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Abstract

Background

Accumulating evidence suggests that risk factors for classical Hodgkin lymphoma (cHL) differ
by tumor Epstein-Barr virus (EBV) status. This potential etiological heterogeneity is not
recognized in current disease classification.

Methods

We conducted a genome-wide association study of 1200 cHL patients and 6417 control subjects,
with validation in an independent replication series, to identify common genetic variants
associated with total cHL and subtypes defined by tumor EBV status. Multiple logistic
regression was used to calculate odds ratios (ORs) and 95% confidence intervals (Cls) assuming
a log-additive genetic model for the variants. All statistical tests were two-sided.

Results



Two novel loci associated with total cHL irrespective of EBV status were identified in the major
histocompatibility complex (MHC) region; one resides adjacent to MICB (1s2248462: OR =
0.61,95% CI=0.53t00.69,P=13x 10'13) and the other at HLA-DRA (rs2395185: OR = 0.56,
95% CI = 0.50 to 0.62, P = 8.3 x 10*°) with both results confirmed in an independent replication
series. Consistent with previous reports, associations were found between EBV-positive cHL and
genetic variants within the class I region (rs2734986, HLA-A: OR = 2.45, 95% CI = 2.00 to 3.00,
P=12x 10" rs6904029, HCGY: OR = 0.46, 95% CI = 0.36 to 0.59, P= 5.5 x 10"'%) and
between EBV-negative cHL and rs6903608 within the class II region (rs6903608, HLA-DRA:
OR =2.08, 95% CI = 1.84 t0 2.35, P = 6.1 x 10~"). The association between rs6903608 and
EBV-negative cHL was confined to the nodular sclerosis histologic subtype. Evidence for an
association between EBV-negative cHL and rs20541 (5q31, IL13: OR =1.53, 95% CI = 1.32 to
1.76, P=54x 10'9), a variant previously linked to psoriasis and asthma, was observed; however,
the evidence for replication was less clear. Notably, one additional psoriasis-associated variant,
1s27524 (5q15, ERAPI), showed evidence of an association with cHL in the genome-wide
association study (OR =1.21,95% CI=1.10to 1.33, P=1.5x 10*) and replication series (P =
.03).

Conclusion

Overall, these results provide strong evidence that EBV status is an etiologically important
classification of cHL and also suggest that some components of the pathological process are

common to both EBV-positive and -negative patients.

Introduction
Hodgkin lymphoma (HL) is a malignant condition of B lymphocyte origin and among the

most common cancers in adolescents and young adults (1). Current classification broadly divides
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HL into two major forms that are thought to be distinct clinicopathological entities: classical HL
(cHL) which accounts for about 95% of HL, and the less prevalent nodular lymphocyte-
predominant HL (2). cHL is characterized by the presence of a small number of Hodgkin and
Reed-Sternberg (HRS) tumor cells scattered within an admixture of inflammatory cells, and is
further subdivided into four histological subtypes consisting of nodular sclerosis HL (NSHL),
mixed cellularity HL (MCHL), lymphocyte-depleted HL, and lymphocyte-rich HL (2, 3).

Epstein-Barr virus (EBV) has been etiologically associated with a proportion of cHL
patients (4, 5). EBV latent membrane protein (LMP)-1 and/or EBV encoded small RNAs
(EBERSs) have been detected in HRS cells in as many as 40% of cHL patients in economically
developed countries (5, 6). The presence of clonal EBV genomes in tumor cells and the known
transforming potential of LMP-1 and LMP-2 suggest that EBV plays a direct role in the
pathogenesis of cHL. The proportion of EBV-positive cHLs varies with sex, age, ethnicity, and
regional economic development. Specifically, EBV-positive cHL is more frequently observed in
males, children and older adults, non-whites, and in less economically developed regions of the
world (7). Compared with the NSHL histological subtype, MCHL is more likely to be EBV-
positive across all age groups, but particularly for young adults (7). However, because
approximately 60% of cHLs are NSHL (vs about 30% MCHL), the majority of EBV-positive
cHLs are of this histological subtype.

A small number of B lymphocytes in most healthy adults are persistently infected with
EBV. The factors associated with progression to EBV-related cHL are not fully understood, but
growing evidence suggests it is likely to be influenced by genetic factors (8, 9). Antiviral
immune responses are considered to be essential in the control of EBV-induced
lymphomagenesis. Accordingly, a previously reported genetic screening study using 33
microsatellite markers across the major histocompatibility complex (MHC) region, a region

densely populated with immunoregulatory genes, identified susceptibility loci within the class I



and class III regions that were specifically associated with EBV-positive or -negative cHL (8).
Subsequent evidence has emerged that supports a strong involvement of the highly polymorphic
HLA-A locus in EBV-positive cHL in which HLA-A*01 confers an approximate twofold
increased risk per allele whereas HLA-A*(02 was associated with an approximate 40% reduction
in risk (9, 10). Also, a recent genome-wide association study (GWAS) showed an association
between cHL and an MHC class II variant, rs6903608, which appeared to be largely confined to
the EBV-negative subtype (11).

Taken together, these previous reports provide a strong indication that cHL is an
etiologically heterogeneous disease that may warrant consideration of EBV status as an addition
to the current classification of cHL which does not include EBV. We therefore conducted a
GWAS among a large series of EBV-classified cHL patients and control subjects, with an
emphasis on incorporating EBV status in the definition of tumor phenotype, to identify common

genetic variants involved in the susceptibility to cHL.

Methods
Genome-wide Association Study Samples

Genome-wide genotyping was performed on cHL case samples from five European-based
HL studies: the EPILYMPH Study, the Scotland and Newcastle Lymphoma Group, the Young
Adult Hodgkin’s Disease Case-Control Study, the Scandinavian Lymphoma Etiology Study, and
the Northern Dutch Hodgkin Lymphoma Study (Table 1). Briefly, EPILYMPH is a multicenter
case—control study of lymphoma conducted between January 1998 and June 2003 that included
patients from centers in six European countries and followed a common core protocol (12). The
Scotland and Newcastle Lymphoma Group includes the Scotland and Newcastle
Epidemiological Study of Hodgkin’s Disease, which is a case—control study conducted in

Scotland and Northern England between January 1993 and July 1997 (6), and the “local case



series”, a prospectively collected series of patients within those regions between January 1992
and March 2008 (9). The Young Adult Hodgkin’s Disease Case-Control Study is a case—control
study of HL in adolescents and young adults (aged 16—24 years) conducted in the United
Kingdom in the regions of Yorkshire, Wessex, Southwest Family Health Service Authority
areas, and parts of Cumbria and Lancashire between October 1991 and May 1995 (13). The
Scandinavian Lymphoma Etiology Study is a case-control study of lymphomas conducted in
Denmark and Sweden between January 1999 and August 2002 (14), and the Northern Dutch
Hodgkin Lymphoma Study comprises a population-based case patient series of HL diagnosed in
Northern Netherlands between January 1987 and April 2009 (8). DNA samples of sufficient
quality and quantity for genome-wide genotyping were available for 1238 cHL patients aged 15
to 80 years (median age = 33 years), as well as 1395 study-specific control subjects representing
nine European countries, including the Czech Republic, Denmark, France, Germany, Ireland, the
Netherlands, Spain, Sweden, and the United Kingdom. The study protocol was approved by the
institutional review boards, regional scientific ethics committees, and/or data protection agencies
of all collaborating centers or institutions, and written informed consent was obtained for all
participating subjects.

A large series of generic control subjects were selected on the basis of the country of
recruitment of case patients from several previously published GWAS of other cancers
conducted among populations of European ancestry (Table 1). These studies included: the
Alcohol Related Cancers and Genetic Susceptibility in Europe (15); the International Agency for
Research on Cancer Central Europe Study (16); the Pancreatic Cancer Cohort Consortium (17);
the Nijmegen Biomedical Study (18); the Nord-Trendelag Health Study and Tromse IV Studies
(19, 20); and the Wellcome Trust Case-Control Consortium (21). From these six studies,

genome-wide data from a total of 6466 control subjects were assembled.



Genome-Wide Genotyping and Quality Control

Genome-wide genotyping of cHL case patient samples was performed using the Illumina
Infintum Human660-Quad BeadChip (Illumina Inc., San Diego, CA) at the Centre National de
Génotypage (Evry, France, http://www.cng.fr/) as described previously (22). These case patients
were matched with control populations genotyped on Illumina BeadChips (Illumina Inc.) from
six previous GWAS (described above and Table 1).

We conducted systematic quality control steps separately within case patient samples and
each of the six different control sample series. A single nucleotide polymorphism (SNP) was
excluded if it was not successfully genotyped in 98% or more of samples, the distribution of
genotypes clearly deviated from that expected by Hardy-Weinberg equilibrium (P < 1 x 107), or
the minor allele frequency was less than 0.01. These exclusions resulted in a total of 502514
SNPs with at least partial genotype data available for both case patients and control subjects.

In addition, quality control metrics were applied to the 1238 cHL case patients resulting
in the exclusion of nine samples with less than a 95% overall genotyping success rate, six
samples with outlying autosomal heterozygosity rates (>6 SDs from the mean), and three self-
reported males and two females with abnormal X-chromosome heterozygosity rates of greater
than 10% and less than 20%, respectively. Relatedness was evaluated on the basis of an identity
by descent analysis (evaluation of whether loci are identical copies of the same ancestral allele)
(23) leading to the exclusion of an additional five samples (ie, first-degree relatives)
(Supplementary Table 1, available online).

To maximize the ethnic homogeneity of the case patient and control subject series, we
performed a principal components analysis using a subseries of 11029 SNPs present on all
[llumina BeadChip panels (Illumina Inc.) that are evenly distributed across the genome in low
linkage disequilibrium (LD) (+* < 0.004) (24) and that passed quality control requirements. The

principal components analysis was conducted using EIGENSTRAT of the EIGENSOFT 3.0



software package (Broad Institute, Cambridge, MA) (25). This resulted in further exclusion of 62
outliers (13 patients and 49 control subjects) resulting in a total of 1200 cHL case patients and
6417 control subjects available for the genome-wide analysis (Supplementary Table 1, available

online).

Technical Replication

The technical replication stage involved re-genotyping all 1200 cHL patients included in
the GWAS and genotyping for the first time 1395 study-specific control subjects for 20 SNPs
that reached genome-wide significance in the analysis of total cHL or the subgroup analyses by
tumor EBYV status. These included 19 SNPs from the MHC region (selected from among greater
than 100 genome-wide significant MHC region SNPs based on LD pruning at 7° < 0.2 with an
effort to retain SNPs with the lowest P values and one SNP at chromosomal region 5q31 (IL13,
1s20541). Technical replication genotyping was performed using the Sequenom platform
(Sequenom Inc., San Diego, CA) at the Centre National de Génotypage (Supplementary Table 2,
available online). This stage served two purposes: 1) it allowed for the assessment of genotyping
error in the GWAS through re-genotyping select SNPs by an alternate genotyping technology,
and 2) it allowed us to confirm the GWAS findings in an analysis of GWAS case patients and
study-specific control subjects and aided in the evaluation of bias possibly introduced by the use

of generic control subjects in the GWAS.

Independent Replication

Further evaluation of the independence of the associations between cHL and the 20
technical replication SNPs identified five SNPs within the MHC region and one at 5q31
(rs20541) that best explain the associations with each locus. Three of the six SNPs have not been

previously reported in the cHL literature. Thus, they were studied in the independent replication
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series comprising a different sample of 563 case patients and 613 control subjects from
EPILYMPH (12), the Scotland and Newcastle Lymphoma Group (6, 9), the Young Adult
Hodgkin’s Disease Case—Control Study (13), and the Epidemiology and Genetics Lymphoma
Case—Control Study conducted between January 1998 and July 2003 (http://www.elccs.info) (26)
(Table 1). The rs20541 SNP has been associated with psoriasis and asthma in previous GWAS
(27-31). One additional psoriasis SNP that showed a putative association in the cHL GWAS,
1527524 (ERAPI), was selected for independent replication on the basis of the hypothesis that
there may be overlap in the biological mechanisms of the two immune-related diseases. In total,
four SNPs were included in the independent replication stage.

Genotyping was performed using TagMan Pre-Designed SNP Genotyping Assays (Applied
Biosystems, Carlsbad, CA) in 384-well plates for variants rs27524, rs20541, rs2248462 (6p21: MICB)
and rs2395185 (6p21: HLA-DRA), including 3.6% duplicate samples. A specific TagMan Pre-Designed
SNP Genotyping Assay Mix (containing probes and primers) was used for each SNP (Applied
Biosystems assay-on-demand order code: C__ 3056837 10 for rs27524, C__ 2259921 20 for rs20541,
C_ 16026475 10 for rs2248462, and C 16222465 10 for rs2395185). Assays were run on the
GeneAmp PCR System 9700 thermal cycler (Applied Biosystems) for 15 minutes at 95°C followed by 30
cycles at 95°C for 15 seconds and a 1 minute incubation at 60°C. Subsequently, the endpoint fluorescence
was read with an ABI Prism 7900HT Sequence Detection System, and genotypes were “called” using the
SDS 2.1 software (Applied Biosystems). The performance of the assays was validated by re-genotyping
CEU HapMap samples (United States residents with northern and western European ancestry) and
comparing the results to HapMap genotypes (http://hapmap.ncbi.nlm.nih.gov). All assays were found

to be functioning robustly. Within the study samples, duplicates genotyping concordance was greater than

99%.

Tumor EBYV Status Classification
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Hodgkin lymphoma EBV status was ascertained through in situ hybridization for EBERs and/or
through immunohistochemical staining for EBV LMP-1 protein on formalin-fixed, paraffin-embedded
tumor samples, with commercially available reagents and protocols that are used in diagnostic settings
(32-34). In most patients, in situ hybridization was performed to detect EBER1-2 RNAs, which are
associated with latent EBV infection, by using an EBER specific peptide nucleic acid probe
according to the manufacturer’s instructions (DAKO, Glostrup, Denmark). An appropriate
positive control (known EBV-positive Hodgkin lymphoma case) was included.

Immunohistochemical staining for EBV LMP-1 protein was typically used to supplement the in
situ hybridization analyses, but in a small proportion of samples (<10%) EBV LMP-1 staining was the
only test for EBV. Following antigen retrieval, paraffin sections were incubated with the antibody
cocktail CS1-4 (DAKO). Reactivity was detected using standard EnVision (DAKO),
VECTASTAIN ABC (Vector Laboratories, Peterborough, UK), or Ventana kit (Ventana,
Tuscon, AZ) immunohistochemistry. EBV-positive patients were defined as those for whom

their HRS cells expressed EBERs or LMP-1 protein (35).

Statistical Analysis

The association between each genetic variant and the disease phenotype was estimated by
the odds ratio (OR) per allele and 95% confidence intervals (CIs) using multiple logistic
regression, assuming a log-additive genetic model with sex (male or female) and country of
recruitment (France, Germany, Spain, Czech Republic, Ireland, United Kingdom, Denmark,
Sweden, and the Netherlands; eight indicator variables after excluding one country as the
reference) included in the model as covariates. To adjust for any additional population
stratification not captured by adjustment for country, eight principal components analysis
eigenvectors, which were suggested to be informative based on the Tracy-Widom statistic (P <

.05), were included in the regression model (36). To evaluate the independence of the
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associations between cHL and multiple SNPs, additional model variables representing the
variants in question were included together in a single logistic regression model. Results of the
genome-wide and independent replication analyses were combined with meta-analyses applying
the inverse variance weighting method (37). Between-study heterogeneity in risk estimate was
evaluated using the Cochran Q test statistic. Differences for which P values were less than 1.0 x 107
were considered statistically significant at the genome-wide level (21).

Genome-wide analyses were conducted for total cHL and for EBV-positive cHL and
EBV-negative cHL as the phenotypes of interest. For SNPs that were identified as being
associated with cHL, analyses were also conducted on subtypes that were defined using both
histology (NSHL or MCHL) and tumor EBV status. The y’test of homogeneity was used to test
the null hypothesis that the subtype specific ORs were equal. Genome-wide analyses were not
stratified by sex to minimize the total number of statistical tests performed in light of no
compelling previously published evidence for strong sex-specific differences in genetic
associations. The study population included only whites of European origin; thus, no analyses by
racial/ethnic groups were performed. All statistical tests were two-sided. Analyses were

conducted using PLINK (23) and SAS software version 9 (SAS, Cary, NC) (38).

Results

The GWAS analysis included 1200 cHL case patients, of which tumor EBV data were
available for 933 (77.8%) of 1200 patients. Of the EBV-classified patients, 265 (28.4%) of 933
were EBV-positive (Table 1). The control subject series consisted of 6417 control subjects with
existing genome-wide SNP data representing the countries from which the patients were recruited
(Table 1 and Supplementary Table 3, available online). The overall analysis of cHL and 502 514

SNPs adjusting for sex, country, and eight principal components analysis eigenvectors showed
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minimal evidence of genomic inflation (A = 1.04 when adjusted to a sample size of 1000 case

patients and 1000 control subjects) (39) (Supplementary Figure 1, available online).

MHC Region

Strong associations were observed between cHL and SNPs within the MHC region
(chromosomal region 6p21) (Figure 1). Because of the availability of EBV status for the large
majority of the cHL patients, three groups of risk-associated variants were distinguishable: those
relevant to total cHL, EBV-positive cHL, and EBV-negative cHL (Figure 2 and Supplementary
Figure 2, available online). Two loci showed strong evidence of association with total cHL, with
no evidence of heterogeneity in effect by tumor EBV status or histological subtype (Table 2 and
Figure 3). One of these, indexed by SNP rs2248462, located in the class I region nearing the
border with the class III region at the MICB gene, was associated with a reduced risk of cHL
(OR =0.61, 95% CI=0.53 t0 0.69, P = 1.3 x 10™"%). A reduced risk of cHL was also
independently associated with rs2395185 (OR = 0.56, 95% CI = 0.50 to 0.62, P = 8.3 x 10'25), a
class II SNP located at HLA-DRA.

Multiple SNPs in the class I region were associated with EBV-positive cHL with only
limited evidence of an association with EBV-negative CHL (Phomogencity < -001) (Table 2 and
Figure 3). Most notable was the variant rs2734986 (OR = 2.45, 95% CI =2.00 to 3.00, P=1.2 x
107"%) and another class I SNP in weak LD (+* < 0.10), rs6904029, which showed an independent
association with EBV-positive cHL (OR = 0.46, 95% CI=0.36 t0 0.59, P=5.5x 1079,
Previously genotyped HLA-A data were available for the majority of patients (257 EBV-positive
and 642 EBV-negative cHL), and strong LD was observed for rs2734986 (**=0.98) and
rs6904029 (+* = 0.88) with the previously documented HLA-4*01 and A*02 allelic groups,

respectively (9).
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Also within the MHC in the class II region, a marked cHL association was found for
rs6903608 (OR = 1.71, 95% CI = 1.55 to 1.89, P=3.2 x 10™*7), a SNP previously reported (11)
(Table 2, Figure 2, and Supplementary Figure 2, available online). Strong evidence of
heterogeneity in the risk estimate by tumor EBV status for rs6903608 was observed (Phomogencity <
.001). SNP rs6903608 showed no association with EBV-positive cHL (OR = 0.95, 95% CI =
0.78 to 1.16, P = .63), but a markedly increased risk of EBV-negative cHL was observed (OR =
2.08,95% CI=1.84 to 2.35, P= 6.1 x 10™") (Figure 3). An analysis including the five currently
reported MHC region SNPs (rs2248462, rs2395185, rs2734986, rs6904029, and rs6903608) in a
single logistic regression model showed all were independently associated with the risk of total

cHL and/or EBV subtype-specific cHL (Table 2).

Non-MHC Regions

The genome-wide analysis also indicated a strong signal originating from the
chromosomal region 5q31 in proximity to the /L/3 and /L4 genes (Figure 1). An increased risk
of cHL was associated with the minor allele of rs20541 (Table 3 and Figure 4), which appeared
predominately in EBV-negative cHL (OR = 1.53, 95% CI=1.32to 1.76, P=5.4 x 10”). The
rs20541 variant has been shown to be involved in the genetic susceptibility to psoriasis and
asthma in recently published GWAS (27-31). As the overlap suggests there may be potential
similarities in biological mechanism between cHL and these other immune-related diseases, we
placed emphasis on SNPs associated with psoriasis and asthma identified by previous GWAS
(Supplementary Table 4, available online). One additional SNP, rs27524, was associated with
total cHL (OR = 1.21, 95% CI=1.10to 1.33, P=1.5 x 10™) (Table 3 and Figure 4) after
applying a Bonferroni correction for the 20 psoriasis and asthma-associated SNPs (P < .003) that

were considered. The association between total cHL and SNP rs2476601 (chromosomal region

14



1p13, PTPN22) also showed borderline statistical significance after a Bonferroni correction (P =

3.7 x 10”) (Supplementary Table 4, available online).

Technical and Independent Replication

Subsequent to the GWAS analysis, the key associations between SNPs and cHL were
investigated by technical (genotype validation and analysis using study-specific control subjects)
and independent (replication of findings in an independent series) replication. In the technical
replication, all SNPs had a genotype concordance between the Illumina (Illumina Inc.) and
Sequenom (Sequenom Inc.) platforms of 99% or greater (Supplementary Table 2, available
online). Furthermore, the associations were consistent between the analysis using generic and
study-specific control subjects (Supplementary Table 5, available online). For the independent
replication conducted in the additional series of 563 cHL patients and 613 control subjects for
four previously unreported SNPs (1s2248462, rs2395185, rs20541, and rs27524), consistent
evidence of associations between rs2248462, rs2395185, and rs27524 and cHL were found with
the exception of rs20541 (EBV-negative cHL: OR = 1.18, 95% CI = 0.83 to 1.67, P = .361)
(Table 3). Nevertheless, the combined GWAS and replication results for rs20541 were
statistically significant at the genome-wide level (total cHL: OR = 1.38, 95% CI = 1.24 to 1.54,
P =1.8x 10”; EBV-negative cHL: OR = 1.47, 95% CI = 1.29 to 1.68, P= 1.1 x 10°®), but

additional studies are needed to confirm this finding (Supplementary Figure 3, available online).

Associations by Tumor EBV Status in MCHL and NSHL

An evaluation of the relationship between cHL and the SNPs by tumor EBV status within
the separate MCHL and NSHL histologic subtypes was performed. The exclusively EBV-
negative cHL association with rs6903608 was largely restricted to the NSHL subtype (Table 4)

with evidence of heterogeneity between EBV-negative NSHL and MCHL (Phomogeneity = -002).
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The EBV-positive cHL associations with 152734986 and rs6904029 were observed in both
MCHL and NSHL subtypes. However, there was some suggestion that the rs2734986 EBV-

positive relationship may be stronger in MCHL compared with NSHL (Phomogencity = -09).

Discussion

The large size of the current GWAS including 1200 cHL patients and more than 6000
control subjects, together with EBV and histology information available for the majority of case
patients, allowed us to evaluate genome-wide associations by tumor EBV status and further
refine the specificity of previously reported susceptibility loci. Overall, we confirmed the strong
role of the MHC region supported by five loci independently associated with total cHL or EBV
status-specific cHL: rs2248462 (class I region in proximity to MICB) and rs2395185 (class II
region, HLA-DRA) are novel loci associated with cHL, irrespective of EBV status. rs2734986
and rs6904029 (class I region, HLA-A) were associated with EBV-positive cHL, and rs6903608
(class II region, HLA-DRA) was associated with EBV-negative cHL and was associated
predominately with the NSHL histological subtype. We also showed evidence of an association
between cHL and novel loci in close proximity to key immunoregulatory genes at chromosome
5931 (rs20541, IL13) and 5q15 (1rs27524, ERAPI), both of which have also been previously
linked to psoriasis.

rs2248462 and 152395185, both located in the MHC region nearly 1 Mb apart (+* < 0.1),
are independently associated with total cHL with little evidence of heterogeneity in risk estimate
by EBV status and histology. The rs2248462 SNP is located in the class I region adjacent to the
highly polymorphic MHC class I-related chain (MICB) gene, which encodes a heavily
glycosylated protein that is a ligand for the NKG2D receptor. The MICB ligand, structurally
resembling the MHC class I glycoproteins, is expressed on epithelial cells in response to cellular

stress and activates the cytolytic response of T lymphocytes and natural killer cells that are
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capable of eliminating tumor and virally-infected cells (40). A previous study examining the
MHC region reported an association between cHL and a microsatellite marker that possibly
tagged the same susceptibility locus (8). It involved a broadly associated region centered on the
D6S273 microsatellite marker that is located about 100 kb from rs2248462. The second cHL-
associated SNP reported in this current study, rs2395185, is in the 3’ untranslated region of HLA-
DRA in close proximity to the EBV-negative cHL SNP, rs6903608 (+°=0.20). However, in
contrast to rs6903608, rs2395185 was associated with EBV-positive and EBV-negative cHL,
providing evidence that these two SNPs contribute independently to cHL risk.

A cluster of SNPs within the class I region was associated specifically with EBV-positive
cHL. The strongest signal was observed for rs2734986 (P = 1.2 x 10"), located in the 3’
untranslated region of HLA-G and in close proximity to the HLA-A locus. Further analysis
showed rs6904029 (located approximately 124 kb downstream in HCG9) was independently
associated with EBV-positive cHL. Previous evidence based on a subset of the subjects included
in this GWAS showed an increased and decreased risk of EBV-positive cHL associated with
HLA-A*01 and -A*02, respectively (9, 10). An evaluation among the patients with HLA-A data
available showed HLA-A*01 to be in strong LD with rs2734986 (**=0.98), but not with
rs6904029 (+* = 0.10). Similarly, HLA-A*02 was in LD with rs6904029 (+*= 0.88), but not with
rs2734986 (° = 0.10).

The analysis by EBV status showed the class II SNP (11), rs6903608, to be associated
only with EBV-negative cHL whereas no association was observed with EBV-positive cHL.
This SNP resides in the 3’ untranslated region of the HLA-DRA locus and is in relatively close
proximity to the other HLA class II loci (HLA-DR, HLA-DQ, and HLA-DP) which have been
implicated in earlier studies of HL (41-44). In our study, we identified an additional level of
heterogeneity in the risk estimate of this variant by histologic subtype, indicating associations

were predominantly between rs6903608 and EBV-negative NSHL, rather than EBV-negative
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MCHL. Although cHL histology and EBV status are related, they are far from synonymous. To
our knowledge, this is the first study to show clear evidence of a histology-specific association
between genetic loci and cHL risk within an EBV-defined series of cHL patients.

In this GWAS, additional genome-wide significant associations between genetic variants
and cHL were identified outside of the MHC region within a cytokine gene cluster at
chromosomal region 5q31, including a non-synonymous SNP in the /L3 gene (rs20541).
1520541 causes the replacement of a positively charged arginine with a neutral glutamine which
has been shown to result in increased activity of IL13, a type 2 helper T cell cytokine (45).
Association studies have also attributed this SNP to increased serum immunoglobulin E levels
(46), atopic conditions (47), asthma (28), and psoriasis (30, 31). In cHL, IL.13 protein expression
has been specifically detected in HRS cells (48) and rarely within the reactive infiltrate of cHL
tumors. Evidence from gene expression studies increasingly suggests that this cytokine may
function as an autocrine growth factor for the HRS cells in cHL (49). Involvement of IL13 in
cHL is also consistent with a recent GWAS reporting an association between cHL and the
GATA3 gene (11). GATA3 acts as a master transcription factor for key cytokines, including /13,
in lymphoid cell development (50), and concordantly aberrant expression of these two genes has
been detected in HRS cells derived from cHL tissue (51). Further support for an involvement of
cytokines in cHL has been demonstrated in a recent candidate gene study reporting evidence of
epistatic interactions within the inflammatory response pathway (52).

Although the overall association between rs20541 and cHL (GWAS and replication
combined) was statistically significant at the genome-wide level, weak evidence for this
relationship was observed in the independent replication series alone. The inconsistency may be
partially attributed to insufficient statistical power in the replication series, particularly if the
GWAS estimate is overestimated as a consequence of the stringent criteria for genome-wide

statistical significance (53). Notably, in the genome-wide analysis, rs20541 appeared to be
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predominately associated with EBV-negative cHL. The replication dataset included a total of
563 cHL patients, of which only half were classified as EBV-negative, which may have further
influenced statistical power. Although strong evidence in the GWAS was found for an
association between rs20541 and cHL, and a biological role for rs20541 in cHL is plausible, this
reported association requires further confirmation.

The overlap of the cHL association with rs20541 found in our study with recent GWAS
of psoriasis (31) and asthma (28) led us to consider other asthma and psoriasis SNPs as possible
candidate loci associated with cHL. In particular, rs27524 which maps to the endoplasmic
reticulum aminopeptidase 1 (chromosome 5q15) gene locus has been strongly associated with
psoriasis (31), and has shown evidence of an association with cHL in our genome-wide analysis.
A consistent association was observed in the independent replication study and yielded strong
evidence in the GWAS and replication combined analysis. ERAP1 is an aminopeptidase
involved in the trimming of N-terminal amino acid residues of precursor polypeptides in
preparation for loading and antigen presentation by the MHC class I molecule. Aberrant activity
of ERAPI (and ERAP2, a gene located in close proximity) resulting in impaired antigen
processing plays a key role in regulating the surface expression of HLA class [ molecules (54).
Fruci et al. (55) reported consistently high FRAPI expression levels in lymphoblastoid cell lines
established from healthy donors, but markedly varied expression levels correlated with surface
HLA class I expression in tumor cell lines. Thus, it has been hypothesized that down-regulation
of HLA class I expression and/or deranged presentation of certain tumor antigens caused by
abnormal expression of ERAPI may contribute to the ability of tumor cells to evade immune
surveillance (55).

The nature of a possible relationship of cHL with psoriasis and potentially with other
autoimmune diseases is unclear and requires further investigation. Previous epidemiological

studies have reported associations between cHL risk and a personal and family history of certain
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autoimmune diseases, namely rheumatoid arthritis and systemic lupus erythematosus, although
the reports have been less consistent for psoriasis (56). A large retrospective cohort study
conducted in the UK reported a statistically significant increased risk of HL in psoriasis patients
(57). However, there is uncertainty about whether the putative relationship may be attributed to
the adverse effects of psoriasis treatment or whether there is some pathophysiological feature
common to both diseases (57, 58). Nevertheless, the overlap in genetic risk factors indicated in
our study provides support for possible similarities in molecular pathways involved in the
pathogenesis of these immune-related diseases.

Our study has several limitations. Although this is the largest GWAS of cHL to date and
the first to evaluate EBV status-specific heterogeneity, there may have been insufficient
statistical power to detect certain associations within the analysis of the less common cHL
subtypes (eg, EBV-positive cHL) and for rarer SNPs and those associated with smaller risk
estimates. Assuming a SNP allele frequency of approximately 0.20, the current GWAS sample
size had adequate power (>70%) to detect statistically significant (P < 1 x 10”) associations for
risk estimates as low as 1.4, 1.9, and 1.5 in the analyses of total cHL, EBV-positive cHL, and
EBV-negative cHL, respectively. Presence of systematic bias because of differences in
genotyping between patients and the generic control subjects is a possibility. However,
consistency with previous literature and successful validation of genotyping together with
replication of novel SNP loci in this current study make it unlikely that the reported SNPs are
false-positive findings. The patients included in this GWA analysis, with the exception of those
from EPILYMPH, have contributed to an independent replication series for a previous GWAS of
cHL (11). In consideration of this overlap, we were careful in the interpretation of our findings
and pursued only novel loci in the independent replication stage which included two additional
MHC region loci associated irrespective of EBV status, and SNPs at chromosome 5q31 (/L13)

and 5q15 (ERAPI).
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In summary, this GWAS identified susceptibility loci that appeared to be common across
subtypes of cHL, but also noted loci that showed markedly heterogeneous associations with cHL
by tumor EBYV status. Furthermore, we provided evidence for an overlap in associated loci
between cHL and psoriasis. This may indicate some common biological mechanism between the

two diseases that can further aid our understanding of cHL pathogenesis.
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Context and Caveats

Prior knowledge

Hodgkin lymphoma is one of the most common cancers among adolescents and young adults.
Epstein-Barr virus (EBV) has been associated with some HL patients who have one of the major
forms—classical HL (cHL). Although the relationship between EBV and cHL is not fully
understood, it has been hypothesized that genetic factors may be involved.

Study design

To determine if EBV status should be considered when classifying the different subtypes of cHL,

a genome-wide association study was done using data from a large series of cHL patients for
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whom EBYV status was known. The results were validated in an independent replication study
and genetic variants associated with cHL, EBV-positive cHL, and EBV-negative cHL were
identified.

Contributions

Two variants located in the major histocompatibility complex (MHC) were independently
associated with cHL, regardless of EBV status, and were confirmed in the replication series. Two
genetic variants within the class I region of the MHC previously identified in reports as having
an association with EBV-positive cHL were also observed. One genetic variant in the class II
region of the MHC and one variant previously linked to psoriasis and asthma were associated
with EBV-negative cHL. These results indicate that although there are some loci associated with
cHL, regardless of EBV status, there are also some loci that are heterogeneous in their
relationship with cHL EBV subtypes.

Implications

EBYV status should be included in the classification of cHL.

Limitations

Although this is the largest GWAS of cHL to date, the statistical power of this study may not
have been high enough to detect associations involving rare variants or less common cHL
subtypes, such as EBV-positive cHL. Also, systematic bias could have been introduced from

differences in genotyping between patients and some control subjects.
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Table 1. Subjects included in the genome-wide association and replication analyses examining the relationship between genetic variants and

classical Hodgkin lymphoma

Study name, duration

Case patients, No.*

Control subjects, No.

EBY not

Country EBV+ EBV- available Total  Generic (source) T Study-specific
GWAS
Total NA 265 668 267 1200 6417 1395
EPILYMPH Study, France, 8 11 162 181 863 377
1998-2003 Germany, Spain, (ARCAGE,
Czech Republic, PANSCAN, CE)
Ireland
Scotland and Newcastle United Kingdom 106 240 45 391 3172 348
Lymphoma Group, (ARCAGE,
1992-2008%; Young PANSCAN,
Adult Hodgkin WTCCC)
Case—Control Study,
1991-1995
Scandinavian Lymphoma Denmark, 83 211 47 341 578 670
Etiology Study, Sweden (PANSCAN,
1999-2002 HUNT2/Tromsg)
Northern Dutch Hodgkin ~ The Netherlands 68 206 13 287 1804 0
Lymphoma Study, (NBS, PANSCAN)
19872009
Replication
Total NA 131 291 141 563 NA 613
EPILYMPH Study, France, 6 11 47 64 NA 396
1998—2003 Germany, Spain,
Czech Republic,
Ireland, Italy
Scotland and Newcastle United Kingdom 81 167 34 282 NA 32
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Lymphoma Group,

1992—-2008%

Young Adult Hodgkin United Kingdom 11 43 4 58 NA 10
Case—Control Study,
1991-1995

Epidemiology and United Kingdom 33 70 56 159 NA 175

Genetics Lymphoma
Case—Control Study,
1998—-2003

*The number of case patients is indicated by Epstein-Barr virus (EBV) status. ARCAGE = Alcohol Related Cancers and Genetic
Susceptibility in Europe, used the Illumina HumanHap300 genotyping platform (Illumina Inc., San Diego, CA); CE = National Cancer
Institute and International Agency for Research on Cancer Study in Central Europe, used the Illumina HumanHap300 genotyping platform;
HUNT2/Tromse = Nord-Trendelag Health and Tromse IV Studies, used the Illumina HumanHap300 genotyping platform; NBS =
Nijmegen Biomedical Study, used the [llumina CNV370-Duo genotyping platform (Illumina Inc.); PANSCAN = Pancreatic Cancer Cohort
Consortium, used the Illumina HumanHap550 genotyping platform (Illumina Inc.); and WTCCC = Wellcome Trust Case—Control
Consortium, used the Illumina Human 1.2M-Duo genotyping platform (Illumina Inc.).

tGeneric control subjects were selected on the basis of country of the case patient recruitment from several previously published genome-
wide association studies of other cancers.

1The Scotland and Newcastle Lymphoma Group series is comprised of the Scotland and Newcastle Epidemiological Study of Hodgkin’s

Disease conducted during 1993—1997 and the “local case series”, a prospectively collected series during 1992-2008.
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Table 2. Relationship between five single-nucleotide polymorphisms (SNPs) located within the major histocompatibility complex

(MHC) region and total classical Hodgkin lymphoma (cHL), Epstein-Barr virus (EBV)-positive cHL, or EBV-negative cHL

subgroups
Position Frequency* Single SNP7 Mutually adjustedf
SNP (Region Gene Minor Control
1 3 o 0,
in MHC) candidate allele Patients subjects OR (95% CI) P OR (95% CI) 4
Total cHL}
1s2248462 31554775 MICB A 0.14 0.22 0.61 (0.53 to 1.3x 10" 0.71(0.62 to 8.8x 107
(class I) 0.69) 0.81)
rs2395185 32541145 HLA-DRA T 0.21 0.33 0.56(0.50t0  83x10%  0.75(0.65 to 9.6x 10
(class II) 0.62) 0.85)
EBV+ cHL}
1s2734986 29926547 HLA-A C 0.34 0.18 2.45 (2.00 to 12x10"°  1.83(1.43 to 1.5x 10
(class I) 3.00) 2.34)
r$s6904029 30051046 HCGY9 A 0.17 0.30 0.46 (0.36t0  5.5x10"  0.59 (0.45 to 7.3x 107
(class I) 0.59) 0.76)
EBV-cHL}
1s6903608 32536263 HLA-DRA C 0.46 0.29 208 (1.84t0  6.1x10°"  1.88(1.62to 3.1x 10"
(class II) 2.35) 2.17)

* Frequency of the minor allele in case patients and control subjects included in each analysis.

T Odds ratios (ORs) and 95% confidence intervals (CIs) for each SNP in the single SNP analysis were derived using logistic

regression assuming a log-additive genetic model of inheritance and adjusting for sex (male or female), country (eight indicator

variables after excluding one country as the reference; France, Germany, Spain, Czech Republic, Ireland, United Kingdom,
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Denmark, Sweden, and the Netherlands), and eight principal components analysis eigenvectors. The mutually adjusted analysis
included additional adjustment for the effects of all other SNPs in the table. All statistical tests were two-sided.

I Indicates the phenotype with which the SNP appears to be predominately associated based on the results of the total cHL and

EBV-specific subtype analyses.
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Table 3. Summary of results for four previously unreported loci associated with classical Hodgkin lymphoma (cHL) included in the

independent replication phase *

Genome-wide analysist Independent replication} Combined§
SNP . Position Ge.ne Minor Minor allele g‘/lel nl(;:nac“e:fl Prom$
(Region) candidate frequency in  CdUeNYIN GRp 95% CI) P OR (95% CI) P OR (95% CI) P
allele control
patients .
subjects
Total cHL [
1s2248462 31554775  MICB A 0.14 0.22 0.61(0.53t0 1.3x10"  061(046t0 12x10° 0.61(0.54t0 69x10" 1.0
(6p21) 0.69) 0.83) 0.69)
32541145 HLA-DRA T 0.21 0.33 0.56 (0.50t0  83x10%  054(042t0 1.6x10° 0.55(0.50t0 3.8x10°" .90
2395185
EZPZ D 0.62) 0.70) 0.60)
27504 96127700 ERAPI A 0.40 0.36 121(1.10to  15x10*  1.29(1.03to .03 122(1.11to  7.4x10° .61
1.33) 1.62) 1.33)
(5q15)
EBV-cHL [
rs20541 132023863  ILI3 A 0.26 0.18 153(1.32t0  54x10°  1.18(0.83to 36 147(129t0 1.1x10% .18
(5g31) 1.76) 1.67) 1.68)

* CI = confidence interval, OR = odds ratio, SNP = single nucleotide polymorphism.

1 Frequency of the single-nucleotide polymorphism minor allele in case patients and control subjects included in the genome-wide

association analysis. ORs and 95% CIs were derived using logistic regression assuming a log-additive genetic model of inheritance and

adjusting for sex (male or female), country (eight indicator variables after excluding one country as the reference; France, Germany, Spain,

Czech Republic, Ireland, United Kingdom, Denmark, Sweden, and the Netherlands), and eight principal components analysis eigenvectors.

All statistical tests were two-sided.
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1 ORs and 95% CIs were derived using logistic regression assuming a log-additive genetic model of inheritance and adjusting for sex and
country. All statistical tests were two-sided.

§ Genome-wide association study and replication phase results were combined using inverse variance weighting meta-analysis. Two-sided P
values (Pnom) based on the Cochran Q test statistic were used to evaluate evidence of heterogeneity in risk estimates between the genome-

wide association and replication results.

"1 Indicates the phenotype within which the SNP appears to be predominately associated based on the results of the total cHL and Epstein-

Barr virus (EBV)-specific subtype analyses.
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Table 4. Results of a genome-wide association study of classical Hodgkin lymphoma (cHL) subtypes

defined jointly by tumor Epstein-Barr virus (EBV) status and histology *

Pooled (NSHL and MCHL (n=154) NSHL (n=685)
) MCHL)
SNP (gene candidate)
by cHL EBV status OR Promuervs T
OR (95% CI) P OR (95% CI) P (95% P
CI)
1s2248462 (MICB)
EBV+ cHL 0.58 (0.44t0 1.4x10" 0.56(0.36t0 01 0.60 4.1x10° 81
0.77) 0.87) (0.42 to
0.85)
EBV- cHL 0.58(0.49t0 4.0x10° 0.57(0.34to .04 058 2.1x10* 95
0.70) 0.96) (0.48 to
0.71)
Prom BBV .95 .96 .87
1s2395185 (HLA-DRA)
EBV+ cHL 0.51 (0.40t0 4.7x10% 043029t0 3.0x10° 0.55 62x10° 33
0.65) 0.64) (0.41 to
0.74)
EBV- cHL 0.58 (0.50to  3.0x 10 0.68 (0.45 to .05 0.56 5.0x10" 38
0.67) 1.01) (0.48 to
0.66)
Prom EBV+) 41 11 92
1527524 (ERAPI)
EBV+ cHL 1.30 (1.07 to .009 1.19 (0.88 to 26 1.35 016 53
1.58) 1.63) (1.06 to
1.72)
EBV- cHL 1.23 (1.08 to .001 1.03 (0.71 to .88 126 7.0x10* 31
1.40) 1.48) (1.10 to
1.44)
Phom EBV+-) 65 56 .63
1s2734986 (HLA-A)
EBV+ cHL 260(2.06t0 7.2x10" 335(234t0 5.5x10" 225 4.7x10® .09
3.27) 4.81) (1.68 to
3.00)
EBV- cHL 0.95 (0.80 to 601 1.13 (0.71 to 62 0.93 456 45
1.14) 1.81) (0.77 to
1.12)
Prom EBV+:) <.001 <.001 <.001
156904029 (HCGY)
EBV+ cHL 0.46 (0.36t0  4.4x10° 041(027t0 3.0x10° 050 19x107 45
0.60) 0.62) (0.37 to
0.69)
EBV- cHL 1.05 (0.92 to 466 0.99 (0.68 to 98 1.06 403 74
1.20) 1.45) (0.92 to
1.22)
Prom EBV+-) <.001 .002 <.001
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136903608 (HLA-DRA)
EBV+ cHL

EBV-cHL

Prom BBV
r$20541 (IL13)
EBV+ cHL

EBV-cHL

Phom (EBV+/-)

1.05 (0.85 to
1.30)

2.16 (1.90 to
2.46)

<.001

1.12 (0.88 to
1.43)

1.54 (1.33 to
1.78)

.03

.652

1.1x 10

.366

1.0x10%

0.92 (0.65 to
1.30)

1.23 (0.85 to
1.80)

27

0.84 (0.55 to
1.27)

1.36 (0.90 to
2.07)

A1

.62

28

401

.145

1.17
(0.90 to
1.52)
2.33
(2.04 to
2.67)
<.001

1.28
(0.96 to
1.72)
1.55
(133 to
1.81)
26

244

26x10

.094

2.1x10%

28

.002

A1

.56

* Analysis included only patients with mixed cellularity Hodgkin lymphoma (MCHL) and nodular

sclerosis Hodgkin lymphoma (NSHL) that have Epstein-Barr virus (EBV) status available (MCHL: 89

EBV-positive and 65 EBV-negative patients; NSHL: 146 EBV-positive and 539 EBV-negative

patients) and 5653 control subjects. Odds ratios (ORs) and 95% confidence intervals (Cls) were

derived using logistic regression assuming a log-additive genetic model of inheritance and adjusting

for sex (male or female), country (four indicator variables after excluding one country as the reference;

Spain, United Kingdom, Denmark, Sweden, and the Netherlands), and eight principal components

analysis eigenvectors. Ppom (EBv+/-) comparing the ORs between analyses of EBV-positive and EBV-

negative cHL are from two-sided Xz tests of homogeneity. All statistical tests were two-sided.

Prom mcns) comparing the ORs between analyses of MCHL and NSHL are from two-sided 2 tests of
T (MC/NS) comparing y X

homogeneity.
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Figure Legends

Figure 1. Genome-wide association analysis of 502 514 single-nucleotide polymorphisms (SNPs) in
1200 classical Hodgkin lymphoma patients and 6417 control subjects. Multiple logistic regression
analysis was performed assuming a log-additive genetic model and adjusting for sex (male or female),
country (eight indicator variables after excluding one country as the reference; France, Germany,
Spain, Czech Republic, Ireland, United Kingdom, Denmark, Sweden, and the Netherlands), and eight
principal components analysis eigenvectors. The -log;o (P value) for each SNP is plotted against their
chromosomal position. All statistical tests were two-sided. The horizontal dotted line represents the
genome-wide significance threshold level (P < 1 x 107). The regions in which SNPs associated with
classical Hodgkin lymphoma are located include 5q31 in the vicinity of the /L3 and /L4 genes, and

6p21 within the major histocompatibility complex (MHC) region.

Figure 2. Investigation of the association between genetic variants and total classical Hodgkin
lymphoma (cHL), Epstein-Barr virus (EBV)-positive cHL and EBV-negative cHL within an
approximately 6.5 Mb region of the extended major histocompatibility complex located at 6p21.
Overlayed plots of the -log;o (P values) for 1973 single-nucleotide polymorphisms (SNPs) by their
chromosomal position resulting from three separate analyses of all patients who have classical
Hodgkin lymphoma (total cHL, in gray), patients who have EBV-positive cHL (in blue), and patients
who have EBV-negative cHL (in red) are shown. Multiple logistic regression analysis was performed
assuming a log-additive genetic model and adjusting for sex (male or female), country (up to eight
indicator variables after excluding one country as the reference depending on the analysis; France,

Germany, Spain, Czech Republic, Ireland, United Kingdom, Denmark, Sweden, and the Netherlands),
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and eight principal components analysis eigenvectors. All statistical tests were two-sided. Arrows

indicate cHL-associated regions indexed by five SNPs.

Figure 3. Stratified and subgroup analyses of five single-nucleotide polymorphisms (SNPs) within the
major histocompatibility complex region which were independently associated with classical Hodgkin
lymphoma (cHL). Results are shown for A) rs2248462 (class I region, MICB), B) rs2395185 (class II
region, HLA-DRA), C) rs2734986 (class I region, HLA-A), and D) rs6904029 (class I region, HLA-A),
and E) rs6903608 (class II region, HLA-DRA). Odds ratios (ORs, represented by boxes with the area of
each box inversely proportional to the variance of the estimate) and 95% confidence intervals (Cls,
error bars) were derived using multiple logistic regression assuming a log-additive genetic model and
adjusting for sex (male or female), country (up to eight indicator variables after excluding one country
as the reference depending on the analysis; France, Germany, Spain, Czech Republic, Ireland, United
Kingdom, Denmark, Sweden, and the Netherlands), and eight principal components analysis
eigenvectors for the genome-wide association study (GWAS) analyses only. The dashed vertical line
represents the OR of the SNP in the analysis of total cHL among all subjects and the width of the
diamond is the corresponding 95% CI. In the analysis stratified by study, the genome-wide association
study (GWADS) included the EPILYMPH study (EPILYMH-GWAS), Scandinavian Lymphoma
Etiology Study (SCALE-GWAS), the Scotland and Newcastle Lymphoma Group and Young Adult
Hodgkin Case-control Study analyzed together (referred to as the UK studies-GWAS), and the
Northern Dutch Hodgkin Lymphoma Study (Netherlands-GWAS). The independent replication was
done with data from the EPILYMPH study (EPILYMPH-Replication), and the Scotland and Newcastle
Lymphoma Group, Young Adult Hodgkin Case-control Study, and Epidemiology and Genetics

Lymphoma Case-control Study analyzed together (referred to as the UK Studies-Replication).
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Promogencity Was on the basis of the Cochran’s Q test statistic and was used to evaluate between-study
heterogeneity in results. Associations between the SNPs and cHL subgroups (including histologic
subtype, EBV status, and age) were performed, and P values (Phomogeneity) for the xztest of homogeneity
are presented to indicate differences in the OR between subgroup analyses. For rs2248462 (A) and rs
2395185 (B), results were derived from a combined analysis of the GWAS and independent replication
phase results using an inverse variance weighting meta-analysis. All statistical tests were two-sided. Ca
= case patients, Chr = chromosome, Co = control subjects, MCHL = mixed cellularity Hodgkin

lymphoma, NSHL = nodular sclerosis Hodgkin lymphoma.

Figure 4. Genome-wide association study (GWAS) results in total classical Hodgkin lymphoma (cHL)
for single-nucleotide polymorphisms (SNPs) within a 300 kilobase flanking region of rs20541at
chromosome 5q31 (left) and rs27524 at chromosome 5q15 (right). Multiple logistic regression was
performed assuming a log-additive genetic model and adjusting for sex (male or female), country
(eight indicator variables after excluding one country as the reference; France, Germany, Spain, Czech
Republic, Ireland, United Kingdom, Denmark, Sweden, and the Netherlands), and eight principal
components analysis eigenvectors. The -log;o (P value) for each SNP are plotted against their
chromosomal position. All statistical tests were two-sided. The black triangle indicates the reported
associated SNP and the color of the dots represent the degree of linkage disequilibrium (based on #°) in
relation to that index SNP. Recombination rates (cM/Mb) overlay the plots and are based on HapMap

Phase I and II data (http://hapmap.ncbi.nlm.nih.gov). cM/Mb = centiMorgans/megabase.
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Supplementary Table 1. Exclusions performed in the genome-wide association study (GWAS)

patients and independent replication control subjects

Independent replication series,

- GVYAS case No. (%)

Reason for exclusion patients, No.

(%) Case patients COthml

subjects

Total samples genotyped 1238 (100) 599 (100) 633 (100)
Completely failed 6 (0.48) 10 (1.67) 6 (0.95)
Genotype rate 3(0.24) 23 (3.84) 13 (2.05)
Autosomal heterozygosity rate 6 (0.48) NA NA
Sex discrepancy 5(0.40) 3 (0.50) 1(0.16)
Relatedness (first-degree relatives) 5(0.40) NA NA
Ethnic heterogeneity based on PCA* 13 (1.05) NA NA
Total included in analysis 1200 (96.9) 563 (93.9) 613 (96.8)

* Principal components analysis (PCA) was conducted using a subseries of 11029 single-
nucleotide polymorphisms present on all Illumina BeadChip panels (Illumina Inc., San Diego,
CA) that are evenly distributed across the genome in low linkage disequilibrium. NA = not

applicable.



Supplementary Table 2. Comparison between genome-wide association study (GWAS)
genotypes and technical replication genotyping in case patients and study-specific control

subjects for select single-nucleotide polymorphism (SNPs)

Case patients Control subjects
Chromosome SNP Allele Frequency® Coclis::(tlzl:lie}“ Frequency®
. of ) -
Al* A2 Sequenom pljgie(:l tsc?‘f/i ) Generic sspf:c(:i)";c

5 1s20541 A G 0.24 1210 (100) 0.19 0.20
6 1s9393777  C T NA NA 0.14 NA
6 r5379i9499 T G 0.28 1210 (100) 0.25 0.23
6 rs2523399 C T 0.50 1151 (100) 0.46 0.43
6 1s2734986  C T NA NA 0.17 NA
6 rs69g4029 A G 0.27 1207 (99.5) 0.30 0.31
6 rs1150741 G C 0.34 NA NA 0.30
6 rs1245371 G A NA NA 0.28 NA
6 rs10§9623 C T 0.40 1205 (99.9) 0.39 0.38
6 rs3094211 G A 0.30 1209 (100) 0.26 0.26
6 rs3094204 G A 0.45 1197 (100) 0.49 0.52
6 15746647 G A 0.35 1208 (100) 0.31 0.31
6 rs3130542 A G 0.24 1205 (100) 0.20 0.21
6 1s2248462 A G 0.14 1204 (100) 0.22 0.20
6 15206015 A G 0.07 1208 (100) 0.11 0.12
6 rs443198 G A 0.32 1172 (99.0) 0.36 0.37
6 rs3134931 C T 0.22 1177 (99.8) 0.30 0.32
6 rs411326 T C 0.19 1201 (100) 0.26 0.25
6 1s2395174 G T 0.31 1207 (100) 0.30 0.29
6 rs6903608  C T 0.41 1210 (100) 0.31 0.30
6 rs2395185 T G 0.22 1204 (100) 0.32 0.32
6 1s7775228 C T 0.08 1210 (100) 0.12 0.12
6 rs9275572 A G 0.54 1187 (100) 0.44 0.43

* Frequency of the minor allele (A1). NA = not applicable.
1 Percent concordance among subjects for which genotypes were available from both the GWAS

and technical replication Sequenom genotyping (Sequenom Inc., San Diego, CA).



I These SNPs were not successfully genotyped in the technical replication stage.



Supplementary Table 3. Characteristics of classical Hodgkin lymphoma case patients and

control subjects

Genome-wide association study Independent replication

missing

2

6

1

1

n o Case Generic Study-specific Case Control
aracteristics . control control . .
patlel(:ts, No. subjects, No. subjects, No. patlel;ts, subJe:ts,
(%) (%) (%) No. (%) No. (%)
Total 1200 (100) 6417 (100) 1395 (100) 563 (100) 613 (100)
Country
Czech Republic 54 (4.50) 543 (8.46) 106 (7.60) 2(0.36) 21 (3.43)
Denmark 189 (15.8) 81 (1.26) 525 (37.6) 0(0) 0 (0)
France 13 (1.08) 157 (2.45) 21 (1.51) 16 (2.84) 49 (7.99)
Germany 86 (7.17) 52 (0.81) 187 (13.4) 6 (1.07) 86 (14.03)
Ireland 3 (0.25) 12 (0.19) 5(0.36) 15 (2.66) 26 (4.24)
Italy 0 (0) 0(0) 0(0) 3 (0.53) 20 (3.26)
Netherlands 287 (23.9) 1804 (28.1) 0(0) 0(0) 0 (0)
Norway 0(0) 389 (6.06) 0(0) 0(0) 0(0)
Spain 25 (2.08) 99 (1.54) 58 (4.16) 22 (3.91) 194 (31.7)
Sweden 152 (12.7) 108 (1.68) 145 (10.4) 0(0) 0(0)
United Kingdom 391 (32.6) 3172 (49.4) 348 (25.0) 499 (88.6) 217 (35.4)
Gender
Male 637 (53.1) 3489 (54.4) 795 (57.0) 321 (57.0) 334 (54.5)
Female 563 (46.9) 2928 (45.6) 600 (43.0) 242 (43.0) 279 (45.5)
Age,y
1524 295 (24.6) 6 (0.09) 135 (9.68) 153 (27.2)  57(9.30)
2534 332 (27.7) 28 (0.44) 181 (13.0) 147 (26.1) 119 (19.4)
3544 210 (17.5) 217 (3.38) 189 (13.6) 94 (16.7) 123 (20.1)
45-54 137 (11.4) 3526 (55.0) 200 (14.3) 63 (11.2) 122 (19.9)
55—64 126 (10.5) 1159 (18.1) 306 (21.9) 68 (12.1) 101 (16.5)
65—74 86 (7.17) 1175 (18.3) 362 (26.0) 27 (4.80) 76 (12.4)
75—84 12 (1.00) 289 (4.50) 19 (1.36) 9 (1.60) 14 (2.28)
85-94 0 (0) 11 (0.17) 2(0.14) 1(0.18) 1(0.16)

0




Supplementary Table 4. Summary of classical Hodgkin lymphoma (cHL) results for single-nucleotide polymorphisms (SNPs)

recently reported in genome-wide association studies (GWAS) of psoriasis and asthma *

Chromosome SNP Position Gene Total cHL EBV+ cHL EBV- cHL Previous GWAS
OR (95% CI) P OR (95% CI) P OR (95% CI) P phenotypet
5q31 rs20541 132023863 IL13 1.43 (1.28t0o 1.60) 6.0 x 10" 1.07 (0.85to 1.35) .56 1.53 (1.32t0 1.76) 5.4x 10° Asthma, psoriasis,
serum IgE
5ql5 rs27524 96127700  ERAPI 1.21(1.10t0 1.33) 1.5x 10 1.27 (1.05 to 1.53) .01 1.24 (1.10to 1.40) 5.5x 10 Psoriasis
Ip13 rs2476601 114179091 PTPN22 1.24(1.07to1.44) 3.7x 10° 1.23 (0.92 to 1.64) .16 1.26 (1.05 to 1.51) .02 Psoriasis
2pl6 rs702873 60935046 REL 1.12 (1.02 to 1.24) .02 1.06 (0.88 to 1.27) 54 1.15 (1.02 to 1.30) .02 Psoriasis
19p13 rs12720356 10330975 TYK? 1.18 (1.01 to 1.39) .04 1.30 (0.96 to 1.78) .09 1.19 (0.97 to 1.45) .10 Psoriasis
1p31 rs2201841 67466790 IL23R 1.10 (0.99 to 1.21) .08 0.95 (0.78 to 1.16) .62 1.15(1.01 to 1.31) .03 Psoriasis
1p36 rs4649203 24392507  IL28RA  0.94 (0.85 to 1.05) 27 1.04 (0.85 to 1.28) 71 0.88 (0.76 to 1.01) .06 Psoriasis
5q33 rs2546890 158692478  ILI2B 0.95 (0.87 to 1.05) 31 0.92 (0.77 to 1.11) 40 0.94 (0.84 to 1.07) 35 Psoriasis
7936 1s916514 154099909  DPP6 1.07 (0.92 to 1.25) 40 1.01 (0.75 to 1.37) .93 1.09 (0.89 to 1.32) 40 Psoriasis
12q13 rs2066808 55024240 STAT2 1.06 (0.88 to 1.27) .54 1.04 (0.73 to 1.49) .82 1.04 (0.82 to 1.32) .74 Psoriasis
11922 rs1939015 102081585 MMP27  1.04(0.91 to 1.18) .58 1.00 (0.77 to 1.30) .99 1.08 (0.92 to 1.27) .36 Psoriasis
5q33 1s953861 158705160  ILI2B 1.03 (0.91 to 1.17) .63 1.05 (0.83 to 1.33) .70 1.05 (0.90 to 1.22) .55 Psoriasis
16p12 rs1859308 27305499 IL2IR 1.03 (0.90 to 1.18) .67 1.23 (0.95 to 1.58) 11 0.97 (0.81 to 1.16) 74 Serum IgE
15q22 rs744910 65233839  SMAD3  0.98 (0.89 to 1.08) .70 1.07 (0.89 to 1.29) 44 0.93 (0.83 to 1.05) 27 Asthma
6p21 rs240993 111780407 REV3L 1.02 (0.92 to 1.14) .70 1.00 (0.81 to 1.24) 1.0 1.04 (0.90 to 1.19) .62 Psoriasis
9p24 rs1342326 6180076 1L33 0.98 (0.86to 1.11) 73 1.07 (0.84 to 1.36) .61 0.93 (0.79 to 1.10) 42 Asthma
17q12 rs2305480 35315722 GSDML  1.02(0.93 to 1.12) 73 0.92 (0.76 to 1.10) 35 1.02 (0.91 to 1.16) .70 Asthma
12q13 rs167769 55790042 STAT6 0.98 (0.89 to 1.08) 74 1.05 (0.88 to 1.27) .58 0.96 (0.84 to 1.08) 47 Serum IgE
6p21 rs458017 111802784  REV3L 0.97 (0.80 to 1.19) .80 1.08 (0.74 to 1.57) 71 0.97 (0.75 to 1.25) .80 Psoriasis
6p21 rs10484554 31382534  HLA-C 1.01 (0.87 to 1.16) .92 1.35 (1.05 to 1.74) .02 0.90 (0.75 to 1.10) .30 Psoriasis
22ql2 rs2284033 35863980 IL2RB 1.00 (0.91 to 1.10) .99 1.03 (0.85 to 1.24) 77 0.98 (0.87to 1.11) 78 Asthma

*Qdds ratio (OR) and 95% confidence interval (CI) were derived using logistic regression assuming a log-additive genetic model of
inheritance and adjusting for sex (male or female), country (eight indicator variables after excluding one country as the reference), and
eight principal components analysis eigenvectors. All statistical tests were two-sided. EBV = Epstein-Barr virus. fIndicates the
phenotype that the SNP was associated with in recent genome-wide association studies of psoriasis (30, 31) and

asthma/immunoglobulin E (IgE) (28, 29).



Supplementary Table 5. Summary of genome-wide association study (GWAS) and technical replication stage results for the five
independently associated major histocompatibility complex (MHC) region single-nucleotide polymorphisms (SNPs) and rs20541

(5931, IL13), excluding the Netherlands subjects *

. Gene GWAS Technical replication

SNP (region) candidate  OR (95% CI) ! P OR (95% CI)p PT Phon?
Total cHL

1s2248462 (6p21) MICB 0.64 (0.55t00.75) 1.8x10® 0.65(0.55t00.77) 5.0x 107 .89

152395185 (6p21) HLA-DRA  0.54 (0.47t00.61) 22x102° 0.57(0.49t00.66) 1.3x 10" .59
EBV+ cHL

1s2734986 (6p21) § HLA-A 2.31(1.78t02.99) 2.5x 107" NA NA NA

1$6904029 (6p21) HCGY 0.51 (0.39t00.68) 2.6x10° 0.50(0.38t00.66) 1.1x10° .92
EBV- cHL

1$6903608 (6p21) HLA-DRA  2.13(1.82t02.48) 2.7x10%" 198 (1.67t02.35) 54x 10" .54

1520541 (5q31) ILI3 148 (1.23t01.77) 2.4x10° 1.40(1.15t01.70) 8.7x 10" .68

* Study-specific control subjects for the Northern Dutch Hodgkin Lymphoma Study were not available for the technical replication
stage. To make results directly comparable, the technical replication analysis excluded the Netherlands case patients, and the GWAS
analysis excluded the Netherlands case patients and control subjects. cHL = classical Hodgkin lymphoma, CI = confidence interval,
EBV = Epstein-Barr virus, NA = not applicable, OR = odds ratio.

1 The GWAS and technical replication analyses included 883 case patients (194 EBV-positive and 448 EBV-negative cHL). The
GWAS and technical replication analysis included 4613 generic and 1395 study-specific control subjects, respectively. ORs and 95%

CIs were derived using logistic regression assuming a log-additive genetic model of inheritance and adjusting for sex (male or female)



and country (seven indicator variables after excluding one country as the reference). The genome-wide association analysis
additionally included eight principal components analysis eigenvectors. All statistical tests were two-sided.

1 Two-sided P value for the ¥ test of homogeneity (Phom) comparing the risk estimates derived from the GWAS and technical
replication analyses.

§ This SNP was not successfully genotyped in the technical replication stage.
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Supplementary Figure 1. Quantile-quantile plot of the expected vs observed -logo (P value) distribution in the genome-wide
association analysis of total classical Hodgkin lymphoma. Association results were derived by multiple logistic regression assuming a

log-additive genetic model and adjusting for sex (male or female), country (France, Germany, Spain, Czech Republic, Ireland, United



Kingdom, Denmark, Sweden, and the Netherlands), and eight principal components analysis eigenvectors. The red line represents the
plot where the observed distribution of the -log; (P value) is same as the expected distribution given the number of SNPs tested. The
genomic inflation factor adjusted to the sample size of 1000 case patients and 1000 control subjects, using the method of de Bakker et

al. (39), was equal to 1.04. All statistical tests were two-sided.
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Supplementary Figure 2. Plots of genome-wide associations between classical Hodgkin lymphoma (cHL) and single-nucleotide
polymorphisms (SNPs) located within a 300 kb region flanking the index SNP (indicated by a black triangle) of the major
histocompatibility complex region. The relationship between total cHL and two novel loci, A) rs2248462 (class I region, MICB) and
B) 152395185 (class Il region, HLA-DRA), was investigated. C) The relationship between two loci in the HLA-A class I region indexed
by r$2734986 and rs6904029 and Epstein Bar virus (EBV)-positive cHL was determined. D) The relationship between class II region
locus, 156903608 (HLA-DRA) and EBV-negative cHL was investigated. Multiple logistic regression was performed assuming a log-
additive genetic model and adjusting for sex (male or female), country (France, Germany, Spain, Czech Republic, Ireland, United
Kingdom, Denmark, Sweden, and the Netherlands), and eight principal components analysis eigenvectors. The -log;o (P value) for
each SNP are plotted against their chromosomal position. All statistical tests were two-sided. The colors of the dots indicate the degree

of linkage disequilibrium (based on #*) in relation to the index SNP. Recombination rates (cM/Mb) overlay the plots and are based on

HapMap Phase I and II data (http://hapmap.ncbi.nlm.nih.gov). cM/Mb = centiMorgans/megabase.
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Supplementary Figure 3. Stratified and subgroup analyses of two single-nucleotide polymorphisms (SNPs) located outside the major
histocompatibility complex region. The relationship between A) rs20541 (/L13) and B) 1s27524 (ERAP1), with classical Hodgkin
lymphoma (cHL) was investigated. Odds ratios (ORs), represented by boxes with the area of each box inversely proportional to the

variance of the estimate) and 95% confidence intervals (Cls, error bars) were derived using multiple logistic regression assuming a



log-additive genetic model and adjusting for sex (male or female), country (up to eight indicator variables after excluding one country
as the reference, depending on the analysis: France, Germany, Spain, Czech Republic, Ireland, United Kingdom, Denmark, Sweden,
and the Netherlands), and eight principal components analysis eigenvectors for the genome-wide association study (GWAS) analyses
only. The dashed vertical line represents the OR of the SNP in the analysis of total cHL among all subjects and the width of the
diamond is the corresponding 95% CI. The results are on the basis of a combined analysis of genome-wide association and
independent replication phase results using inverse variance weighting meta-analysis. In the analysis stratified by study, the GWAS
included the EPILYMPH study (EPILYMH-GWAS), Scandinavian Lymphoma Etiology Study (SCALE-GWAS), the Scotland and
Newcastle Lymphoma Group and Young Adult Hodgkin Case-control Study analyzed together (referred to as the UK studies-GWAS),
and the Northern Dutch Hodgkin Lymphoma Study (Netherlands-GWAS). Results by study for the independent replication included
the EPILYMPH study (EPILYMPH-Replication), and the Scotland and Newcastle Lymphoma Group, Young Adult Hodgkin Case-
control Study, and Epidemiology and Genetics Lymphoma Case-control Study analyzed together (referred to as the UK Studies-
Replication). Ppomogencity Was on the basis of the Cochran Q test statistic and was used to evaluate between-study heterogeneity in
results. Associations between the SNPs and cHL subgroups (including histologic subtype, EBV status, and age) were performed, and
Phomogeneity for the thest of homogeneity indicates the differences in the OR between subgroup analyses. All statistical tests were two-
sided. Ca = cases, Chr = chromosome, Co = control subjects, EBV = Epstein-Barr virus, MCHL = mixed cellularity Hodgkin

lymphoma, NSHL = nodular sclerosis Hodgkin lymphoma.
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