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Abstract

Inherited genetic risk factors play a role in multiple myeloma (MM), yet considerable missing heritability exists. Rare risk
variants at genome-wide association study (GWAS) loci are a new avenue to explore. Pleiotropy between lymphoid
neoplasms (LNs) has been suggested in family history and genetic studies, but no studies have interrogated sequencing
for pleiotropic genes or rare risk variants. Sequencing genetically enriched cases can help discover rarer variants. We
analyzed exome sequencing in familial or early-onset MM cases to identify rare, functionally relevant variants near GWAS
loci for a range of LNs. A total of 149 distinct and significant LN GWAS loci have been published. We identified six recurrent,
rare, potentially deleterious variants within 5 kb of significant GWAS single nucleotide polymorphisms in 75 MM cases.
Mutations were observed in BTNL2, EOMES, TNFRSF13B, IRF8, ACOXL and TSPAN32. All six genes replicated in an independent
set of 255 early-onset MM or familial MM or precursor cases. Expansion of our analyses to the full length of these six genes
resulted in a list of 39 rare and deleterious variants, seven of which segregated in MM families. Three
genes also had significant rare variant burden in 733 sporadic MM cases compared with 935 control individuals:
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IRF8 (P = 1.0 × 10−6), EOMES (P = 6.0 × 10−6) and BTNL2 (P = 2.1 × 10−3). Together, our results implicate six genes in MM risk,
provide support for genetic pleiotropy between LN subtypes and demonstrate the utility of sequencing genetically enriched
cases to identify functionally relevant variants near GWAS loci.

Introduction
Multiple myeloma (MM) is the second most common hematolog-
ical cancer after non-Hodgkin lymphoma and has the worst 5-
year survival (1). Risk factors for MM include a personal history of
monoclonal gammopathy of undetermined significance (MGUS)
(2,3), older age, male sex, obesity, Black race and a family history
of cancer (4–7).

Inherited germline susceptibility for MM is consistently sup-
ported. Yet, the molecular basis is only partly understood (8).
Excess MM risk among relatives has been observed in fam-
ily aggregation (9,10), epidemiologic case-control (11–15), and
registry-based (16,17) studies. Genome-wide association studies
(GWASs) have identified 36 common single nucleotide polymor-
phism (SNPs) at 24 loci, which significantly associate with MM
(18–23); however, this polygenic background does not explain
familial cases (24). Recent exome studies have identified rare
germline variants predisposing to MM in ARID1A and USP45
(25), KDM1A (26) and DIS3 (27). However, considerable missing
heritability remains.

Rare risk variants at GWAS loci have not been explored in
MM. Such variants could provide insight into the identity of the
target genes at GWAS loci or provide additional new risk factors.
High-throughput sequencing allows for the detection of rare
and deleterious variants that genotype arrays and fine mapping
cannot detect. However, sequencing studies in a GWAS design
of population cases and controls would require thousands of
cases for the detection of rare risk variants (28). Cost, lower
incidence and poor survival in MM make such large sample
sizes a challenge to attain, and so far, such resources do not
exist. A focus on genetically enriched cases, such as early-onset
or familial cases, holds promise and has previously been used
successfully in mapping genes (29).

Familial co-aggregation of MM with other lymphoid neo-
plasms (LNs) provides evidence for genetic pleiotropies (30). A
few studies have begun to explore methods to identify pleiotropy
in the GWAS design (31,32), and converging SNP signals between
MM and other LNs are starting to appear (33,34). Chronic lympho-
cytic leukemia (CLL) and MM have been shown to have genetic
correlation using cross-trait linkage disequilibrium (LD) score
regression (34). In a study specific to MM, CLL and Hodgkin’s
lymphoma (HL), significant pleiotropies were found between MM
and CLL at 2p23.3, 2q13 and 11q24.1, between MM and HL at
3p22.1, and between MM and both CLL and HL at 3q26.2 (33). At
the 11q24.1 locus, separate GWAS studies identified the same
GWAS SNP in CLL (35–38) and follicular lymphoma (FL) (39).
No studies to date have interrogated sequencing for pleiotropic
genes or rare risk variants in MM.

We hypothesize that rare risk variants co-exist at GWAS loci
and pleiotropic susceptibility exists between MM and other
LN subtypes. We leverage MM exome sequencing resources
focused on genetically enriched cases (early-onset or familial),
restrict attention to previously published significant LN
GWAS loci and use a discovery-replication design to increase
robustness.

Results
Discovery

We investigated coding regions within 5 kb of the 149 LN
GWAS SNPs (18–23,35–52). Six rare, recurrent and deleterious
variants were identified in 15 of the 75 early-onset or familial
MM cases (Table 1). The six variants were near 7 LN GWAS
SNPs and include: (1) a butyrophilin-like 2 (BTNL2) frameshift
variant (rs79379254) 139 bp from marginal zone lymphoma (MZL)
GWAS SNP rs9461741 carried by two male, early-onset, African
American MM cases; (2) an eomesodermin (EOMES) missense
variant (rs200789175, 853 bp from HL GWAS SNP rs3806624)
carried by three female MM cases; (3) a tumor necrosis factor
receptor superfamily member 13B (TNFRSF13B) missense variant
(rs34557412, 3048 bp from MM GWAS SNP rs4273077) carried
by three MM cases; (4) an interferon regulatory factor 8 (IRF8)
missense variant (rs28368114, 3391 bp from CLL GWAS SNP
rs1044873) carried by three MM cases; (5) an acyl-coenzyme
A oxidase-like (ACOXL) stop-gain variant (rs189429375, 3482 bp
from CLL GWAS SNP rs1439287) carried by four MM cases and
(6) a tetraspanin 32 (TSPAN32) missense variant (rs61744929,
3777 bp and 4332 bp from CLL GWAS SNPs rs2651823 and
rs2521269, respectively) carried by two male, early-onset MM
cases. Empirical assessment for significance using bootstrap
simulations demonstrated the discovery findings were signif-
icant (P = 0.012). None of the six rare discovery variants were
in significant LD with their corresponding GWAS SNP in any
1000Genomes population.

Replication

We investigated coding regions within 5 kb of the seven LN
GWAS SNPs from the discovery phase (Table 1). Seven recur-
rent, rare and deleterious variants were identified in 19 of 255
early-onset MM or familial MM or MGUS cases (Table 1). Four
variants replicated the discovery variants exactly. Three addi-
tional risk variants were identified: (1) a BTNL2 missense variant
(rs375897659, 2473 bp from the discovery MZL GWAS SNP) car-
ried by two familial, African American MM cases; (2) an EOMES
missense variant (rs371656694, 4308 bp from the discovery HL
GWAS SNP) carried by two MM cases and (3) an IRF8 missense
variant (rs144424711, 3648 base pairs from a discovery CLL SNP)
carried by two MGUS and one MM case. All six genes harbored
recurrent, rare and deleterious variants in replication cases and
became potential target risk genes.

Gene extension

In total, the discovery and replication phases identified nine rare,
recurrent and potentially deleterious variants close to (<5 kb) LN
GWAS SNPs in six target genes: BTNL2, EOMES, TNFRSF13B, IRF8,
ACOXL and TSPAN32. In the extension phase, we interrogated the
full exome sequencing of these six genes in the combined 330
discovery and replication cases to identify additional rare and
potentially deleterious variants beyond the 5 kb restriction. An
additional 30 variants were identified (Table 2, Fig. 1). In total,
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Table 1. Discovery and replication risk variants near LN GWAS SNPs

Locus Exome variant BP LN GWAS SNP

Gene Variant ID Change Type DIS N REP N AAF SNP ID Trait

6p21.32 BTNL2 6-32 370 726-AC-Aa V232X FS 2 0.00200 139 rs9461741 MZL
6-32 373 060-T-Ab D28V MS 2 0.00003 2473

3p24.1 EOMES 3-27 763 770-G-Ca,b Q6E MS 3 2 0.00384 853 rs3806624 HL
3-27 760 315-C-Tb V410M MS 2 0.00005 4308

17p11.2 TNFRSF13B 17-16 852 187-A-Ga,b C104R MS 3 3 0.00336 3048 rs4273077 MM
16q24.1 IRF8 16-85 952 280-G-Aa V287M MS 3 0.00046 3391 rs1044873 CLL

16-85 952 023-C-Tb A201V MS 3 0.00276 3648
2q13 ACOXL 2-111 875 379-G-Ta,b G577∗ SG 4 4 0.00525 3482 rs1439287 CLL
11p15.5 TSPAN32 11-2 325 427-T-Ca,b M91T MS 2 4 0.00855 3777 rs2651823 CLL

4332 rs2521269

Key: Variant ID positions GRCh37; Type, variant consequence predicted by VEP; FS, frameshift variant; MS, missense variant; SG, stop-gain variant; DIS N, number of
discovery cases carrying the variant (total N = 75); REP N, number of replication cases carrying the variant (total N = 255); AAF, alternate allele frequency in gnomAD
non-cancer samples; BP, base pairs between the exome variant and the GWAS SNP.
aDiscovery variant.
bReplication variant.

we found 72 of 330 MM/MGUS cases carried at least one of the
39 rare risk variants in the six genes (Supplementary Material,
Table S1). More than half of the rare variants identified had a
high combined annotation-dependent depletion (CADD) score.
Twenty-two were in the top 1% (CADD ≥20) and four were in the
top 0.1% (CADD ≥30.0) of the most deleterious mutations in the
human genome (Table 2).

Inheritance in familial cases. Seven variants in five of the target
genes segregated in an MM family (Table 2, Fig. 2). In BTNL2, an
MM sib-pair in an African American family share a missense
variant (Fig. 2A); the father also has MM but was not sequenced.
Two families harbor segregating EOMES variants. First, an MM–
MGUS sib-pair share a missense variant; another sibling has
MM but was not sequenced (Fig. 2B). Second, an uncle–nephew
MM pair and an obligate CLL parent share a missense variant
(Fig. 2E). In IRF8, an MM–MGUS parent–offspring pair share a
missense variant; a sibling of the parent also has MGUS but does
not carry the variant (Fig. 2D). Two families harbor segregating
ACOXL variants. A stop-gain variant is carried by two early-onset
MM cases and an obligate CLL carrier separated by eight meiosis
in a large Utah pedigree (Fig 2G). An missense variant in ACOXL
is shared by three siblings, two with MGUS and one with MM; a
fourth sibling has lymphoma but was not sequenced (Fig. 2C). In
TSPAN32, an missense variant is shared by an MM–MGUS sib-pair
and a cousin with MM (Fig. 2F).

Population extension

Variant burden in sporadic MM. Eighty-five variants were
observed in the six target genes in the 733 sporadic MM cases
(Supplementary Material, Tables S1 and S2) of which 29 were
replications of variants seen in the discovery or replication
cases (Supplementary Material, Table S2). In total, 174 of the 733
(23.7%) sporadic MM cases carried at least one of the 85 variants.
By gene, the results were as follows: ACOXL, 16 variants and 57
MM carriers (22 of African descent); BTNL2, 18 variants and 24
MM carriers (19 of African descent); EOMES, 11 variants and 21
MM carriers (5 of African descent); IRF8, 14 variants and 30 MM
carriers (4 of African descent); TNFRSF13B, 9 variants and 26 MM
carriers (4 of African descent); and TSPAN32, 17 variants and 40
MM carriers (5 of African descent). Most variants were missense;
two were framshift, seven were stop-gain or -loss, and two were
splice-acceptor or -donor variants (Supplementary Material,

Table S2). The average CADD score was highest in ACOXL at 22.5,
followed by EOMES at 19.4. To test for the overall variant burden
in each target gene in the sporadic MM cases versus controls, we
performed a c-alpha test. Accounting for multiple testing our
significance threshold was α= 0.008 (0.05/6 genes). Three genes
had significant variant burden in the sporadic MM cases: IRF8
(P = 1.0 × 10−6), EOMES (P = 6.0 × 10−6) and BTNL2 (P = 2.1 × 10−3).

Discussion
Our findings implicate six genes in MM risk, provide support
for genetic pleiotropy between LN subtypes, suggest genes at
GWAS loci are important for familial and early-onset risk and
demonstrate the utility of sequencing in a limited number of
genetically enriched cases to map functionally relevant variants
near GWAS SNPs.

Myeloma is a relatively rare malignancy, and the sample
sizes necessary to explore sequence-based exome-wide associ-
ation for rare variants are very large and currently do not exist.
Hence, we chose a multi-phase strategy for discovery which
exploited three hypotheses. First, pleiotropic genetic risk factors
exist across LNs. Second, early-onset and familial MM cases
are enriched for genetic risk. Third, both common and rare
risk variants exist for the same susceptibility genes. Relying on
these hypotheses as our foundation, we leveraged MM resources
that were focused on genetically enriched cases, restricted our
attention to regions of the exome very close to previously estab-
lished genome-wide significant susceptibility loci for common
risk across a range of LN subtypes and constructed phases and
tests to best utilize the sequencing that exists in myeloma. While
not all myeloma risk genes will fit these hypotheses, our strategy
optimized our ability to prioritize variants and identify MM risk
genes that do.

Consistent with our hypothesis of genetic pleiotropy between
MM and other LN subtypes, five of our six resulting MM risk
genes are located near GWAS SNPs for other LNs (Table 1). These
findings are in line with prior work supporting a shared etiol-
ogy, including family studies (30) and converging GWAS signals
between LNs (32–34,53). Significant pleiotropies between MM
and other LNs have been observed at 2p23.3 (with CLL), 2q13
(CLL), 3p22.1 (HL), 3q26.2 (CLL, HL) and 11q24.1 (CLL, FL) (33). We
provide additional evidence at 2q13 and are the first to observe
LN pleiotropy at 3p24.1, 6p21.32, 11p15.5 and 16q24.1 (Table 1).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab066#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab066#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab066#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab066#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab066#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab066#supplementary-data
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Figure 1. Variants observed in the six target genes. Each dot represents an MM or MGUS case with a variant resulting in an amino acid change at that position. Color

corresponds to the study phase. Functional domains are annotated. We observed (A) 19 BTNL2 variants, (B) 15 EOMES variants, (C) 10 TNFRSF13B variants, (D) 15 IRF8

variants, (E) 18 ACOXL variants (splice variants not shown), and (F) 18 TSPAN32 variants.
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Table 2. Exome variants in the six genes of interest carried by individuals with MM or MGUS

Gene Variant ID Change Type CADD N AAF Family (N carriers)

BTNL2 rs375897659a D28V MS 23.8 2 0.00003 MSKCC-5885 (3c)
rs79379254b V232X FS 18.0 2 0.00200
rs150942326 C50R MS 24.0 1 0.00054
rs143816072 D197H MS 14.6 1 0.00048
rs116715584 Y268H MS 1.2 1 0.00054
rs9461742 V188L MS 0.0 1 0.00118
rs186450060 ∗483S SL 0.0 1 0.00038

EOMES rs200789175a,b Q6E MS 13.5 5 0.00384 Mayo-500 (2)
rs371656694a V410M MS 28.0 2 0.00005 MSKCC-5066 (3c)
rs770923392 TSACKRR637-

643X
FS 35.0 1 0.00015

rs200215171 L146F MS 23.1 1 0.00085
rs373565897 A51T MS 20.3 1 0.00012
rs770027537 Q582E MS 17.7 1 0.00003
rs529375594 S91G MS 8.1 1 0.00165

TNFRSF13B rs34557412a,b C104R MS 25.9 6 0.00336
rs72553883 A181V MS 2.0 3 0.00541
rs201021960 E236∗ SG 35.0 1 0.00015

IRF8 rs28368114b V287M MS 25.7 3 0.00046
rs144424711a A201V MS 0.3 3 0.00276 INSERM-0608 (2)
rs145048966 T96M MS 33.0 1 0.00077
rs142267779 Y242H MS 22.8 1 0.00179
rs200724492 R118Q MS 11.6 1 0.00024
rs138032891 G139S MS 7.9 1 0.00063

ACOXL rs189429375a,b G577∗ SG 37.0 8 0.00525 Utah-20 245 (3c)
INSERM-0909 (3)rs116012262 R264Q MS 23.7 4 0.00150

rs61730481 R264W MS 27.6 3 0.00369
rs139505303 R360Q MS 18.5 3 0.00428
rs150003283 E107K MS 25.1 2 0.00695
rs150734728 R412C MS 24.7 1 0.00244
rs142497134 — SD 23.6 1 0.00030
rs113297147 — SA 23.2 1 0.00007
rs574186205 K575R MS 20.4 1 0.00024

TSPAN32 rs61744929a,b M91T MS 19.4 6 0.00855 INSERM-0108 (3)
rs148601311 R164C MS 25.1 4 0.00295
rs142056890 R164H MS 23.3 2 0.00201
rs2234302 R143Q MS 10.2 2 0.00140
rs138129469 R142Q MS 6.1 2 0.00027
rs747759649 E86K MS 25.0 1 0.00006
rs2234296 V77M MS 2.4 1 0.00178

Key: SL, stop loss; SG, stop gain; SD, splice donor; SA, splice acceptor; CADD scores are PHRED-like [−10 x log10(rank/total)] scaled and rank each variant relative to all
possible substitutions of the human genome (8.6 × 10 9). A score >10 indicates the variant is in the top 10% most deleterious substitutions in the human genome, a
score >20 indicates the top 1% most deleterious and a score >30 indicates the top 0.1%; N, number discovery and replication MM/MGUS cases carrying the variant; AAF,
allele frequency in gnomAD non-cancer samples; Family, family with segregating variant (number of MM/MGUS cases carrying the variant in the family).
aDiscovery variant.
bReplication variant.
cincludes an obligate MM or CLL carrier.

We also provide the first rare and deleterious variants in support
of genetic pleiotropy, specifically between MM and CLL, MZL or
HL.

Evidence for genetic pleiotropy was most pronounced
between CLL and MM. Three genes in CLL susceptibility loci (IRF8,
ACOXL and TSPAN32) harbored MM risk variants, many within
5 kb of four CLL SNPs (Table 1). Further, we identified parent–
child CLL–MM variant sharing for ACOXL (Fig. 2G). Prior literature
also supports pleiotropy between CLL and MM with converging
evidence at known or novel GWAS loci (33,34). Our findings
provide additional evidence for CLL–MM genetic pleiotropy at
2q13 (ACOXL), extending to rare risk variants and provide novel
evidence at 11p15.5 (TSPAN32) and 16q24.1 (IRF8).

We are the first to observe evidence for pleiotropy between
MM and MZL with BTNL2 at 6p21.32. Of note, our discovery
variant was only 139 base pairs from an MZL GWAS SNP
(Table 1). This gene is especially intriguing because most carriers
of BTNL2 variants were of African ancestry (Supplementary
Material, Table S1), including evidence for segregation in an
MM family with African ancestry (Fig. 2A). It is well established
that incidence of MM is twice as common in people of African
descent (6). Our observations suggest BTNL2 may be of particular
interest to African MM risk. Conversely, MZL is more common in
non-Hispanic Whites (54). Given the European predominance in
the MZL GWAS (52), it is unknown if BTNL2 may also be important
in African MZL risk. BTNL2 is in the HLA region—an area difficult

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab066#supplementary-data
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Figure 2. Variants shared with the disease in high-risk MM families. Unaffected relatives not shown. +/- indicates germline exome sequencing available and the

individual carries or does not carry the variant, respectively. Circle indicates female and square indicates male. (A) An MM sib-pair share rs375897659 in BTNL2; the

father has MM but was not sequenced. (B) An MM-MGUS sib-pair share rs200789175 in EOMES; another sibling has MM but was not sequenced. (C) rs116012262 in ACOXL

is shared by three siblings, two with MGUS and one with MM; a fourth sibling has lymphoma but was not sequenced. (D) An MM-MGUS parent-offspring pair share a

rs144424711 in IRF8; a sibling of the parent has MGUS but does not carry the variant. (E) An uncle-nephew MM pair and an obligate CLL parent share rs371656694 in

EOMES. (F) rs61744929 in TSPAN32 is carried by an MM-MGUS sib-pair and a cousin with MM. (G) rs189429375 in ACOXL is carried by two early-onset MM cases and an

obligate CLL carrier.

to sequence and associated with many LN subtypes. However,
we only considered variants passing high-quality standards and
observed in gnomAD. Additional research into the biology of
BTNL2 and its role in MM risk for African cases and genetic
pleiotropy between MM and MZL is warranted.

Our study is the first to provide support for pleiotropy
between MM and HL at 3p24.1 (EOMES). A GWAS has also
indicated 3p24.1 in CLL risk (42), and EOMES has previously been
suggested as pleiotropic between CLL and HL (40). Our gene
extension observed an MM family with parent–child CLL–MM
variant sharing in EOMES (Fig. 2E). Hence, our findings support
EOMES pleiotropies that extend to MM, HL and CLL. Additional
research into the role of EOMES in MM, HL and CLL is needed
to better understand the biology behind our results supporting
pleiotropy.

The rarity of LNs together with sequencing costs continue
to make the assembly of large cohorts of sequenced MM cases
a challenge. Cases thought to have a high genetic component
of disease have been successful in gene mapping in the face of
limited data availability. Previous studies have also illustrated
the advantage of a focus on genetically enriched cases and sup-

port the relevance of GWAS findings in familial and early-onset
cases (24). Our design invoked the power of genetically enriched
cases and the existence of both rare and common variants in
risk genes. Consistent with this, we found that genes could
be identified at GWAS loci (regions identified by common risk
variants) that harbored a significant excess of rare, deleterious
variants in MM cases with a familial and early-onset disease.
This speaks to the likelihood that cancer susceptibility genes
harbor risk alleles across the allele frequency spectrum and that
complementary designs that search for common and/or rare
variants will be needed to fully describe genetic etiologies.

Our results demonstrate the utility of sequencing in a limited
number of early-onset and familial cases to identify functional
variants near GWAS loci. However, the rare coding variants were
not found to be in high LD with their respective GWAS SNPs.
This would suggest that the rare variants we discovered are
additional risk alleles that affect the same target genes and are
not functional rare variants on haplotypes with their common
counterparts to explain the GWAS signals. We acknowledge that
LD measures are imprecise for rare exome variants and may
have limited our ability to detect high levels of LD. The future
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existence of immense sequenced populations will increase the
power to measure LD in rare variants, and our results may need
to be reassessed in this regard. Additional signals may have
been missed if the common variant regulates a gene more than
5 kb away or falls in a very large intron. Nonetheless, our study
suggests that GWAS loci may help guide discovery of rare risk
variation, which will be especially valuable as the field turns to
less well-annotated and non-coding regions of the genome.

Existing literature supports a role for the genes in immune
disease and cancers. Proteins encoded by five of the genes we
propose have been shown to have a role in immune regulation.
BTNL2 decreases T-cell proliferation and cytokine release, acting
as a negative T-cell regulator (55). EOMES regulates differentia-
tion of CD8+ T-cells and is a critical regulator of tumor immune
responses mediated by T-cells (56). TNFRSF13B plays a role in B-
cell survival and maturation, is involved in antibody production
and promotes cell signaling (57–59). IRF8 regulates expression of
viral-induced genes and is a critical lineage-specific transcrip-
tion factor for myeloid cell differentiation (60,61). TSPAN32 is
involved in hematopoietic cell function (62,63) and has biased
expression in the bone marrow (64).

IRF8 is focally deleted across many tumors, is likely a tumor
suppressor in humans (65) and was recently shown to have
frequent alterations in primary mediastinal large B-cell lym-
phoma (66). Patients with high levels of IRF8 expression experi-
enced prolonged overall survival in clear cell renal sarcoma (65).
Rare BTNL2 variants have been shown to increase susceptibility
to familial and sporadic prostate cancer (67). Notably, prostate
cancer is also more prevalent in men of African descent (68),
supporting the role of BTNL2 in African cancer risk. Mutations
in TNFRSF13B have also been associated with common vari-
able immune deficiency (CVID), a condition that impairs the
immune system (69–71). Patients with CVID have increased risk
of recurrent infections, autoimmune disorders and non-Hodgkin
lymphoma (72). High levels of TNFRSF13B have been shown to
promote MM cell growth (73,74).

Substantial effort was made to design a study that played to
the strengths of existing resources. Nonetheless, our results and
the study are limited by the observational nature. Further studies
are needed to demonstrate the functional relevance of specific
variants in the genes we identified and the mechanisms for risk
in MM and to better understand the biology behind the shared
genetic etiology that our results suggest. The study was limited
to genome-wide significant GWAS loci. Additional rare variants
may exist at suggestive GWAS loci and could be explored in
future work. Further, evidence for genetic pleiotropy between
MM and other cancers and non-cancer phenotypes exists, and
these could be pursued using this design.

In summary, we implicate six genes in MM risk, provide
support for a shared genetic etiology between LN subtypes and
demonstrate the utility of sequencing genetically enriched cases
to identify functional variants near GWAS loci. Our findings are
some of the first to identify putative functional variants near
GWAS loci for LNs and to provide opportunities for focused
functional studies to establish causation and better understand
the disease biology. A better understanding of LN pleiotropy
will help design studies to gain insight into the biology behind
subtypes and uncover the remaining missing heritability. To
date, only a handful of genes have been implicated in famil-
ial or early-onset myeloma risk (25–27). The identification six
additional genes provide opportunities for focused functional
studies to better understand the biology behind myeloma risk
and may eventually lead to opportunities for genetic testing and
counseling.

Materials and Methods
We evaluated exome sequencing near 149 published LN GWAS
SNPs in 75 familial or early-onset MM cases for rare deleterious
variants, replicated our findings in 255 familial or early-onset
MM or precursor disease cases MGUS and extended interroga-
tion of replicated genes for overall variant burden in 733 sporadic
MM cases.

Ethics statement

Ethics committees at the University of Utah, Memorial Sloan Ket-
tering, Mayo Clinic, Weill-Cornell and Comite ´ de Protection des
Personnes-SUD EST IV approved this research. All participants
provided written informed consent.

Exome sequencing and processing

For all phases, DNA extracted from whole blood or saliva was
sequenced using an Agilent SureSelect Human All Exon V4 or
V5 + UTRs capture kit. Sequencing from all participants was
jointly called at the Icahn School of Medicine at Mt. Sinai based
on the genomic analysis toolkit (GATK) best practices (75). Briefly,
FASTQ files were aligned to genome build 37 using Burrows-
Wheeler Aligner version 0.7.8, indels were realigned using GATK,
duplicates were removed using Picard MarkDuplicates and base
quality scores were recalibrated using GATK. HaplotypeCaller
generated individual genomic variant call format (GVCF) files
for each individual, and GenotypeGVCFs produced the final joint
calling. Variant quality score recalibration (VQSR) removed likely
false-positive variant calls. The jointly called variant call format
(VCF) file was annotated with variant effect predictor (VEP) (76)
and queried using BCFtools (77).

Risk variant identification

In all phases, variants of interest were restricted to high-quality,
rare and deleterious variants that exist in gnomAD. GnomAD
version 2.1.1 exome VCFs were downloaded and utilized to fil-
ter participant variants based on quality and rarity (78). High-
quality variants were defined as those that: passed variant qual-
ity filters (GATK VQSR excluded tranches 99.00-100 and gnomAD
filters); had no more than two alternate alleles in gnomAD; were
not in a known segmental duplication and were not within a
larger indel (gnomAD star annotation). Rare was defined as an
alternate allele frequency (AAF) ≤ 0.01 across all gnomAD non-
cancer samples and AAF ≤ 0.05 in any non-cancer gnomAD sub-
population. Deleterious was defined as a high or moderate pre-
dicted impact based on VEP annotation. Additional criteria were
required for each phase-based variant location and recurrence,
as described in the following.

Discovery phase

The focus of this phase was to identify recurrently (observed at
least twice), rare and deleterious variants within 5 kb of known
LN GWAS SNPs in 75 discovery cases. The goal was to narrow
attention to target genes harboring rare deleterious variants at
GWAS loci.

Discovery cases. Seventy-five individuals from Utah with an
MM diagnosis were selected based on membership in an
extended high-risk pedigree or early-onset disease (≤45 years).
Pedigrees were identified using the Utah Population Database
and were selected for excess disease clustering (P < 0.05) through
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many generations. Forty-three cases resided in a high-risk
pedigree. Forty-one cases were early onset. Most cases were
of northwest European descent (N = 72), three were of African
descent. All self-reported race matched genetic ancestry.

LN GWAS regions. The GWAS Catalog (https://www.ebi.ac.uk/
gwas/) was accessed on 12 March 2019, and SNPs that attained
genome-wide significance (P < 5 × 10 −8) were considered. We
identified 149 significant SNPs from 24 LN studies (Supplemen-
tary Material, Table S3). LN subtypes with significant associa-
tions included: seven CLL studies with 78 SNPs (35–38,40–42),
six MM studies with 36 SNPs (18–23), five HL studies with 20
SNPs (43–47), 10 FL studies with 10 SNPs (39,48–50), a diffuse
large B-cell lymphoma (DLBCL) study with 5 SNPs (51) and an
MZL study with 2 SNPs (52). Two SNPs were independently
associated with two LN subtypes: rs735665 in CLL (35–38) and
FL (39), and rs10936599 in CLL (35) and MM (22). We created 5 kb
regions on either side of the 149 SNPs, which together defined
1 414 997 bp (some regions overlapped) of which 81 442 bp inter-
sected with the exome sequencing captures. Hence, the discov-
ery focus was on these 81.4 kb of exome capture (0.1% of the total
81 762 734 bp).

Significance assessment. To investigate the likelihood of observ-
ing the discovery results by chance, we repeated the process
in local controls with individual-level sequence data, which
were jointly called with the discovery cases. Whole-genome
sequences were available on 134 unrelated, unaffected individ-
uals from the Utah Centre d’Etude du Polymorphisme Humain
project. We restricted the genomes to the 81.4 kb of exome
capture used on the discovery cases, and variants of interest
were filtered using the same criteria as in the discovery cases.
To determine significance, we used a bootstrap approach. A
random set of 75 controls were selected from the 134 individuals
using VCFTOOLS (79), and the number and level of recurrence
of rare, deleterious variants were determined. This process was
repeated 1 000 000 times with sample replacement. An empirical
P-value was determined as the proportion of control sets that
attained simulated results equal to or exceeding the results
observed in the discovery cases. This is a single, global test across
the entire 81.4 kb region, and our discovery results were assessed
at the α = 0.05 level for significance.

LD between LN GWAS SNPs and rare risk variants. We assessed
LD between the discovery rare risk variants and their corre-
sponding GWAS SNPs using LDlink (80). Given the discrepancy
in allele frequencies, we used D′ which indicates the propor-
tion of maximum possible LD based on the allele frequencies.
A statistically significant D′ close to 1.0 would indicate that the
rare risk variant and GWAS risk SNP may lie on a haplotype
and represent the same association signal (i.e. rare risk variant
could drive the known common SNP association). Otherwise,
different genetic risk factors may be influencing the same tar-
get gene. LD in all 1000 Genomes Project sub-populations was
investigated.

Replication phase

The focus of this phase was to reproduce the discovery of
recurrent (observed at least twice), rare and deleterious variants
within 5 kb of known LN GWAS SNPs and in a target gene in
255 replication cases. The goal was to further narrow attention
to target genes harboring rare deleterious variants which were
observed in independent sample sets at GWAS loci.

Replication cases. An independent set of 255 individuals diag-
nosed with MM or MGUS with early onset MM (≤45 years) or a
family history of MM (self-reported in close relatives: 70 MM,
46 MGUS). Those with a family history fall into 44 densely
clustered families: 25 were ascertained by Institut National de
la Santé et de la Recherche Médicale (INSERM), France (36 MM,
38 MGUS); 9 by Mayo Clinic, Minnesota (10 MM, 8 MGUS and
10 unaffected family members); 6 by Memorial Sloan Kettering
Cancer Center (MSKCC), New York (14 MM); 3 by International
Agency for Research on Cancer (IARC), France (8 MM) and one by
Weill Cornell, New York (2 MM). Most of the families contained
both MM and MGUS cases (32 families total), and six families
contained a sequenced unaffected relative. Three families had
African ancestry; the remainder were of northwest European
descent.

Replication regions. Variants of interest at the replication phase
were required to reside within the intersection of the 10 kb
regions surrounding LN GWAS SNPs and the specific genes
harboring recurrent rare risk variants in the discovery phase.

Extension phase

The full length of a gene may stretch beyond the 5 kb from
an LN GWAS SNP. In this phase, we interrogated the full
exome sequencing of the genes with variants in the discovery
and replication phases. First, in Gene Extension, we identified
all rare, deleterious variants in the early-onset or familial
discovery and replication cases (N = 330) in the target genes
and investigated co-sharing within families where applicable.
Second, in Population Extension, we identified all variants within
the target genes carried by MM cases and controls available in
Database of Genotypes and Phenotypes (dbGaP). Sequence data
from the CoMMpass Study (81) were downloaded: 733 sporadic
MM (115 of African descent). Data from several non-MM studies
in dbGAP were downloaded: 935 controls with no known MM
or MGUS diagnosis (219 of African descent). African ancestry
was determined based on principal component analysis of the
sequence data and overlay with the 1000Genomes populations.
Variant burden for each target gene was assessed using a
c-alpha test (82) with 1 000 000 permutations in the GEMINI
software (83). For variant burden in sporadic MM, we continued
to require high or moderate impact variants but loosened the
rarity criteria to AAF ≤ 0.05. Multiple testing was addressed by
adjusting the significance threshold by the number of genes
tested.

Data sharing statement

All variants within the regions investigated in this paper along
with the scripts used to select the variants can be found on
GitHub: https://github.com/rosaliegwaller/rare-variants-gwas-
loci. For discovery and replication sequencing data in the early-
onset and familial cases, please contact nicola.camp@hci.utah.
edu. All sequence data for the sporadic MM cases and
controls are available at dbGaP under accession numbers:
phs000348.v2.p1, phs000748.v4.p3, phs000209.v13.p3, phs000276.
v2.p1, phs000179.v5.p2, phs000298.v3.p2, phs000424.v6.p1, phs
000653.v2.p1, phs000687.v1.p1, phs000814.v1.p1 and phs000806.
1.p1.
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