymphoid cancer families.
Type of lymphoma
All cases, n (%)
Characteristic
NHL, n (%) HL, n (%) CLL, n (%) MM, n (%)
Number of cases
178 (50)
54 (15)
101 (29)
20 (6)
353 (100)
Sex
Male
98 (55)
23 (43)
50 (50)
9 (45)
180 (51)
Female
80 (45)
31 (57)
51 (50)
11 (55)
173 (49)
Age, y
Mean ± SD
57 ± 17
35 ± 18
61 ± 12
60 ± 14
55 ± 18
Median
57
30
62
63
57
Range
2 - 88
9 - 80
27 - 91
26 - 78
2 - 91
Ethnicity
White
163 (92)
47 (87)
98 (97)
19 (95)
327 (93)
Asian
10 (6)
1 (2)
1 (5)
12 (3)
Unknown1
5 (3)
3
(3)
14 (4)
6 (11)
Location
Canada
172 (97)
53 (98)
99 (98)
20 (100)
344 (97)
USA
3 (2)
1 (2)
2 (2)
6 (2)
British Isles
2 (1)
2 (1)
Australia
1 (1)
1 (1)
Diagnosis validated
Medical records
99 (56)
26 (48)
58 (57)
8 (40)
191 (54)
BCC pathologist confirmed
51 (29)
17 (31)
12 (12)
1 (5)
81 (23)
1
Notes: - represents zero. Unknown ethnicity denotes individuals in which ancestry was
unavailable due to missing information, unclassifiable using SEER race codes or unknown among
adopted individuals.
Abbreviations: y, years; SD, standard deviation; USA, United States of America; BCC, British
Columbia Cancer.
Subtype abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; CLL, chronic
lymphocytic leukemia; MM, multiple myeloma.
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Lymphoid cancer cases’ relatives and relationship types are shown in Table 6. Eightysix families (61%) have lymphoid cancer cases only in first-degree relatives. There are 107
parent-child and 72 sibling pairs. The type of lymphoid cancer was the same for 65% and 60% of
parent-child and sibling pairs, respectively.

Table 6: Degree and type of relationship, by size of lymphoid cancer family.
Two cases Three cases ≥ Four cases All cases
88
37
15
140
176
111
65
353
88
111
115
314

No. of families
No. of cases
Total pairs
No. of types of lymphoma
55 (62%)
21 (57%)
3 (20%)
79 (56%)
1
33 (38%)
12 (32%)
8 (53%)
53 (38%)
2
4 (11%)
3 (20%)
7 (5%)
3
1
(7%)
1 (1%)
4
Relatives
1°
76 (86%)
61 (55%)
42 (37%)
179 (57%)
2°
9 (10%)
26 (23%)
29 (25%)
64 (20%)
3° or higher
3 (3%)
21 (19%)
33 (29%)
57 (18%)
Case-case relationship
1° Parent-child
48 (55%)
38 (34%)
21 (18%)
107 (34%)
1° Siblings
28 (32%)
23 (21%)
21 (18%)
72 (23%)
2° Avuncular
5 (6%)
20 (18%)
19 (17%)
44 (14%)
2° Grandparent-grandchild
3 (3%)
6 (5%)
9 (8%)
18 (6%)
2° Half-siblings
1 (1%)
1 (1%)
2 (1%)
3° Cousins
2 (2%)
11 (10%)
16 (14%)
29 (9%)
3° or higher, other
1 (1%)
10 (9%)
17 (15%)
28 (9%)
Notes: - represents zero. n pairs (%); ≥ Four Cases includes 10 families with 4 cases (60 pairs),
4 families with 5 cases (50 pairs), and 1 family with 6 cases (15 pairs).
Abbreviations: No., number; 1°, first-degree relative; 2°, second-degree relative; 3°, third-degree
relative.

3.3.1 Co-occurrence patterns of lymphoid cancers in families
The co-occurrence of lymphoid cancers within families was investigated to determine
whether combinations of lymphoid cancers were distributed according to population incidence
rates. For example, because NHL is the most common lymphoid cancer type in the population,
we would expect NHL/NHL to be the most frequent pair. Figure 9 summarizes lymphoid cancer
co-occurrence patterns in the LCFS, organized by lymphoid cancer pair categories. Collectively,
140 multiple-case families contained lymphoid cancer pairs that differed from the expected
proportions (p < 0.0001). Families with 2 cases, 3 cases, or 4 or more cases had lymphoid cancer
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Figure 9: Lymphoid cancer co-occurrence in families with 2 cases, 3 cases or 4 or more lymphoid
cancer cases.
Notes: observed % (n pairs). Colour is associated with variation from expected frequency of
random lymphoid cancer co-occurrences, as determined by the signed square-root of the
contribution to the chi-square statistic. For example, according to population rates, CLL/CLL
should be 3.2% of pairs. For families with 2 cases, 18 (20.5%) observed pairs were CLL/CLL.
This deviates from the expected proportion of 3.2%, and is red because we observed a higher
proportion of pairs than expected. Families with 2 cases, 3 cases, or 4 or more cases had
lymphoid cancer pairs that differed from the expected population proportions (p < 0.0001).
Statistical methods: A chi-square statistic was used to assess the goodness of fit of observed
lymphoid affected pairs to the expected population pairs. Lymphoid cancer pairs were simulated
using population incidence rates, according to the number of pairs by family size. This was
repeated 10,000 times, to form a null distribution of chi-square statistics. The p-value obtained is
the proportion of simulated chi-square statistics that were greater than or equal to the observed
chi-square statistic. The signed square root of the contribution to the chi-square statistic can be
viewed as a measure of deviation from the expected co-occurrence rate. Degrees of freedom is
equal to 9.
Abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; CLL, chronic lymphocytic
leukemia; MM, multiple myeloma.
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pairs that differed from the expected population proportions (p < 0.0001). The test statistic firmly
rejects the null hypothesis that there is no difference between the observed familial co-occurrence
rates and the expected population co-occurrence rates. Specific lymphoid cancer pairs cooccurred more frequently than expected based on population incidence rates. In families with 2
lymphoid cancer cases CLL/CLL, and HL/HL pairs occurred more frequently by 17% and 6% of
pairs. NHL/MM and CLL/MM pairs occurred less frequently than expected by 15% and 6% of
pairs. Other pairs occurred similarly to the expected population distribution.
CLL/CLL and HL/HL pairs also occurred more frequently than expected in families with 3
lymphoid cancer cases, but NHL/NHL pairs were also over-represented. NHL/CLL, NHL/HL and
NHL/MM pairs occurred less frequently. Other pairs resembled the expected population
frequencies.
Families with 4 or more lymphoid cancer cases also had more CLL/CLL and HL/HL cases.
Increased NHL/HL and CLL/HL pairs were also observed. NHL/NHL, NHL/CLL and NHL/MM pairs
occurred less frequently than expected; Other pairs occurred similarly to the expected population
distribution.
Several patterns emerge in CLL and HL families. HL/CLL and HL/HL pairs increased as
the number of lymphoid cancer cases per family increased. Interestingly, CLL/CLL occurrences
were consistently and substantially above the expected population frequencies for all family sizes.
The remaining pairs occurred less frequently than expected (NHL/CLL, NHL/MM, HL/MM,
CLL/MM and MM/MM) or did not show a clear pattern (NHL/NHL and NHL/HL) among families
with 2, 3 and 4 or more cases.

3.4

Discussion
This collection of 140 multigenerational lymphoid cancer families allows us to examine

patterns of co-occurrence and deduce which cases are nonrandom and may have shared
susceptibility factors.
The co-occurrence of NHL, HL, CLL and MM in these families demonstrates that some
pairs of lymphoid cancers co-occur more often than expected by chance (particularly CLL with
CLL, HL with HL), and others occur less often. These trends are more noticeable in families with
more cases. This observation is important, as it shows these familial cases are not just random
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co-occurrences of sporadic population cases in the same family; they are something different,
and are more likely to have a shared genetic basis than sporadic cases.
MM occurrences with other lymphoid cancers were below the expected frequency,
suggesting that factors that predispose to NHL, HL and/or CLL may be different from those that
affect risk of MM. Our relative lack of MM families may be due in part to ascertainment bias, as
our research centre does less research on MM than other lymphoid cancers, and connections
with referring oncologists and hematologists may reflect that bias.
Co-occurrence rates were comparable using SEER (USA) and Canadian population data,
suggesting that population differences may be small. Canada and USA have comparable ageadjusted lymphoid cancer incidence rates as seen in high-income countries. Ethnicity-specific
incidence rates were unavailable for Canadian data; however, 97% of familial cases in this study
reside in Canada and may represent the underlying ethnicity distribution of NHL, HL and CLL
cancers. MM incidence rates among individuals of African American descent are nearly twice as
much as individuals of European descent; however, no MM cases or families in this study were
of African American descent.
Co-occurrence patterns are important because families with more affected cases are
expected to be enriched for genetic factors, and by examining the trends from small families to
larger ones, we can distinguish the patterns resulting from genetic effects from non-genetic effects
that may predominate in the general population. Analysis of lymphoid cancer families is likely to
result in identification of genetic factors that are less common, but have higher penetrance, than
those identified by GWAS of sporadic cases. Families containing unexpected combinations of
lymphoid cancers may have the greatest potential for identifying familial lymphoid cancer genes.
A non-genetic explanation could be exposure to a causative environmental agent.
However, this would apply to families with fewer cases in this study, as most families with three
or more cases reported affected relatives over more distant familial relationships (e.g., secondor third-degree relatives) who are less likely to live together. Furthermore, only 5% of families
reported a year of onset within 5 years of onset for other lymphoid affected relatives, suggesting
that temporally specific environmental exposures are likely not a major effect in most families.
Limitations of this study include ascertainment bias and recall bias. Recall bias was
minimized by taking a systematic detailed family history from multiple family members and crosschecking information regarding cancer diagnosis. In addition, medical records, tumour blocks,
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and histopathology slides were requested and reviewed by an expert oncology pathologist to
confirm the diagnosis. Of the 353 cases studied, 191 (54%) were verified from medical records
and 81 (23%) were verified from review of pathology slides. Every case that was verified matched
the reported lymphoid cancer diagnosis, and we expect the remaining self-reported types to have
a similar level of accuracy. Familial MM cases were limited, providing inadequate sample size for
statistical analysis. Another limitation is survival bias, in which more indolent lymphomas such as
FL and LPL are over-represented.

3.5

Conclusion
This work establishes that specific combinations of lymphoid cancers occurring in families

are non-random, and are therefore not all chance occurrences of sporadic cases in the same
family. These co-occurrences may reflect the effect of genetic factors, some of which may
predispose to more than one lymphoid cancer type. Enrichment for some combinations of
lymphoid cancer in families support the application of genomic methods to identify genes and
genetic variants that underlie familial lymphoid cancers. Awareness of familial lymphoid cancer
patterns and the identification of susceptibility genes has the potential to enhance screening
methods for affected families in the future.
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Chapter 4: Early age of onset of lymphoid cancer in 200 families.

4.1

Introduction
Anticipation is an inheritance pattern where disease severity may increase and/or age of

onset decreases in successive generations. This phenomenon has been documented in several
diseases, including neurodegenerative disorders (e.g., fragile X syndrome, Huntington's disease,
myotonic dystrophy) (443–446), autoimmune diseases (e.g., RA, type 2 diabetes mellitus, Graves’
disease) (446,447), cancer predisposition syndromes (e.g., Li-Fraumeni Syndrome) (444,447),
and several cancers, including retinoblastoma, breast and ovarian cancer, and some familial
leukemia's and lymphomas (45,428,445–452).
Anticipation has been extensively documented in familial lymphoid cancers, including NHL
(428,448), HL (45,428), CLL (449–451) and MM (452). In neurodegenerative diseases such as
Huntington's disease, the molecular basis of genetic anticipation has been attributed to expansion
of trinucleotide repeat sequences (443,444). Although trinucleotide repeat expansion is a widely
accepted explanation of the anticipation phenomenon in certain Mendelian diseases, the
molecular mechanism remains unknown in cancer. Telomere shortening is a suggested
alternative mechanistic explanation, but the evidence is unclear.
Although there is evidence for the existence of anticipation in lymphoid cancer families,
this phenomenon is not confidently accepted by the scientific community due to the potential for
ascertainment bias, cohort effects, and unknown molecular mechanism.
Ascertainment bias is a systematic misrepresentation in measuring the true frequency of
a phenomenon due to data collection methods that target a specific population or group. The
resulting study sample may be systematically different from the target population which biases or
skews the association (444). Some multiplex families that show anticipation may be a result of
ascertainment biases attributed to an overrepresentation of individuals with a younger age-ofonset; however, a different age of onset may reflect generational differences, also known as a
cohort effect (444,453).
Cohorts have unique characteristics confounded by age and period effects which may
influence disease penetrance (444,453). Health outcomes, according to the year of birth, may
coincide with shifts in population exposures to risk factors over time (453). Changing
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environmental factors or exposures that are unequally distributed in the population may cause
different patterns of disease risk. Improvements in cancer screening programs may also
contribute to a cohort effect.
The occurrence of multiple lymphoid cancers in a family and an observed earlier age of
cancer onset is suggestive of shared susceptibility factors. Heritability estimates for lymphoid
cancers explain a limited proportion of cases, and are complicated by the diversity of
hematological subtypes. Reported heritability estimates vary by NHL subtype, with common SNPs
explaining approximately 8% of MZL (49), 21% of FL (49), 9-16% of DLBCL (42,49,50), and 1634% of CLL heritability (42,49,51–54). Common SNPs explained 17% of MM heritability (46–48),
and a larger proportion of HL heritability (21-48%) (43–45). Less common histological subtypes
such as MCL and T-cell NHLs do not have an estimated SNP-heritability due to lack of GWAstudies.
In a collection of 200 multiple-case lymphoid cancer families, we examined age of onset
patterns across generations and lymphoid cancer subtypes while adjusting for several types of
ascertainment bias.

4.2

Methods

4.2.1 Study population
Briefly, families were eligible for inclusion if they contain a member diagnosed with
lymphoma and at least one additional relative with a lymphoid cancer. Patients with the cancers
of interest (NHL, HL, CLL and MM) were invited to participate. More information on eligibility and
recruitment of families is provided in Chapter 2.2: Eligibility and recruitment and Chapter 2.3:
Data quality control (Methods), page 37.

4.2.2 Data collection
Information regarding data collection is provided in Chapter 2.4: Data collection
(Methods), page 46. Briefly, information about lymphoid malignancies was obtained
systematically. Reported lymphoid cancer diagnoses were confirmed using medical records or
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histopathology slides whenever possible. Lymphoid cancers were classified according to the
InterLymph hierarchical classification of lymphoid neoplasms for epidemiologic research (404).
Each family member was assigned a generation number that depended on their
relationship with a lymphoid cancer case (Figure 10). Generation 1 represents the first reported
lymphoid cancer case or suspected carrier status of lymphoid cancer in each specific family. In
instances where the oldest generation contained two or more lymphoid cases (e.g., siblings), a
generation label of 2 was assigned as we expect one or both of their parents to be a carrier of a
genetic factor that caused lymphoid cancer.

Figure 10: Example pedigree.
Notes: # indicates age of onset (years). Arrow indicates the spokesperson of the family.
Abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; CLL, chronic lymphocytic
leukemia.
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SEER (USA) population data (86,439,454) were used to control for known covariates that
affect lymphoid cancer risk. Incidence data for each combination of sex, age of diagnosis, ethnicity
and histological subtype that we observed in our study was converted to a cumulative percentile
distribution. Using the cumulative percentile in replacement of age of onset allowed for the uniform
comparison of heterogeneous data. In the absence of subtype or ethnicity information,
distributions utilizing the more specific information were applied (e.g., B-cell NHL). The percentiles
were plotted in replacement of the age of onset variable, and all permutation tests were repeated.
SEER data were accessed through SEER*Stat software (442).

4.2.3 Statistical analysis
R version 3.5 was used for analysis.
A chi-square goodness-of-fit test was used to assess if the observed familial sex
distribution resembled the population sex distribution (R function: chisq.test). A sign test was used
to assess if the observed familial median ages of onset were less than the population median age
of onset (R package: signmedian.test).
Median ages of onset were obtained using SEER (USA) population data because
comparable Canadian population data were not available.
To examine the effect of lymphoid cancer type on the age of onset, an analysis of variance
was performed, assuming the same variance across cancer types. For analysis of anticipation,
an F-statistic was used to assess the association between age of onset and generation for each
lymphoid subtype. Family members are not independent of each other, so a permutation test was
performed. For each cancer type, the age of onset was randomly permuted 10,000 times within
each family, for all families, to generate a reference distribution of F-statistics on which to calculate
the p-value. Permutations were repeated using cumulative percentiles in replacement of age of
onset.
Possible ascertainment bias was corrected using 3 methods: 1) removing cases
diagnosed before reproductive age (≤ 25 years old), as these individuals may have limited
reproductive capabilities which results in oversampling of parent generations (or under-sampling
their children); 2) removing probands, as probands are more likely to be self-selected because of
an earlier age at diagnosis; and 3) removing cases with a short duration of follow-up, as
insufficient time has elapsed for normal or late-disease development among family members in
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similar birth cohorts. A short duration was classified as a current age below the population median
age of onset. Statistical tests were repeated while controlling for ascertainment bias. Generations
with 2 or fewer cases were excluded from the analysis. Subtypes with 10 or fewer cases were not
analyzed.
An initial age of onset analyses was performed on 353 lymphoid cancer cases from 140
multiple-case families that were ascertained between 2006 and 2014. Due to smaller sample size,
analyses were limited to common lymphoid cancer types (e.g., NHL, HL, CLL and MM). Sample
size did not permit corrections for ascertainment biases. This analysis was published in 2017 in
Leukemia & Lymphoma.
An additional 174 cases from 60 multiple-case lymphoid cancer families were recruited
between 2014 and 2018. A larger sample size enabled the analyses of several subtypes, including
DLBCL, FL, LPL/WM, MCL, MZL, T-cell NHL, CHL and NS, and allowed for the correction of
several types of ascertainment biases. This analysis is presented in this Chapter.
A separate person-time analysis was performed for lymphoid and non-lymphoid cancers
in a subset of 140 families. All first-degree relatives of cancer cases who are possible carriers of
a putative genetic susceptibility factor were included in the respective person-time analysis.
Families with sibling only cases do not contain enough information as to which parent contributes
to cancer susceptibility; for such cases only the youngest parent's age was used. Person-years
per event was calculated from the number of events and the total relevant person years, for each
generation (Supplementary Table B.1).

4.3

Results
We report on 527 lymphoid cancer cases in 200 multiple-case lymphoid cancer families

(Table 7). Most cases were of white ethnicity and resided in Canada or the USA. Cases were
predominantly male, with the exception of FL, MZL and NS subtypes, which were 56.1%, 66.7%,
and 77.8% female, respectively. The median age of onset was 57 years; 385 cases (73.1%)
reported a subtype of lymphoid cancer. Remaining cases were classified as HL, not otherwise
specified (NOS) (46, 8.7%) or NHL, NOS (96, 18.2%). Medical records and/or histopathology
slides were available for 252 cases (47.8%), all of which supported the self-reported diagnosis.
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Table 7: Demographic and medical data.
Characteristic
All cases, n (%)
No. cases
527
Age of diagnosis, y
Mean ± SD
55 ± 17
Median
57
Range
2 - 93
< 30
55 (10.4)
30 - 39
41 (7.8)
40 - 49
62 (11.8)
50 - 59
131 (24.9)
60 - 69
115 (21.8)
70 - 79
86 (16.3)
≥ 80
27 (5.1)
Unknown
10 (1.9)
Sex
Male
281 (53.3)
Female
246 (46.7)
Ethnicity
White
507 (96.2)
Asian
17 (3.23)
Mixed
2 (0.38)
Unknown
1 (0.19)
Location1
Canada
469 (88.6)
USA
35 (7.0)
Europe
19 (3.6)
Other
4 (0.8)
Diagnosis validated, n
Medical records, 144
144 (100)
BCC pathologist, 2
2 (100)
Both, med. & path., 106
106 (100)
No records available, 275
Subtypes
NHL
261 (49.5)
B-cell NHL2
304 (57.7)
DLBCL
34 (6.5)
FL
57 (10.8)
LPL/WM
20 (3.8)
MCL
9 (1.7)
MZL
12 (2.3)
CLL
152 (28.8)
B-cell, NOS
91 (17.3)
T-cell
9 (1.8)
HL
79 (15.0)
CHL
30 (5.7)
NS
27 (5.1)
MM
35 (6.6)
Generation
1
99 (18.8)
2
264 (50.1)
3
131 (24.9)
4
31 (5.9)
5
2 (0.4)

Notes: 1 Europe includes England (n=9),
Ireland (n=3), Sweden (n=3), Croatia (n=1),
Netherlands (n=1), Scotland (n=1), and Wales
(n=1). Other locations include Australia (n=2),
El Salvador (n=1), and Iran (n=1). 2 B-cell NHL
includes CLL cases, whereas NHL does not
include CLL cases.
Abbreviations: y, years; SD, standard
deviation; USA, United States of America;
BCC, British Columbia Cancer; med, medical
records; path, BCC pathologist.
Subtype abbreviations: NHL, non-Hodgkin
lymphoma; DLBCL, Diffuse large B-cell
lymphoma; FL, Follicular lymphoma; LPL/WM,
Lymphoplasmacytic lymphoma/Waldenström
macroglobulinemia;
MCL,
Mantle
cell
lymphoma; MZL, Marginal zone lymphoma;
CLL, chronic lymphocytic leukemia; HL,
Hodgkin lymphoma; CHL, Classic HL; NS,
nodular sclerosing; MM, multiple myeloma;
NOS, not otherwise specified.
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4.3.1 Age of onset differs by type of lymphoma
Age of diagnosis distributions for all familial lymphoid cancer cases had a unimodal
distribution, with the exception of HL. The mean age of diagnosis varies by type of lymphoid
cancer in these families (Figure 11.A; p < 0.0001). Relative to the general population and after
controlling for sex, ethnicity and subtype, the mean age of diagnosis percentiles was different for
familial lymphoid cancers (Figure 11.B; p = 0.0037).
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Figure 11: Distributions by (A) age of diagnosis for NHL, HL, CLL and MM (p < 0.0001) and (B)
age of diagnosis percentile for NHL, HL, CLL and MM (p = 0.0037).
Notes: Red x’s indicate the means; the box-plots show the median (black bold lines) and
interquartile range (grey box) for each type of lymphoid cancer. Each dot represents one case.
Abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; CLL, chronic lymphocytic
leukemia; MM, multiple myeloma.

4.3.2 Earlier age of onset in families

Familial NHL, HL and MM cases were diagnosed earlier than population cases, as were
DLBCL, FL, CLL, MCL, and MZL subtypes (for age of onset and percentiles). The sign test (Table
8) indicates that the median age of onset of lymphoma in multiple-case families was less than the
population median age of onset (p < 0.0001) for all lymphoid cancers considered as a group. The
association was also statistically significant for NHL, HL and major subtypes (DLBCL, FL, CLL
and MZL). There was no statistically significant association for LPL/WM or MCL (age or percentile)
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Table 8: Age of onset (AoO) and AoO percentiles in multiple-case lymphoid cancer families after controlling for ascertainment bias.
Controlling for ascertainment bias
SEER
Population

Lymphoma
NHL1
B-cell NHL2
DLBCL
FL
LPL/WM
MCL
MZL
CLL
T-cell NHL
HL
CHL3
NS
Myeloma
All cases

AoO
65
66
66
70
60
51
68
60
71
65
39
40
28
69

per
50%
50%
50%
50%
50%
50%
50%
50%
50%
50%
50%
50%
50%
50%
50%

n
483
254
304
34
57
18
9
12
150
9
79
30
27
34
517

All cases
Median
Median
AoO p per
57 ** 30%
57 ** 28%
58 ** 26%
53.5 ** 26%
56 ** 31%
60
22%
65
38%
53 ** 17%
62 ** 27%
45
* 28%
31 ** 46%
32.5 ** 53%
31
† 54%
64
30%
30%

p
**
**
**
**
**

**
**
*

**

1. Reproductive (dx <25 yrs)
cases removed
Median
Median
n
AoO p per p
426
58 ** 33% **
234
57 ** 29% **
287
59 ** 27% **
27
56 ** 28% **
54
55.5 ** 32% **
18
60
22% *
8
64.5
37% †
11
53 ** 17% **
149
62 ** 27% **
9
45
* 28% *
43
38
63% **
18
35
* 63% *
17
35 ** 63% **
33
64
30%
459
59
32% **

2. Probands removed
Median
Median
n
AoO p per
206
58 ** 36%
106
60 ** 35%
107
60
* 28%
8
57.5 † 28%
18
65
57%
9
61
25%
4
54
17%
5
52
15%
57
64 ** 28%
5
45
18%
43
31
* 41%
10
35
* 55%
9
35
56%
17
64
30%
223
58
35%

p
**
**
**
†

†
**

**

3. Short duration of follow-up
removed
Median
Median
n
AoO p per p
228
64
46% **
110
65
43% **
129
67
41% †
9
60
33%
19
60
48%
7
67
37%
5
68
49%
7
53
17% **
72
68.5 * 44% **
2
48.5
21%
46
36
53%
14
35
† 63%
12
35.5 * 64%
22
68
46%
250
64
46% **

Significance: ** p < 0.01; * p < 0.05; † p < 0.10.
Notes: 1 NHL excluding CLL cases. 2 B-cell NHL includes CLL cases. 3 CHL includes cases with additional subtype information (e.g.,
CHL NS, mixed cellularity, lymphocyte-rich or lymphocyte depleted) and does not include CHL, not otherwise specified (NOS) cases.
Abbreviations: SEER, Surveillance, Epidemiology, and End Results; AoO, age of onset; per, percentile; n, sample size; p, p-value.
Subtype abbreviations: NHL, non-Hodgkin lymphoma; DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; LPL/WM,
lymphoplasmacytic lymphoma/Waldenström macroglobulinemia; MCL, mantle cell lymphoma; MZL, marginal zone lymphoma; CLL,
chronic lymphocytic leukemia; HL, Hodgkin lymphoma; CHL, classic Hodgkin lymphoma; NS, nodular sclerosis; MM, multiple myeloma.
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cases, possibly due to small sample size. Relative to the general population, and after controlling
for sex, ethnicity, and subtype, the median age of onset percentiles followed a similar pattern as
age of onset.
To control for possible ascertainment bias, cases diagnosed before the age of 25 years
were excluded. In total, 42 cases with a young age of onset were removed, and an additional 26
cases were excluded from families which no longer had 2 or more lymphoid cancer cases. Familial
NHL cases (and B-cell NHL, DLBCL, FL, CLL and T-cell subtypes) were still diagnosed earlier
than sporadic lymphoma cases (age and percentiles). Familial MCL ages and percentiles were
diagnosed earlier than population cases; however, the relationships were not significant. After
excluding young HL cases, familial HL and CHL cases were diagnosed 1 and 5 years earlier than
population cases; however, the relationship was only statistically significant for CHL cases. In
contrast, excluding young onset HL percentiles cases caused the relationship to reverse, such
that familial HL, CHL, and NS percentiles were diagnosed later than population percentiles; these
relationships were statistically significant. The relationship was statistically significant for NHL
(excluding CLL), DLBCL, FL, MZL and CLL (age and percentiles); while only LPL/WM percentiles
were significant and MCL percentiles were marginally significant. Familial MM cases were
diagnosed earlier than population ages of onset and percentiles; however, the relationships were
not significant.
As another control for ascertainment bias, we removed all 187 probands and also other
affected members of 78 families who no longer had 2 or more cases after removal of the
probands. No lymphoid cancer cases were removed from 13 families that had an unaffected
relative as the spokesperson. With the exception of FL and HL (and subtypes), familial lymphoid
cancers were diagnosed earlier than population cases; however, the relationship was statistically
significant for all lymphoid cancers considered together, and NHL, B-cell NHL and CLL subtypes
(age and percentiles); while DLBCL (age and percentiles) and MZL (percentiles only) were
marginally significant. The inverse relationship was not significant for LPL/WM or T-cell
lymphoma. With the exception of NS HL, ages of onset for familial HL and CHL cases were
diagnosed earlier than population cases, and the relationship was statistically significant. Familial
HL percentiles were diagnosed earlier than population percentiles, while familial CHL and NS
percentiles were diagnosed later than population percentiles; these relationships were not
statistically significant. Familial MM cases were diagnosed earlier than population ages of onset
and percentiles; however, the relationships were not significant.
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Another correction for ascertainment bias was attempted by excluding 267 cases with a
short duration of disease development and other affected members who no longer had 2 or more
cases. With the exception of HL (and subtypes), all lymphoid cancer groups and subtypes were
diagnosed earlier than the population median percentile age of onset; however, the relationship
was only significant for all lymphoid cancers considered as a group, NHL, CLL and MZL. Most
familial lymphoid cancer subtypes were diagnosed at or below the population median age of
onset; however, the relationship was only significant for familial CLL cases. Familial HL and CHL
cases were diagnosed earlier than population cases; however, the relationship was only
marginally significant for CHL cases. Familial NS cases were diagnosed later than the population
median age of onset; this relationship was statistically significant. Familial HL, CHL and NS
percentiles were diagnosed later than population percentiles; however, these relationships were
not statistically significant. Familial MM cases were diagnosed earlier than population cases (ages
and percentiles); however, neither relationship was statistically significant.

4.3.3 Anticipation
The mean age of onset was significantly younger for later generations for all lymphoid
cancers considered together (p < 0.0001), and separately for NHL (p < 0.0001), HL (p = 0.0001),
and CLL (p = 0.0048) but not MM (p = 0.2515; Figure 12A; Table 9). Anticipation was observed
for several lymphoid cancer subtypes including all lymphoid cancers, NHL, HL, B-cell NHL,
DLBCL, LPL/WM, and CHL, while NS was marginally significant. FL and MM subtypes were not
different from the population, while MCL, MZL and T-cell NHL lacked sufficient sample size for
generational analyses. The anticipation effect was largely unchanged for all lymphoid cancers (p
< 0.0001), NHL (p < 0.0001), HL (p = 0.0003), CLL (p = 0.0053), and MM (p = 0.2453) when using
percentiles in replacement of age of onset to control for sex, ethnicity and subtype (when
necessary) (Figure 12B).
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Figure 12: Distributions by generation for (A) age of diagnosis for all lymphoid cancers (p <
0.0001), NHL (p < 0.0001), HL (p = 0.0001), CLL (p = 0.0048) and MM (p = 0.2515), and (B) age
of diagnosis percentile for all lymphoid cancers (p < 0.0001), NHL (p < 0.0001), HL (p = 0.0003),
CLL (p = 0.0053) and MM (p = 0.2453).
Notes: Red x’s indicate the means, the box-plots show the median (black bold line) and
interquartile range (grey box) for each type of lymphoid cancer. Each dot represents one case.
Subtype abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; CLL, chronic
lymphocytic leukemia; MM, multiple myeloma.
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Generational effects are described in detail in the following three tables: all lymphoid
caners considered together, NHL, HL, CLL and MM in Table 9. NHL and subtypes such as B-cell
NHL, DLBCL, FL, LPL/WM, and B-cell NOS in Table 10. HL and subtypes such as CHL and NS
in Table 11. Anticipation effects in the preceding three tables are summarized in Table 12.
Anticipation effects were observed among all lymphoid cancers considered as a group,
NHL, HL and CLL, but not MM cases. After controlling for 3 types of ascertainment bias, all
lymphoid cancers, and NHL cases, were diagnosed earlier in later generations (Table 9), and the
anticipation effects were statistically significant. Statistically significant anticipation effects were
also observed for familial CLL cases after controlling for reproductive ascertainment bias,
whereas a marginal trend toward significance was observed after controlling for proband
ascertainment bias. Familial HL cases showed evidence of anticipation after controlling for three
types of ascertainment biases; however, anticipation effects were only statistically significant after
controlling for proband ascertainment bias and short duration of follow-up. MM cases did not show
evidence of anticipation before or after controlling for ascertainment biases.
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Table 9: Anticipation effects for all lymphoid cancers, NHL, HL, CLL and MM after controlling for
ascertainment biases.
Controlling for ascertainment bias
1. Reproductive (dx <
3. Short duration of
All cases
25 yrs) cases removed 2. Probands removed
follow-up removed
Median Median
Median Median
Median Median
Median Median
n
AoO percentile n
AoO percentile n AoO percentile n AoO percentile
All types1
Gen 1
99
67
49.8
88 67.5
49.8
31
67
46.2
44
70
53.2
Gen 2
264 57
22.9
233 58
32.1
79
61
47.0
121 65
49.3
Gen 3
131 53
22.0
102 55
24.2
68 49.5
22.1
59
59
29.5
Gen 4
31
45
9.92
22
51
9.92
16 34.5
9.11
7
52
30.4
Gen 5
2
2
2
1
p-value
<0.0001 <0.0001
<0.0001 <0.0001
<0.0001 <0.0001
0.0003 0.0064
NHL2
Gen 1
49
67
49.9
45
67
50.4
15
70
53.3
19
74
63.8
Gen 2
132 56
28.5
117 57
29.9
43
65
42.1
58
65
44.8
Gen 3
70
52
21.8
60 52.5
21.8
31
49
19.5
24
60
32.4
Gen 4
10 44.5
12.7
8
45.5
12.7
7
44
14.2
4
46.5
16.2
p-value
<0.0001 <0.0001
<0.0001 <0.0001
<0.0001 0.0003
0.0017 0.0048
HL
Gen 1
11
50
66.8
8
50.5
67.5
3
29
39.3
7
50
66.8
Gen 2
33
36
53.1
24 37.3
55
19
40
54.5
19
40
63.2
Gen 3
25
25
21.4
8
36
50.4
17
25
25.1
18
25
23.2
Gen 4
8
20
17.4
1
5
24
26.7
1
Gen 5
2
2
2
1
p-value
0.0001 0.0003
0.0951 0.2239
0.0375 0.0458
0.0817 0.0485
CLL
Gen 1
31
69
45.5
28
69
45.5
13
70
43.7
17
70
44.0
Gen 2
83
62
27.6
76
62
27.6
26 66.5
34.5
43
68
38.5
Gen 3
26
60
20.0
25
60
20.0
16
59
17.9
13
69
43.9
Gen 4
12 52.5
9.02
12 52.5
9.02
4
42
3.2
1
p-value
0.0048 0.0053
0.0043 0.0068
0.0590 0.0532
0.1692 0.2150
MM
Gen 1
8
76
65.2
7
76
65.2
4
72
55.7
4
72
55.7
Gen 2
16 62.5
28.7
16 63.5
28.7
6
62.5
28.7
10
66
38.3
Gen 3
10 63.5
30.0
9
63
29.5
7
62
29.5
6
71
53.4
Gen 4
1
1
1
p-value
0.2515 0.2453
0.2463 0.2453
0.3306 0.6693
0.4917 0.5032
Notes: 1All types includes NHL, HL, CLL and MM. 2 NHL (excluding CLL cases).
Abbreviations: AoO, age of onset; dx, diagnosis; yrs, years; n, sample size.
Subtype abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; CLL, chronic lymphocytic
leukemia; MM, multiple myeloma.
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The age of onset was earlier in later generations among familial B-cell NHL (including
CLL), DLBCL, FL, LPL/WM and B-cell NOS cases (ages and percentiles; Table 10); however,
the relationship was not significant among FL cases (ages and percentiles). After controlling for
3 types of ascertainment bias, and when sample size permitted, the age of onset was earlier in
later generations for familial B-cell NHL (including CLL), DLBCL, FL, LPL/WM, and B-cell NHL,
NOS cases (ages and percentiles). Anticipation was statistically significant among familial B-cell
NHL (including CLL) cases after controlling for three types of ascertainment bias. Familial DLBCL
and LPL/WM cases also showed anticipation which remained statistically significant after
controlling for reproductive ascertainment bias (ages and percentiles).
Sample size did not permit analysis of DLBCL or LPL/WM cases after controlling for
proband ascertainment bias or short-duration of follow-up (see summary Table 12). Familial FL
cases appear to be earlier in onset in later generations after controlling for ascertainment biases;
however, the relationships were not statistically significant. MCL, MZL and T-cell NHL were not
examined due to insufficient sample size (summary Table 12). B-cell NHL, NOS cases showed
anticipation which remained statistically significant after controlling for reproductive and proband
ascertainment biases (ages and percentiles). B-cell NHL NOS cases were earlier in onset in later
generations after controlling for short duration of follow-up; however, the relationship was not
statistically significant. The anticipation observations were largely unchanged when using
percentiles in replacement of age of onset.
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Table 10: Anticipation effects for familial NHL and NHL subtypes after controlling for
ascertainment biases.
Controlling for ascertainment bias
1. Reproductive (dx <
3. Short duration of
All cases
25 yrs) cases removed 2. Probands removed
follow-up removed
Median Median
Median Median
Median Median
Median Median
n AoO percentile n AoO percentile n AoO percentile n AoO percentile
NHL1
Gen 1
Gen 2
Gen 3
Gen 4
p-value
B-cell NHL2
Gen 1
Gen 2
Gen 3
Gen 4
p-value
DLBCL
Gen 1
Gen 2
Gen 3
p-value
FL
Gen 1
Gen 2
Gen 3
Gen 4
p-value
LPL/WM
Gen 1
Gen 2
Gen 3
p-value
B-cell, NOS3
Gen 1
Gen 2
Gen 3
Gen 4
p-value

49
132
70
10

67
49.9
45
67
50.4
56
28.5
117 57
29.9
52
21.8
60 52.5
21.8
44.5
12.7
8
45.5
12.7
<0.0001 <0.0001
<0.0001 <0.0001

15
43
31
7

70
53.3
65
42.1
49
19.5
44
14.2
<0.0001 0.0003

19
58
24
4

74
65
60
46.5
0.0017

63.8
44.8
32.4
16.2
0.0048

61
163
65
18

68
46.9
57
68
67
58
25.9
153 58
27
55
20.9
60 55.5
20.9
52
9.7
17
52
9.4
<0.0001 <0.0001
<0.0001 <0.0001

21
51
31
8

70
60
58
44.5
0.0029

49.8
35.9
16.1
6.1
0.0036

23
74
31
5

70
67
60
52
0.0041

49.8
40.7
27.8
17.0
0.0089

5
22
7

64
53.5
48
0.0006

46.5
25.7
21.1
0.0011

4
18
5

71
55.5
48
0.0031

59.4
26.8
21.1
0.0016

5
3

60
27

27.9
22.7

1
6
2

58.5
-

30.1
-

12
29
13
3

68.5
56
51
46
0.1241

62.1
31.8
20.7
11.2
0.2499

10
28
13
3

68.5
56
51
46
0.5046

62.1
32.1
20.7
11.2
0.1243

4
9
3
2

77
58
46
0.5091

85.9
42.1
15.2
1.00

3
11
3
2

79
58
49
1.00

90.8
42.1
20.7
1.00

7
7
6

67
57
48.5
0.0349

36.8
17.0
7.0
0.0328

7
7
4

67
57
48.5
0.0326

36.8
17.0
7.0
0.0343

2
5
3

60
68

22.5
39.7

1
5
3

60
68

22.5
39.7

19
48
26
3

70
63
54.5
27
0.0048

53.3
38.9
21.8
5.7
0.0014

19
43
23
2

70
63
55
0.0023

53.3
41.0
21.8
0.0076

8
25
19
3

66
67
52
27
0.0008

45.0
53.4
20.3
7.7
0.0015

13
33
10
-

70
61.0
68
55.9
64.5
43.4
0.6089 0.4113

Notes: 1 NHL (excluding CLL cases). 2 B-cell NHL (includes CLL cases). 3 B-cell, NOS includes
B-cell NHL subtypes with no additional subtype information.
Abbreviations: AoO, age of onset; dx, diagnosis; yrs, years; n, sample size.
Subtype abbreviations: NHL, non-Hodgkin lymphoma; DLBCL, diffuse large B-cell lymphoma;
FL,
follicular
lymphoma;
LPL/WM,
lymphoplasmacytic
lymphoma/
Waldenström
macroglobulinemia; NOS, not otherwise specified.

Familial ages of onset and percentiles were younger among later generations for
individuals with HL, CHL and NS (Table 11); however, the relationship was statistically significant
for HL (ages and percentiles) and CHL (ages but not percentile) cases, and marginally significant
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for NS (ages and percentile) cases. After controlling for short duration of follow-up, CHL cases
appeared to be diagnosed earlier; however, the relationship was not statistically significant. We
were unable to examine reproductive or proband ascertainment biases due to limited sample size.

Table 11: Anticipation effects for familial HL and HL subtypes after controlling for ascertainment
biases.
Controlling for ascertainment bias
1. Reproductive (dx <
3. Short duration of
All cases
25 yrs) cases removed 2. Probands removed
follow-up
Median Median
Median Median
Median Median
Median Median
n AoO percentile n AoO percentile n AoO percentile n AoO percentile
HL
Gen 1
Gen 2
Gen 3
Gen 4
Gen 5
p-value
CHL1
Gen 1
Gen 2
Gen 3
Gen 4
Gen 5
p-value
NS HL
Gen 1
Gen 2
Gen 3
Gen 4
Gen 5
p-value,

11
33
25
8
2

50
36
25
20
0.0001

66.8
53.1
21.4
17.4
0.0003

8
24
8
1
2

50.5
37.3
36
0.0951

67.5
55
50.4
0.2239

4
16
6
2
2

54
32.5
26
0.0380

76.4
55.0
23.4
0.1383

3
16
4
2
2

60
32.5
22
0.0811

88.1
55.0
24.1
0.0610

3
14
19
5
2

29
40
25
24
0.0375

39.3
54.5
25.1
26.7
0.0458

7
19
18
1
1

50
40
25
0.0817

66.8
63.2
23.2
0.0485

2
12
2
2

35.5
-

64.1
-

4
4
2

35
31
-

63.2
32.8
-

2
8
3
1

35.5
25
0.3731

64.1
18.5
0.5600

2
12
1
2

35
-

59.6
-

4
3
2

35
27
-

59.6
37.3
-

2
8
1
1

35.5
-

64.1
-

NA

Notes: 1 CHL includes cases with additional subtype information (e.g., CHL NS, mixed cellularity,
lymphocyte-rich or lymphocyte depleted) and does not include CHL, NOS cases.
Abbreviations: AoO, age of onset; dx, diagnosis; yrs, years; n, sample size.
Subtype abbreviations: HL, Hodgkin lymphoma; CHL, classic Hodgkin lymphoma; NS, nodular
sclerosis.
For lymphoid cancers, person-time analysis supports a reduction in person-year per event
from generation 1 through 3, but not generation 4 (Supplementary Table B.1). In contrast,
person-time analysis of non-lymphoid cancers within these families shows no trend to younger
onset in later generations.
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Table 12: Summary of anticipation effects in multiple-case lymphoid cancer families after controlling for ascertainment bias.
Controlling for ascertainment bias

Subtype
Lymphoma
NHL1
B-cell NHL2
DLBCL
FL
LPL/WM
MCL
MZL
CLL
B-cell, NOS
T-cell NHL
HL
CHL3
NS
Myeloma
All cases

n
261
307
34
57
20
7
11
152
96
8
77
30
27
34
517

All cases
Median
Median
AoO p p per p p
<0.0001
<0.0001
0.0006
0.1241
0.0349
0.0048
0.0048
0.0001
0.0380
0.0811
0.2515
<0.0001

** <0.0001 **
** <0.0001 **
** 0.0011 **
0.2499
* 0.0328 *
** 0.0053 **
** 0.0014 **
** 0.0003 **
* 0.1383
† 0.0610 †
0.2453
** <0.0001 **

1. Reproductive (dx <25 yrs)
cases removed
Median
Median
n AoO p p per p p
230 <0.0001
287 <0.0001
27 0.0031
54 0.5046
18 0.0326
5
10
148 0.0043
87 0.0023
8
38 0.0951
12
12
32 0.2463
457 <0.0001

** <0.0001 **
** <0.0001 **
** 0.0016 **
0.1243
* 0.0343 *
** 0.0068 **
** 0.0076 **
† 0.2239 **
0.2453
** <0.0001 **

2. Probands removed
Median
Median
n AoO p p per p p
96 <0.0001
111 0.0029
8
18 0.5091
8
3
3
59 0.0590
55 0.0008
3
41 0.0375
8
7
17 0.3306
229 <0.0001

** 0.0003 **
** 0.0036 **
1.00
† 0.0532 †
** 0.0015 **
* 0.0458 *
0.6693
** <0.0001 **

3. Short duration of follow-up
removed
Median
Median
n AoO p p per p p
105 0.0017 ** 0.0048 **
133 0.0041 ** 0.0089 **
9
19
1.00
1.00
8
3
6
73 0.1692
0.2150
56 0.6089
0.4113
0
43 0.0817 † 0.0485 *
11 0.3731
0.5600
8
20 0.4917
0.5032
258 0.0003 ** 0.0064 **

Significance: ** p < 0.01; * p < 0.05; † p <0.10
Notes: 1 NHL excluding CLL cases; 2 B-cell NHL including CLL cases; 3 CHL includes cases with additional subtype information (e.g.,
CHL NS, mixed cellularity, lymphocyte-rich or lymphocyte depleted) and does not include CHL, not otherwise specified (NOS) cases.
Abbreviations: AoO, age of onset; per, percentile; n, sample size; p, p-value.
Subtype abbreviations: NHL, non-Hodgkin lymphoma; DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; LPL/WM,
lymphoplasmacytic lymphoma/Waldenström macroglobulinemia; MCL, mantle cell lymphoma; MZL, marginal zone lymphoma; CLL,
chronic lymphocytic leukemia; HL, Hodgkin lymphoma; CHL, classic Hodgkin lymphoma; NS, nodular sclerosis; MM, multiple myeloma;
NOS, not otherwise specified.
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4.4

Discussion
This collection of 200 multigenerational lymphoid cancer families allows us to examine

age of onset distribution patterns and deduce which cases are most likely to have shared genetic
factors.
Most types of familial lymphoid malignancies occurred at a substantially younger age than
sporadic cases. The median age of onset for familial NHL (and subtypes), and MM cases was
lower than that of the American population medians (454). Controlling for sex, ethnicity and
lymphoid cancer subtype using percentiles also supported a younger familial age of onset
compared to population cases for NHL (and subtypes) and MM, and is suggestive of a genetic
factor shared among cases, regardless of generation. A younger onset of familial cases is
consistent with other smaller studies (427,428,450–452).
Anticipation has previously been described for familial NHL, HL and CLL cases
(45,428,452,455,456). We observe anticipation across 4 generations of lymphoid cancer families
for NHL, DLBCL, LPL/WM, HL and CLL cases. In MM, anticipation was not significant, possibly
due to smaller sample size. Adjusting for effects of sex, ethnicity and age of diagnosis yielded
results with comparable conclusions; that is, our families show anticipation across 4 generations
of lymphoid cancer families. The mechanisms underlying anticipation in LPDs have not been
elucidated.
Apparent anticipation may be caused by ascertainment biases, and I used three different
approaches to mitigate this. Cases with an earlier age of onset may have limited reproductive
opportunities, resulting in oversampling of later-onset cases in parent generations (456). Multiple
individuals within each family were interviewed to collect family history, increasing the likelihood
of including affected relatives who may have died at an early age. To evaluate the effect of
ascertainment bias in younger generations, we removed individuals with a diagnosis at or under
the age of 25 years and repeated the statistical tests; anticipation was still observed. Considering
the bi-modal distribution of sporadic HL (89,457) the effect of excluding individuals at prereproductive age could be different in HL cases than among other lymphoid cancer types.
Cases with a younger age of onset may have earlier or more severe disease symptoms.
As a result, these individuals are more likely to be recognized as familial or to be referred for
inclusion in this study, thus becoming the proband who brings the family under study. As a
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consequence, the ascertainment of these individuals may cause an overrepresentation of earlier
age of disease onset in younger generations compared to older generations. Excluding probands
from statistical approaches can reduce the impact of this ascertainment bias and allow the true
anticipation phenomenon to be observed (444).
Younger generations may be enriched for earlier onset cases, as insufficient time has
elapsed for normal or late-disease development among family members in similar birth cohorts.
Furthermore, insufficient time has elapsed for younger generations to have children after the
disease develops, and for those children to develop disease (if disease progression will occur).
To reduce the impact of this ascertainment bias, shorter duration cases (and families who no
longer had 2 or more lymphoid cases) were excluded. The results were consistent with other
forms of ascertainment bias correction. Ultimately this supports the idea that there could be a real
anticipation effect for lymphoid cancers in particular.
Thus, our observations seem unlikely to be caused by ascertainment or other bias, which
suggests anticipation exists in familial lymphoid cancers. A possible non-genetic explanation of
anticipation is the simultaneous exposure of parents and children or sibling-only cases to a
causative environmental agent. However, this would apply to a small percentage of families in
this study, as most families reported lymphoid cancers over more than 2 generations. Moreover,
this fails to explain families with cases who did not live together, or cases where the parents (or
later) generations were diagnosed decades after their children. Furthermore, there is no known
environmental factor associated with the development of many different types of lymphoid
malignancies. Only 5% of families reported a year of onset within 5 years of onset for other
lymphoid affected relatives, suggesting that temporally specific environmental exposures are
likely not a major effect in most families. Our observation of anticipation in NHL and HL implies
that recent potential increases in surveillance for CLL through routine blood tests are not the sole
explanation.
There are several possible explanations for observing anticipation in lymphoid cancer
families. The accumulation of germline variants, mutations initiated by a defective DNA repair
gene, and inherited telomere abnormalities or shortening could contribute to earlier disease onset
across multiple generations. In a non-hematologic setting, anticipation has been explained by
expansion of trinucleotide repeats (445). A variation in repeat length at the FRA16A locus has
been documented in some cases of familial CLL (450), suggesting that high repeat length could
affect lymphoid cancer susceptibility. Repeat expansions (even small increases in repeat size)
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can affect gene transcription and cause phenotypic changes. Several leukemia genes are known
to contain variable trinucleotide repeats with potential implications for predisposition. It has been
hypothesized that expansion of unstable repetitive sequence could be implicated in both familial
and sporadic leukemias (450,458); however, studies have failed to detect repeat expansions in
CLL, leukemias, and other cancers (450,458,459). It is unlikely that trinucleotide repeat expansion
plays a role in the observed anticipation of familial lymphoid cases in this study.
Limitations of this study include other types of ascertainment bias and recall bias. Families
were ascertained families through physician referrals, the study website, and an annual patient
education event; the study does not have a specific geographic sampling frame. Some NHL and
HL cases lacked further subtype information due to absence of medical records or histopathology
slides. However, our study contains detailed information on dates of birth, death, and age of onset,
verified by medical records and/or an expert oncology pathologist, when possible. Information
regarding cancer diagnosis was cross-checked by taking a detailed family history from multiple
family members whenever possible. There was no change or misreported lymphoid cancer
diagnosis among 252 cases that had medical records and/or pathology slides for examination.
Subtype information was available for 63% and 42% of NHL and HL cases, respectively. Familial
MM cases were limited, providing inadequate sample size to test for statistical significance.

4.5

Conclusion
The substantially earlier age of onset may reflect underlying susceptibility factors, some

of which may predispose to more than one lymphoid cancer type. Earlier age of lymphoid cancer
onset in this collection of multiple-case lymphoid cancer families supports the application of
genomic methods to identify genes and genetic variants that underlie familial lymphoid cancers.
Awareness of familial lymphoid cancer patterns and the identification of susceptibility genes has
the potential to enhance screening methods for affected families in the future.
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Chapter 5: Family structure, childhood environment and immune-related
disorders and risk of lymphoma in lymphoid cancer families.

5.1

Introduction
Lymphoid cancers are a heterogeneous group of neoplasms that arise from immune cells.

Collectively, they represent the fifth highest global incidence of cancer (460). Established risk
factors include older age, male sex, ethnicity, compromised immune function, and family history
of LPDs (86,461). Low-penetrance common genetic polymorphisms that affect pathways related
to DNA integrity, B-cell growth and survival and xenobiotic metabolism have been implicated in
the development of lymphoid neoplasms (62,386,392). Early-life environment may also modulate
risk of immune-related disorders, such as allergies and autoimmune conditions, as well as some
lymphoid cancers (244).
The hygiene hypothesis proposes that an early life environment that has a relative lack of
exposure to microorganisms and infectious disease inhibits a child's immune system from
maturing optimally (244). Consequently, such individuals are more susceptible to adult-onset
immune-related disorders. Measures of family structure and crowding relate to the hygiene
hypothesis as they may affect age and extent of exposure to infectious diseases, with low birth
order and smaller families correlating with higher risk (244).
Associations between early birth order and/or smaller sibship size and increased risk of
lymphoma have been reported for lymphoid cancers as a group (157), and separately for NHL
(157,158,170,255,256) and HL (157,191,201,259,260,262). However, many other studies report
no association between family structure and risk of NHL (170,191,252,255,257), HL
(170,191,255,258,259,261), CLL (147,191,252)

or MM (157,191,258). A few studies have

observed a positive association between later birth order and NHL risk (147,252,253), and larger
sibship size and risk of NHL (147,252,253,257), and MM (191). The discordant findings among
studies may be partly explained by variations in study design, study population, participant
response rate, selection bias, hematological subtypes assessed, or SES (254).
Few studies have examined family structure and environmental factors in the context of
multiple-case lymphoid cancer families. Jønsson et al (2007) observed a paternal parent-offspring
birth order effect with predominance of LPD in the youngest siblings among 24 pairs in 32 families
enriched for CLL and B-cell malignancies (462). Royer et al (2010) found that familial WM cases
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were more likely to have immune-related disorders such as autoimmune diseases, allergies, and
specific infections among 103 familial WM and related B-cell disorders (232).
Currently, there remains a large gap in our understanding of the etiology of familial
lymphoid cancers (462). We examined family structure, childhood lifestyle, and immune-related
disorders among a large cohort of multiple-case lymphoid cancer families, in relation to risk of
lymphoid cancer.

5.2

Methods

5.2.1 Study population
Briefly, families are eligible for inclusion if they contain a member diagnosed with
lymphoma and at least one additional relative with a lymphoid cancer. For more information, refer
to Chapter 2.2: Eligibility and recruitment (Methods), page 37.

5.2.2 Data collection
Information about lymphoid malignancies, family structure and demographics was
obtained systematically using a questionnaire and phone interviews with multiple family members.
Family structure and early childhood social environment information, such as parental education,
family income, farm residence, and urban/rural residential location was reported by sibship.
Personal information regarding education, medical history (allergies, autoimmune diseases,
surgical procedures) and early lifestyle for each individual was obtained from a self-administered
questionnaire. Allergies were classified as drug, environmental or food/diet. Autoimmune
diseases were categorized as systemic, organ-specific, or conditions without detectable
autoantibodies (232,414).
We report on 196 families with 524 lymphoid cancer cases among 418 sibships. Of these
418 sibships, 52 lacking family structure (birth order, sibship size) and 17 only-child cases were
excluded. The remaining sibships contained 453 cases and 1112 siblings, from which 3 (0.7%)
cases and 94 (8%) siblings were removed due to missing age of enrollment or sex. Analyses were
conducted on 450 cases and 1018 siblings among 346 sibships.
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Lymphoid cancer diagnoses were confirmed histologically or through medical records for
241 of the 450 (54%) cases. Cancers were classified according to the InterLymph hierarchical
classification of lymphoid neoplasms for epidemiological research (404).

5.2.3 Statistical methods
Our study examined multiple-case families with a history of hematological malignancies
and does not represent a population-based collection.
A chi-square goodness-of-fit test was performed to assess whether the observed sex
distribution of the families resembled that of the Canadian population (463). American population
data were used in instances where distinct histological subtype information was unavailable (464).

Standard logistic regression with generalized estimating equation
The relationship between lifestyle factors and risk of lymphoid cancer was examined using
logistic regression with a generalized estimating equation (GEE) to accommodate correlated
family data. Odds ratios (ORs) and 95% confidence intervals (CIs) were clustered by family and
adjusted for age (continuous) and sex. Potential confounding effects of ethnicity did not change
the risk estimates ≥ 10% and were not retained in the final analysis. Independent, exchangeable
and autoregressive correlation structures performed similarly; the autoregressive correlation
structure was used in subsequent analyses. Covariates assessed include sex, age of enrollment
(n=1468), highest level of participant education (n=494), maternal and paternal education (n=759
and n=770, respectively), family income during childhood (n=756), childhood farm residence
(n=801), childhood residential location (n=751), allergies (n=354), asthma (n=378), autoimmune
diseases (n=378), appendectomy (n=353), and tonsillectomy (n=353). Age of death was used in
replacement of age of enrollment for non-living participants. Individuals with missing age, sex, or
family structure data were removed from the dataset. Due to their structural dependence, birth
order and sibship size were investigated using separate GEE models. Covariates were
independently assessed within each GEE model. Statistical analysis were performed using R
version 3.5.
Due to variability between age-of-onset patterns, additional analyses were done with HL
cases separated into childhood, young-adult or adult onset, according to Cozen et al (2009) (ageof-diagnosis ≤ 50, and <40) (226) and Westergaard et al (1997) (age-of-diagnosis <15, 15-42 and
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> 42) (260). Results from these sensitivity analyses were essentially identical (Supplementary
Table C.1) to those of all HL cases together; only outcomes based on all HL cases are presented.

Stepwise model selection
Stepwise regression (or stepwise model selection) is an automated process that selects
the “best” subset of predictors for a particular outcome (e.g., lymphoid cancer). During each
iteration, a predictor variable (e.g., age, sex, birth order, maternal education, allergies, etc.) will
be removed or added based on the Quasilikelihood under the Independence model Criterion
(QIC). The model automatically terminates after finding the best combination of predictors (with
the smallest QIC). The QIC is used to compare GEE models and is analogous to the Akaike’s
Information Criterion (AIC) statistic used for comparing models fit with likelihood-based methods.
Stepwise model selection removes unnecessary or redundant predictors that may add noise to
the estimation of other variables. Models were built using Rstudio package ‘spind’ that utilized
both backward elimination and forward selection of variables (465).
The availability of early life and disease information varied because not all members of a
given sibship completed the self-administered questionnaire. For example, if one member of a
sibship reported the mother’s level of education, that datum was applied to all members of the
sibship. In contrast, allergy information was only available if it was self-reported. The variables
had different amounts of missing data and so they were separated into 3 groups of comparable
sample size to retain the most information as seen in Figure 13.

BASE MODEL
• birth order
• sibship size

• sex
• age

MIDDLE MODEL
• family income
• paternal education
• maternal education

• farm
• house location

FULL MODEL
• allergies
• autoimmune
• asthma

• education
• tonsillectomy
• appendectomy

Figure 13: Lifestyle factors grouped by sample size that were used to create three models for
stepwise model selection.
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Three GEE models were built in a stepwise manner to investigate the relationships
between lymphoid cancer risk and lifestyle factors. Complete family structure (birth order and
sibship size), age of enrollment, and sex information was available for 1468 participants, which
constituted the base model. The middle model (n=682) contained the base model variables and
childhood environment variables: maternal education, paternal education, family income, farm
residence and residential location. The full model (n=321) was comprised of the middle model
variables in addition to personal education, allergies, autoimmune diseases, asthma,
appendectomy and tonsillectomy.

Sensitivity analysis/permutation tests
A sensitivity analysis was performed by evaluating the association between family
structure and lymphoid cancer risk using standard logistic regression and chi-square tests for
trend using permuted pairs of independent cases and controls. Each family member was assigned
a generation number relative to the founding lymphoid cancer case or presumed carrier (466).
One family (of 196) was excluded from permutations due to an unmatched generation variable.
The data set supported the random sampling of 95 generation-matched case/control pairs of
independent families, such that a maximum of one individual per family was selected (without
resampling). Ninety-five pairs were permuted 10,000 times in quadruplicate for use in: 1) logistic
regression with birth order, 2) logistic regression with sibship size, 3) a chi-square test for trend
in proportion with birth order, and 4) a chi-square test for trend in proportion with sibship size. The
distribution of 10,000 p-values and coefficient estimates from each permuted analysis were
plotted and compared to those observed with the full family data set. The logistic models
contained base model variables (age of enrollment, sex, and birth order or sibship size).

5.3

Results
We report on 346 sibships with a lymphoid cancer affected individual within 196 multiple-

case families (Table 13). Most participants were of white ethnicity (n=1398, 84.6%). The median
age of enrollment for cases and unaffected siblings was 62 and 63 years, respectively. Of 450
lymphoid cancer cases, most were NHL (n=221, 49%), 30% were CLL (n=133), 16% were HL
(n=70) and the remainder were MM (n=26, 6%). 241 (54%) cases were confirmed histologically
or by medical records, all of which supported the reported diagnosis. Most families had 2 cases
(n=107, 55%), followed by 3 cases (n=61, 31%) and 4 or more lymphoid cancer cases (n=28,
14%). A majority of NHL (n=96, 43%), CLL (n=62, 47%) and MM (n=14, 54%) cases were from
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families that had 2 lymphoid cancer cases, while most HL cases were from families with 4 or more
lymphoid cancer cases (n=26, 37%). Familial cases were 54% male; in comparison, Canadian
population NHL, HL, CLL and MM cases are 55%, 57%, 61% and 59% male, respectively (463).
Of 1018 unaffected siblings, 510 were male and 508 were female. Familial MM (p-value 0.0454)
and HL (p-value 0.0126) cases were significantly less frequently male than population cases.
Table 13: Demographic characteristics and family structure of participants, by lymphoid cancer
status
Lymphoid affected, n (%)
Subtypes
HL
CLL

All types

Characteristic
Total
Sex
Male
Female
Age of enrollment1 (y)
Mean ± SD
Median
Range
< 40
40 - 49
50 - 59
60 - 69
70 - 79
≥ 80
Birth order
First born
Second born
Third born
Fourth born
Fifth or later born
Sibship size
Two
Three
Four
Five or more
Ethnicity2
White
Other
No. cases per family
Two
Three
Four or more

Unaffected,
NHL
n (%)
1018 (69.3) 450 (30.7) 221 (49.1) 70 (15.6)
510 (50.1)
508 (49.9)

242 (53.8) 124 (56.1) 29 (41.4)
208 (46.2) 97 (43.9) 41 (58.6)

61.7 ± 19.0 61.1 ± 17.3
63
62
0.5 - 108
3 - 104
116 (11.4) 55 (12.2)
109 (10.7)
42 (9.3)
207 (20.3) 90 (20.0)
213 (20.9) 110 (24.4)
200 (19.6) 94 (20.9)
173 (17.0) 59 (13.1)

62.2 ± 16.9
62
3 - 104
18 (8.1)
23 (10.4)
51 (23.1)
51 (23.1)
44 (19.9)
34 (15.4)

Total, n
MM

133 (30.0)

26 (5.8)

1468

79 (59.4)
54 (40.6)

10 (38.5)
16 (61.5)

752
716

44.8 ± 17.3 67.0 ± 12.8 66.2 ± 13.3 61.5 ± 18.5
42
66
67
63
14 - 95
24 - 93
33 - 86
0.5 - 108
30 (42.9)
5 (3.8)
<5
171
14 (20.0)
<5
<5
151
14 (20.0) 24 (18.0)
<5
297
5 (3.8)
43 (32.3)
11 (42.3)
323
<5
38 (28.6)
8 (30.8)
249
<5
19 (14.3)
<5
232

208 (20.4)
226 (22.2)
169 (16.6)
138 (13.6)
277 (27.2)

128 (28.4)
106 (23.6)
97 (21.6)
51 (11.3)
68 (15.1)

66 (29.4)
54 (24.4)
51 (23.1)
22 (10.0)
28 (12.7)

18 (25.7)
18 (25.7)
14 (20.0)
8 (11.4)
12 (17.1)

35 (26.3)
26 (19.5)
28 (21.1)
19 (14.3)
25 (18.8)

9 (34.6)
8 (30.8)
<5
<5
<5

336
332
266
189
345

58 (5.7)
131 (12.9)
180 (17.7)
649 (63.8)

72 (16.0)
97 (22.6)
90 (20.0)
191 (42.4)

36 (16.3)
47 (21.3)
51 (23.1)
87 (39.4)

17 (24.3)
19 (27.1)
10 (14.3)
24 (34.3)

14 (10.5)
21 (15.8)
27 (20.3)
71 (53.4)

<5
10 (38.5)
<5
9 (34.6)

130
228
270
840

967 (95.0)
51 (5.0)

431 (95.8) 209 (94.6) 68 (97.1)
19 (4.2)
12 (5.4)
<5

132 (99.2)
<5

22 (84.6)
<5

1398
70

424 (41.7)
331 (32.5)
263 (25.8)

193 (42.9) 96 (43.4)
152 (33.8) 85 (38.5)
105 (23.3) 40 (18.1)

62 (46.6)
39 (29.3)
32 (24.1)

14 (53.8)
5 (19.2)
7 (26.9)

617
483
368

21 (30.0)
23 (32.9)
26 (37.1)

Notes: Cells with < 5 cases were suppressed for privacy. 1 Age at death was used for non-living
participants. Family members missing age at enrollment (or age at death) or sex were excluded.
2 Ethnicity was classified using SEER race recode groups accessed through SEER*Stat (86).
Abbreviations: y, years; SD, standard deviation.
Subtype abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; CLL, chronic
lymphocytic leukemia; MM, multiple myeloma.
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5.3.1 Family structure
The associations between birth order position and sibship size with all lymphoid cancers
are reported in Table 14. Birth order was inversely associated with lymphoid cancer, such that
earlier birth order positions had a higher risk of lymphoma. The odds ratios were 0.62 (95% CI:
0.41-0.82) for fourth born compared with first born individuals, and 0.41 (95% CI: 0.30-0.57) for
fifth or later born compared to first born. We also observed a strong inverse relationship between
sibship size and lymphoid cancer, such that smaller sibships had a higher risk of lymphoma. The
odds ratio was 0.58 (95% CI: 0.46-0.72) for sibships of 3, compared with sibships of 2. The odds
ratios for sibships of 4 and 5 were 0.39 and 0.23, respectively.

Table 14: Odds ratios for risk of lymphoma according to birth order position and sibship size.
Variable
OR (95% CI)1,2
Birth order
First born
1.00 (Referent)
Second born
0.76 (0.53 - 1.08)
Third born
0.92 (0.65 - 1.27)
Fourth born
0.62 (0.41 - 0.82)
Fifth or later born 0.41 (0.30 - 0.57)
Sibship size
Two
1.00 (Referent)
Three
0.58 (0.46 - 0.72)
Four
0.39 (0.31 - 0.48)
Five or more
0.23 (0.18 - 0.28)
1
Notes: Adjusted for age at enrollment (continuous) and sex (male/female). Age at death was
used for non-living participants. 2 OR and 95% CI estimated by GEE logistic regression (clustered
by family) with an autoregressive correlation structure. Bold type, 95% CI does not include 1.00,
denoting a significant association.
Abbreviations: OR: odds ratio; CI: confidence interval.

Table 15 shows the effects of family structure on the risk of lymphoid cancer types. Birth
order was inversely associated with all lymphoid cancers (OR=0.83, 95% CI: 0.78-0.89) and
smaller sibships had a higher risk of all lymphoid cancers (OR=0.82, 95% CI: 0.79-0.85). Larger
sibships were significantly associated with a lower risk of lymphoma and several lymphoma
subtypes. Birth order was inversely associated with risk of most major lymphoma entities (NHL,
B-cell NHL, CLL, FL, MCL, MZL, and MM) but was not significant for HL, DLBCL or T-cell NHL.
We observed no differences in the risk patterns associated with childhood, young-adult, or older86

adult onset HL (Supplementary Table C.1). Sibship size and birth order effects were similar
among families with 2 cases, 3 cases or 4 or more lymphoid cancer cases.

Table 15: Associations between family structure and cancer risk by type and family size.
Individuals within families, n (%)
Variable
Entity3
All types
Lymphoid neoplasm
NHL
B-cell NHL
CLL
DLBCL
FL
LPL
MCL
MZL
MALT
T-cell NHL
HL
Classic HL
NS
MM
No. cases per family
Two
Three
Four or more

Families,
n (%)

Unaffected Lymphoid
sibs
affected

196 (100)
190 (96.9)
175 (89.3)
162 (82.7)
81 (41.3)
28 (14.3)
43 (21.9)
13 (6.6)
6 (3.1)
9 (4.6)
<5
9 (4.6)
46 (23.5)
46 (23.5)
22 (11.2)
19 (9.7)

1018 (100)
991 (97.3)
883 (86.7)
753 (74.0)
357 (35.1)
89 (8.7)
155 (15.2)
34 (3.3)
34 (3.3)
41 (4.0)
25 (2.5)
35 (3.4)
185 (18.2)
173 (17.0)
60 (5.9)
67 (6.6)

107 (54.6)
61 (31.1)
28 (14.3)

426 (68.8)
332 (68.6)
260 (71.2)

OR (95% CI)1,2

Total

Birth order

Sibship size

450 (100)
424 (94.2)
354 (78.7)
307 (68.2)
133 (29.6)
30 (6.7)
54 (12.0)
17 (3.8)
7 (1.6)
10 (2.2)
5 (1.1)
9 (2.0)
70 (15.6)
67 (14.9)
28 (6.2)
26 (5.8)

1468 (100)
1415 (96.4)
1237 (84.3)
1060 (72.2)
490 (33.4)
119 (8.1)
209 (14.2)
51 (3.5)
41 (2.8)
51 (3.5)
30 (2.0)
44 (3.0)
255 (17.4)
240 (16.3)
88 (6.0)
93 (6.3)

0.83 (0.78 - 0.89)
0.83 (0.77 - 0.89)
0.80 (0.75 - 0.87)
0.80 (0.73 - 0.87)
0.88 (0.78 - 0.98)
0.93 (0.74 - 1.17)
0.76 (0.62 - 0.93)
0.88 (0.59 - 1.33)
0.51 (0.39 - 0.68)
0.47 (0.30 - 0.74)
0.56 (0.34 - 0.94)
1.17 (0.90 - 1.51)
0.93 (0.80 - 1.12)
1.00 (0.86 - 1.12)
0.99 (0.76 - 1.30)
0.70 (0.52 - 0.94)

0.82 (0.79 - 0.85)
0.82 (0.80 - 0.85)
0.82 (0.79 - 0.84)
0.81 (0.78 - 0.84)
0.84 (0.80 - 0.87)
0.78 (0.70 - 0.87)
0.67 (0.61 - 0.74)
0.75 (0.46 - 1.21)
0.83 (0.81 - 0.86)
0.82 (0.77 - 0.88)
0.81 (0.79 - 0.84)
0.76 (0.67 - 0.85)
0.83 (0.78 - 0.90)
0.80 (0.73 - 0.89)
0.71 (0.61 - 0.82)
0.78 (0.65 - 0.95)

193 (31.2)
152 (31.4)
105 (28.8)

619 (42.2)
484 (33.0)
365 (24.9)

0.83 (0.75 - 0.93)
0.73 (0.63 - 0.84)
0.94 (0.85 - 1.05)

0.79 (0.75 - 0.83)
0.81 (0.76 - 0.86)
0.85 (0.80 - 0.91)

Notes: Cells with <5 were suppressed for privacy. Lymphomas of unknown lineage that are not
otherwise specified (NOS), and entities with fewer than 5 cases and were not analyzed.
1 Adjusted for age at enrollment (continuous) and sex (male/female). Age at death was used for
non-living participants. 2 OR and 95% CI were estimated by GEE logistic regression (clustered by
family) with an autoregressive correlation structure. Birth order referent group: first born; Sibship
size referent group: two siblings. Bold type, 95% CI does not include 1.00, denoting significant
association with risk of lymphoma. 3 Groupings are based on the InterLymph hierarchical
classification of lymphoid neoplasm for epidemiologic research (404). Subtype family numbers (n)
sums to greater than 196 because some families contain heterogeneous types of lymphoid
cancers (e.g., NHL and CLL cases).
Abbreviations: OR: odds ratio; CI: confidence interval.
Subtype abbreviations: NHL, non-Hodgkin lymphoma; CLL, chronic lymphocytic leukemia;
DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; LPL, lymphoplasmacytic
lymphoma; MCL, mantle cell lymphoma; MZL, marginal zone lymphoma; MALT, mucosaassociated lymphoid tissue; HL, Hodgkin lymphoma; NS, nodular sclerosis; MM, multiple
myeloma.
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To estimate the probability of a chance association with birth order position or sibship size,
40,000 independent permutation tests were performed. Despite a smaller sample size and lower
power of permuted data (n=95 case/control pairs), both the regression and chi-square tests for
trend supported our findings, with approximately 51% and 93% of p-values achieving statistical
significance (p < 0.05) for birth order and sibship size, respectively (Supplementary Figure C.1).
Without the family dependence, the odds ratio estimates remained comparable to those from GEE
models for sibship size (median OR=0.82) and birth order (median OR=0.82), validating our
observations.

5.3.2 Early-life environment and immune-related diseases
Higher maternal education and an above average level of income during childhood was
associated with increasing risk of all lymphoid cancers (Table 16). Childhood farm residents had
a lower risk of lymphoma (OR=0.65, 95% CI: 0.48-0.88), but this was not statistically significant
after adjusting for sibship size (data not shown). Cases were less likely than their unaffected
siblings to have a post-secondary education (OR=0.62, 95% CI: 0.38-0.99) (Table 16), even when
adjusting for family structure. There was no relationship between paternal education or childhood
house location (urban vs. rural) and lymphoma or subtypes.
Allergies and tonsillectomy were independent risk factors for most major lymphoma
entities (Table 16) and remained statistically significant after adjusting for family structure (data
not shown). Lymphoid cancer risk was increased for individuals with environmental (e.g., hay
fever) and drug allergies for several lymphoma entities, whereas food allergies were exclusively
associated with risk of NS HL (Table 16). History of appendectomy was significantly associated
with a 9.7-fold increase in risk of DLBCL. Asthma was not significantly associated with risk of
lymphoma with the exception of MM where small sample size makes it unclear. There was no
significant association between lymphoma and a personal history of collective autoimmune
diseases, systemic autoimmune diseases or autoimmune diseases with no detectable
autoantibodies. However, familial lymphoid cancer cases were significantly less likely than their
siblings to have had organ-specific autoimmune disease (OR=0.44, 95% CI: 0.20-0.98) after
adjusting for sibship size (data not shown).
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Table 16: Odds ratios for risk of lymphoma and histological subtypes for childhood lifestyle
variables and immune disorders in GEE regression analysis.
InterLymph class
All types
Category 1
Category 2
Category 3
Category 4 or 6
Variable3
n case/sib OR (95% CI)1,2
Childhood farm residence
No
201/370 1.00 (Referent)
Yes
65/165 0.65 (0.48-0.88)
Paternal education
Less than high school
104/221 1.00 (Referent)
High school graduate
88/171 1.13 (0.84-1.51)
Post-secondary graduate
64/122 1.20 (0.86-1.67)
Maternal education
Less than high school
94/218
1.00 (Referent)
High school graduate
122/208 1.35 (1.01-1.79)
Post-secondary graduate
45/72
1.50 (1.09-2.06)
Childhood family income
Below average
64/147
1.00 (Referent)
Average
138/287 1.13 (0.84-1.51)
Above average
51/69
1.75 (1.22-2.50)
Childhood residence
Rural
106/201 1.00 (Referent)
Urban
145/299 0.97 (0.75-1.25)
Education
Less than high school
50/28
1.00 (Referent)
High school graduate
105/83 0.79 (0.48-1.30)
Post-secondary graduate 118/110 0.62 (0.38-0.99)
Asthma
No
149/170 1.00 (Referent)
Yes
31/28
1.21 (0.73-2.03)
Autoimmune
No
152/155 1.00 (Referent)
Yes
28/43
0.68 (0.39-1.17)
Organ-specific, No
169/174 1.00 (Referent)
Yes
11/24 0.49 (0.35-1.06)
Systemic, No
167/186 1.00 (Referent)
Yes
13/12 1.11 (0.48-2.57)
No detectable autoAb, No 173/189 1.00 (Referent)
Yes
7/9
0.92 (0.35-2.43)
Allergies
No
58/99
1.00 (Referent)
Yes
108/89 2.25 (1.44-3.51)
Drug, No
104/144 1.00 (Referent)
Yes
62/44
2.30 (1.41-3.73)
Environment, No
94/132
1.00 (Referent)
Yes
72/56
1.90 (1.21-2.98)
Food, No
130/160 1.00 (Referent)
Yes
36/28
1.69 (0.92-3.11)
Appendectomy
No
130/160 1.00 (Referent)
Yes
36/27
1.53 (0.80-2.96)
Tonsillectomy
No
81/117
1.00 (Referent)
Yes
85/70
1.78 (1.14-2.78)
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Table 16: continued
InterLymph class
Category 1
Category 2
Category 3
Category 4 or 6
Variable3
n case/sib
Childhood farm residence
No
188/360
Yes
63/167
Paternal education
Less than high school
102/223
High school graduate
81/166
Post-secondary graduate
61/118
Maternal education
Less than high school
92/220
High school graduate
116/204
Post-secondary graduate
41/72
Childhood family income
Below average
60/147
Average
131/284
Above average
48/70
Childhood residence
Rural
101/198
Urban
136/300
Education
Less than high school
49/27
High school graduate
103/81
Post-secondary graduate 110/107
Asthma
No
143/165
Yes
29/30
Autoimmune
No
146/154
Yes
26/41
Organ-specific, No
161/172
Yes
11/23
Systemic, No
159/184
Yes
13/11
No detectable autoAb, No 167/186
Yes
5/9
Allergies
No
144/152
Yes
28/43
Drug, No
99/140
Yes
60/44
Environment, No
91/129
Yes
68/55
Food, No
124/156
Yes
35/28
Appendectomy
No
127/156
Yes
32/27
Tonsillectomy
No
77/111
Yes
82/72

Lymphoid neoplasms (LN)
Non-Hodgkin lymphoma (NHL)
B-cell NHL

cont'd…
cont'd…
cont'd…

OR (95% CI)1,2

n case/sib

OR (95% CI)1,2

n case/sib

OR (95% CI)1,2

1.00 (Referent)
0.70 (0.52-0.94)

157/336
58/152

1.00 (Referent)
0.76 (0.55-1.03)

139/293
53/146

1.00 (Referent)
0.70 (0.51-0.96)

1.00 (Referent)
1.09 (0.81-1.46)
1.19 (0.86-1.66)

93/212
70/150
46/110

1.00 (Referent)
1.14 (0.83-1.57)
1.06 (0.73-1.52)

88/202
60/125
41/99

1.00 (Referent)
1.19 (0.85-1.68)
1.07 (0.74-1.53)

1.00 (Referent)
1.38 (1.04-1.83)
1.42 (1.03-1.96)

81/203
102/194
28/59

1.00 (Referent)
1.42 (1.04-1.96)
1.23 (0.88-1.73)

77/195
85/164
24/51

1.00 (Referent)
1.42 (1.03-1.95)
1.23 (0.88-1.73)

1.00 (Referent)
1.13 (0.85-1.50)
1.65 (1.12-2.43)

53/136
114/263
36/63

1.00 (Referent)
1.16 (0.82-1.65)
1.45 (0.94-2.28)

49/128
100/228
31/57

1.00 (Referent)
1.20 (0.84-1.72)
1.45 (0.96-2.17)

1.00 (Referent)
0.92 (0.71-1.19)

85/181
116/278

1.00 (Referent)
0.93 (0.71-1.22)

78/174
102/239

1.00 (Referent)
0.98 (0.75-1.30)

1.00 (Referent)
0.73 (0.45-1.19)
0.56 (0.34-0.90)

45/25
92/76
92/102

1.00 (Referent)
0.78 (0.46-1.32)
0.53 (0.21-0.88)

43/23
77/77
83/94

1.00 (Referent)
0.68 (0.40-1.15)
0.50 (0.30-0.85)

1.00 (Referent)
1.07 (0.63-1.83)

123/153
26/30

1.00 (Referent)
1.01 (0.56-1.81)

112/144
22/26

1.00 (Referent)
1.08 (0.57-2.04)

1.00 (Referent) 123/147 1.00 (Referent) 111/134 1.00 (Referent)
0.69 (0.40-1.20)
26/36
0.87 (0.49-1.57)
23/36
0.80 (0.44-1.45)
1.00 (Referent) 138/162 1.00 (Referent) 125/149 1.00 (Referent)
0.54 (0.25-1.18) 11/21
0.66 (0.29-1.50)
9/21
0.55 (0.23-1.30)
1.00 (Referent) 136/173 1.00 (Referent) 122/160 1.00 (Referent)
1.30 (0.55-3.08) 13/10
1.38 (0.59-3.21) 12/10 1.38 (0.58-3.29)
1.00 (Referent) 144/176 1.00 (Referent) 129/163 1.00 (Referent)
0.66 (0.23-1.87)
5/7
0.96 (0.29-3.29)
5/7
0.99 (0.29-3.31)
1.00 (Referent)
2.25 (1.42-3.56)
1.00 (Referent)
2.30 (1.40-3.79)
1.00 (Referent)
1.83 (1.13-2.95)
1.00 (Referent)
1.66 (0.89-3.07)

51/85
86/87
124/88
48/49
79/119
58/53
107/145
30/27

1.00 (Referent)
2.23 (1.35-3.66)
1.00 (Referent)
1.85 (1.15-3.07)
1.00 (Referent)
1.96 (1.15-3.35)
1.00 (Referent)
1.83 (0.97-3.45)

48/79
76/81
79/114
45/46
75/111
49/49
98/134
26/24

1.00 (Referent)
2.06 (1.23-3.46)
1.00 (Referent)
1.82 (1.08-3.07)
1.00 (Referent)
1.67 (0.96-2.93)
1.00 (Referent)
1.65 (0.84-3.22)

1.00 (Referent)
1.41 (0.73-2.72)

107/144
30/27

1.00 (Referent)
1.29 (0.64-2.60)

98/134
26/25

1.00 (Referent)
1.24 (0.60-2.58)

1.00 (Referent)
1.68 (1.08-2.63)

61/100
76/71

1.00 (Referent)
1.53 (0.97-2.41)

53/92
71/67

1.00 (Referent)
1.65 (1.02-2.69)
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Table 16: continued
InterLymph class
Category 1
Lymphoid neoplasms (LN)
Category 2
Non-Hodgkin lymphoma (NHL)
Category 3
B-cell NHL
Category 4 or 6
Diffuse large B-cell
Follicular lymphoma
Variable3
n case/sib OR (95% CI)1,2 n case/sib OR (95% CI)1,2 n case/sib
Childhood farm residence
No
20/50
1.00 (Referent)
28/62
1.00 (Referent) 65/160
Yes
7/29
0.71 (0.43-1.17) 11/42 0.57 (0.36-0.91)
18/42
Paternal education
Less than high school
11/45
1.00 (Referent)
17/50
1.00 (Referent) 39/101
High school graduate
9/20
1.40 (0.63-2.09) 14/35 1.19 (0.67-2.12)
23/55
Post-secondary graduate
7/14
1.96 (0.80-4.81)
5/11
1.34 (0.82-2.20)
19/46
Maternal education
Less than high school
10/42
1.00 (Referent)
18/48
1.00 (Referent)
33/96
High school graduate
14/31
1.61 (0.78-3.32) 16/42 1.02 (0.60-1.73)
36/76
Post-secondary graduate
3/5
2.09 (0.44-9.96)
2/5
1.03 (0.61-1.74)
13/30
Childhood family income
Below average
7/37
1.00 (Referent)
8/32
1.00 (Referent)
22/60
Average
9/19
2.46 (1.20-5.05) 25/60 1.67 (1.04-2.69) 50/118
Above average
11/23
2.20 (1.05-4.89)
2/5
1.75 (1.02-3.01)
7/16
Childhood residence
Rural
12/37
1.00 (Referent)
12/46
1.00 (Referent)
36/76
Urban
13/38
0.76 (0.46-1.26) 22/52 1.53 (0.92-2.55) 45/121
Education
Less than high school
4/11
1.00 (Referent)
13/5
1.00 (Referent)
13/16
High school graduate
10/11
2.44 (1.01-5.92) 19/17 0.47 (0.15-1.44)
31/34
Post-secondary graduate
13/22
1.24 (0.42-3.61) 12/19 0.30 (0.09-0.92)
40/39
Asthma
No
17/33
1.00 (Referent)
26/30
1.00 (Referent)
52/67
Yes
3/5
1.62 (0.37-7.03)
4/5
1.01 (0.39-2.58)
13/13
Autoimmune
No
14/29
1.00 (Referent)
26/26
1.00 (Referent)
56/65
Yes
6/9
2.00 (0.62-6.43)
4/9
0.44 (0.11-1.75)
9/15
Organ-specific, No
20/34
30/39
59/71
Yes
0/4
0/6
6/9
Systemic, No
17/34
1.00 (Referent)
27/32
1.00 (Referent)
61/77
Yes
3/4
1.89 (0.55-6.52)
3/3
1.18 (0.26-5.28)
4/3
No detectable autoAb, No
17/37
1.00 (Referent)
29/34
1.00 (Referent)
65/76
Yes
3/1
9.23 (0.72-118)
1/1
0.91 (0.05-17.8)
0/4
Allergies
No
11/19
1.00 (Referent)
8/14
1.00 (Referent)
22/40
Yes
9/18
1.18 (0.42-3.29) 21/20 2.35 (0.74-7.41)
34/35
Drug, No
14/30
1.00 (Referent)
18/22
1.00 (Referent)
37/57
Yes
6/7
2.26 (0.62-8.16) 11/12 1.35 (0.52-3.46)
19/18
Environment, No
13/27
1.00 (Referent)
17/20
1.00 (Referent)
35/56
Yes
7/10
2.78 (0.78-9.96) 12/14 1.14 (0.46-2.78)
21/19
Food, No
18/30
1.00 (Referent)
23/29
1.00 (Referent)
42/63
Yes
2/7
0.57 (0.07-4.39)
6/5
2.03 (0.56-7.41)
14/12
Appendectomy
No
12/33
1.00 (Referent)
23/24
1.00 (Referent)
46/64
Yes
8/3
9.72 (3.34-28.3)
6/9
0.80 (0.27-2.40)
10/11
Tonsillectomy
No
8/25
1.00 (Referent)
14/12
1.00 (Referent)
22/37
Yes
12/11
5.17 (1.74-15.3) 15/21 0.78 (0.28-2.21)
34/38

cont'd…

.

.

CLL
OR (95% CI)1,2
1.00 (Referent)
1.02 (0.68-1.54)
1.00 (Referent)
1.13 (0.72-1.77)
1.26 (0.74-2.13)
1.00 (Referent)
1.55 (1.07-2.26)
1.26 (0.76-2.07)
1.00 (Referent)
1.35 (0.91-1.99)
1.17 (0.71-1.92)
1.00 (Referent)
0.81 (0.55-1.19)
1.00 (Referent)
1.18 (0.46-3.06)
1.21 (0.50-2.96)
1.00 (Referent)
1.22 (0.56-2.65)
1.00 (Referent)
0.82 (0.33-2.02)
1.00 (Referent)
0.98 (0.27-3.49)
1.00 (Referent)
1.44 (0.29-7.17)
1.00 (Referent)
2.52 (1.05-6.07)
1.00 (Referent)
2.36 (1.01-5.55)
1.00 (Referent)
1.77 (0.71-4.41)
1.00 (Referent)
2.39 (0.86-6.65)
1.00 (Referent)
1.30 (0.39-4.37)
1.00 (Referent)
1.38 (0.71-2.67)
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Table 16: continued
InterLymph class
Category 1
Category 2
Category 3
Category 4 or 6
Variable3
n case/sib
Childhood farm residence
No
31/70
Yes
5/19
Paternal education
Less than high school
9/31
High school graduate
11/20
Post-secondary graduate
15/31
Maternal education
Less than high school
11/33
High school graduate
14/35
Post-secondary graduate
13/26
Childhood family income
Below average
7/23
Average
17/43
Above average
12/23
Childhood residence
Rural
16/36
Urban
20/53
Education
Less than high school
4/4
High school graduate
11/18
Post-secondary graduate
18/28
Asthma
No
20/39
Yes
3/3
Autoimmune
No
23/33
Yes
0/9
Organ-specific, No
23/39
Yes
0/3
Systemic, No
23/40
Yes
0/2
No detectable autoAb, No
23/39
Yes
0/3
Allergies
No
6/29
Yes
16/13
Drug, No
11/32
Yes
11/10
Environment, No
12/32
Yes
10/10
Food, No
17/38
Yes
5/4
Appendectomy
No
20/40
Yes
2/2
Tonsillectomy
No
16/32
Yes
6/10
.

Lymphoid neoplasms (LN)
Hodgkin lymphoma (HL)
Classic HL
Nodular sclerosing
OR (95% CI)1,2 n case/sib OR (95% CI)1,2

n case/sib

Myeloma
OR (95% CI)1,2

1.00 (Referent)
1.08 (0.47-2.38)

22/41
3/13

1.00 (Referent)
0.45 (0.15-1.31)

13/38
2/7

1.00 (Referent)
0.90 (0.42-1.91)

1.00 (Referent)
1.38 (0.67-2.86)
1.10 (0.50-2.43)

5/15
6/12
12/22

1.00 (Referent)
1.46 (0.73-2.92)
1.66 (0.64-4.31)

2/7
7/16
3/14

1.00 (Referent)
1.53 (0.75-3.11)
0.41 (0.14-1.16)

1.00 (Referent)
1.03 (0.56-1.91)
1.04 (0.45-2.42)

8/20
7/18
10/16

1.00 (Referent)
0.94 (0.33-2.67)
1.25 (0.32-4.91)

2/7
6/16
4/9

1.00 (Referent)
1.35 (0.62-2.95)
1.58 (0.53-4.70)

1.00 (Referent)
1.45 (0.84-2.50)
1.74 (0.86-3.51)

4/8
11/30
10/16

1.00 (Referent)
0.84 (0.39-1.81)
1.24 (0.51-3.03)

4/7
7/23
3/9

1.00 (Referent)
0.67 (0.30-1.52)
0.65 (0.32-1.31)

1.00 (Referent)
0.82 (0.47-1.45)

10/21
15/33

1.00 (Referent)
1.07 (0.50-2.30)

5/9
9/30

1.00 (Referent)
0.66 (0.30-1.45)

1.00 (Referent)
0.57 (0.10-3.32)
0.76 (0.17-3.36)

4/1
6/10
13/17

1.00 (Referent)
0.26 (0.04-1.62)
0.39 (0.10-1.46)

1/7
2/16
8/9

1.00 (Referent)
0.16 (0.01-6.23)
0.80 (0.01-46.1)

1.00 (Referent)
1.58 (0.19-13.2)

4/14
13/10

1.00 (Referent)
1.61 (0.12-20.8)

6/13
2/1

1.00 (Referent)
20.8 (1.04-417)

-

18/18
0/6
18/22
0/2
18/23
0/1
18/21
0/3

-

6/10
2/4
8/12
0/2
8/12
0/2
6/13
2/1

1.00 (Referent)
1.33 (0.13-13.3)
1.00 (Referent)
26.0 (2.67-253)

1.00 (Referent)
4.93 (1.77-13.7)
1.00 (Referent)
5.93 (1.37-25.6)
1.00 (Referent)
2.19 (0.69-6.95)
1.00 (Referent)
2.15 (0.53-8.67)

4/14
13/10
8/20
9/4
9/15
8/9
12/22
5/2

1.00 (Referent)
6.66 (1.36-32.5)
1.00 (Referent)
4.68 (0.80-27.4)
1.00 (Referent)
2.37 (0.53-10.5)
1.00 (Referent)
5.18 (1.25-21.4)

1/5
6/9
5/13
2/1
3/8
4/6
6/10
1/4

1.00 (Referent)
1.90 (0.05-68.2)
1.00 (Referent)
50.7 (5.72-449)
1.00 (Referent)
0.73 (0.05-10.9)
1.00 (Referent)
0.73 (0.03-18.9)

1.00 (Referent)
8.38 (0.59-118)

16/23
1/1

1.00 (Referent)
13.4 (0.27-673)

3/11
4/3

-

1.00 (Referent)
4.51 (1.08-18.9)

13/18
4/6

1.00 (Referent)
4.61 (1.07-19.9)

4/12
3/2

1.00 (Referent)
7.78 (0.47-129)
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Notes: Results with fewer than 5 cases should be viewed with caution. Lymphomas of unknown
lineage that are not otherwise specified (NOS), and entities with fewer than 5 cases were not
analyzed. Groupings are based on the InterLymph hierarchical classification of lymphoid
neoplasm for epidemiologic research (404). 1 Adjusted for age at enrollment (continuous) and
sex (male/female). Age at death was used for non-living participants. 2 OR and 95% CI were
estimated by GEE logistic regression (clustered by family) with an autoregressive correlation
structure. Birth order referent group: first born; Sibship size referent group: two siblings. Bold type,
95% CI does not include 1.00, denoting a significant association. 3 Variables are ordered by
sample size.
Abbreviations: OR: odds ratio; CI: confidence interval; No detectable autoAb, No detectable
autoantibodies.
Subtype abbreviations: NHL, non-Hodgkin lymphoma; CLL, chronic lymphocytic leukemia; HL,
Hodgkin lymphoma.

5.3.3 Stepwise model selection

Three GEE models encompassed selection of family structure, early life environment and
immune-related disorders. Since the availability of lifestyle and disease information varied among
participants, three GEE models were built in a stepwise manner (Table 17). The base model
contained 1468 individuals, in which birth order and sibship size were independent significant
predictors of lymphoid cancer status. The middle model (n=682) retained family income during
childhood in addition to birth order and sibship size as significant predictors of lymphoid cancer
status. Maternal education, paternal education, childhood house location or farm residence were
not significant predictors of familial lymphoid cancer risk in the middle model and were therefore
excluded from the stepwise model selection. The full model (n=321) included allergies,
autoimmune diseases, tonsillectomy and family structure, with maternal education included in the
sibship size (but not birth order) model. Participant education, paternal education, childhood farm
residence, house location, family income, asthma or a personal history of an appendectomy were
not significant predictors of lymphoid cancer in the full model among multiplex lymphoid cancer
families.
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Table 17: Odds ratios for risk of lymphoid cancer from stepwise GEE logistic regression models.
Adjusted for
birth order
OR (95% CI)1,2

Adjusted for
sibship size
OR (95% CI)1,2

Model
1. Base model, n = 1468
Family structure
0.83 (0.78 - 0.89) 0.82 (0.79 - 0.85)
2. Middle model, n = 682
Family structure
0.83 (0.75 - 0.92) 0.82 (0.78 - 0.85)
Childhood family income
Below average
1.00 (Referent)
1.00 (Referent)
Average
1.00 (0.75 - 1.32) 0.78 (0.62 - 0.97)
Above average
1.40 (0.97 - 1.97) 0.99 (0.73 - 1.34)
3. Full model, n = 321
Family structure
0.85 (0.75 - 0.98) 0.82 (0.74 - 0.89)
Allergies
2.58 (1.59 - 4.20) 2.46 (1.52 - 3.98)
Autoimmune
0.65 (0.35 - 1.22) 0.58 (0.31 - 1.09)
Tonsillectomy
1.72 (1.06 - 2.81) 1.51 (0.91 - 2.56)
Maternal education
Less than high school
(not selected)
1.00 (Referent)
High school graduate
0.53 (0.31 - 0.93)
Post-secondary graduate
0.47 (0.23 - 0.96)
Notes: Family structure represents birth order or sibship size variables. 1 Adjusted for age at
enrollment (continuous) and sex (male/female). Age at death was used for non-living participants.
2 OR and 95% CI were estimated by GEE logistic regression (clustered by family) with an
autoregressive correlation structure. Birth order referent group: first born; Sibship size referent
group: two siblings; Bold type, 95% CI does not include 1.00, denoting a significant association.
Abbreviations: OR: odds ratio; CI: confidence interval.

5.4

Discussion
We assessed associations of family structure and childhood environment with disease in

families with multiple lymphoid cancers. We observed an inverse relationship between birth order
and cancer risk that was similar for lymphoid cancers collectively and most major subtypes (NHL,
CLL, FL and MM). Sibship size was also inversely associated with risk of lymphoma and all
subtypes, with the exception of LPL. Higher maternal education, above average income during
childhood, allergies and tonsillectomy were independent risk factors for lymphoma, whereas
higher participant education and childhood farm residence were protective of lymphoid cancer
risk. To our knowledge, this is the largest multiple-case family study to date that supports the
hygiene hypothesis contributing to lymphoid cancers.
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Familial lymphoid cancer cases were more likely to be male, which is consistent among
population studies (157,158,252,254–257,259,467), but not always true among multiple-case
family studies (466,468,469). In this study, all lymphoid cancers considered as a group, and NHL
(and subtypes) resembled the population sex distribution (463); however, HL and MM cases were
significantly less likely to be male. Familial cases may reflect a different and potentially more
genetic etiology in comparison to population cases (466). Lower rates of B-cell malignancies
among women may be influenced by body size (293) and protective effects of sex hormones
during pregnancy (325,470,471). A Swedish study observed a higher risk in familial NHL among
same-sex siblings and parent-child pairs (472), suggesting similar environmental or behavioral
factors may result from engaging in sex-typed activities during early childhood (473,474).
The observed inverse relationship between family structure and risk of lymphoma in
multiple-case lymphoid cancer families is supportive of the hygiene hypothesis and the outcome
of several epidemiological population-based studies (157,170,191,201,255,256,259,260,262).
Birth order and sibship size are inevitably correlated and distinguishing between their effects is
difficult. Generally, eldest siblings are nursed longer, receive more prenatal care and medical
surveillance, and may be better nourished than later born siblings (475–479). Children from
smaller sibships are typically of higher SES and have an older age at first bacterial or viral disease
(210,479), whereas larger families may be subject to crowding that increases the likelihood of
sharing infectious agents such as EBV, HHV-8, H. pylori, and Mycoplasma pneumoniae, all of
which are associated with elevated rates of lymphomas and leukemias (184,253,259,261,480–
483). Opposite risk patterns for childhood- and adult-onset HL have been documented (260);
however, we observed no difference in risk among young-adult or older-adult HL, while childhoodonset cases were too few to analyze fully. Our finding that MCL, MZL and MALT lymphoma were
more frequent among earlier born siblings has not been previously reported.
Indicators of infectious exposures that are correlated with childhood SES were also
supportive of the hygiene hypothesis, such that individuals with a high childhood SES were at an
elevated risk of lymphoid cancer. Strong indicators of childhood SES include parental education
and income as they capture knowledge-related behaviours that influence age, extent and
response to infectious agents (249,270). More protected or cleaner environments associated with
higher SES may delay infectious exposure and increase adult-onset immune-related disease risk
(484), which is consistent with population-based associations (201–203,252,485–488) and our
observations. In this study, childhood farm residents had a lower risk of lymphoma which is
consistent with the hygiene hypothesis and epidemiological population-based studies
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(170,212,277). Early and frequent farm visits and animal contact (0-4 years of age) are thought
to trigger an early immune response and strong immune competence suggested to prevent
childhood lymphomas (170,212,277).
Familial cases were significantly more likely than their unaffected siblings to report a
history of allergies and a tonsillectomy, which may indicate defective immune regulation
(160,489,490). An elevated risk of allergies has been observed among nonfamilial cases of
lymphoma (491), including NHL (160,257,492) (and mature B-cell subtypes (142,257,491)), HL
(201), MM (157,491), and familial WM (103 cases) (232); however, some studies observed the
opposite effect (146–148,157,253,257,493–495). Explicit correlations between lymphoid cancer
subtypes and high molecular weight allergens (493), serum IgE levels (494) and type of allergy
(e.g., food, environment) (146,147,157,160,257,491) complicate the elucidation of these
relationships.
A positive association between lymphoid cancer and a tonsillectomy has been described
among population lymphoid cancer cases (146,218,221,496), but not among multiple-case
families (226,232). A tonsillectomy in younger children may indicate severe recurrent tonsillitis
(146,218) caused by an altered or impaired immune response which affects lymphogenic
mechanisms in adulthood (146,497). Lymphoid cancer risk may be more pronounced in
tonsillectomized children because of the declining immunological function of the tonsils from early
childhood to adulthood (218,221,498). Viruses such as EBV has been implicated in this role, as
it is associated with recurrent bouts of tonsillitis (146,221,499–501).
In this study, a higher risk of DLBCL (but no other subtype) was associated with an
appendectomy, which is consistent with some (225,226), but not all epidemiological populationbased studies (158,229,232). An appendectomy/appendicitis may reflect susceptibility to
infection/inflammation; however, this information was unavailable in for the participants in our
study. The removal of the appendix and surrounding lymphoid tissue may alter the natural
immune response to pathogenic microorganisms (225,502). With the possible exception of MM,
we observed no association between familial lymphoid cancer and asthma, consistent with the
literature (142,147,158,160,170,208,257,262,492). Some studies, including ours, were unable to
differentiate between allergic and non-allergic asthma, which may explain some of the
inconsistency among the studies (62).
There is limited and contradictory information on the associations between education and
risk of lymphoma (295). In this study, familial cases were more likely to have lower educational
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attainment than their unaffected siblings, which is consistent with sporadic DLBCL (295) and MM
(180,268,295) cases, but not all population-based studies (201,202,295). The relationship
between education and lymphoid cancer is complex and may be influenced by age of diagnosis,
treatment regimens, and childhood SES.
We observed no association among autoimmune disorders and familial lymphoid cancer
occurrence. Personal and family history of autoimmune conditions are strong established risk
factors for lymphoid cancers (62,124,129,232,414,503–505), so this finding is unexpected.
However, we were unable to examine subtype-specific associations among the biologically
diverse autoimmune diseases, and a personal history of organ-specific autoimmune disease was
associated with lower risk of lymphoma. Among individuals with an organ-specific autoimmune
disease, unaffected siblings were on average 11 years younger than lymphoid cancer cases,
suggesting that unaffected cases might harbor a predisposition to lymphoid malignancy that has
not yet become manifest due to shorter duration of follow-up, and/or ascertainment bias.
Our observations add to the epidemiological support the antigen stimulation hypothesis
(142,157,160,201,232,257,491,492), wherein chronic immune stimulation progressively leads to
random oncogenic mutations and subsequent cancer development (160,489,490). In contrast,
the immune surveillance hypothesis proposes that allergic conditions enhance the ability of the
immune system to detect and eliminate malignant cells (160,506), and is also well supported
(146–148,157,253,257,493–495). Explicit correlations between lymphoid cancer subtypes and
type of immune-related disease (e.g., allergies, asthma, autoimmune condition, etc.) complicate
the elucidation of these relationships (62,124,129,146,147,157,160,232,257,414,491,503–505).
Inconsistencies among studies may be partially attributable to differences in study designs,
reverse causality, gender differences, selection bias, diverse definition and measurement of
allergy, hematological subtypes assessed, reliance on self-reported data/recall bias and
participant

characteristics

(e.g.,

families

with

a

genetic

etiology,

sporadic

cases)

(153,157,179,201–203,221,222,249,252,254,256,261,274,466,491,507).
Our study has several strengths, including extensive demographic, family structure and
exposure data, and inclusion of unaffected family members. Participation rates of cases and
unaffected siblings did not differ by SES or education. Family based studies such as ours do not
suffer from response bias due to education and SES disparities among participants as in casecontrol study designs. Despite the rarity of familial lymphoid malignancies, this study included a
relatively large number of families (196). We were able to detect effects of birth order, sibship
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size, and childhood environment among familial lymphoid cancer cases while controlling for
known lymphoma risk factors (age, sex, ethnicity). Limitations include use of self-reported data,
which may be subject to recall/response biases (143,508). We did not have complete atopic
disease data or direct markers of infectious exposure, such as number and type of infections, age
at infection, or serologic data. Shorter duration of follow-up may have biased some associations
because insufficient time elapsed for disease development among siblings and children. Families
were not ascertained through a systematic population-based study, which may limit the
generalizability of the findings to non-familial lymphoma. However, this study represents the
largest, and in terms of demographic and lifestyle information, the most extensively characterized
cohort of lymphoid cancer families reported to date.

5.5

Conclusion
This investigation represents the first multiple-case family study to quantify the effects of

family structure according to lymphoid cancer type. This is the first study to establish an inverse
relationship between family structure (birth order and sibship size) and risk of CLL and MM in the
context of families with heterogeneous lymphoid cancers. The observed inverse relationship
between family structure and risk of lymphoma is supportive of the hygiene hypothesis, and that
childhood exposure to infectious agents may play a role in the risk of multiple types of lymphoid
cancers. Our observations indicate that lifestyle factors such as SES and education also correlate
with risk of lymphoma. The familial nature of these cancers implies a role of shared genetic and/or
environmental factors. Such effects may be modified by lifestyle factors that correlate with birth
order and family structure, and could lead to the identification of modifiable factors that protect
against lymphoid cancers, even in the context of multiple-case families.
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Chapter 6: Allele sharing and identity by descent analyses identify
biologically plausible variants in a multiple-case lymphoid cancer family.

6.1

Introduction
The aggregation of lymphoid cancers in several large multiple-case families without

mutations in known susceptibility genes suggests the presence of unidentified genomic factors
that affect risk of lymphoma. Large multigenerational families are potentially informative for
linkage analysis in finding high-penetrance variants. Numerous multiple-case lymphoid cancer
families have been the subject of linkage searches and several putative linkage signals were
observed.
To date, only a few studies have performed linkage searches in high-risk NHL families
(376,377,509,510). A linkage study of 11 families with WM provided evidence for disease loci on
chromosomes 1q and 4q (and possibly 3q and 6q); however, no specific gene has been implicated
to date (377). Some high-risk CLL families appear to carry susceptibility loci at 2q21 (CXCR4)
(376,509), 6p22.1 (HLA region) (376), 18q21.1 (SMAD7) (376), or 9q21.33 (upstream DAPK1)
(510). CXCR4 plays a key role in B lymphopoiesis by regulating proliferation, differentiation, and
migration during an immune response. Single nucleotide variants (SNVs) in CXCR4 have been
identified among several families enriched for CLL, including a truncating mutation (W195X) (509)
and two missense variants (V139I and G335S) (509) in an evolutionarily conserved domain (509).
Genome-wide SNP genotyping has been performed in several high-risk HL families
(380,433,434,511,512). Initial studies found evidence for linkage on chromosome 4p, 2 and 11
(380). Several candidate pathogenic genes (e.g., AURKA, VNN2, CYSLTR2, EMILIN3,
SDR42E4, FAM107A, SLC26A6 and ACAN) have been identified in multiple-case HL families
(434,512). Most multiplex HL families that have been studied appear to involve different genetic
loci. However, few regions linked to or associated with lymphoid cancer and with mutations in
more than one family have been observed, and include: the disruption of KLHDC8B (3p21.31) by
translocation or a 5’ UTR SNP which has been observed in 4 HL families (433); a truncating
mutation or 3 bp deletion in NPAT (11q22.3) found in a family with 4 NLPHL cases and 1 family
with an HL and NHL case, respectively (513); a rare (MAF = 0.0007) missense variant in KDR (or
VEGFR2) associated with HL risk in 2 families (434).
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With the aim of furthering our understanding of lymphoid cancer susceptibility, we describe
a family in which four members were diagnosed with lymphoid cancer (2 NLPHL, 1 Tcell/histiocyte rich diffuse large B-cell lymphoma (THRLBCL), and 1 DLBCL). THRLBCL is a rare
subtype of DLBCL that can morphologically resemble NLPHL. NLPHL is generally an indolent
lymphoma, whereas THRLBCL is typically diagnosed in advanced clinical stages with a poor
prognosis (17,514). THRLBCL and NLPHL cases share a number of diagnostic features, including
cellular histology, morphology, and gene expression, suggesting that these entities represent a
spectrum of a single disease (514). The aggregation of 2 NLPHL and a THRLBCL case in a
sibship is suggestive of a shared genetic etiology. Seeking to identify major risk locus, we
conducted a genome-wide SNP based identity by descent (IBD) analysis of the entire pedigree,
and whole exome sequencing (WES) of lymphoid cancer affected family members. Variants that
segregated with lymphoid cancer among all 4 affected family members or the 3 brothers were
prioritized.

6.2

Methods

6.2.1 Recruitment of Family 133
We recruited a four-generation Canadian family of European origin, comprising 52
members. Written informed consent was obtained from all study subjects. A detailed family history
revealed four members of the family were diagnosed with lymphoid cancers (Figure 14). Three
out of twelve siblings were diagnosed with a lymphoid cancer, and a fourth lymphoid cancer case
was in a maternal aunt. The proband, III-1, is a male diagnosed with NLPHL at the age of 19
years. A brother of the proband, III-5, was diagnosed with THRLBCL at 48 years of age, and
another brother of the proband, III-8, was diagnosed with NLPHL at 33 years of age. The maternal
aunt, II-6, was diagnosed with DLBCL at 60 years of age. The diagnoses were confirmed through
medical records and histopathology slides reviewed by an expert oncology pathologist. None had
a significant medical history or past history of cancer with one exception: II-6 (maternal aunt) had
been diagnosed with breast cancer 1 year prior to a DLBCL diagnosis. NLPHL relapsed in III-1 at
44 years old.
Additional personal health information was available for 25 members of Family 133. Other
immune-phenotypes include a personal history of a tonsillectomy for III-1 (affected proband), III5 (affected brother), II-6 (affected maternal aunt), but not for III-8 (affected brother), nor 7 other
100

*

*

* *

*

*

*

*

*

*

*

*

*

*

*

*

*

*

* *

*

*

*

*

* *

* *

Figure 14: Pedigree of a European-ancestry family with multiple lymphoid cancers.
Notes: * genomic DNA available for genotyping. # corresponds to the age of diagnosis.
Squares represent males, circles represent females. Arrow indicates proband. Black shading
designates lymphoid cancer cases that were exome sequenced.
Abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; NLP, nodular lymphocyte
predominant; DLBCL, diffuse large B-cell lymphoma; THRLBCL, T-cell/histiocyte-rich large B-cell
lymphoma; RB, retinoblastoma; Mucoepidermoid carc, mucoepidermoid carcinoma; BCC, basal cell
carcinoma; Breast, breast cancer; Prostate, prostate cancer; Leuk, leukemia; recur, relapse lymphoma.

Lymphoid cancer
Non-lymphoid cancer
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unaffected siblings in which personal medical information was available. Six additional unaffected
relatives reported having a tonsillectomy. Three unaffected relatives and one presumed carrier
reported having an autoimmune condition, including II-5 (mother and presumed carrier)
diagnosed with RA, III-2 (unaffected female sibling) diagnosed with hypothyroidism, III-4
(unaffected female sibling), diagnosed with RA, and III-12 (unaffected female siblings), diagnosed
with psoriatic arthritis.

6.2.2 Sample collection
Phenotype data and peripheral blood or saliva were collected from 30 members of Family
133, 4 of whom were affected by a lymphoid malignancy. FFPE tissue blocks were obtained for
5 lymphoid tumours (1 recurrent lymphoma) and 3 non-lymphoid cancer tumours (breast,
prostate, mucoepidermoid carcinoma). gDNA was extracted from peripheral blood or saliva
samples according to the manufacturer’s protocol (415). Tumour DNA and RNA were extracted
from FFPE tissue blocks using the QIAGEN AllPrep DNA/RNA (Germantown, Maryland, USA)
and the recommended deparaffinization solution according to manufacturer’s protocol (418).

6.2.3 SNP genotyping and quality control
Family members who are currently unaffected may go on to develop a lymphoid cancer
and are therefore considered ‘unknown’ instead of unaffected. Constitutional DNA samples from
30 family members (4 affected, 26 unaffected/unknown) and 4 tumour DNA samples (1 lymphoid,
3 non-lymphoid) were subject to genotyping of 4,559,465 markers using a custom Infinium
Omni5Exome-4 v1.3 BeadChip (Illumina, San Diego, California, USA) (515) at the McGill
University/Genome Quebec Innovation Centre (Montreal, Quebec, Canada). Markers had a mean
and median physical spacing on 0.64 kb and 0.33 kb respectively (515).
For purposes of SNP typing quality control, the data from Family 133 were analyzed in
conjunction with 1162 other samples genotyped in the same batch. The additional 1162 samples
are from the Healthy Aging Study which is also under the supervision of Dr. Angela BrooksWilson.
Illumina GenomeStudio v 2.0 software was utilized with the GenTrain 2.0 clustering
algorithm. To maximize the number of informative markers, per-sample QC was performed before
per-marker QC, when possible. In total, 1196 samples from two studies (34 LCFS, 1162 Healthy
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Aging Study) were genotyped at 4,559,465 markers and QC measures applied. SNPs were
clustered using high quality samples (call rate ≥ 99%). 140,863 SNPs were excluded from 1192
germline samples according to the following criteria: GenCall scores < 0.15 (per Illumina
recommendations), GenTrain scores < 0.15, cluster separation < 0.40, call frequency < 99%, 1
or more genotype discrepancies between 25 pairs of replicate samples, and normalized intensity
cluster mean (“R mean”; AA, AB and BB) ≤ 0.20. At this point, batched per-marker QC steps were
completed and 30 LCFS germline samples from Family 133 were separated from 1162 Healthy
Aging Study samples.
Additional per-sample QC was performed on 30 germline samples from Family 133.
Samples were examined for discordance with ascertained sex to identify plating errors or sample
mix-ups. Gender mismatch was checked using PLINK (516,517) and by examining the X
chromosome homozygosity and Y chromosome hemizygosity rates for constitutional DNA
samples. One LCFS sample was removed due to discordant sex. One LCFS sample was
removed due to low marker call rate (~66%).
Additional per-marker filtering was performed on 28 LCFS germline samples. 2,608,199
(59%) markers that were duplicated, monomorphic, or had Mendelian inheritance errors in Family
133 were excluded. Approximately 1,813,047 markers in 28 samples were used in downstream
analysis.

6.2.4 Exome sequencing and joint variant calling
Four individuals with lymphoid cancer were selected for exome and UTR sequencing as
described in Chapter 2.6.2: Whole exome sequencing on page 49. Joint variant calling was
performed in a cohort of 40 families (92 samples) with familial lymphoid cancers as described in
Chapter 2.6.3: Joint variant calling on page 50.

6.2.5 Confirming pedigree relationships
Kinship coefficient
Kinship coefficients were estimated using the KING-Robust kinship coefficient algorithm
(518), which measures the relatedness between two samples. Specifically, it is the probability that
an allele selected randomly from individual 1 and an allele selected randomly from the same
autosomal locus in individual 2 are IBD. Relationships are inferred reliably for close relatives (up
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to the third-degree relationships). Relationship inferences for each first-, second- and third-degree
pair-wise comparison performed as expected (data not shown).

Proportion of the genome shared IBD among relatives
The proportion of the genome shared IBD among all pairwise relationships was estimated
using: 1) KING (518,519) and 2) SNP and Variation Suite (SVS), Golden Helix (520).
KING
IBD segments were estimated using KING (518,519) and plotted for all pair-wise
relationships in the family. KING uses the estimated the proportion of the genome shared identical
by descent on one and two chromosomes (IBD1, and IBD2, respectively) to infer relatedness.
KING can infer relationships that are duplicate/MZ twin, parent-offspring, first-degree relative
(siblings), second-degree relative, third-degree relative and fourth-degree relatives.
Inferred relationships were visualized by plotting the proportion of IBD1 and IBD2
segments for each pairwise relationship.
SNP and Variation Suite (Golden Helix)
An identity-by-descent estimation was calculated using SVS (Golden Helix) (520).
Pairwise IBD estimates were plotted as a heat map.

Comparison of shared IBD segments among pair-wise relationships
IBD segments were estimated using KING, Refined IBD, and FastIBD (as described in
6.3.6: Identity-by-descent). IBD segments from Refined IBD and FastIBD were plotted using the
PhenoGram visualization tool (521). All IBD segments (IBD0, IBD1, and IBD2) from KING
relationship inferences were plotted for each pair of relatives using the king_segments_plot.R
script (519).

6.2.6 Identity-by-descent
IBD mapping provides an alternative to linkage analysis in the presence of allelic and locus
heterogeneity by detecting clusters of individuals who share a common allele (522). IBD analysis
can lead to the identification and fine mapping of the critical regions in which likely causal variants
may be located (522).
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Approximately 1.8 million markers in 28 samples were used for IBD segment detection
using the following tools: 1) Refined IBD (523,524), 2) FastIBD (525), 3) KING (518,519), and 4)
SNP and Variation Suite (SVS) (Golden Helix) (520).
IBD segment detection and quality assurance measures:
Refined IBD detects phased haplotype segments of a specified length threshold and
calculates the likelihood of an IBD model (a haplotype shared IBD) vs. non-IBD model (no
haplotype shared). Candidate segments above a specified threshold are reported as IBD
segments (523,524). Refined IBD incorporates modeling of linkage disequilibrium (LD) and is able
to make use of all high-density markers without increasing false positive rates (523,524). The
probabilistic approach better accounts for haplotype phase uncertainty, relative to other IBD
detection methods (e.g., FastIBD). Refined IBD does not overestimate IBD segment endpoints,
but may miss some parts of an IBD segment (523). As a result, Refined IBD has a better true
discovery rate (than FastIBD).
FastIBD (Beagle version 3.3.1) uses a non-probabilistic approach to estimate haplotypes
using unphased data and is less accurate than Refined IBD (525). FastIBD phasing and haplotype
accuracy is improved by combining the FastIBD output (candidate IBD segments) from 10 runs
with random seed parameters. The recommended FastIBD threshold < 10-10 is used to identify
segments greater than 1 centimorgan (cM) in length. FastIBD tends to overestimate IBD segment
endpoints but misses very little of the true underlying IBD segment. As a result, FastIBD can have
a higher false discovery rate and a higher sensitivity than Refined IBD (525).
KING estimates IBD segments and can check family relationships and flag pedigree
errors. Close relatives (e.g., first- and second-degree) can be identified reliably based on the
estimated kinship coefficient algorithm, whereas relationship inferences for more distant
relationships (e.g., third- and fourth-degree relatives) are more challenging (518). Inferred
relationships are visualized by KING which can be used to confirm pedigree errors. IBD segments
are rapidly and accurately inferred between all pairs of individuals. Pair-wise IBD segments of
close relatives were plotted using an R script (king_segments_plot.R script (519)).
Genome-wide IBD was also measured between all pairs of samples using a probabilistic
approach through Golden Helix, SVS (520).
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IBD segment detection was performed according to the following workflow:

Beagle v5 & Refined IBD: Beagle v5.0 (526) was used to phase and impute missing alleles or
genotypes using a reference panel of phased genotypes obtained from 1000 Genomes Project
Phase 3 data release (version 5a). Markers that are not present in the reference panel were not
retained. Short breaks and gaps between IBD segments were merged using merge-ibd-segments
utility. Consensus IBD regions were reconstructed from 8 variations of phasing and IBD detection
as described above.

Beagle v5.0 & Refined IBD: Beagle v5.0 (526) was used to phase SNP data. Refined IBD (2018
release) (523) used non-missing phased genotypes to detect IBD segments. IBD segments were
merged using merge-ibd-segments utility to remove short breaks and gaps in IBD segments that
have at most one discordant homozygote and that are less than 0.6 cM in length per author
guidelines (Refined IBD v5 documentation) (523). Consensus IBD regions were reconstructed
from 8 variations of phasing and IBD detection using the following parameters: 1) 12 (default), 30,
and 50 phasing iterations, 2) 40 (default) and 60 IBD segment window size, and 3) 0.5 and 1.5
(default) IBD segment length.

FastIBD (Beagle v3.3.2): FastIBD is incorporated in Beagle v3.3.2 (527). The FastIBD algorithm
was used to impute missing data, infer haplotype phase and detect genetic regions that are
identical-by-descent. Haplotypes were sampled in 10 runs using random seeds as per author
recommendations (527,528). Haplotypes shared by pairs of samples with a FastIBD score less
than the default threshold were retained (per author recommendations) (528). A FastIBD score <
10-10 provides strong evidence that the shared haplotype is IBD if the length of the shared
haplotype length is ≥ 1 cM. Short breaks and gaps between IBD segments were removed prior to
merging IBD segments across all runs (according to author guidelines) (527).

KING v2.2.3: The KING statistical approach is designed to analyze unphased SNP data (518).
IBD segments were detected for all pairwise relationships. Relationship inference and IBD
detection are not impacted by the LD structure, or high-density genotype data (518).

SVS (Golden Helix): SVS estimates IBD between all pairs of samples using LD pruned data per
author guidelines (520). This function is used as a quality control measure.
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6.2.7 Variant extraction and filtering
Candidate IBD segments from Refined IBD, FastIBD and KING were used to identify
regions that are shared IBD in 4 lymphoid cancer cases and 3 brothers. IBD segments from
Refined IBD were smaller than (and confined to) IBD segments identified from FastIBD and KING.
The IBD segment endpoints from Refined IBD were within the candidate regions identified by
FastIBD or KING, and so only FastIBD and KING outputs were used for analysis.
All genotypes in IBD regions were extracted from WES data for filtering and prioritization.
Variants were annotated using the SVS Software (Golden Helix, Inc.) (Table 18).
Germline variants were filtered to identify missense, nonsense, frameshift, UTR and splice-site
variants. Synonymous SNVs were systematically evaluated using the regSNPs-splicing tool
which prioritizes synonymous variants based on their impact of mRNA splicing and protein
function (529). Uncommon non-silent variants (MAF < 5%) catalogued in Trans-Omics for
Precision Medicine (TOPMed) and the Genome Aggregation Database (gnomAD) (European and
global ancestry) were retained. Variants were annotated using the database for nonsynonymous
SNPs’ functional predictions (dbNSFP) (530,531) which provides annotations of 6 functional
prediction tools (SIFT, PolyPhen2, FATHMM, MutationTaster, MutationAssessor, and FATHMM
MKL); variants flagged as “benign” with 4 or more prediction tools were removed. Scaled C-scores
from the combined annotation-dependent depletion (CADD) method were applied to further
prioritize the variants; C-scores of 10 or lower were excluded, thus retaining all variants predicted
to be in the top 10% of the most deleterious in the human genome, respectively (532). Variants
that were not annotated using the preceding tools (e.g., TOPMed, gnomAD, dbNSFP, or CADD)
were passed through to the next step in the filtering pipeline. After implementing filtering, Genome
Browse (Golden Helix, Inc.) was used to visually confirm the potential candidate variants by
rechecking raw binary alignment map (BAM) file data.
Candidate IBD segments from FastIBD and KING were also used to identify regions that
segregate with disease status among the 3 brothers with NLPHL and THRLBCL subtypes.
Variants were filtered using the same workflow described above and in Table 18 with the
exception of a lower MAF threshold (MAF <1%).

107

Table 18: Filtering pipeline for the identification of candidate variants.
Filtering criteria

Description

4 cases 3 brothers

• Extract all exome variants from IBD segments
predicted by KING and FastIBD.
• Remove variants that do not segregate with
disease (4 cases or 3 brothers).
3. Variant QC and
• Retain nonsynonymous, splicing, frame shift,
classification
UTR, etc. predicted by RefSeq and Ensemble.
• Retain unannotated variants.
4. Variant frequency
• Annotate with TOPMed and gnomAD.
<0.05
<0.01
• Retain MAF in European or global population:
• Retain unannotated variants.
5. Functional predictions, • Remove variants predicted as "benign" from 4 or
dbNSFP
more prediction tools.
• Retain unannotated variants.
6. Functional prediction,
• Remove variants with a scaled C-score < 10.
CADD
• Retain unannotated variants.
7. Variant verification
• Remove variants with no support in BAM file or a
read depth <10.
<0.05
<0.01
• Remove variants with a European MAF:
8. Candidate variants
• Biologically plausible.
Abbreviations: IBD, identity-by-descent; QC, quality control; UTR, untranslated region;
TOPMed, Trans-Omics for Precision Medicine; gnomAD, Genome Aggregation Database; MAF,
minor allele frequency; dbNSFP, database for nonsynonymous SNPs’ functional predictions;
CADD, combined annotation dependent depletion; BAM, binary alignment map.
1. Extract exome variants
from IBD loci
2. Variant segregation

6.3

Results

6.3.1 Confirming pedigree relationships
We report on a family in which 28 members were genotyped to identify candidate risk
genes that may affect susceptibility to lymphoid cancer. Examining the affected status in the
family’s pedigree indicated that an autosomal dominant mode of inheritance was more likely.
Pairwise IBD analysis were performed for all individuals in Family 133. Calculated Kinship
coefficients confirmed the reported family relationships (data not shown). The proportion of the
genome shared IBD confirmed the reported family relationships using KING and SVS (Golden
Helix) (data not shown). The KING inferred pairwise relationships were visualized by plotting the
proportion of IBD1 and IBD2 segments (Supplementary Figure D.1). SVS (Golden Helix)
pairwise IBD estimations were plotted as a heat map (Supplementary Figure D.2). IBD segment
plots were manually inspected among pairwise relationships (data not shown).
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6.3.2 Inferred IBD tracts
IBD segments shared by 4 cases were 342.1 Mb and 359.8 Mb as detected by KING and
FastIBD, respectively (Table 19). Segments from FastIBD and KING were combined to yield 385
Mb of candidate IBD regions across 14 chromosomes. 14,485 SNPs were extracted from the
inferred IBD segments.
Table 19: Identity-by-descent segments shared in 4 lymphoid cancer cases in Family 133.
Chr #
1

2

3
4
5
7

8
9
10
14
15

17
18
20
Total

FastIBD
Region start, bp Region end, bp Size, Mbp
84702301
86572817
104992206
112913252
150860055
168341409
204247388
240209042
63.23
184078964
190452586
213463406
214527050
220063783
227959973
231544844
243172645
26.96
4982356
10941732
151262987
175616591
30.31
24931019
45276356
20.34
82083323
96912369
14.83
22158627
25676893
30860218
67814731
138742775
150554584
52.28
128236439
146296414
18.06
77764836
81064897
3.30
90736213
115594725
24.86
34632233
76697490
42.07
37539807
53606685
65224676
67257792
69250142
88914580
91585401
102400037
48.58
11225528
13676445
2.45
57376365
65316557
7.94
63244
4683295
4.62
359.8

KING
Region start, bp Region end, bp
84222374
86575279
105033164
113278651
150482255
168341409
204412538
239285428
184122339
190452586
220117458
227959973

Size, bp

63.33

14.17
4924153
152643911
24871338
82149437
30896440
61071103
138744679
128251854
77770756
90585138
34586025
37566761
65224676
69118161
91586237
11238992
57123916
63244

10941732
175678538
46071039
97314428
57934758
67849501
151478809
146296414
81064897
115782271
76697490
53606685
67332467
88914580
102400037
13676445
65317012
4683295

29.05
21.20
15.16
46.55
18.04
3.29
25.20
42.11

48.76
2.44
8.19
4.62
342.1

Abbreviations: Chr, chromosome; bp, base pair; Mbp, mega base pair.

IBD segments shared by the 3 affected brothers were 1063.3 Mb and 1071.5 Mb as
detected by KING and FastIBD, respectively (Table 20). Segments from FastIBD and KING were
combined to yield 1119.3 Mb of candidate IBD regions across 21 chromosomes. 69,793 SNPs
were extracted from the inferred IBD segments.
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Table 20: Identity-by-descent segments shared by 3 affected brothers in Family 133.
Chr #
1

2

3
4
5
6

7

8
9
10

11
13
14
15
16
17
18
19
20
21
22
Total

FastIBD
Region start, bp Region end, bp Size, Mbp
84552579
86575279
104992206
175386849
204081892
240209042
108.54
2420556
114992849
134864344
137616646
139469472
190452586
220063783
243172645
189.42
60799
10941732
151262987
195026078
54.64
10823723
82666782
71.84
79394840
129492766
50.10
151865
22378919
52144221
112972697
83.06
12509325
113719614
137571931
151497926
115.14
128236439
146296414
18.06
77764836
81064897
3.3
21021079
65463074
90590746
115594725
69.45
13997399
36897737
119383083
125878883
29.40
19121950
26538585
64106818
112091771
55.42
34632233
101664495
67.03
29733283
67257792
69250142
102400037
70.67
84870
12153374
59907431
90157057
42.32
1389
13676445
69668280
81052105
20.06
57376365
65316557
7.94
53609534
59095126
5.49
63244
4683295
4.62
37999782
48094803
10.10
16054713
48988668
32.93
1071.47

KING
Region start, bp Region end, bp Size, Mbp
84222374
86575279
105033164
175361190
204412538
239285428
107.55
2428847
115208681
134590598
137744509
138319054
190452586
220117458
243172645
191.13
60799
10941732
152643911
192315287
50.55
10952541
49091782
38.14
79395829
131873073
52.48
151865
22378919
51859957
58770624
61880512
122346851
83.51
14436385
57934758
61071103
113702000
136085428
151504945
111.55
128251854
146296414
18.04
77770756
81064897
3.29
20795744
39076581
42427074
65749663
90108614
115782271
67.28
14005139
36897403
119376672
125861219
29.38
19121950
26576949
63930037
111152191
54.68
34586025
101670530
67.08
29584194
67332467
69118161
102400037
71.03
84870
12138068
59781029
88274442
40.55
1489668
13676445
70200743
81052105
23.04
57123916
65317012
8.19
54916601
59095126
4.17
63244
4683295
4.62
38074253
48094803
10.02
19643104
21988774
23932181
48904896
27.32
1063.31

Abbreviations: Chr, chromosome; bp, base pair; Mbp, mega base pair.

6.3.3 Gene prioritization
Of 14,484 exome SNVs located in the 385 Mb of inferred IBD segments, the stepwise
filtering strategy employed in Figure 15 identified 32 potential candidate variants listed in Table
21. Of 14,453 excluded variants, half did not segregate with disease status (n=7346, 50.7%),
28.0% were common in the population (European ancestry), 18.9% were synonymous or intronic,
231 variants were predicted benign/not deleterious and 84 variants lacked adequate support (read
depth, ethnicity-specific MAF, biological relevance, etc.).
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Figure 15: Filtering steps for the identification of candidate variants in IBD segments that
segregate with 4 cases of lymphoid cancer in Family 133.
Abbreviations: IBD, identical by descent; TOPMed, Trans-Omics for Precision Medicine;
gnomAD, Genome Aggregation Database; MAF, minor allele frequency; dbNSFP, database for
nonsynonymous SNPs’ functional predictions; CADD, combined annotation dependent depletion;
DP, depth of coverage; BAM, binary alignment map.
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Table 21: List of 32 candidate germline variants in IBD regions in 4 affected members of Family 133.
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Region
Marker
Gene
Class
SNV/Indel
Ref/Alt
rsID
MAF
CADD
1q21.3
1:154318761-SNV
ATP8B2 Missense
p.Leu978Met
C/A
rs139958998
0.0002/0.0001
22.4
1q22
1:155257818-SNV
HCN3
Missense
p.Pro630Leu
C/T
rs35001694
0.0266/0.0212
23.3
1q23.2
1:160134012-SNV
ATP1A4 Missense
p.Thr282Met
C/T
rs144463520
0.0016/0.0011
25.1
1q24.1
1:166908811-SNV
ILDR2
Splice site
g.splice acceptor
G/A
rs41269698
0.0239/0.0136
15.4
1q24.2
1:167394479-DEL
POU2F1 UTR3
c.*9433delG
G/rs1354339916
0.0020/NA
13.81
1q32.2
1:210010524-SNV
UTP25
Missense
p.Asp344Asn
G/A
rs41274840
0.0171/0.0149
27
1q42.13
1:228506912-SNV
OBSCN
Missense
p.Leu4820Pro
T/C
rs188302055
0.0076/0.0062
26.6
1q42.13
1:229787055-SNV
URB2
Missense
p.Arg1408Gln
G/A
rs41310553
0.0149/0.0142
28.8
1q42.2
1:233802497-SNV
KCNK1
Missense
p.Arg171His
G/A
rs143945189
0.0087/0.0089
26.1
7p13
7:43978084-SNV
UBE2D4 Missense
p.Gly27Ser
G/A
rs61751727
0.0382/0.0169
22.9
7q34
7:139246917-SNV
HIPK2
UTR3
c.*10756G>A
G/A
rs116922249
0.0220/0.0121
12.63
7q34-35
7:143092269-SNV
EPHA1
Missense
p.Pro697Leu
G/A
rs34372369
0.0736/0.0590
26.9
8q24.21
8:128750540-SNV
MYC
Missense
p.Asn26Ser
A/G
rs4645959
0.0241/0.0252
25.2
8q24.3
8:145623265-DEL
CPSF1
Inframe deletion p.Met659delATG
ATG/- rs781863095
NA/NA
22.1
9q21.13
9:78938198-SNV
PCSK5
Missense
p.Cys1418Arg
T/C
Novel
NA/NA
25.1
10q23.33 10:97050708-SNV
PDLIM1
UTR5
c.-36G>T
G/T
rs1401258146
NA/<0.0001
11.28
10q24.1
10:99225645-SNV
MMS19
Missense
p.Ala558Val
G/A
rs12360068
0.0440/0.0278
23.9
10q24.2
10:101578952-SNV
ABCC2
Missense
p.Leu849Arg
T/G
rs17222617
0.0243/0.0108
18.86
10q24.2
10:103908969-SNV
ABCC2
Missense
p.Glu1592Lys
G/A
rs779672747
NA/<0.0001
24.4
10q25.1-2 10:111894999-SNV
ADD3
UTR3
c.*1623C>T
C/T
rs41291896
0.0237/0.0186
16.05
14q22.1
14:51370849-SNV
ABHD12B Missense
p.Phe227Leu
T/C
rs7154732
0.0452/0.0595
27.6
14q22.1
14:52508948-SNV
NID2
Missense
p.Thr594Met
G/A
rs150406341
0.0043/0.0038
24.6
14q22.3
14:57947421-SNV
CCDC198 Stop gained
p.Gln182Ter
G/A
rs34960436
0.0322/0.0210
36
14q23.1
14:60433392-SNV
LRRC9
Missense
p.Arg433Cys
C/T
rs35533709
0.0095/0.0085
29
14q24.1
14:67939508-SNV
TMEM229B UTR3
c.*629G>A
G/A
rs554492666
NA/<0.0001
15.36
14q24.3
14:74970041-SNV
LTBP2
Missense
p.Val1590Ala
A/G
rs139932140
0.0122/0.0060
24.1
15q14-15 15:40093446-DEL
GPR176 Frameshift
p.Pro433Profx114
G/Novel
NA/NA
26.3
15q15.1
15:42162467-SNV
SPTBN5 Stop gained
p.Arg1883Ter
G/A
rs61750839
0.0560/0.0283
35
15q15.2
15:43552663-SNV
TGM5
Missense
p.Thr42Asn
G/T
rs148913728
0.0026/0.0017
16.43
15q21.2
15:51740235-SNV
DMXL2
UTR3
c.*946T>C
T/C
rs76328997
0.0308/0.0258
16.84
15q25.3
15:85383070-SNV
ALPK3
Missense
p.Arg389Leu
G/T
rs1314564648 <0.0001/<0.0001 24.8
15q25.3
15:86087095-SNV
AKAP13 Missense
p.Gly191Arg
G/A
rs74502151
0.0171/0.0117
24.8
Notes: MAF corresponds to gnomAD (European ancestry)/TOPMed (European ancestry) allele frequencies.
Abbreviations: SNV, single nucleotide variant; MAF, minor allele frequency; CADD, combined annotation-dependent depletion; UTR,
untranslated region.

Most (97%) of the 32 candidate variants were nonsynonymous SNPs. Seven of the
variants were located in highly functional sites (splice acceptor, 5' UTR, or 3' UTR), and two SNVs
were novel.
Three variants were identified as potentially deleterious and plausibly biologically relevant.
The first was a heterozygous c.77A>G substitution in the second exon of the MYC oncogene,
resulting in a p.Asn26Ser substitution. The MAF of this variant is 0.02524 from TOPMed
(European ancestry), and 0.0241 from gnomAD databases (European ancestry). The mutation is
predicted to be protein damaging by SIFT (score: 0.01), MutationTaster, FATHMM MKL, and
possibly damaging by PolyPhen2 (score: 0.984). This variant has a high scaled CADD C-score
of 25.2, which indicates that Asn26 is predicted to be in the top 1% of potentially deleterious
substitutions in the human genome (532,533). MYC spans 6,001 bp (hg 19 assembly), has 3
exons, and 439 amino acids (AAs). The p.Asn26Ser variant is located at the N-terminus and does
not affect the Leucine-zipper region or helix-loop-helix domain (protein ID: P01106).
The second interesting variant was a heterozygous missense SNV, p.Pro697Leu, in the
erythropoietin-producing hepatoma receptor-A1 (EPHA1) gene. EPHA1 encodes a kinase
implicated in cell development, particularly in the nervous and immune systems. The variant is
predicted to be protein damaging by 6 functional prediction tools (SIFT score = 0.03, PolyPhen2
score = 0.855, MutationTaster, MutationAssessor, FATHMM and FATHMM MKL), and had a
scaled CADD C-score of 26.9 (top 1% of potentially deleterious substitutions) (532,533). No tool
predicted the variant as tolerated. The European ancestry MAF is 0.0736 and 0.0590 from
gnomAD and TOPMed, respectively; however, the global MAF is 0.0359 (TOPMed). EPHA1
spans 18,604 bp, has 18 exons, and 976 AAs (protein ID: P21709). The variant is located in a
kinase domain, 7 bp from a splice acceptor site in exon 13. This germline mutation has been
observed in 14 cases of non-lymphoid cancer (534).
The third candidate was a heterozygous missense p.Ala558Val SNV in cytosolic ironsulfur assembly component homolog (MMS19). The European ancestry MAF is 0.0440 and
0.0278 for gnomAD and TOPMed, respectively. The variant was predicted to be protein damaging
by 4 functional prediction tools (SIFT score = 0.02, PolyPhen2, MutationTaster, and FATHMM
MKL), and had a scaled CADD C-score of 23.9 (top 1% of potentially deleterious substitutions)
(532,533). MMS19 spans 40,471 bp, has 33 exons, and 1,030 AAs (protein ID: Q96T76). MMS19
is a key component of the cytosolic iron-sulfur protein assembly complex, a multiprotein complex
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involved in nucleotide excision repair (NER) and transcription. It is also a part of the mitotic
spindle-associated MMXD complex, which plays a role in chromosome segregation.
Two highly deleterious candidate variants in coiled-coil domain containing 198 (CCDC198,
also known as C14orf105) and spectrin beta non-erythrocytic 5, (SPTBN5) were predicted to
cause loss of function. A heterozygous nonsense mutation (p.Gln183Ter) in exon 5 of CCDC198,
an uncharacterized protein, resulted in a premature stop codon. The allele is less common in the
European and global population (MAF = 0.0322 and 0.0210 for gnomAD and TOPMed,
respectively). The variant was predicted damaging by MutationTaster and FATHMM MKL and
had a scaled CADD C-score of 36 (top 0.1% of potentially deleterious variants in the human
genome) (532,533). No tool predicted the variant as tolerated. CCDC198 spans 24,567 bp, has
6 exons and 9,296 AAs (protein ID: Q9NVL8).
A nonsense mutation (p.Arg1883Ter) in exon 10 of SPTBN5 was observed as a
heterozygous variant in 3 cases, and homozygous in 1 case, in Family 133. SPTBN5 is involved
in RET signaling and cytokine signaling in the immune system. The allele is less common in
individuals of European ancestry (MAF = 0.0560, gnomAD and MAF = 0.0283, TOPMed).
SPTBN5 spans 45,932 bp, has 68 exons and 3,674 AA (protein ID: Q9NRC6). The variant was
predicted damaging by MutationTaster and had a scaled CADD C-score of 35 (top 0.1% of
potentially deleterious variants in the human genome) (532,533). The variant was predicted to be
tolerated by FATHMM MKL. The variant is located in exon 31 in the Spectrin 12 repeat unit.
The remaining 28 regional candidate variants that segregated with disease status in
Family 133 were in 27 genes.
The stepwise filtering employed in Figure 16 identified 16 rare biologically plausible
candidate variants that were shared among the 3 affected brothers (Table 22). Biologically
plausible variants include nonsense variants and genes with a known involvement in cancer or
immune processes. Five of the variants were located in highly functional sites (splice donor, 3’
UTR) and 11 variants were nonsynonymous.
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Figure 16: Filtering steps for the identification of candidate variants in IBD segments that
segregate with 3 brothers with lymphoid cancer in Family 133.
Abbreviations: IBD, identical by descent; TOPMed, Trans-Omics for Precision Medicine;
gnomAD, Genome Aggregation Database; MAF, minor allele frequency; dbNSFP, database for
nonsynonymous SNPs’ functional predictions; CADD, combined annotation dependent depletion;
DP, depth of coverage; BAM, binary alignment map.
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Table 22: List of 16 candidate germline variants in IBD regions shared by 3 brothers with lymphoid cancer in Family 133.
Region
Marker
Gene
Class
SNV/Indel
Ref/Alt
rsID
MAF
CADD
1q23.1
1:156770583-Del
PRCC
UTR3
c.331delG
G/rs201707266 0.0124/0.0110
2p23.2
2:28826915-SNV
PLB1
Splice site
g.splice donor
G/A
rs139396774 0.0021/0.0005 28.1
2p22.3
2:33788730-Ins
RASGRP3 UTR3
c.*926_928insAA
-/AA
rs35972837 0.0013/0.0080
3p26.2
3:3190253-Del
TRNT1 UTR3
c.415delTTC
TTC/- rs567907193 0.0081/0.0058
3q27.1
3:183217542-SNV
KLHL6
Missense
p.Thr328Lys
G/T
rs372412048 0.0002/0.0001 24.1
4p15.32 4:15739419-SNV
BST1
Stop gained
p.Trp284Ter
G/A
rs144539516 0.0047/0.0053
38
4p14
4:38051515-SNV
TBC1D1 Stop gained
p.Arg636Ter
C/T rs1234254986 <0.0001/NA
38
4p14
4:38800282-SNV
TLR1
Missense
p.Ile57Met
T/C
rs145135062 0.0046/0.0030 22.3
6q16.3
6:102134167-SNV
GRIK2
Missense
p.Ser297Trp
C/G
rs61996330 0.0010/0.0010
32
10p11.21 10:35927592-SNV
FZD8
UTR3
c.2771C>T
C/T
rs188557882 0.0067/0.0048 19.87
11p15.2 11:14865399-SNV
PDE3B Stop gained
p.Arg783Ter
C/T
rs150090666 0.0006/0.0007
35
15q26.1 15:90167839-Del
TICRR
Inframe deletion
p.Pro1435delCTC
CTC/- rs533002408 0.0038/0.0004
16p13.3 16:231021-SNV
HBQ1
Missense
p.Pro115Ala
C/G
rs144961211 0.0072/0.0071 19.27
16p13.3 16:2158680-SNV
PKD1
Missense
p.Arg2163Gln
C/T
rs145217118 0.0046/0.0012
33
17q25.3 17:78222401-SNV SLC26A11 Stop gained
p.Gln484Ter
C/T
rs369853134
<0.0001/NA
42
22q11.22 22:22681849-Del
IGLV1-50 Frameshift deletion g.305838_305839TC TC/rs561565707 0.0032/0.0029
Notes: MAF corresponds to gnomAD (European ancestry)/TOPMed (European ancestry) allele frequencies.
Abbreviations: SNV, single nucleotide variant; MAF, minor allele frequency; CADD, combined annotation-dependent depletion; UTR,
untranslated region.
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A two-nucleotide insertion in the 3’ UTR of Ras guanyl-releasing protein 3 (RASGRP3)
was observed as a heterozygous variant in the 3 brothers. RASGRP3 is a guanine nucleotide
exchange factor for Ras (oncogene) and Rap1 (tumour suppressor). The European ancestry MAF
is 0.0013 and 0.0080 for gnomAD and TOPMed, respectively. RASGRP3 spans 128,427 bp, has
32 exons, and 690 AAs (protein ID: Q8IV61). Functional prediction tools (dbNSFP) and CADD
scores were unavailable for this variant.
The second interesting variant was a heterozygous missense p.Thr328Lys in the fourth
exon of Kelch-like family member 6 (KLHL6). The missense variant was in one of 6 conserved
Kelch repeat units. KLHL6 is involved in B-lymphocyte antigen receptor signaling and germinalcentre B-cell formation. Polymorphisms in KLHL6 have been observed in B-cell cancers (DLBCL,
CLL and FL) and rarely in non-B-cell malignancies. The European ancestry MAF is 0.0002 and
0.00014, for gnomAD and TOPMed, respectively. The missense variant was predicted damaging
by 3 tools (PolyPhen2, MutationTaster, and FATHMM MKL) and had a scaled CADD C-score of
24.1 (top 1% of potentially deleterious variants in the human genome) (532,533). Three tools
(SIFT, MutationAssessor and FATTHMM) also predicted the variant as tolerated. KLHL6 spans
68,182 bp, has 7 exons and 621 AAs (protein ID: Q8WZ60).
The third candidate was a heterozygous missense p.Ile57Met in the fourth exon of toll-like
receptor 1 (TLR1). The missense variant is located in the sixteenth leucine-rich repeat unit (of
19). TLR1 participates in the innate immune response to microbial agents. TLRs are important for
B-cell activation, maturation and memory. The European MAF is 0.0046 and 0.0030 for gnomAD
and TOPMed, respectively. The variant was predicted damaging by 6 tools (SIFT, PolyPhen2,
MutationTaster, MutationAssessor, FATHMM, and FATHMM MKL) and had a scaled CADD Cscore of 22.3 (top 1% of deleterious variants in the human genome) (532,533). No tool predicted
the functional variant as benign. TLR1 spans 69,263 bp, has 4 exons and 786 AAs (protein ID:
Q15399).
The fourth interesting candidate shared among the 3 brothers was a heterozygous
nonsynonymous p.Arg783Ter that caused a premature stop codon in exon 12 of cGMP-inhibited
3’,5’-cyclic phosphodiesterase B (PDE3B). PDE3B is involved in angiogenesis. Diseases
associated with polymorphisms in PDE3B include CLL, type 2 diabetes mellitus and
hypercholesterolemia. The premature stop codon was inserted in the phosphodiesterase
(PDEase) domain which plays a role in signal transduction. The RAPGEF3 and PIK3R6
interaction domains were retained in the truncated protein; however, a poly-glu repeat unit was
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lost. p.Arg783Ter was predicted damaging by 2 tools (MutationTaster and FATHMM) and had a
scaled CADD C-score of 35 (top 0.1% of deleterious variants in the human genome (532,533).
No tool considered the substitution to be benign. The European ancestry allele frequency is
0.0006 and 0.0.0007 for gnomAD and TOPMed, respectively. PDE3B spans 228,494 bp, has 16
exons and 1,112 AAs (protein ID: Q13370).
The fifth interesting candidate was a heterozygous nonsense p.Trp284Ter in bone marrow
stromal antigen 1 (BST1). BST1 facilitates pre-B-cell growth. Diseases associated with
polymorphic variants of BST1 include paroxysmal nocturnal hemoglobinuria and RA. The
premature stop codon was within 10 bp of a splice acceptor site and caused the loss of a lipidation
pro-peptide sequence. The variant was predicted to be in the top 0.1% of potentially deleterious
variants in the human genome with a scaled CADD C-score of 38. Functional predictions using
other tools (dbNSFP) were not available for this variant. The European ancestry allele frequency
is 0.0047 and 0.00534 for gnomAD and TOPMed, respectively. BST1 spans 71,241 bp, has exons
5 and 318 AAs (protein ID: Q10588).
The remaining 11 regional candidate variants that segregated with disease status in the 3
brothers were in 11 genes, and include the following:
•

A 1 bp deletion in the 3’UTR of Papillary Renal Cell Carcinoma (PRCC). PRCC is involved
in pre-mRNA splicing and the regulation of cell cycle progression. Chromosomal
translocations that cause gene fusions are associated with papillary renal cell carcinoma.

•

A 1 bp substitution at the splice donor site of intron 40 (of 57) in Membrane-associated
Phospholipase B1 (PLB1), which facilitates the absorption of digested lipids. This variant
may affect regions downstream of the splice site which includes 1 repeat unit and the
membrane localization signal. PLB1 may be a candidate gene for RA risk (535).

•

A 3 bp deletion in the 3’ UTR of TRNA Nucleotidyl Transferase 1 (TRNT1), which
catalyzes the addition of CCA to the 3’ terminus of tRNA molecules. There are two
autosomal recessive diseases associated with TRNT1: retinitis pigmentosa and
erythrocytic microcytosis, and sideroblastic anemia with B-cell immunodeficiency,
periodic fevers and developmental delay.

•

TBC1 Domain Family Member 1 (TBC1D1) is involved in regulating cell growth and
differentiation. A premature stop codon was observed in exon 11 (of 20) within 5 bp of a
splice donor site and caused the loss of the 200 AA Rab-GTPase-activating protein
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domain. Diseases associated with TBC1D1 include colloid adenoma and congenital
anomalies of the kidneys and urinary tract.
•

Glutamate Ionotropic Receptor Kainate Type Subunit 2 (GRIK2) forms a four-subunit
excitatory neurotransmitter receptor in the mammalian brain. A missense variant in exon
6 (of 16) was downstream of the protein kinase domain and homopolymeric Poly-Glu
stretch. Diseases associated with GRIK2 include autosomal recessive non-syndromic
intellectual disability and temporal lobe epilepsy.

•

A 1 bp substitution variant in the 3’ UTR of Frizzled Class Receptor 8 (FZD8), which is an
intronless gene that encodes a transmembrane receptor for Wnt proteins. Diseases
associated with FZD8 include interstitial cystitis and exudative vitreoretinopathy.

•

A TOPBP1 Interacting Checkpoint And Replication Regulator (TICRR) is a regulator of
DNA replication and S/M and G2/M checkpoints. An out-of-frame 3 bp deletion resulted
in the loss of 1 AA (proline) in exon 20 of 22; the variant does not affect any known
domains or regions. TICRR is highly expressed in several solid cancers and may be
involved in tumourigenesis (536).

•

Hemoglobin Subunit Theta 1 (HBQ1) is a member of the human alpha-globin gene cluster
which is expressed during early embryonic life. The missense variant occurs in the 3rd (of
3 exons) and does not disrupt the iron binding sites. Diseases associated with HBQ1
include hemoglobin D and hemoglobin E disease.

•

Polycystin 1, Transient Receptor Potential Channel Interacting (PKD1) encodes a
member of the polycystin protein family which functions as a regulator of calcium
permeable cation channels. A missense variant in exon 15 (of 46) occurred in the REJ
domain which is of unknown function. Disorders associated with PKD1 include polycystic
kidney disease.

•

Sodium-independent sulfate anion transporter (SLC26A11) is one of 26 anion
exchangers in the SLC family that maintain homeostasis and intracellular electrolyte
balance. A premature stop codon was inserted in exon 15 of 18 which falls on the Cterminal region of the highly conserved Sulphate Transporter and AntiSigma factor
antagonist domain that possesses general NTP-binding activity. Diseases associated
with SLC26A11 include Pendred syndrome (early hearing loss).
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•

A 2 bp frameshift deletion was observed in the probable non-functional Immunoglobulin
Lambda Variable 1-50 (IGLV1-50) gene. The non-functional open reading frame
generally cannot participate in the synthesis of a productive immunoglobulin chair due to
altered V-(D)-J or class switch recombination (537).

6.4

Discussion
Despite previous family-based linkage studies, population-based GWAS, and several

candidate gene studies, a large proportion of the heritability of familial lymphoid cancers remains
unexplained. We describe the first exome sequencing approach to identity lymphoid cancer
predisposition genes in a multi-generational family with 4 heterogeneous lymphoid cancer cases.
We identified two uncommon and one common potentially disease-causing alleles on 8q24.21
(MYC p.Asn26Ser), 10q24.1 (MMS19 p.Ala558Val) and 7q34 (EPHA1 p.Pro697Leu), and two
loss of function variants on 14q22.3 (CCDC198 p.Gln182Ter) and 15q15.1 (SPTBN5
p.Arg1883Ter). We also identified 3 rare alleles on 2p22.3 (RASGRP3), 3q27.1 (KLHL6) and 4p14
(TLR1), which may affect susceptibility to NLPHL and THRLBCL subtypes observed among the
3 brothers.

MYC
MYC is a proto-oncogene that encodes a transcription factor involved in the regulation of
10-15% of all human genes (538,539). A recurrent MYC translocation t(8;14)(q24;q32) is found
in most BL cases and 10% of DLBCL cases (50,355,539,540). MYC alterations causing gene
amplification or overexpression have been implicated in mature B-cell lymphoid cancer
susceptibility as well as in other non-lymphoid cancers (538,541–543); however, MYC
dysregulation alone is not enough to cause lymphoma (538,543,544). The missense variant found
within Family 133 lies within the N-terminus region, downstream from the active regulator
elements and homopolymer stretches. An earlier study demonstrated that mutants missing the
N-terminus end of Myc (AAs 1-100) are less able to induce apoptosis and growth, and less able
to repress cell cycle check-points than wild type (540,541), suggesting that N-terminus amino
acids are critical for function. However, the functional effects of p.Asn26Ser substitution is
unknown and merits functional analysis (540,541).
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The 8q24 locus is one of two genomic loci that has been associated with multiple lymphoid
cancer subtypes through GWAS and candidate gene studies (41). The 128-130 Mb genomic
interval at 8q24.21 harbours several independent loci with different cancer specificities, including
B-cell subtypes, CLL (373), FL (360,370), DLBCL (41,50,355,370,373), and HL (41,369,370), as
well as breast, prostate, colorectal, and bladder cancer (370). A GWAS of 3,857 DLBCL cases of
European ancestry identified two risk alleles (rs1325592 and rs4733601) near PVT1 and MYC
(which displayed minimal LD) (50). Similarly, a GWAS of 589 CHL cases of European ancestry
identified two independent risk alleles at 8q24.21 (rs2019960 and rs2608053) that localized to
intron 6 of PVT1 and an 82-kb region between the telomere and PVT1, respectively (370). PVT1
and MYC are in close proximity on chromosome 8 and there is evidence that PVT1-MYC
interactions are established regulatory networks (545,546). For example, the PVT1 locus encodes
several microRNAs that interact with MYC during T-lymphomagenesis and T-cell activation
(370,384); and PVT1 has two non-canonical MYC-binding sites (E-box CACGCG) in the promoter
region proximal to the transcription start site (546,547). The close proximity of PVT1 and the MYC
oncogene (which is commonly deregulated in BL and some DLBCL cases (50,355)) and the
identification of PVT1 and MYC lymphoid cancer risk alleles suggests that a germline variant in
the 8q24.21 region could contribute to lymphoid cancer risk in Family 133. Risk alleles at 8q24.21
have also been associated with a higher risk of breast and prostate cancers (538,543).
Interestingly, the sibship of the maternal aunt (II-6) had 5 individuals who developed non-lymphoid
cancer; 2 were breast and 3 were prostate cancers. Ultimately, this suggests the 8q24.21 loci
may be associated with susceptibility to several cancer types, and variation in MYC may
contribute to lymphoid cancer susceptibility in this family.

EPHA1
Another finding was the disruptive common variant on 7q34 EPHA1, p.Pro697Leu which
segregated with the 4 lymphoid cases. Erythropoietin-producing human hepatocellular (Eph)
receptors are the largest subfamily of receptor tyrosine kinases, which are further categorized into
2 subfamilies, EphA and EphB, based on their sequence homology and preferential binding to
ephrin-A and ephrin-B ligands (548,549). Once activated, Eph receptors promote immune cell
development, tumourigenesis, and tumour-associated angiogenesis and tumour progression
(549,550). Accumulating evidence suggests that EPHA1 expression is correlated with tumour
malignancy and prognosis (548,549). Overexpression of EPHA1 has been associated with
colorectal, breast, ovarian, and prostate cancer, while the down-regulation is associated with non121

melanoma skin cancer and glioblastoma (549). Similarly, aberrant expression of other EphA and
EphB proteins has been observed in leukemias and lymphomas (550,551). CRISPR/Cas9
knockdown of EPHA1 was shown to down-regulate MYC expression in ovarian cancer cells (549),
suggesting that EPHA1 variants could affect penetrance of a MYC variant, or synergize with it, to
affect cancer susceptibility.

MMS19
MMS19 has a critical role in the biogenesis of iron-sulfur proteins which function in genome
stability (NER), RNA polymerase II function, and telomere length regulation (552–554). SNPs in
MMS19 have been associated with risk of developing pancreatic cancer (555) and breast cancer
in non-BRCA families (552). Point mutations in MMS19 can cause altered DNA sensitivity to
ultraviolet and alkylating cross-linking agents, which negatively impact the ability of NER
machinery to remove DNA lesions (555). Mutants in eukaryotic MMS19 show phenotypic defects
including sensitivity to genotoxic stress and extended telomere length (554). Complete Mms19
knockout in mice caused protein instability and early embryonic death (554,556).

SPTBN5 and CCDC198
SPTBN5 plays a functional role in RET signaling and cytokine signaling in the immune
system. Diseases associated with atypical SPTBN5 include macular holes, usher syndrome and
pre-eclampsia, but there is no known association with cancer (557). CCDC198 is an
uncharacterized protein with a known protein interaction with AMPD2 which plays a role in energy
metabolism. CCDC198 variants have been observed in individuals with fibromyalgia syndrome
(558). CCDC198 hypomethylation and transcriptional repression has been observed in
hepatocellular carcinoma (559) and clear-cell carcinoma (560). Otherwise, the functional effects
of CCDC198 and SPTBN5 proteins are not well characterized.
We identified several potentially deleterious germline variants that segregate with disease
status in Family 133, but no compelling high-penetrance variant. The most intriguing variant
shared among 4 cases lies in the N-terminus region of the MYC proto-oncogene. MYC is a global
regulator of fundamental cellular processes, the deregulation of which leads to tumourigenesis
(50,355,538–541). Prior work has identified MYC (and 8q24 locus) variants associated with an
increased risk of hematological malignancies (41,50,355,360,370,373,539,540), and other cancer
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(370,538,541–543). However, disease development may also be influenced by additional
genomic lesions which are the basis for the heterogeneity of cancers observed in this family.
The morphological resemblance of NLPHL and THRLBCL subtypes warranted the
investigation of shared variants among the three brothers. We identified several potentially
deleterious germline variants that are highly penetrant and biologically plausible.

RASGRP3
RASGRP3 encodes guanine nucleotide exchange factors for Ras and Rap1, both of which
have a known involvement in cancer. RASGRP3 is required for B-cell receptor signaling and
development, and is important in antigen responses in mature B-cells (561). Variants in
RASGRP3 have been associated with innate and adaptive immune responses related with
autoimmune conditions, including SLE and SS (562–564). Mice that lack RasGRP1 expression
develop late onset LPDs and autoimmune syndromes (564). RASGRP family members have
been implicated in the development of B-cell lymphomas, acute myeloid leukemia, and T-cell ALL,
as well as other cancers such as prostate cancer and melanoma (561). However, the functional
effects of c.*926_928insAA are unknown. The 3’ UTR is involved in regulatory processes such as
RNA stability, mRNA translation and localization (565). Variants that alter the 3’ UTR may disrupt
the polyadenylation signal or binding sites for miRNA or RNA-binding proteins which influences
mRNA stability, expression, translation efficiency, and localization (565).

KLHL6
KLHL6 is a lymphoid-tissue specific BTB-kelch protein that is highly expressed in germinal
centre B-cells and involved in B-cell receptor signaling (566–571). Mutations in KLHL6 have been
observed in individuals with DLBCL, CLL, FL, and MM (566–568,572). The KLHL6 protein
contains a BTB-domain and six highly conserved Kelch repeats (567). Most cancer-associated
variants occur in the BTB-domain (567) which prevent substrate binding and catalytic activity
(566,567). However, low-frequency variants in the Kelch-domain have been observed among
some DLBCL, CLL and FL cases (567,568,572), and among the 3 brothers in Family 133. Variants
in the Kelch-domain may partially disrupt substrate binding which may inhibit B-cell maturation
and subsequent adaptive immune responses (567). During an immune response to a pathogen,
KLHL6 expression is upregulated in the germinal centre which enables mature B-cells to
proliferate, differentiate and undergo somatic hypermutation (570). Klhl6 knockout mice have an
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overabundance of immature B-cells attributed to lack of B-cell differentiation (567,569). The origin
of LP cells (the malignant cell of NLPHL) is of germinal B-cell origin (571), suggesting that aberrant
KLHL6 expression and LP cell formation may be correlated and contribute to NLPHL
development. The diversity of B-cell lymphoid cancer subtypes associated with genetic variation
in KLHL6 (566–568,572) suggests the deregulation of KLHL6 may be an early step in B-cell
lymphomagenesis.

TLR1
Another finding was the disruptive rare variant p.Ile57Met in TLR1. TRLs are essential to
the regulation of the innate immune system and important regulators of acquire immune system
(573). Specifically, TLRs are involved in the proliferation, somatic hypermutation, induction of
class switch recombination and formation of germinal centres required for the transformation of
antibody-secreting plasma cells or memory B-cells (573). TLRs are structurally characterized by
an extracellular leucine-rich repeat (LRR) motif which is important for ligand binding (573–575).
Each LRR domain is 27-29 AA in length and each TRL typically contains 19-25 LRRs (574). The
extracellular LRR domains interact with pathogen-associated exogenous factors initiate the
adaptive immune response (573). Functional studies established that LLR12-17 domains of TRL1
were critical for cell activation while LRR1-12 domains had minor effects on immune response
(575,576). The rare missense variant shared by the 3 affected brothers was located in LRR-16,
suggesting it could have functional consequences for immune response. Several low-penetrance
polymorphisms in TLRs have been associated with an increased risk of NHL, HL and B-cell
subtypes (MALT lymphoma, DLCL, FL) (362,375,386,395,397,573,577,578).

BST1
BST1 (also known as CD157) is involved in neuronal development and maintenance as
well as pre-B-cell growth (579,580). BST1 encodes a cell surface receptor on bone marrow
stroma cells where it promotes the proliferation of hematopoietic progenitor cells (579). It is highly
expressed in primary epithelial ovarian cancer and malignant pleural mesothelioma (579), as well
as in the CNS (579). GWA-studies have consistently associated BST1 polymorphisms with
susceptibility for Parkinson’s-disease (579,581,582). The premature stop codon observed in the
3 brothers lies within the ADP-ribosyl cyclase chain and is predicted to affect enzyme function.
However, additional functional studies are required to confirm the relationship between BST1 and
lymphoid cancer susceptibility.
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Other potentially deleterious genes with nonsense variants lacked evidence of an
association with cancer or immune-related disorder, or a biologically plausible pathway, including:
PDE3B, TBC1D1, and SLC26A11. PDE3B regulates energy homeostasis of adipocytes,
hepatocytes, hypothalamic cells and β cells (583). PDE3B is mainly implicated in lipolysis and
may be associated with obesity and diabetes (583). TBC1D1 regulates cell growth and
differentiation and is a risk loci for familial obesity (584,585). SLC26A11 encodes a sulfate
transporter which regulates homeostasis and intracellular electrolyte balance (586). Additional
rare susceptibility variants that were shared among the 3 brothers include: TRNT1, variations in
which may cause sideroblastic anemia with B-cell immunodeficiency (587); TICRR, which is
involved in DNA replication (536), and IGVL1-50, which is a non-functional immunoglobulin
protein (588).
We identified several potentially deleterious germline variants that segregate with disease
status in Family 133. The most intriguing variant that is shared among 4 cases lies in the Nterminus region of the MYC proto-oncogene. MYC is a global regulator of fundamental cellular
processes, the deregulation of which leads to tumourigenesis (50,355,538–541). Prior work has
identified MYC (and 8q24 locus) variants associated with an increased risk of hematological
malignancies (41,50,355,360,370,373,539,540), and other cancer (370,538,541–543). EPHA1
and MMS19 are also likely candidates for lymphoid cancer susceptibility; however, we observed
no compelling high to moderately penetrant susceptibility variant that was shared among 4
lymphoid cancer cases in Family 133.
One possibility is that a large multiplex family may have one or more relative that has a
sporadic form the same cancer observed in the family. Phenocopies have been described among
non-carriers of families with high-risk susceptibility alleles for breast cancer (589), multiple
endocrine neoplasia Type 1 tumours (590) and Huntington’s disease (591). The shared
morphology between NLPHL and THRLBCL subtypes also supports the possibility that the 3
brothers may have different factors contributing to lymphoid susceptibility than other members of
the family with lymphoma (e.g., II-6).
We observed several rare deleterious biologically plausible variants shared among the 3
brothers with NLPHL and THRLBCL subtypes. The most intriguing variant lies within the Kelchdomain of KLHL6. KLHL6 is involved in B-cell receptor signaling and polymorphisms in this gene
are observed almost exclusively in B-cell malignancies (566–568,572). However, disease
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development may also be influenced by additional genomic lesions which are the basis for the
heterogeneity of cancers observed in this family.
It is also possible that the risk variant lies within an intergenic region and therefore was
not captured by WES. Nevertheless, we were able to identify few rare and uncommon variants
that have a potential role in lymphomagenesis in Family 133.
Consistent with other multiple-case family studies, the most likely mode of inheritance in
Family 133 is autosomal dominant with incomplete penetrance. However, the possibility of
autosomal recessive or compound heterozygous variants shared among the three brothers were
also explored. In the event that the maternal aunt is a phenocopy, other possible modes of
inheritance include X-linked recessive or Y-linked. Lymphoid cancers are more prevalent in men
than women; however, support for sex-linked genetic factors is limited. Horwitz & Wiernik (1999)
found evidence that a gene conferring risk for sex-concordant HL siblings resides on the short
arm of the pseudoautosomal region of the X and Y chromosome (592). To date, 6 studies
comprised of high-risk WM or HL families have found no evidence of X (377,380,434,511–513)
or Y (434,511,512) chromosome variants or loci in lymphoid cancer susceptibility, while other
high-risk family studies did not examine the X (376,433,510–512) or Y (376,377,380,433,510–
513) chromosomes.
Multifactorial inheritance
Lymphoid cancer inheritance patterns are complicated by phenotypic variability, agerelated penetrance, and gender-specific cancer risk (593,594). Family-based studies have been
unsuccessful in identifying high-risk or rare alleles causing Mendelian disease, which suggests
that familial lymphoid cancers may not be monogenic disorders. To date, most lymphoid cancer
susceptibility loci include common (MAF > 5%) or low-frequency variants, supporting a
multifactorial or polygenic model for susceptibility (41). A polygenetic disease model may include
a combination of low- and moderate-risk variants that contribute to a range of phenotypes. Autism
Spectrum Disorder (ASD) is an example of a polygenic disease with heterogeneous phenotypes
(594–599), however, monogenic forms account for 5-10% of all ASD cases (595,596,600). Some
ASD cases that are polygenic may have a moderate group of low-risk variants in combination with
a moderate-risk variant, or a large group of low-risk variants (596–600). Relatives of polygenic
ASD cases also display autistic features, which suggests that a portion of low-frequency variants
is sufficient for the occurrence of the endophenotype (594,596). The low-risk variants observed
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in Family 133 (and other multiple-case lymphoid cancer families) are consistent with a polygenic
disease model with variable immune-phenotypes including heterogeneous lymphoid cancers,
autoimmune diseases, allergies and a personal history of a tonsillectomy. Some monogenic forms
of disease, such as ASD, Parkinson’s disease (601) and primary familial hypertrophic
cardiomyopathy (602,603), show incomplete penetrance and variable expressivity (596,598,599),
which suggests that an additional factor (genetic, epigenetic or environmental) may also be
required for disease development (594,596,599).

Tumour analysis
Paired tumour-normal analysis enables the identification of somatic biallelic inactivation
through loss of heterozygosity or a second mutation (or second hit) on the opposite allele, which
are common cancer-initiating mechanisms in individuals with germline pathogenic variants in
tumour suppressor genes (604–606). The assessment of loss of heterozygosity and second hits
in tumours may be informative of the molecular mechanism of tumourigenesis and aid in the
identification of germline cancer predisposition genes (604–606).
In family 133, 2 lymphoid tumours (II-6, DLBCL and III-5, THRLBCL) and 2 non-lymphoid
tumours (III-3, ovarian and II-7, prostate cancer) were genotyped at ~4.6 million markers. Two
additional NLPHL tumours (III-1 and III-8) were not genotyped due to limited malignant cellularity
(<5%). Tumour information is limited to SNP array data only (not WES), and is further complicated
by aneuploidy, non-aberrant cell admixture, and intratumoural heterogeneity (607); however, tools
that mitigate these effects (e.g., PennCNV-tumor, GIANT, SOMATICs) may improve performance
in identifying aberrations from tumour SNP array data (608).
Tumour samples from III-5 (THRBCL) and II-5 (DLBCL) are likely to provide insights into
the genetic landscape of lymphoid cancers in Family 133. Although tumour samples from III-3
and II-7 are of non-lymphoid origin (ovarian and prostate cancer, respectively), they may have
similar cancer-initiating mechanisms as lymphoid cancer cases within Family 133.

Family studies
Although next generation sequencing (NGS) represents a powerful approach to decipher
the genetic predisposition to hereditary diseases, it comes with several challenges (552). In many
cases, lists of genes with shared potentially deleterious variants from familial lymphoma WES
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studies are different, which may be attributable to genetic heterogeneity and use of different
bioinformatics pipelines and tools used to analyze the datasets. In addition, some of the filters
used to prioritize variants (e.g., in silico prediction tools) may mis-classify SNPs causing
erroneous inclusion or exclusion of some variants. In this study, variant prioritization followed
similar procedures and thresholds as recent familial WES projects, with the exception of a higher
MAF threshold (0.05, as opposed to 0.01) to retain uncommon SNPs in this analysis. When
possible, multiple tools were used for phasing, IBD segment detection, and variant functional
prediction. WES is a well-recognized strategy to identify rare disease-causing variants; however,
we were unable to identify non-exonic abnormalities beyond the 5’ and 3’ UTR, such as regulatory
variants. We cannot exclude the possibility that susceptibility to lymphoma in this family may be
mediated through non-exonic genetic variation. Furthermore, the FastIBD algorithm has a
tendency to overestimate IBD endpoints, which increases the rate of false discovery. Given the
extensive IBD detection runs applied in this family, false positives cannot be ruled out.
Most genome-wide scans of multiple-case lymphoid cancer families study one disease
entity (e.g., all CLL cases, or all HL cases). GWA-studies have identified two susceptibility loci
that are shared among diverse lymphoma subtypes (e.g., 6p21 and 8q24.21); however, a majority
of risk variants and genes do not overlap (41). To date, most linkage studies have identified lowfrequency variants with small-to-medium effects (41). We were able to identify germline variants
in Family 133 which may affect susceptibility to diverse lymphoid subtypes. MYC is an intriguing
candidate to harbour germline variants predisposing to lymphoid cancers because translocations
and somatic mutations are frequently detected in lymphoid cancers (50,355,538–540); however,
the familial nature of these cancers is suggestive of a highly-penetrant variant which was not
observed among all lymphoid cancer cases in Family 133. A rare biologically plausible variant
was observed in KLHL6; however, p.Thr328Lys (KLHL6) was only shared among the 3 brothers
and not the maternal aunt (II-6), suggesting DLBCL may of a different combination of etiological
factors (or sporadic).
This is the first study in which candidate germline variants have been identified in a
multiple-case family with several different types of lymphoid cancer (NLPHL, THRLBCL and
DLBCL). We identified several rare and uncommon plausible variants in biologically relevant
genes for further investigation. However, we cannot rule out the possibility that results were
observed by chance.
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In the future, we plan to perform linkage analyses to attempt to exclude some of these
variants of interest. Variants of interest will be also be examined in 87 familial lymphoma cases in
the LCFS cohort in which WES data are available.

6.5

Conclusion
The diversity of lymphoid cancer subtypes complicates the identification of genetic factors

that predispose to familial lymphoid cancers. Genome-wide scans and exome sequencing studies
have identified risk alleles with small effects, suggesting that, at the population level, lymphoid
cancer susceptibility may be polygenic. With the exception of 6p21-HLA and 8q24.21, familial
susceptibility factors appear to be associated with distinct histological subtypes rather than a
combination of subtypes (466). Further studies are required to validate possible susceptibility
factors.
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Chapter 7: Discussion, conclusion and significance.

7.1

Summary
The body of work presented in this dissertation highlights the strengths and challenges

related to identifying susceptibility factors in familial lymphoid cancers. This dissertation provides
a basic framework for methodological and biological considerations in the design, analysis and
interpretation of family-based studies.
Chapter 3 showed that familial lymphoid cancer co-occurrence patterns are different from
the expected population patterns, suggesting that some combinations may have a shared genetic
basis. Specifically, families enriched for HL cases or CLL cases may have a stronger underlying
genetic basis than other combinations of lymphoma. These observations support the application
of genomic methods to identify gene variants that affect lymphoid cancer susceptibility in the
familial context.
Age of onset (Chapter 4) in familial lymphoid cancer cases is substantially earlier than
comparable population data, even after controlling for 3 types of ascertainment bias. The familial
age of onset was earlier in later generations of families, a phenomenon known as anticipation.
Apparent anticipation may be caused by ascertainment biases, and I used three approaches to
mitigate this. Multigenerational families that display earlier age of onset across generations are
candidates for the application of genomic methods to identify susceptibility factors.
There are several well-characterized risk factors for lymphoma, including factors that
affect the immune system, male sex, and a first-degree relative with an LPD. However,
population-based association studies have yielded conflicting results for other potential risk
factors, such as lifestyle factors, childhood SES, medical procedures, and family structure (birth
order and sibship size). Currently, only 2 studies have examined family structure and immunerelated characteristics in the familial context (232,462). Jønsson et al (2007) observed a paternal
parent-offspring birth order effect with predominance of LPD in the youngest siblings among 24
pairs in 32 families enriched for CLL and B-cell malignancies (462). Royer et al (2010) found that
familial WM cases were more likely to have immune-related disorders (autoimmune diseases,
allergies, and some infections) among 103 familial WM and related B-cell disorders (232).
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In Chapter 5, I conducted the largest multiple-case family-based study to quantify the
effects of early life variables and immune-related diseases on the risk of distinct histological
subtypes. We report on 450 lymphoid cancer cases and 1018 unaffected siblings in 196 families
with multiple-cases of lymphoid cancer. The risk of lymphoma tended to decrease with later birth
order and larger sibship sizes. Childhood SES variables, such as high maternal education and
family income, were associated with an elevated risk of lymphoma in the familial setting. Factors
that affect the immune system, such as allergies and tonsillectomy were also independent risk
factors for several lymphoid cancer subtypes. Some of these are also established risk factors for
sporadic lymphoid cancer although, the association occurs in the opposite direction in some
instances. This chapter represents the largest multiple-case family-based study to evaluate early
life environment and immune-related diseases in the familial context that has been reported.
Furthermore, this is the first family-based study to examine etiological factors among several
lymphoid cancer subtypes.
In Chapter 6, I conducted a genome-wide IBD analysis and WES to identify susceptibility
factors in a family with 4 lymphoid cancer cases. Our study identified uncommon (MAF < 0.05)
and rare (MAF < 0.01) biologically plausible variants that segregated with lymphoid cancers in 4
family members or 3 brothers. We identified three deleterious biologically relevant variants of lowpenetrance and two loss of function variants in relatively uncharacterized genes that were shared
among 4 lymphoid cancer cases. Notably, all 32 candidate variants had high scaled CADD Cscores, which suggests these variants are in the top 1% or 0.1% of potentially deleterious
substitutions in the human genome (532).
Few candidate genes belonged to a known pathway involved in cancer etiology. One
interesting candidate variant was an uncommon (MAF < 0.05, European ancestry) heterozygous
c.77A>G substitution in the second exon of the MYC oncogene resulting in a p.Asn26Ser
substitution. Other variants in the 8q24.21 loci (near MYC and PVT1) have been demonstrated to
affect MYC regulation and are associated with a higher risk lymphoid (CLL, FL, DLBCL, HL) and
other cancers (breast, prostate), which are observed within this family. MYC is an intriguing
candidate to harbour germline variants predisposing to lymphoid cancers because translocations
and somatic mutations are frequently detected in lymphoid cancers (50,355,538–540); however,
we would expect the susceptibility allele to be highly penetrant.
Among the 3 brothers, we observed 5 deleterious biologically relevant rare variants which
could be highly penetrant. Three of these variants (KLHL6, RASGRP3 and TLR1) have
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established associations with lymphoid cancer susceptibility (386,395,397,561,566–568,572).
TLR susceptibility alleles have been implicated in the development of MALT lymphoma, DLCL,
FL and HL (386,395,397). RASGRP3 has been implicated in the development of B-cell
lymphomas, acute myeloid leukemia and T-cell acute lymphoblast lymphomas (561). High- and
low-penetrant KLHL6 variants have been observed in B-cell malignancies (566–568,572). These
genes are intriguing candidates to harbour germline variants which predispose to lymphoid
cancers.

7.2

Strengths and limitations

7.2.1 Family ascertainment
Families were not ascertained by means of a systematic population-based study; families
were collected largely through oncologist referrals. We cannot estimate a population size to use
as a denominator to calculate the incidence of lymphoid cancers in families compared to the
population as a whole. For this reason, we tested whether specific properties of familial lymphoid
cancers differed from those of sporadic cases in regards to co-occurrence patterns, age of onset
and sex distribution. The value of these associations may be limited by the use of SEER (USA)
population-data as comparable Canadian data were unavailable. Furthermore, the observations
in this project may be limited to multiple-case families (and not sporadic cases).

7.2.2 Controlling for known risk factors (percentiles) and ascertainment bias
Strong established lymphoid cancer risk factors include family history, compromised
immune function, older age, male sex, and Caucasian ethnicity for most histological subtypes.
For this reason, it is important to consider the rarity of each lymphoid cancer occurrence to best
determine if cases in a family are earlier onset or of rarer subtypes, which may be suggestive of
underlying genetic factors. For example, a DLBCL and NS HL case both diagnosed at 30 years
of age would be prioritized differently. Considering that the median age of DLBCL diagnosis is 65
and the median age of NS HL diagnosis is 28 years, we can recognize that a young age of NS
HL onset is often seen in sporadic cases, while a young age of DLBCL onset is rare. Similarly,
the effects of sex, ethnicity and subtype can be weighted within families. Controlling for these
factors (using population-based percentiles) allows for more uniform comparison of
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heterogeneous lymphoid cancer data. However, the value of these adjustments may be limited
by use of SEER (USA) population-based data, as comparable Canadian population data were
unavailable.
The diversity of age of onset distributions for histological subtypes has been challenging
to address among families with heterogeneous multiple-case lymphoid cancer families. As a
result, most publications examine age of onset patterns among families with one histological
subtype. This limits our understanding of disease patterns to homogeneous lymphoid cancer
families. In this project, we were able to control for several known factors that affect disease onset,
allowing for the uniform comparison of heterogeneous families.
Furthermore, we were able to evaluate the anticipation phenomenon in lymphoid cancer
families by accounting for ascertainment bias. Although anticipation has been suggested for
numerous familial cancers (including lymphoma), its occurrence has not been confidently
established because of concerns about ascertainment bias and available statistical methods. In
this study, we were able to adjust for ascertainment bias and several known risk factors (age,
ethnicity, sex, subtype) to uniformly examine heterogeneous lymphoma families for evidence of
anticipation. However, our anticipation analysis was restricted to subtypes with a larger sample
size (e.g., NHL, B-cell NHL, FL, CLL, HL, CHL, and MM; but not DLBCL, LPL/WM or NS HL).
We also examined lymphoid cancer co-occurrence patterns in multiple-case families to
determine which combinations were enriched in families and may therefore have a different
combination of etiological factors contributing to lymphoid cancer susceptibility. Co-occurrence
patterns were examined using weighted SEER (USA) population data and Canadian population
data. Ethnicity- and year-specific incidence rates were unavailable for Canadian population data;
however, the expected population rates were similar when using USA or Canadian population
data, suggesting lymphoid cancer susceptibility factors may be comparable between both highincome countries.

7.2.3 Family-based risk factors
Most currently established lymphoid cancer risk factors stem from population-based
studies of sporadic (non-familial) cases. To date, one published study examined clinical and
environmental factors in a cohort of 84 multiple-case WM and related B-cell disorder families (103
cases) (232). My thesis represents the largest well-characterized cohort of multiple-case lymphoid
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cancer families reported to date. We quantified the effects of childhood environment and SES and
of immune-related phenotypes and medical conditions (Chapter 5) that are commonly associated
with lymphoid cancer risk among sporadic (non-familial) cases. Our data support the importance
of early life environment in the susceptibility of lymphoid cancers among multiple-case families, a
group who may also have a greater underlying genetic susceptibility than most sporadic cases.
Moreover, the lymphoid cancer families we studied are heterogeneous, allowing us to evaluate
risk of several distinct histological entities.
The assessment of sporadic lymphoid cancer risk factors has yielded conflicting results.
Our cohort provides support for some established risk factors in the familial setting and also
identifies new relationships. For example, we found that MCL, MZL and MALT lymphomas were
more frequent among earlier born siblings, whereas reported population-based studies have
lacked sufficient sample size to analyze these entities. We established that certain environmental
factors affect risk of lymphoma in the context of multiple-case families, who may also have
underlying genetic susceptibility factor.
Lymphoid cancers are multifactorial diseases that may be partially explained by genetics
and lifestyle or environmental factors. Twins and multiplex families with an underlying genetic
predisposition are especially valuable to identify environmental influences that may increase or
decrease the risk of disease (609). Individuals that develop a lymphoid cancer are said to have
surpassed the “liability threshold” and therefore show the disease phenotype. The liability required
to exceed the threshold level is the same in all individuals; however, individuals with affected
relatives (especially first-degree relatives) will have a higher chance of exceeding the threshold
level and developing lymphoma due to shared genetic and environmental factors. Generally, the
later in life a multifactorial disease develops, the more dependent it is on environmental factors
(and the lower the heritability); this is supported by the observed earlier age of lymphoma onset
among multiple-case families. Gene-environment interactions may also play an important role in
familial lymphoid cancers. For example, 5 SNPs (rs1800893, rs4251961, rs1800630,
rs13306698, rs1799931) and tobacco smoking were significantly associated with the risk of NHL
(610). Sporadic cases may require a greater combination of environmental risk factors to develop
lymphoma, whereas multiplex families may have an underlying predisposition and may therefore
be more susceptible to environmental factors and thus demonstrate different patterns of risk.
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7.2.4 Phenotypic heterogeneity
Lymphoid cancer subtypes have distinct phenotypic characteristics and clinical symptoms.
Medical records, pathology reports, and histopathology tumours/slides were used to confirm the
self-reported lymphoid cancer diagnoses in this study. All histopathology tumours and slides were
reviewed by an expert oncology pathologist. All diagnostic cases were reviewed and questionable
or uncertain diagnoses (e.g., "lymphocytic leukemia") were removed from the analysis. When
possible, statistical analyses were restricted to distinct histological subtypes to aid interpretability.
This cohort of families contained well-defined histological subtypes and other phenotypic traits.

7.2.5 Data quality and statistical methods
Family-based study designs are unique in that they use relatives to assess the genetic
and epidemiology of disease. Families with homogeneous diseases can be used to evaluate the
potential genetic basis of a condition of interest by examining phenotypic patterns and disease
co-occurrence, without the required collection of DNA. Historically, family-based studies have
been the primary approach for detecting disease-causing genes through segregation and linkage
methods. Relative to case-control studies, family-based studies may not suffer from response
bias, SES disparities or population stratification. In this study, we collected family history
information from multiple family members, whenever possible, to reduce the possibility of
response bias. Smaller families tend to have more homogeneous environmental exposures that
may be associated with disease etiology. As a result, family studies are a natural control for
genetic background and environmental factors that may be difficult to measure or control in other
study designs. Another potential benefit is quality assurance measures because the same data
(e.g., phenotype) are collected from multiple family members. The main disadvantage of familybased studies is the difficulty in accumulating numerous (and large) families that are well
characterized. Since family recruitment began 14 years ago (in 2006) for the data set used in this
study, only 218 multiplex lymphoid cancer families have been identified.
Many statistical tests have an underlying assumption of independent samples. Using such
tests on data from family studies that violate this assumption can inflate type I error, producing
false inferences. In this study, lymphoid cancer family members are not independent of each
other, and so permutation tests were used to generate a reference distribution on which to
compare the observed p-value or test-statistic. In Chapter 5 in which we examined early lifestyle
variables and the associated risk of lymphoma, logistic regression with a generalized estimating
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equation was used to accommodate correlated family data. The odds ratios and confidence
intervals were clustered by family, which caused wider confidence intervals; nonetheless, several
tests achieved statistical significance. Other statistical methods, such as the bootstrap procedure
can be used to create an independent subsample of unrelated individuals (1 per family), but this
greatly reduces power. Statistical methods employed in this thesis may also be applied in other
multiple-case family studies.

Statistical methods
This dissertation uses diverse methods and perspectives to examine determinants of
lymphoid cancer risk. The following section describes advantages and disadvantages of statistical
methods and alternative methodologies that can be used for familial studies.
Person-time analysis
Person-time analysis estimates the time-at-risk that all participants contribute to a study.
It permits study enrollment at different time periods and accounts for participants that leave the
study, are lost to follow-up or die during the study period. A disadvantage of a person-time
estimate is the assumption that the probability of disease development during the study period
(and over time) is constant, such that 10 persons followed for one year is equivalent to one person
followed for 10 years. For this reason, the interpretability of chronic or late-onset diseases (such
as cancer) may be limited. In Chapter 4 (age of onset), a person-time analysis (Supplementary
Table B.1) revealed a reduction in person-years per lymphoid-event between generations 1
through 3, while no trend was observed for non-lymphoid cancer cases. A reduction in personyears per lymphoid-cancer event supported the observed anticipation among multiple-case
families. In Chapter 5 (hygiene hypothesis), a person-time analysis could be used to measure the
person-years per event for allergies, asthma, autoimmune disorders, tonsillectomy, or
appendectomy within multiple-case lymphoid cancer families; however, it would have a smaller
sample size than the methods used, as not all participants provided age of diagnosis for immunerelated diseases (e.g., allergies, autoimmune, asthma).
Survival analysis
Survival analysis estimates the expected duration of time until an event happens (611). A
survival analysis can incorporate multiple covariates and use censored or incomplete data (e.g.,
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no observed failure) (611). Nonparametric methods such as the Kaplan-Meier estimate and the
log-rank test are very flexible; however, it is difficult to incorporate covariates within these models,
and is therefore challenging to describe how subpopulations differ in survival functions. In
contrast, the Cox Proportional Hazards model is most commonly used to assess the effect of
factors (e.g., treatment) while controlling for the effects of other covariates (611); it is a
semiparametric technique that makes no assumption about the distribution of survival time (611).
The hazards ratio can be interpreted in terms of the exponentiated logistic regression coefficient
(611) and may be applied to familial data (612). A Cox Proportional Hazards model could be used
in Chapter 5 to measure the ratio of the hazard rates (or failure rate) for lymphoid cancer and
other disorders such as allergies, autoimmune diseases and asthma. A survival analysis may also
control for censored data and truncation bias in Chapter 4 (age of onset).
Logistic regression
A logistic regression models the probabilities for discrete outcomes and can control the
effects of multiple covariates (e.g., age, sex, ethnicity) as demonstrated in Chapter 5. Logistic
regression measures the relevance of a predictor (coefficient size) and also provides the direction
of association (positive or negative). Use of longitudinal or family-based data are problematic for
logistic regression because the data are highly correlated, and so a GEE extension may be used
(613–615). GEE enables the production of reasonably accurate standard errors by estimating the
within-cluster similarity of the residuals (613–615). However, the GEE approach does not contain
explicit terms for between-cluster variation (613).
A logistic regression may struggle with expressiveness (e.g., interactions terms), which
require manual addition, whereas other models may have better predictive performance. In
Chapter 5, interaction terms between early lifestyle variables, surgical procedures and immunerelated diseases were explored, however, no significant interaction terms were identified (with the
exception of family structure variables). A main disadvantage of logistic regression is the
assumption of linearity between the dependent variable and the independent variables, which is
rarely linearly separable in real world data. A logistic regression analysis may not be appropriate
when the research question involves the length of time until the end point occurs (611).
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Multiple comparisons corrections
In statistics, a multiple testing problem may occur in a set of simultaneous statistical
inferences. A large number of statistical tests will have some p-values less than α (usually 0.05)
purely by chance, even if the null hypothesis is true. Several statistical techniques have been
developed to mitigate multiple testing problems (616,617). These techniques require the
adjustment of α (also known as familywise error rate or FWER) or the false discovery rate (FDR)
(616).
Adjusting the α controls the overall probability of making at least one false discovery (or
type 1 error) (616). The Bonferroni correction method is one of the most commonly used
approaches for multiple comparisons. It is very conservative, and with many tests, the adjusted α
will become very small which reduces power and decreases the possibility of making any true
discoveries (616). The Bonferroni correction is alternatively called Bonferroni inequality, Boole’s
inequality, or Dunn’s approximation (618). Another method, the Sidak correction, assumes the
tests are independent, and it is less conservative but (slightly) more powerful than the Bonferroni
correction (616–618). A benefit of Sidak’s equation is that it may be used for categorical and
ordinal data in addition to continuous data (618).
Where FWER controls for the probability of making a type 1 error at all, FDR procedures
allow for type 1 error (false positives) but control for the proportion of these false positives in
relation to true positives (616). This is done by adjusting the decision made for the p-value
associated with each individual test to decide rejection or not (616). Although this will result in a
higher type 1 error rate, it has higher power and therefore affords a greater probability of true
discoveries (616). Holm’s Step-Down procedure is calculated after conducting all hypothesis tests
within a family of statistical tests (616). Holm’s procedure is more powerful than Bonferroni’s
inequality (618). Holm’s Step-Down procedure makes no distributional assumptions or logical
assumptions about the hierarchy of the hypothesis to be tested, and does not assume
independence of comparisons (618). Hochberg’s Step-Up procedure controls the FDR in a similar
(but more complex) process as Holm’s Step-Down procedure, but it is more powerful than Holm’s
Step-Down procedure (616,618).
The power of multiple comparison procedures may be affected by several factors,
including design and statistical assumptions. The level to which alpha is set affects a procedure’s
power to detect significant associations. Smaller values of alpha make it more difficult for a
multiple comparison procedure to reject the null hypothesis. Multiple comparison procedures
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assume equal group sizes, and therefore the presence of unequal sample sizes may affect the
procedure’s ability to maintain the specified Type 1 error rate. Several correction procedures have
statistical assumptions (e.g., independence of observations, homogeneity of variance, normality),
the violation of such may affect the accuracy of the p-values, which in turn affects the Type 1 error
control and power (618).
Multiple test corrections are challenging to apply in Chapter 5 due to the hierarchical
classification of types and subtypes of lymphoid cancers. For example, in Chapter 5, FL and
DLBCL cases would also be grouped in B-cell, NHL and lymphoma subgroups.
Chapter 3 (co-occurrence), Chapter 4 (age of onset) and Chapter 5 (hygiene hypothesis)
seek to answer unique research questions which have not been addressed in the context of
multiple-case lymphoid cancer families. Specifically, Chapter 3 examines patterns of familial
lymphoid cancer co-occurrence compared to the expected population rates; Chapter 4 compares
age of onset patterns between sporadic population cases and multiple-case families while
controlling for ascertainment bias; and Chapter 5 examines patterns of early lifestyle variables
and immune-related diseases on the risk of lymphoma in multiple-case lymphoid cancer families.
Because these Chapters seek to address unique research questions, these analyses may be
referred to as hypothesis-generating studies rather than hypothesis testing or confirmatory
studies. Hypothesis-generating studies differ methodologically from confirmatory studies in
several ways.
Hypothesis testing research has one or more a priori hypothesis based on existing theory
or data (619), whereas hypothesis-generating research explores a set of data searching for
relationships and patterns, and then proposes a hypothesis which may be tested in a subsequent
study. Confirmatory studies are used to corroborate (replicate) a hypothesis from a hypothesisgenerating study. An observational study cannot provide unequivocal results, and therefore an
experiment, clinical trial or different study cohort may be required for confirmation. Confirmatory
studies also require control of inflated false-positive error risk that is caused by testing multiple
null hypotheses (620).
In regards to Chapter 3 (co-occurrence), population-based studies have examined
lymphoid cancer co-occurrence patterns among sporadic cases, while no study has examined the
familial co-occurrence patterns. In regards to Chapter 4 (age of onset), several familial studies
have examined lymphoid cancer age of onset patterns with incorrect statistical methods, or
inadequate control of ascertainment or other biases (45,428,448–452). In regards to Chapter 5
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(hygiene hypothesis), these relationships have been explored among sporadic population cases
in case-control or cohort studies, with the exception of two small family-based studies: Jønsson
et al (2007) (462) and Royer et al (2010) (232).

7.2.6 Identification of genetic factors
Earlier chapters established that some families are likely to have an underlying genetic
predisposition to lymphoma. The exome sequencing and genome-wide detection strategies
outlined in Chapter 6 are well-validated methods for identifying rare high-penetrance variants of
major effects in families and have been previously used by other multi-generational families with
hematological malignancies and other cancers.
A significant limitation is the number of families sequenced for variant identification and
replication; however, it is unlikely that diverse lymphoid cancer families will have the same
susceptibility loci. IBD segment detection produced numerous candidate chromosomal regions in
4 affected relatives. Furthermore, interpretation of data is limited by the assumption that family
members who are currently unaffected are truly unaffected and will not develop the disease. In
this family, 2 lymphoid cancer cases were diagnosed with HL and 2 cases were diagnosed with
NHL. Because HL onset is typically much earlier than other NHL subtypes, we were unable to
identify other relatives as truly unaffected as they were still too young (in their 5th decade of life).
A benefit of family-based studies is the identification and removal of Mendelian errors that
might otherwise be considered true variants in non-familial genomic studies.

7.2.7 Association vs causation:
Although the data presented in this dissertation implies that some patterns of disease cooccurrence, age of onset, and early childhood variables may increase the risk of some types of
lymphoma, these findings are associations that do not necessarily imply a causal mechanism.
Similarly, the identification of putative genetic variants that segregate with disease requires
functional validation. It is impossible to resolve the functional implications of these associations
without replication and validation.
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7.3

Future directions

7.3.1 Family recruitment and collaborations
This dissertation includes the largest cohort of lymphoid cancer families in which lymphoid
cancer co-occurrence, age of onset patterns, childhood environment and immune-related risk
factors have been examined. We had sufficient sample sizes to investigate associations for
distinct histological subtypes (e.g., DLBCL, FL, CLL). However, we had insufficient sample sizes
to analyze rarer phenotypes (e.g., T-cell NHL, autoimmune conditions such as SLE, and SS) in
these families. Future research would benefit from a larger cohort of families. Family recruitment
is ongoing in Vancouver, and additional multiple-case lymphoid cancer families can be obtained
from collaborative research partners through the Lymphoid Cancer Families Consortium (LCFC),
an international collaboration of scientists who have ongoing familial lymphoma studies. A jointcollaborative research study would increase sample sizes and could aid in the identification of
additional risk factors in multiple-case lymphoid cancer families. A larger sample size would also
enable the analysis of rarer lymphoid subtypes. In addition, increased sample sizes would allow
for the analysis of individual autoimmune diseases (e.g., SLE, SS, type 1 diabetes mellitus),
allergies (e.g., hay fever, dust) and atopic conditions. The establishment of explicit associations
could result in better characterized risk factors and preventative measures.

7.3.2 Sequencing
The candidate variants observed in Family 133 and several published studies of multiplecase lymphoid cancer families are heterogeneous, and no unequivocal lymphoid cancer-causing
gene of major effect has yet been identified (376,377,380,433,434,509–513,621). We can
improve our understanding of candidate genes by sequencing additional multiple-case families
with interesting phenotypes. WES allows for a cost-effective acquisition of genetic information to
identify putative disease-causing genetic variants. Interesting candidate genetic factors can be
screened in additional multiple-case families (e.g., Vancouver LCF Study, or LCFC cohort) by
NGS, Sanger sequencing or a TaqMan assay. We plan to use linkage analysis to try to exclude
some parts of the genome shared by Family 133 and simplify interpretation of variants. In addition,
candidate variants will be genotyped in additional family members and in other families from the
Lymphoid Cancer Families Study.
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This collaborative effort is exemplified by a recently accepted publication in Leukemia "In
search of genetic factors predisposing to familial hairy cell leukemia (HCL): exome-sequencing of
four multiplex HCL pedigrees." by Alexander Pemov, and associates [Paper #19-LEU-1150RR]
(621). Here, a CASP9 p.H237P variant shared by 4 relatives with HCL was identified through
WES. Additional genotyping in 129 multiplex lymphoid cancer pedigrees revealed that the variant
was observed in two additional unrelated families with heterogeneous lymphoid cancers.
Coding variants of small effects size may explain a limited proportion of multiple-case
lymphoid cancer families. Whole genome sequencing would increase the search space for
susceptibility factors, as it has the potential to uncover larger somatic and germline structural
variants, copy number alterations, and cis-regulatory mutations. Mutations in epigenetic modifiers
have been associated with lymphomagenesis by deregulating B- and T-cell differentiation during
immune response (622). Bisulfite sequencing would elucidate altered patterns of methylation or
genomic stability and identify possible candidate genes for follow-up. Gene-environment
interactions have been demonstrated to affect risk of lymphoma and may play a role in familial
etiology. Some identified gene-environment interactions include hair dye usage and elevated risk
of NHL due to genetic variation in NAT1 and NAT2 genes (610,623); and sun exposure and
sensitivity increased the risk of NHL which was mediated by IRF4 (610,624). Integrating somatic
data from tumours would also provide insights into driver mutations and pathway dysregulation
implicated in lymphoid cancer development.

7.3.3 Screening for infectious agents
Infections capable of directly remodeling the epigenome are known to influence
lymphomagenesis; the detection of these infections agents in whole blood or tumour cells may be
informative for disease etiology (622,625). For example, EBV-related lymphomas are
heterogeneous but frequently harbor latent EBV within tumour cells. Some subtypes, such as BL
or HIV-associated primary CNS lymphoma are EBV-positive in nearly 100% of cases (625),
whereas other subtypes such as HL and DLBCL cases are predicted to be EBV-positive in 30%
or very rare instances (625). Viruses such as EBV and HIV prevent recognition by host
immunosurveillance by remaining latent inside host cells through epigenetic modification of their
genome to mimic their host genome (622,626). EBV may induce tumourigenesis by promoting
epigenetic alterations of histones which causes chromatin accessibility for two established latency
oncogenes (622,627). Overexpression of these oncogenes eventually results in the development
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of EBV-associated tumours (33,62,184,185,196,197,622). Cell-free EBV-DNA can be detected in
peripheral blood from dying tumour cells, and is commonly used as a surrogate marker for EBVpositive tumours (625) Although the treatment for EBV-positive and -negative tumours is largely
the same, the etiology of lymphomagenesis is different. Therefore, EBV-positive tumours in the
familial setting may not harbour genetic susceptibility factors that predispose to cancer.
EBV detection in EBV-associated tumours can be performed through serological tests
(e.g., heterophile antibody test) or other methods, such as whole genome sequencing. For FFPE
human tissues, an immunohistochemical stain is available, but requires the evaluation by a
qualified pathologist.

7.3.4 Functional studies
Candidate genes with sufficient evidence for association with lymphoma risk in multiplecase lymphoid cancer families may not be well characterized (e.g., variants in CCDC198 and
SPTBN5 identified in Chapter 6). Higher priority variants would be exceptional candidates for
functional studies. A practical experiment would be to screen immortalized cell-lines of mutation
carriers (and other key family members) for gene expression (the Lymphoma Cancer Families
Study collects a lymphocyte fraction during DNA extraction from whole blood samples). Coimmunoprecipitation assays may be used to identify binding partners for uncharacterized genes
as described earlier. CRISPR-based genome-editing could also be used to introduce variants of
interest into a model cell line, followed by measurements of activity.

7.3.5 Targeted treatment
The identification of susceptibility genes may encourage the development of novel and/or
more targeted therapies for treatment of lymphoma. For example, individuals that harbour
germline BRCA1/2-mutations (and some somatic BRCA1/2 variants) can be treated with a polyADP ribose polymerase inhibitor, which prevent the repair of nicked or ds DNA breaks causing
subsequent tumour cell death (628). Given the diverse clinical presentation of lymphoma
subtypes and the relative lack of shared susceptibility loci among diverse lymphoid cancer types
(with the exception of HLA-6p21.3 and 8q24.21), it is unlikely that lymphomagenesis in multiplex
lymphoid cancer families is attributable to one rare highly penetrant variant that has a modest-tolarge effect size.
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Current treatment options reflect the somatic heterogeneity of disease by providing a
combination therapy with several pharmaceutical targets. Pharmaceutical agents typically target
key components of disease pathogenesis, which may overlap between histological subtypes (e.g.,
Rituximab targets CD20-positive B-cells) (629). Precision medicine (or precision oncology) may
be used to identify cancer-driving genomic alterations and inform treatment (630). For example,
more than 30 mutations in BRAF have been observed in several cancers, including NHL, hairy
cell leukemia, breast, colorectal cancer and melanoma (630). Individuals with a BRAF mutation
may be prescribed the same treatment irrespective of their cancer type and location (630). In the
future, tumour-normal and variant-pathway analysis may elucidate novel mutation-guided
therapies.

7.3.6 Susceptibility patterns and genetic screening
This research establishes that patterns of lymphoid cancers that are unlikely to occur in
the general population are more likely to have an underlying genetic predisposition. Similarly,
multi-generational families that display evidence of anticipation are of interest to identify or screen
for susceptibility factors. For research purposes, identifying families that display these phenotypes
can lead to molecular testing to identify putative candidate variants. Several genes have been
associated with risk of HL and CLL in the familial context, which could inform future screening of
disease in families.
Higher risk families often have homogeneous lymphoid cancers (e.g., all CLL cases) and
may be of greater priority for genetic testing and screening methods. Members of these families
may be screened for pathogenic variants in CLL-associated genes to determine if they have a
genetic predisposition. Family members who carry a putative genetic variant may seek early
screening with their doctor ("watch and wait"). The watch-and-wait approach is characteristic of
CLL as this disease can be detected from standard physical exams and routine blood draws.
The relatively low incidence of lymphoma, moderate familial risk, and lack of screening
tests and associated therapeutic interventions, argue against active clinical surveillance for
lymphoma in affected families at this time (41). A combination of genetic risk scores and other
factors may improve lymphoid cancer prediction ability over time.
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7.4

Significance and contribution to the field
In Chapter 3, I showed that familial lymphoid cancer co-occurrence patterns were different

from expected population patterns. These observations are important because it shows that these
familial cases are not just random co-occurrence of sporadic population cases in the same family;
they are something different, and are likely to have a different combination of etiological factors
than sporadic cases. Multiple epidemiological studies have provided clear evidence of CLL
(344,345,347,352,467,468,631) and HL (261,345,346,348,350–352,429,632,633) clustering in
families, which was also observed in this published chapter. However, current epidemiological
literature has not compared lymphoid cancer clustering within families to the expected population
frequencies.

Chapter 4 showed that familial ages of onset were substantially earlier than comparable
population cases for lymphoid cancers considered as a group, and for NHL, B-cell NHL, DLBCL,
FL, MZL, T-cell NHL, CLL, HL and CHL cases. To date, three studies have compared age of
lymphoid cancer onset distributions of parent or child generations to that of SEER population data
(428,448,449). These studies were limited to a small number of families (24 to 42 families) with
parent-child pairs only and did not include families with sibling only cases, or families with cases
that skip a generation, which we observe in our collection of lymphoid cancer families.
Furthermore, ascertainment biases were not corrected, nor were ethnicity, or age of onset
differences between heterogeneous lymphoid cancers (e.g., NHL onset is typically two to three
decades later than HL onset). The methods used in Chapter 4 address many of the preceding
issues of sample size, ascertainment biases, and potential confounders (e.g., ethnicity), while
including all multigenerational families and heterogeneous lymphoid cancer subtypes.
Although anticipation has been documented in familial lymphoid cancers, its occurrence
has not been widely accepted because of concerns about the potential for ascertainment bias
and available statistical methods. To date, 8 studies have reported anticipation effects among
lymphoid cancer families (45,428,448–452). However, the interpretability of these findings is
limited for several reasons including: use of parent-child pairs only (45,428,450–452), invalid
statistical methods or violation of statistical assumptions (45,428,450–452), or uncontrolled
ascertainment biases (45,428,448–452). Furthermore, some studies that examined anticipation
among heterogeneous lymphoid cancer types did not report subtype information (45,428,448)
and did not account for different age of onset patterns among heterogeneous lymphoma subtypes
(428,448,451).
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In Chapter 4, ascertainment biases and known covariates (age, sex, ethnicity, subtype)
were adjusted for while maintaining a moderate to large sample size to examine anticipation
effects for heterogeneous lymphoid cancer subtypes. This chapter is also the first study to
document anticipation effects among homogeneous lymphoid cancer subtypes (e.g., CLL,
DLBCL, LPL/WM).

Chapter 5 examines the role that childhood environment and infectious exposures play on
the risk of familial lymphoid cancers. To date, a small number of cohort studies and several casecontrol studies have examined associations between infectious exposures and risk of sporadic
lymphoid cancers; however, there is very limited insight in the familial context. Two studies have
examined family structure and immune-related characteristics in multiple-case lymphoid cancer
families (232,462).
Jønsson et al (2007) observed a paternal parent-offspring birth order effect with
predominance of LPD in the youngest siblings among 24 pairs in 32 families enriched for CLL
and B-cell malignancies (462). Associations between sibship size and risk of familial CLL and Bcell disorders were not investigated (462). Other immune-related and infectious exposure
variables, such SES, parental education, allergies and autoimmune conditions were not available.
Royer et al (2010) examined clinical, environmental and occupational differences among
81 families with multiple-cases of WM and related B-cell disorders. One hundred and three familial
WM cases were more likely than 272 unaffected relatives to report a history of autoimmune
diseases, infections, and allergies. These associations support a role for chronic immune
stimulation in the etiology of familial WM (232). Familial WM cases were also more likely to report
exposures to farming, pesticides, wood dust and organic solvents compared to their unaffected
family members, suggesting a possible role for environmental factors in the development of
familial WM (232). Although exploratory, this was the first multiple-case family-based study to
examine the effects of environmental factors and the risk of lymphoid cancers. Other factors such
as chronic inflammation, surgical procedures (tonsillectomy/adenoidectomy and appendectomy),
smoking, and alcohol were not associated with risk of lymphoma among WM families. Measures
of childhood lifestyle such as birth order, sibship size, SES, parental education, and family income
were not examined.
These two studies aside, there remains a large gap in the understanding of familial
lymphoid cancers and its etiology.
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In Chapter 5, a collection of 196 heterogeneous lymphoid cancer families were used to
examine early childhood environment and personal medical history differences among multiplecase families. This was the first study to establish an inverse relationship between family structure
(birth order and sibship size) and risk of cancer for several lymphoid cancer subtypes among
multiple-case families. Our finding that MCL, MZL and MALT lymphoma were more frequent
among earlier born siblings has not been previously investigated, likely due to small sample size.
Strong indicators of high SES during childhood, such as high maternal education and aboveaverage parental income, were associated with an elevated risk of NHL and B-cell subtypes
including DLBCL, CLL, FL, but not HL or MM. Living on a farm during childhood was associated
with a lower risk of lymphoid and B-cell disorders such as FL. These associations between early
childhood environment and risk of lymphoma have not been investigated among other multiplecase family studies. Several population-based epidemiological studies and one WM familial study
have explored farm-related exposures; however, most of these studies focus on adult farmexposures rather than early childhood exposures (which was the focus in our study).
The relationship between autoimmune disorders and allergies has been explored in one
multiple-case family-based study; however, these associations are limited to a small number of
families, and WM subtypes (232). My thesis (Chapter 5) includes more than 4 times as many
cases, and expands the relationship to heterogenous subtypes, such as NHL, B-cell, CLL, HL
and CHL. In addition, this thesis is the first to provide evidence that an appendectomy may be
associated with the risk of DLBCL, and a tonsillectomy is associated with the risk of lymphoma,
including B-cell NHL, DLBCL, HL and CHL subtypes, in the familial context. To date, one multiplecase family study observed no association between tonsillectomy or appendectomy and risk of
WM (232).

Numerous high-risk multiple-case lymphoid cancer families have been the subject of
whole-genome linkage searches (376,377,380,511,513), or NGS and variant filtering approaches
(434,512,634). To date, most other studies have conducted genome-wide searches on
homogeneous families with CLL, WM or HL cases (376,377,380,511,513) with additional families
(with fewer cases) used for targeted variant sequencing and validation. Linkage studies and NGS
studies have not been successful in identifying rare alleles for Mendelian forms of these cancers.
The evaluation of low-frequency variants with intermediate effects is still in early research phases,
but will continue to be challenged by sample size issues (41).

147

Chapter 6 examines genetic factors that are shared IBD among a family with 4
heterogeneous lymphoid cancer cases. Several likely deleterious biologically relevant variants
were identified. These gene variants will be further characterized in extended sets of multiplecase lymphoid cancer families. Characterization of loss of heterozygosity and somatic mutations
in tumours from affected individuals within this family will also be done. Susceptibility loci identified
in high-risk lymphoid cancer families may also play a role in the development of sporadic lymphoid
cancers.

7.5

Conclusion
Lymphoid cancers are comprised of numerous biologically and clinically heterogeneous

subtypes which poses a challenge to understand the etiology of distinct disease entities. Large
population-based epidemiological studies have helped to establish lymphoid cancer risk factors,
such as advanced age, male sex, comprised immune function and a family history of LPDs;
however, there remains a gap in our understanding of familial lymphoid cancer etiology.
The familial nature of heterogeneous lymphoid cancers in multiple-case families suggests
a role of shared genetic and/or environmental factors. Relative to the population, our collection of
multiple-case lymphoid cancer families showed different co-occurrence and age of onset patterns,
suggesting that these families have a different combination of etiological factors. Our analyses
showed for the first time that family structure and early life factors affect the risk of multiple types
of lymphoid cancers in families. Our observations also provide evidence implicating chronic
immune stimulation in the development of heterogeneous lymphoid cancers. These findings and
others suggest that familial lymphoid cancers may be influenced by a complex interplay between
medical, lifestyle, environmental and host genetic factors. With this comprehensive assessment
of multiple-case lymphoid cancer family risk factors, we are beginning to learn more about
potential mechanisms underlying lymphomagenesis. In the future, this knowledge may translate
into screening or preventative methods and therapeutic targets for lymphoid cancers.
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Appendices
Appendix A - Supplementary materials for Chapter 3
A.1 Supplementary tables
Supplementary Table A.1: Ethnicity and year of diagnosis incidence rates for NHL, HL, CLL and
MM cases using USA (SEER) population data.
Year
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012

White ethnicity
NHL HL CLL MM
8.1 3.7 3.7
4.2
8.8 3.4 3.4
4.3
9.6 3.2 3.2
4.6
10.1 2.9 2.9
4.8
10.9 3.3 3.3
4.8
11.7 3.1 3.1
4.4
11.8 3.1 3.1
4.5
11.9
3
3
4.4
13
3.2 3.2
4.5
13.4 3.1 3.1
4.8
13.9 3.3 3.3
4.7
14.8 3.4 3.4
5
14.5 3.3 3.3
4.8
15.7 2.9 2.9
4.6
15.9 3.3 3.3
5.4
16.7 3.4 3.4
4.7
16.8 3.4 3.4
4.8
17.5 3.3 3.3
4.8
17.5 3.3 3.3
5.3
17.5 2.9 6.6
5.2
17.6
3
6.1
4.9
18.1 2.9 6.4
5
18.7 2.9 6.2
5
18.7
3
6.3
5.2
18.8 2.9
6
5.4
19
3.1 5.9
5.1
19.3 3.1 5.8
4.9
18.7 2.8 6.1
5.2
19.3 2.9 6.4
5
19.5
3
6.4
5.1
19.7 2.9 6.5
5
20.2 2.9 6.7
5.2
20.1 3.1 6.5
5.3
20
3
6.6
5
20.3 3.1 6.4
5.1
20.4
3
6.4
5.3
20.1 2.9 6.1
5.3
20.3 2.8
6
5.5
19.6 2.8 5.8
5.4
19.9 2.7 5.4
5.5

Asian ethnicity
NHL HL CLL MM
7
0.9
0.9
3
7.4 1.4
1.4
4.6
6.7 1.6
1.6
4.2
8.9
1
1
3.9
8.8 0.8
0.8
2.9
8.8 0.7
0.7
3.6
9.6 0.8
0.8
3.4
10.5 1.2
1.2
3.6
13
1
1
3.4
7.2 0.8
0.8
3.1
8
0.8
0.8
3.5
10.2 0.8
0.8
3.6
10.6
1
1
3.3
9
1.4
1.4
4.2
10.7 1.3
1.3
3.4
10.4 1.2
1.2
2.7
11.1 1.2
1.2
3.5
11.8 0.9
0.9
3.7
11.5 0.9
0.9
4
11.6 1.3
1.6
3.1
11.5 0.8
1.4
3.5
13.4 1.1
1.6
3.4
13.2 0.9
1.5
2.7
12.1 0.7
1.6
3.5
12.5
1
1.4
4
12.4 0.9
1.5
3.2
14
1.1
1.2
3.3
12.3 1.1
1.5
3.8
14.3 1.3
1.4
3.4
13.7 1.4
1.6
3.5
13.7 1.2
1.6
3.3
13.8 1.3
1.5
3.2
13.2 1.1
1.4
3.6
12.2 1.5
1.6
3.3
13.3 1.4
1.4
3.5
13.9 1.3
1.5
3.7
13.5 1.2
1.6
3.5
13.5 1.5
1.3
3.9
13.4 1.3
1.5
3.6
13.2 1.3
1.3
3
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Notes: SEER population data obtained using Site and Morphology variable "Lymphoma subtype
recode/WHO 2008."
• NHL variable defined as 2.Non-Hodgkin lymphoma - [2(a)2.8.2.Multiple myeloma/plasmacell leuk + 2(a)2.1.1 Chronic/Small lymphocytic leuk/lymph].
• HL variable defined as 1.Hodgkin Lymphoma.
• CLL variable defined as 2(a)2.1.1.Chronic/Small lymphocytic leuk/lymph.
• MM variable defined as 2(a)2.8.2.Multiple myeloma/plasma-cell leuk.
• SEER ethnicities defined as "White" for 1973-2012, "Other (American Indian/AK Native,
Asian/Pacific Islander) for 1973-1991, and "Asian or Pacific Islander" for 1992-2012.
Abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; CLL, chronic lymphocytic
leukemia; MM, multiple myeloma.

Supplementary methods:
Calculating weighted incidence rates
For analysis of familial lymphoid cancer co-occurrence patterns, we obtained year-ofdiagnosis and ethnicity-specific population incidence rates for each NHL, HL, CLL and MM case.
Incidence rates (Supplementary Table A.1) were obtained from Surveillance, Epidemiology, and
End Results (SEER) databases (439) (440) (441), accessed through SEER*Stat software (442).
SEER data were used because comparable Canadian data were not available. Since incidence
rates vary by year and by ethnicity, the rates used to calculate the probability of a lymphoid cancer
type occurring by chance were weighted by the frequency of observed year-of-diagnosis and
ethnicity of cases in the families.
Example:
For example, 1 of 160 NHL cases (or 0.625 % of NHL cases) in this study were diagnosed
in 1993; this case was of European (or white) ancestry (count data is available in Supplementary
Table A.2; frequency data is available in Supplementary Table A.3). The frequency of observed
cases was multiplied by the year- and ethnicity-specific incidence rate (in Supplementary Table
A.1) to obtain a weighted incidence rate (Supplementary Table A.4). For example, the frequency
of observed white NHL cases diagnosed in 1993 was 0.625%, and the 1993 white NHL incidence
rate was 17.6 (per 100,000 people); multiplying the frequency (0.625% or 0.00625) by the
incidence rate (17.6) produced an incidence rate that was weighted by the frequency of our
observed familial data; 0.110 (Supplementary Table A.4). The weighted incidence rates for all
observed combinations of ethnicity, year-of-diagnosis, and type of lymphoid cancer, were totaled
and normalized to 1.00, representing the probability of occurrence (Supplementary Table A.5).
The probabilities of observing a lymphoid cancer type were cross multiplied for all possible
combinations of lymphoid cancer pairs. For example, the expected probability of observing an
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NHL case is 0.568. The probability of observing an NHL paired with an NHL is therefore 0.586 x
0.568, or 0.323. All pair combinations total to 1 or 100%.
Year and ethnicity specific incidence rates were matched to the same/closest year of
diagnosis for each lymphoid cancer case. A diagnosis prior to 1973 would have a 1973 incidence
rate applied.

Supplementary Table A.2: Observed NHL, HL, CLL and MM Lymphoid Cancer Family Study
cases by ethnicity and year of diagnosis.
White ethnicity
Year
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
Total

NHL
7
0
1
3
3
2
0
1
0
1
1
1
1
1
1
3
1
2
1
4
1
3
2
0
6
4
5
4
4
7
8
7
9
5
8
7
9
8
8
11
150

HL
8
0
0
0
0
0
0
1
0
1
0
1
2
0
1
0
0
3
2
1
0
0
1
0
0
3
0
2
3
1
1
0
2
2
3
1
3
0
4
2
48

CLL
7
0
0
0
0
1
0
1
0
2
1
1
0
0
2
0
0
3
0
2
0
1
1
3
0
3
2
2
4
2
7
2
5
6
7
9
3
3
6
8
94

Asian ethnicity
MM
3
0
0
0
0
0
0
0
2
0
0
2
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
2
0
0
1
2
0
0
1
0
1
2
0
17

NHL
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
1
0
0
1
0
0
1
0
1
1
0
1
0
3
10

HL
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
1

CLL
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

MM
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
1
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Supplementary Table A.3: Frequency of observed NHL, HL, CLL and MM cases by ethnicity
and year of diagnosis.
White ethnicity
Year
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012

NHL
0.04375
0
0.00625
0.01875
0.01875
0.0125
0
0.00625
0
0.00625
0.00625
0.00625
0.00625
0.00625
0.00625
0.01875
0.00625
0.0125
0.00625
0.025
0.00625
0.01875
0.0125
0
0.0375
0.025
0.03125
0.025
0.025
0.04375
0.05
0.04375
0.05625
0.03125
0.05
0.04375
0.05625
0.05
0.05
0.06875
--------

HL
0.163265
0
0
0
0
0
0
0.020408
0
0.020408
0
0.020408
0.040816
0
0.020408
0
0
0.061224
0.040816
0.020408
0
0
0.020408
0
0
0.061224
0
0.040816
0.061224
0.020408
0.020408
0
0.040816
0.040816
0.061224
0.020408
0.061224
0
0.081633
0.040816
--------

CLL
0.074468
0
0
0
0
0.010638
0
0.010638
0
0.021277
0.010638
0.010638
0
0
0.021277
0
0
0.031915
0
0.021277
0
0.010638
0.010638
0.031915
0
0.031915
0.021277
0.021277
0.042553
0.021277
0.074468
0.021277
0.053191
0.06383
0.074468
0.095745
0.031915
0.031915
0.06383
0.085106
--------

Asian ethnicity
MM
0.166667
0
0
0
0
0
0
0
0.111111
0
0
0.111111
0
0
0
0
0
0
0
0
0
0
0.055556
0
0
0
0
0
0.111111
0
0
0.055556
0.111111
0
0
0.055556
0
0.055556
0.111111
0
--------

NHL
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.00625
0
0
0.00625
0
0
0.00625
0
0
0.00625
0
0.00625
0.00625
0
0.00625
0
0.01875
--------

HL
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.020408
0
0
0
0
0
0
0
0
--------

CLL
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
--------

MM
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.055556
0
0
0
0
0
0
0
0
0
--------
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Supplementary Table A.4: Weighted incidence rates of observed NHL, HL, CLL and MM cases
by ethnicity and year of diagnosis.
White ethnicity
Year
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012

NHL
0.354

Sum

17.06

Total

30.48

HL
0.604

0.060
0.189
0.204
0.146
0.074

CLL
0.276

Asian ethnicity
MM
0.700

NHL

HL

CLL

Total ethnicities
MM

HL
0.604

0.060
0.189
0.204
0.146

0.033
0.061

NHL
0.354

0.032

CLL
0.276

0.033

0.074

0.061

0.032

0.084
0.087
0.093
0.091
0.098
0.099
0.313
0.105
0.219
0.109
0.438
0.110
0.339
0.234
0.076
0.705
0.475
0.691
0.468
0.483
0.939
0.985
0.884
1.213
0.625
1.098
0.979
1.131
1.099
0.980
1.616

0.063

0.066
0.035
0.036

0.229
0.110

0.188
0.123
0.130
0.272
0.136
0.484
0.143
0.346
0.421
0.477
0.613
0.195
0.191
0.370
0.460

17.89

3.1

5.678

4.85

NHL

HL

CLL

MM

0.568

0.098

0.180

0.154

0.500
0.084
0.087
0.093
0.091
0.098
0.099
0.313
0.105
0.219
0.109
0.438
0.110
0.339
0.234
0.705
0.475
0.603
0.468
0.483
0.853
0.985
0.884
1.131
0.625
1.015
0.893
1.131
1.015
0.980
1.368

0.063
0.069
0.135

0.066
0.035
0.036

0.067

0.070

0.202
0.135
0.059

0.105

0.059

0.190

0.229
0.110

0.188
0.123
0.130
0.272
0.136
0.484
0.143
0.346
0.421
0.477
0.613
0.195
0.191
0.370
0.460

3.073

5.678

0.114
0.178
0.061
0.059
0.127
0.122
0.190
0.061
0.178

0.500

0.556

0.140
0.068
0.066
0.201

0.278
0.076

0.088
0.556
0.086
0.183
0.289
0.589

0.083

0.294

0.083
0.087

0.306
0.600

0.027

0.084
0.248

4.667

MM
0.700

0.833

0.027

0

0.183

1.04

0.069
0.135
0.067

0.070

0.202
0.135
0.059

0.105

0.059

0.190
0.114
0.178
0.061
0.059
0.027
0.127
0.122
0.190
0.061
0.178

0.556

0.140
0.068
0.066
0.201

0.278

0.556
0.183
0.289
0.589

0.294
0.306
0.600

31.52

Probability of occurrence
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Supplementary Table A.5: Estimated probability of NHL, HL, CLL and MM occurring in the
population.
Type of Probability of
cancer
occurrence
NHL
0.568
HL
0.098
CLL
0.180
MM
0.154
Notes: The probabilities of observing a lymphoid cancer type (above) are cross multiplied to
calculate the probability of observing all possible combinations of lymphoid cancer pairs. E.g., the
expected probability of observing an NHL case is 0.568. The probability of observing an NHL
paired with an NHL is therefore 0.568 x 0.568, or 0.323. All pair combinations total to 1 or 100%.
Population incidence rates were obtained using SEER (USA) year- and ethnicity-specific
incidence rates.
Abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; CLL, chronic lymphocytic
leukemia; MM, multiple myeloma.

Supplementary Table A.6: Estimated probability of NHL, HL, CLL and MM occurring in the
Canadian population based on 2015 incidence rates.
Type of Probability of
cancer
occurrence
NHL
0.501
HL
0.085
CLL
0.189
MM
0.224
Notes: 2015 Incidence rates for NHL, HL, CLL and MM were obtained from the Canadian Cancer
Society. Population incidence rates were normalized to 1.00 or 100%. Year- and ethnicity- specific
incidence rates were unavailable for Canadian data.
Abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; CLL, chronic lymphocytic
leukemia; MM, multiple myeloma.
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Supplementary Figure A.1: Lymphoid cancer co-occurrence in families with two, three and four
of more lymphoid cancer cases based on 2015 Canadian incidence rates.

Notes: observed % (n pairs). Colour is associated with variation from expected frequency of
random lymphoid cancer co-occurrences, as determined by the signed square-root of the
contribution to the chi-square statistic.
Abbreviations: NHL, non-Hodgkin lymphoma; HL, Hodgkin lymphoma; CLL, chronic lymphocytic
leukemia; MM, multiple myeloma.
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Appendix B - Supplementary materials for Chapter 4

B.1 Supplementary tables
Supplementary Table B.1: Person-time and events for lymphoid cancer cases and non-lymphoid
cancer cases.

Generation
0
1
2
3
4
5

Lymphoid cancer cases
Number Total Person-years
of events years
per event
0
78
/
12
3150
263
51
10498
206
52
10527
202
10
3143
314
0
126
/

Non-lymphoid cancer cases
Number
Total Person-years
of events years
per event
0
103
/
5
2521
504
33
10497
318
16
10673
667
3
3210
1070
0
126
/

Notes: Person-time analysis was calculated for 140 families only. This analysis was completed
during an earlier stage of analysis (in 2016), whereas corrections for ascertainment bias were
performed in 2019 with a larger sample size.
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Appendix C - Supplementary materials for Chapter 5

C.1 Supplementary figures

Supplementary Figure C.1: Results of logistic regression and chi-squared tests for trend of
permuted family data. (A) Distributions of 10,000 odds ratio (OR) estimates and (B) corresponding
p-values obtained from logistic regression with sibship size and logistic regression with birth order.
The dashed line represents the observed OR from the GEE logistic regression with the full family
data set. (C) Distributions of the p-values obtained from chi-square tests for trend in proportion of
cases with sibship size and birth order.
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C.2 Supplementary tables
Supplementary Table C.1: Associations between risk of HL and family structure, stratified by
patient age at diagnosis.

Individuals within families, n
Age cutoff Families, Unaffected Lymphoid Total
Type, dx age criteria
n
sibs
affected
HL, all
N/A
46
185
70
255
Cozen
et
al,
HL, ≤ 50
41
149
58
207
(2009).
HL, < 40
38
103
47
150
(226)
HL, > 50
12
39
12
51
HL, ≥ 40
21
85
23
108
Westergaard
HL, <15
5
9
5
14
et al (1997).
HL, 15-42
36
128
48
176
(260)
HL, > 42
16
54
17
71

OR (95% CI)1,2
Birth order
Sibship size
0.94 (0.80 - 1.12)
0.96 (0.77 - 1.20)
0.98 (0.76 - 1.28)
1.07 (0.70 - 1.62)
0.94 (0.70 - 1.27)
1.13 (0.62 - 2.06)
1.00 (0.77 - 1.29)
1.01 (0.67 - 1.52)

0.83 (0.78 - 0.90)
0.88 (0.83 - 0.94)
0.85 (0.77 - 0.95)
0.67 (0.56 - 0.79)
0.84 (0.78 - 0.91)
1.09 (0.65 - 1.83)
0.89 (0.83 - 0.94)
0.74 (0.64 - 0.86)

Notes: 1 Adjusted for age at enrollment (continuous) and sex (male/female). Age at death was
used for non-living participants. 2 OR and 95% CI were estimated by GEE logistic regression
(clustered by family) with an autoregressive correlation structure. Birth order referent group: first
born; Sibship size referent group: two siblings; Bold type, 95% CI does not include 1.00, denoting
a significant association.
Abbreviations: OR, odds ratio; CI, confidence interval; dx, age at diagnosis; HL, Hodgkin
lymphoma.
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Appendix D - Supplementary materials for Chapter 6

D.1 Supplementary figures

Supplementary Figure D.1: Proportion of IBD1 and IBD2 segments among all pair-wise
relationships.
Abbreviations: IBD1, identity by descent on one chromosome; IBD2, identity by descent on two
chromosomes; MZ, monozygotic twins; PO, parent-offspring; FS, first degree relative (siblings);
2nd, second degree relative; distant, a relative that is 3rd or 4th degree; UN, unrelated.
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Supplementary Figure D.2: A heat-map of IBD showing the relatedness level colour comparison
between samples.
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