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Multiple myeloma (MM) is a plasma cell (PC) malignancy characterized by cytogenetic abnormalities, such as t(11;14)(q13;q32),
resulting in CCND1 overexpression. The rs9344 G allele within CCND1 is the most significant susceptibility allele for t(11;14).
Sequencing data from 2 independent cohorts, CoMMpass (n= 698) and Mayo Clinic (n= 661), confirm the positive association
between the G allele and t(11;14). Among 80% of individuals heterozygous for rs9344 with t(11;14), the t(11;14) event occurs on the
G allele, demonstrating a biological preference for the G allele in t(11;14). Within t(11;14), the G allele is associated with higher
CCND1 expression and elevated H3K27ac and H3K4me3. CRISPR/Cas9 mediated A to G conversion resulted in increased H3K27ac
over CCND1 and elevated CCND1 expression. ENCODE ChIP-seq data supported a PAX5 binding site within the enhancer region
covering rs9344, showing preferential binding to the G allele. Overexpression of PAX5 resulted in increased CCND1 expression.
These results support the importance of rs9344 G enhancer in increasing CCND1 expression in MM.
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INTRODUCTION
Multiple myeloma (MM) is an incurable plasma cell (PC)
malignancy characterized by cytogenetic abnormalities that drive
clinical manifestations, response to treatment, and overall prog-
nosis [1]. Translocation t(11;14)(q13;q32), leading to juxtaposition
of the immunoglobulin heavy chain (IGH) near CCND1, is the most
common IGH translocation in MM [1]. Interestingly, MM with
t(11;14) is the only subtype with a known germline susceptibility
locus at 11q13.3, as identified by genome-wide association studies
(GWAS) [2]. The G allele of rs9344 (formerly rs603965), located
within the last nucleotide of exon 4 of CCND1 (c.723 G > A,
p.Pro241= , NM_053056), has been reported to be the most
significant and strongest germline risk factor identified in
association with an increased risk of t(11;14) MM. The G allele of
rs9344 has an observed odds ratio (OR) of 1.82 (p= 7.96 × 10−11)
compared to healthy controls [2] and 1.95 (p= 2.07 × 10−11)
compared to non-t(11;14) MM cases [2]. We previously confirmed
this association in the Relating Clinical Outcomes in MM to
Personal Assessment of Genetic Profile (CoMMpass) and Mayo

Clinic cohorts [3]. Interestingly, rs9344 is not associated with an
increased risk of other B-cell malignancies [4], like mantle cell
lymphoma (MCL) [2], which is also associated with t(11;14),
suggesting a unique role of rs9344 in the pathology of t(11;14)-
driven MM. However, the molecular mechanism by which rs9344
influences the development of t(11;14) MM has remained
unknown. Here, we utilized genetic, epigenetic, and gene-
editing approaches to identify rs9344 as the likely causal SNP at
11q13.3. This study demonstrated the G allele of rs9344 along with
the transcription factor PAX5 promotes CCND1 expression
following t(11;14) in MM.

MATERIALS AND METHODS
Study cohorts
We performed a retrospective study of newly diagnosed MM patients from
the publicly available international MM cohort, the Relating Clinical
Outcomes in the CoMMpass study (NCT01454297) and a Mayo Clinic
cohort. The CoMMPass study was approved by ethics committees or
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institutional review boards (IRB) at individual study sites and by the IRB at
the Mayo Clinic. Samples were collected with written informed consent
from the patients in accordance with ethical guidelines. The research
involving human material and human data is in accordance with the
Declaration of Helsinki. Patients with available clinical and demographic
data, and with whole genome sequencing (WGS), whole exome sequen-
cing (WES), and RNA sequencing (RNA-seq) data from samples collected at
diagnosis in either cohort were selected. This study included 698 patients
in the CoMMpass cohort and 661 in the Mayo cohort. MM-specific
cytogenetic abnormalities were identified using FISH as previously
described by Smadbeck et al. [5] in the Mayo cohort and by WGS in the
CoMMpass cohort [6].

Sample collection, library construction, and sequencing
For the CoMMpass cohort, sample collection, DNA extraction, WES, RNA
extraction, and RNA-seq were performed as previously described [7]. For
the Mayo cohort, PCs were enriched using anti-CD138+ beads and stored
as frozen pellets or in TRIzol. WES and RNA-seq were performed as
described in supplementary methods.

WES and RNA-seq data analysis
Sequencing data from both cohorts, were analyzed as described
in supplementary methods.

Chromatin immunoprecipitation and sequencing (ChIP-seq)
and Assay for transposase-accessible chromatin using
sequencing (ATAC-seq)
ChIP-seq and ATAC-seq using CD138+ MM tumor samples were performed
following previously published methods [8, 9] with slight modifications, as
described in supplementary methods.

Human myeloma cell lines and overexpression of PAX5
Overexpression of PAX5 was performed in U266B1 and KMS12PE cell lines.
U266B1, a human MM cell line with t(11;14) carrying the rs9344 AG
genotype, was obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and was mycoplasma negative. The U266B1 cell line
was authenticated using STR testing (Labcorp, Burlington, NC, USA). The
KMS12PE human MM cell line with t(11;14) was obtained from Creative
Bioarray (Shirley, NY, USA) was mycoplasma negative. The WT line carries
the rs9344 AA genotype. Authentication of the KMS12PE cell line was
performed using STR testing (Labcorp) and a customized PCR strategy to
differentiate KMS12PE from KMS12BM. The substitution of the A allele by
the G allele at rs9344 was performed by Synthego (Redwood City, CA, USA)
using the CRISPR/Cas9 system [10] (see supplementary methods) and
confirmed to be mycoplasma negative after CRISPR/Cas9 editing. The cell
lines were cultured in RPMI-1640 (30-2001, ATCC) supplemented with 15%
fetal bovine serum (FBS; 35-010-CV, Corning, Glendale, AZ) and 1%
penicillin-streptomycin (15070063, Thermo Fischer). For PAX5 overexpres-
sion studies, the pLV-EGFP-hPAX5 overexpression plasmid (vector ID:
VB900139-7742zer) and control pLV-EGFP plasmid (VB010000-9292bku)
were purchased from Vector Builder (Chicago, IL, USA). Transfection,
quantitative PCR and Western blotting was performed as described
in supplementary methods.

Statistical analysis
Test of associations between rs9344 genotypes and expressed alleles,
CCND1 and PAX5 expression including quantification of interaction effects
was analyzed using generalized linear regression model (GLRM) as
described in supplementary methods. For rs9344 genotypes and expressed
alleles, overall survival analysis was performed using the Cox Proportional
Hazards Regression model built into the Survival R package, with
adjustment for age (continuous), sex (1 male, 0 female), and race (1 black,
0 non-black). A Logistic Regression model was used to test the associations
with a binary outcome. The difference between two groups of continuous
variables following normal distribution was tested using Student’s t test
conditional on equal variance or the Welch test conditional on unequal
variance. The Mann–Whitney U test was applied to data deviating from the
normal distribution. The chi-square test was used to test the rate or ratio
differences. All tests were two-sided, and a p < 0.05 in both cohorts was
considered statistically significant. The analysis was performed using R
software (v4.2.1).

RESULTS
The G allele at rs9344 is preferentially associated with
t(11;14) in MM
We and others have identified a positive association between the
G allele of rs9344 and the t(11;14)(q13;q32) subtype of MM [2, 3].
We evaluated this association using 1,359 patients with MM
from two large and independent cohorts, CoMMpass and Mayo
Clinic. The distributions were similar for age, sex, rs9344 genotype,
and frequency of t(11;14) between the two cohorts (p > 0.05)
(Table 1).
Consistent with previous reports [2, 3], the G allele of

rs9344 showed significant positive association with t(11;14) in
both the CoMMpass (OR= 1.88, 95%CI:1.40–2.53, p= 3.2 × 10−5)
and Mayo (OR= 1.54, 95%CI:1.17–2.04, p= 0.002) cohorts. In the
t(11;14) group, 117 individuals were heterozygous for the rs9344
SNP. Among 80.34% of individuals (95%CI:64.92–98.32%,
p= 4.2 × 10−15), t(11;14) involved the G allele based on RNA-seq
data, demonstrating a ~ 4-fold enrichment relative to the A allele.

The G allele at rs9344 is associated with increased CCND1
gene expression
As previously reported [11], CCND1 gene expression was increased
by ~40–50-fold in t(11;14) MM relative to non-t(11;14) MM
(p= 1.3 × 10_13, Table 1). No other cytogenetic abnormalities
significantly affected CCND1 expression (Supplementary Table 1.1).
Given the positive association of the G allele at rs9344 with
t(11;14)-derived MM and the association of t(11;14) with increased
CCND1 expression, we investigated whether the G allele was
associated with increased CCND1 gene expression in MM. Using a
univariate analysis of the whole cohort, we identified a positive
association of the G allele with CCND1 gene expression in
CoMMpass (p= 3.0 × 10-5) and Mayo (p= 0.003) cohorts (Supple-
mentary Table 1.2).
To further evaluate the unique association between the G allele

at rs9344 and increased CCND1 gene expression in t(11;14)-
derived MM, we investigated whether the G allele at rs9344
“interacts” with t(11;14) to further increase CCND1 expression.
Following the concept of “gene-environment interactions” [12],
we asked whether there exists an interplay between the rs9344 G
risk allele, which stands for the “gene”, and the presence of
t(11;14), which represents the “environment”, on CCND1 expres-
sion. For example, we asked whether the rs9344 G genotype
increased CCND1 expression only in the presence of t(11;14). To
test this possibility, we performed a GLRM including rs9344
genotype, cytogenetic abnormalities, and their interactions with
adjustment for age, race and sex (Supplementary Table 1.3).
Results from this model demonstrated the G allele (AG/GG
genotypes) at rs9344 significantly increased CCND1 expression in
combination with t(11;14) in both CoMMpass (p= 0.0053) and
Mayo (p= 0.034) cohorts, but not in combination with other
cytogenetic abnormalities (Supplementary Table 1.3–1.4). Consis-
tent with these observations, the multivariate analysis without
considering interactions failed to identify a significant association
between the rs9344 genotype and CCND1 expression (Supple-
mentary Table 1.1), further suggesting a lack of a main effect for
rs9344 genotype on CCND1 expression.
We next evaluated the interaction separately in t(11;14)

and non-t(11;14) cases. The AG and GG genotype groups had
higher CCND1 expression than the AA group in both cohorts
(Table 2). Importantly, in the non-t(11;14) group, the rs9344
genotype was not associated with increased CCND1 levels, as
described above (Table 2). For GG genotype within the t(11;14)
group, the interaction effect accounted for ~20% of CCND1
expression, which was higher than in the AG genotype group,
further suggesting the existence of an interaction effect of the
genotype with t(11;14) on CCND1 expression (Supplementary
Table 1.5).
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Gain of a super-enhancer at the risk locus in MM with t(11;14)
Given the increased expression of CCND1 in association with the G
allele of rs9344 within t(11;14) MM, we evaluated whether rs9344
influenced the regulatory elements at the 11q13.3 locus. We first
extracted variants in LD (r2 ≥ 0.5) with rs9344 based on 2504
individuals of European genetic ancestry (EUR) from the 1000
Genomes Project. The entire LD block included 11 variants with
r2 ≥ 0.8, with minor allele frequency (MAF) > 0.41, covering
a ~ 12.3 kb region [13] (Fig. 1A, Supplementary Figure 1 in AFR),
which is located within the same topologically associating domain
based on Hi-C data [14, 15]. All variants in LD with rs9344 were in
the intergenic or intronic regions of CCND1.
Putative regulatory variants were identified by utilizing peaks

from public ChIP-seq and ATAC-seq repositories of MM and
healthy immune samples from the Roadmap Epigenomics
Consortium (Supplementary Table 2) [16–19]. We identified 6
regulatory regions (RE1-RE6) within 17 kb that together covered
22 (from rs1683847 to rs7177) of the 23 variants with r2 ≥ 0.5
(Fig. 1B, Supplementary Table 3).
We compared the ChIP-seq and ATAC-seq profiles within 17 kb

covering the 22 variants described above from 28 internal t(11;14)
MM samples with healthy immune samples. Of the 6 regulatory
regions (RE1-RE6, Fig. 1B), the healthy samples showed enrich-
ment of the repressive mark H3K27me3 in RE1 and enrichment of
H3K4me1 and H3K27me3 in RE2 and RE3, suggesting a poised
chromatin state (Supplementary Fig. 2). In contrast, in 8 of the
internal t(11;14) MM samples, this region was enriched with
H3K4me3, H3K4me1, H3K27ac and ATAC-seq signals (Fig. 1B). Of
the remaining 20 samples with only ATAC-seq data, all but 3 (N29,
N49 and N15b) showed enrichment. To understand whether
increased chromatin accessibility was t(11;14) specific, we analyzed
additional publicly available ATAC-seq data from 21 MM patients
and 5MM cell lines [16]. The observed chromatin accessibility
pattern appeared to be specific to t(11;14), as it was not
identified in MM with other chromosomal abnormalities (Supple-
mentary Fig. 3A).
Of the t(11;14) MM samples with increased chromatin

accessibility, high levels of H3K27ac were observed (Fig. 1B and
Supplementary Fig. 3A), suggesting that the CCND1 locus within
t(11;14) formed a super-enhancer (SE) associated with high
H3K27ac levels and high gene expression [20]. To test this
possibility, we used the “Rank Ordering of Super-Enhancers”
(ROSE) pipeline and identified SEs of 13.7 and 18.9 kb in size,
respectively, in the t(11;14) samples N23C and N39C, covering the
CCND1 gene (Supplementary Fig. 3B). To assess cell type
specificity, we downloaded a collection of ROSE-identified SEs in
86 cell and tissue types [20]. This SE in N23C and N39C was not
identified in any of the 24 healthy samples [20], indicating it was a
de novo SE gained in MM with t(11;14). Based on the 111
reference epigenomes from the Roadmap Epigenomics Consor-
tium [19], none of the immune cells had H3K27ac. Instead, most
healthy samples showed both H3K4me1 and H3K27me3, suggest-
ing that this region is a poised enhancer (Supplementary Fig. 2).
To understand whether this SE was only present in MM
with t(11;14), we called SEs as described above from 7 MM cases

Table 1. Demographics and key variables.

Variable CoMMpass
(n= 698)

Mayo
(n= 661)

p value

n (%) |
mean ± sd
(range)

n (%) |
mean ± sd
(range)

Age (years)

62.87 ± 10.79
(27–93)

62.80 ± 10.35
(31–92)

0.91a

Sex

Female 281 (40.26) 297 (44.93)

Male 417 (59.74) 364 (55.07) 0.09b

Race

White 454 (65.04) 598 (90.47)

Black 91 (13.04) 23 (3.48)

Asian 11 (1.58) 9 (1.36)

Other 30 (4.30) 16 (2.42)

Unknown 112 (16.05) 15 (2.27) <0.001b

Ethnicity

Non-Hispanic
White

404 (57.88) 505 (76.40)

Non-Hispanic
Black

90 (12.89) 15 (2.27)

Other 204 (29.23) 141 (21.33) <0.001b

Cytogenetic abnormalities

Hyperdiploidy 379 (54.30) 311 (47.05)

t(11;14) 135 (19.34) 139 (21.03)

t(4;14) 83 (11.89) 57 (8.62)

t(14;16) 30 (4.30) 20 (3.03)

t(6;14) 10 (1.43) 8 (1.21)

t(14;20) 8 (1.15) 9 (1.36)

Unknown 53 (7.59) 117 (17.7) <0.001b

rs9344 genotype

AA 116 (16.62) 122 (18.46)

AG 317 (45.42) 298 (45.08)

GG 265 (37.97) 241 (36.46) 0.65b

rs9344 in t(11;14)c

A allele 23 (17.04) 26 (18.71)

G allele 112 (82.96) 113 (81.29) 0.96b

CCND1 expression (TPM)

Overall 42.81 ± 97.61 26.71 ± 59.64

t(11;14) 200.01 ± 134.78 118.58 ± 78.82

Non-t(11;14) 5.12 ± 11.26 2.25 ± 2.99 -

PAX5 expression (TPM)

Overall 0.12 ± 0.3 0.06 ± 0.09

t(11;14) 0.3 ± 0.38 0.11 ± 0.12

Non-t(11;14) 0.07 ± 0.27 0.04 ± 0.08 -

CD group in t(11;14)

CD1 54 (40.00) 56 (40.29) 0.96

CD2a/b 81 (60.00) 83 (59.71)

Overall Survival (years)d

Range 0.022–10.18 0.003–30.81

Median 7.82 (6.61 – NA) 7.77 (6.67–8.55) 0.70e

The p-values represent comparison of the CoMMpass and Mayo cohorts.
The p value could not be calculated for the CCND1 and PAX5 expression

differences between the two cohorts due to different scales of the
normalized expression values between the two cohorts.
aderived from t-test.
bderived from chi-square test.
ccoded according to non-transformed RNA-seq expression data (in TPM).
The G allele was assigned if count ratio of reads carrying G allele to reads
carrying A allele was larger than 5; otherwise, A allele was assigned.
d111 censored in CoMMpass cohort. For rs9344, the genotypic distribu-
tions in the two cohorts followed the Hardy Weinberg Equilibrium
(p= 0.44 for CoMMpass and 0.22 for Mayo).
ederived from log rank test.

H. Tang et al.

44

Leukemia (2025) 39:42 – 50



and 7 MM cell lines [18]. The 2 cell lines (U266B1 and KMS12BM)
with t(11;14) had SEs (11.6-19.4 kb) in this region (Supplementary
Figure 3C). The 2 MM cases with t(11;14) (MM3 and MM9) also
showed broad H3K27ac, although below the SE calling cutoff.

None of the 10MM samples with other cytogenetic abnormalities
had a SE in this region suggesting that this SE is highly cell type-
specific and only detectable in MM with t(11;14), consistent with
other studies [21–23]. Using both ChIP-seq and ATAC-seq data

Table 2. Effect of rs9344 genotype on CCND1 expression stratified by t(11;14) status.

t(11;14) Gt. CoMMpass Mayo

Freq. Coe. (95% CI)a p valuea Freq. Coe. (95% CI)a p valuea

No AA 105 Ref. 108 Ref.

No GG | AG 458 −3.56 (−16.44–9.32) 0.59 414 −0.53 (−8.23–7.18) 0.89

Yes AA 11 162.13 (124.83–199.43) 9.0 × 10−17 14 100.58 (80.34–120.82) 4.3 × 10-21

Yes GG | AG 124 195.58 (179.84–211.32) 4.1 × 10−95 125 117.48 (108.1–126.85) 3.5 × 10-95

Gt. indicates genotype, Freq. indicates frequency, Coe. (95% CI) indicates coefficient (95% confidence interval) with a coefficient that is greater than zero
indicates a positive relationship and a coefficient that is less than zero indicates a negative relationship.
aderived from a generalized linear regression model normalized on age (continuous), sex (1 male, 0 female), and race (1 black, 0 non-black).

Fig. 1 Genetic and epigenetic features at the 11q13.3 risk locus. A LD zoom plot for rs9344 in a population with European genetic ancestry
(EUR) from the 1000 Genomes Project. B Signal tracks for ATAC-seq and ChIP-seq of three histone modifications and PAX5. For the 28 MM
cases with t(11;14) that had ChIP-seq or ATAC-seq data, only five samples being heterozygous for rs9344 were selected to display. All cases are
displayed in Supplementary Fig. 4. In these heterozygous samples, at least one of the marks showed allelic imbalance at rs9344. At this locus, a
total of 22 variants are linked to the index SNP rs9344 (r2 ≥ 0.5) in the EUR population. Twenty-two of the 23 variants reside in a 17-kb region,
with the remaining SNP rs1231288366, which is not shown here, being located 30,607 bp away, downstream of CCND1. This SNP overlapped
none of the epigenetic marks included in the study. Within the 17-kb region, 19 of the variants fell within regulatory regions (RE2 to RE6) in
MM with t(11;14). Among them, 11 overlapped a broad H3K27ac peak region that was also enriched with H3K4me3 (RE3 to RE6), including ten
in three open chromatin regions identified by ATAC-seq (E3, E5, and E6); the other eight variants were located in a broad H3K4me3 peak. In
addition, rs9344 was in a PAX5 binding site in GM12878. Y-axis represents normalized signal in reads-per-million. ATAC-seq peak in the CCND1
promoter is boxed in gray. Regulatory regions carrying rs9344-linked variants are highlighted. RE, regulatory element. C Bar plot showing
allelic imbalance at rs9344. The risk G allele was associated with significant increase of H3K27ac, H3K4me3, H3K4me1 and chromatin
accessibility in one to five MM cases (Benjamini-Hochberg adjusted p value: 9.23E-03 – 7.33E-16, binomial test), except H3K4me3 in N23C
(p= 7.81E-02). In GM12878, the G allele showed the tendency of association with increased PAX5 signal relative to the A allele (p= 1.09E-01).
D Average chromatin signal profiles across the CCND1 locus. ChIP-seq data from 8 primary MM samples and ATAC-seq data from 28 primary
MM samples, all with t(11;14), were represented in the top four panels and H3K27ac data from KMS12PE KI and WT were shown in (E). RPM,
reads-per-million; A and G represent the expressed alleles at rs9344 based on RNA-seq data. Arrow indicates the position of rs9344.
F Quantification of the H3K27ac signals from (E). G Relative mRNA expression of CCND1 in KMS12PE KI rs9344 GG clones compared to
KMS12PE WT with rs9344 AA. The CT values of CCND1 and GAPDH mRNAs were determined in triplicate using real-time one step RT-qPCR
quantification. The mRNA level of CCND1 was normalized to GAPDH. The normalized CT values in the KMS12PE KI clones was compared with
KMS12PE WT using paired Student’s t test with α= 0.05. *P < 0.05, **P ≤ 0.01. H Transcription factor PAX5 binding motif. The G allele is adjacent
to the PAX5 motif. Arrow indicates the index SNP rs9344.
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from 8MM cases with t(11;14) (Supplementary Fig. 4), we
identified the IGH SEs were inserted or translocated into the
144-577 kb upstream of CCND1 (Supplementary results, Supple-
mentary Fig. 5).

The G allele of rs9344 altered the local chromatin state in MM
with t(11;14)
Previous studies have demonstrated that coding exons can also
function as active enhancers [24–26]. Hypothesizing that rs9344
plays a regulatory role through an epigenetic mechanism, we
focused on RE5, which spans the rs9344 SNP. Of the 24 healthy
samples, RE5 showed only weak H3K4me1 in CD19+ B and CD34+

hematopoietic stem/progenitor cells (Supplementary Fig. 2),
suggesting that RE5 is a primed enhancer. In contrast, an ATAC-
seq and H3K27ac peak in RE5 was observed in most of the
t(11;14) MM cases (Fig. 1B, Supplementary Fig. 3A and
Supplementary Fig. 4). None of the public data from non-
t(11;14) MM had a peak in RE5 (Supplementary Fig. 3). Of the
ATAC-seq data from the 28 internal MM cases with t(11;14), 2 had
AA, 10 had GG, and 16 had the AG genotype at rs9344
(Supplementary Fig. 4). Four of the 15 samples with an expressed
G allele in the AG genotype had a peak overlapping rs9344, and
all four showed allelic imbalance, with the G allele associated with
increased chromatin accessibility (p= 4.45 × 10−15–7.33 × 10−16,
Fig. 1C and Supplementary Fig. 4). Of the 8 internal MM cases
with t(11;14) with ChIP-seq data, those with GG or AG were more
likely to have peaks covering rs9344 in comparison to AA
samples, where no peaks for all three histone marks were found.
Importantly, the peaks in the samples with the AG genotype all
showed allelic imbalance, with the G allele associated with
increased histone modifications (p= 7.8 × 10−2 for N23C
H3K4me3 and p= 9.23 × 10−3–1.91 × 10−6 for the others, Fig. 1C
and Supplementary Fig. 4). The overall increase in H3K27ac and
H3K4me3 levels in association with the expressed G allele
suggests a regulatory role in t(11;14) (Fig. 1D).
To validate the allele-specific enhancer effect of rs9344 and its

impact on CCND1 gene expression, we analyzed two independent
CRISPR/Cas9 base edited KMS12PE knock-in (KI) clones that were
generated with a substitution of the wild-type A allele with the G
allele at rs9344. Indeed, the A > G conversion within KI clones
increased H3K27ac over the CCND1 locus compared to WT
(Fig. 1E, F). Within RE5, there were twice as many reads carrying
the G-allele in KI than reads carrying the A-allele in WT. Further,
the expression of CCND1 increased by ~2-fold in KMS12PE KI GG
clones compared to KMS12PE WT AA cells (Fig. 1G) supporting the
role for the G allele in modulating enhancer activity of t(11;14)
MM. To understand whether the allelic imbalance at rs9344 was
detectable in other cell types without t(11;14), we evaluated
publicly available data (Supplementary Table 2), including ATAC-
seq (n= 22) and H3K27ac ChIP-seq data (n= 10) from non-
t(11;14) MM samples, DNase-seq (n= 6) and H3K27ac ChIP-seq
data (n= 8) from normal B cells, as well as H3K27ac and ChIP-seq
data from lymphoblastoid cell lines (n= 5, all with G/A genotype).
None of the non-t(11;14) MM (Supplementary Fig. 3) and normal
samples had a peak that spanned rs9344 in RE5, excluding the
possibility of genotype inference and an allelic imbalance test in
these samples. This suggests that rs9344 alone without t(11;14)
does not appear to promote H3K27ac or chromatin accessibility.
Rather the imbalance of histone modifications and chromatin
accessibility associated with rs9344 alleles are observed only after
t(11;14) event.

PAX5 associates with the CCND1 locus
We next evaluated whether differences in the recruitment of
transcription factors to the CCND1 locus may be associated with
increased CCND1 gene expression. We utilized ENCODE ChIP-seq
data from the GM12878 cell line. Of 76 transcription factors and
activators, PAX5 showed a clear binding peak over rs9344 with

high confidence, followed by ELF1 and PU.1 (Fig. 1B and
Supplementary Fig. 6). Rs9344 was located within a PAX5 binding
site in both replicates, showing high reproducibility (r= 0.94)
(Fig. 1B). To support PAX5 binding in this region, we identified a
PAX5 binding motif immediately upstream of rs9344 (Fig. 1H). We
observed a trend toward an association between the rs9344 G
allele and an increase in PAX5 binding (p= 1.09 × 10−1, Fig. 1C) in
GM12878 that is heterozygous for rs9344.
We evaluated whether PAX5 was associated with increased

CCND1 expression within t(11;14). Similar to CCND1, the expres-
sion of PAX5 significantly deviated from a normal distribution
(p ≤ 8.8 × 10−36), where t(11;14) MM had a ~ 3–4-fold higher PAX5
expression compared to non-t(11;14) (p ≤ 1.3 × 10−13) in both
cohorts (Table 1 and Fig. 2A). To understand which variables may
be associated with increased PAX5 expression in MM cells, we
performed a multivariate analysis considering the rs9344 geno-
type, age, sex, race and cytogenetic abnormalities. The analysis
revealed that only t(11;14) was associated with a significant
increase in PAX5 expression (p= 1.2 × 10−12 in CoMMpass and
p= 4.1 × 10−16 in Mayo cohorts) (Supplementary Table 4.1).
Considering the strong correlation between t(11;14) and PAX5
expression and the preference for the rs9344 G allele in t(11;14),
we tested whether the rs9344 genotype was associated with
increased PAX5 expression. No significant association between the
rs9344 genotypes and PAX5 expression was found in t(11;14)
(Supplementary Table 4.2). In addition, there was no interaction
between the rs9344 genotypes and t(11;14) on PAX5 expression
(Supplementary Table 4.2). Consistent with this finding, no
increase in PAX5 expression was observed in KMS12PE WT and
KI clones in association with the rs9344 genotype (Supplementary
Fig. 7A).

PAX5 regulates CCND1 expression in t(11;14)
Given the interaction of AG and GG genotypes of rs9344 with
t(11;14) on CCND1 expression, we plotted the expression of PAX5
versus that of CCND1 in t(11;14) (separated by rs9344 genotypes
or alleles) and non-t(11;14) cases (Fig. 2B). The plots suggested a
stronger effect of PAX5 on CCND1 expression in the AG and GG
genotypes groups within t(11;14). These observations were
supported by the analysis with the full model demonstrating a
positive association of PAX5 and CCND1 expression in relation to
rs9344 genotype, with a higher expression of CCND1 respectively
for AG and GG genotypes in the t(11;14) group than in the non-
t(11;14) group (Table 3), which were consistent with Fig. 2B, C and
Supplementary Table 4.3. No interaction effect was observed for
t(11;14) cases having AA genotype.
Given that the rs9344 G allele had a much higher (4-fold) overall

chance of being involved in the translocation than the A allele in
heterogeneous (AG) cases, we determined the genotype of the
expressed alleles from those cases. In homozygous AA and GG
cases, the A or G allele was treated as the expressed allele and the
expressed G allele was associated with increased CCND1 expres-
sion (Fig. 2D). The full model showed that the interaction of PAX5
with the expressed G allele conferred a much larger effect size
compared to the A allele in CoMMpass (p= 1.3 × 10−26) and Mayo
(p= 5.2 × 10−8) cohorts (Table 3 and Supplementary Table 4.4),
demonstrating higher CCND1 expression in t(11;14) cases with the
G allele than in non-t(11;14) cases but no effect on CCND1
expression in t(11;14) cases with the A allele (Table 3 and
Supplementary Table 4.4). In the same full model, within the
t(11;14) group the t(11;14) event alone accounted for 75% and
85% of CCND1 expression and the combined effect of t(11;14) and
its interaction with the rs9344 G allele accounted for 98% of
CCND1 expression in both cohorts. We next perturbed the
expression of PAX5 in the t(11;14)-positive U266B1 cell line, which
has the rs9344 AG germline genotype (Supplementary Fig. 8A).
Overexpression of PAX5 (+ PAX5) using a PAX5 expression
plasmid resulted in an ~2-fold increase in CCND1 expression.
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Sequencing of the overexpressed CCND1 allele revealed the
presence of only genotype G (Fig. 2E, Supplementary Fig. 8A).
Overexpression of PAX5 (+ PAX5) did not increase CCND1
expression in KMS12WT (AA) control and the KMS12PE KI cell
lines (Supplementary Fig. 7B).

DISCUSSION
We identified the interaction between the rs9344 G risk allele and
t(11;14) contributed to increased active histone modifications and
overexpression of CCND1 in MM, supporting rs9344 as a putative
causal driver mediated by the IGH enhancer and PAX5. Although

Fig. 2 Interaction of PAX5 with rs9344 within t(11;14) group. A Expression of PAX5 in t(11;14) compared to non-t(11;14) samples in the
CoMMpass cohort (top) and the Mayo cohort (bottom). B Interactions of rs9344 genotype by t(11;14) (top) and of expressed allele by t(11;14)
(bottom) in the CoMMpass cohort. X-axis: PAX5 expression in transcripts-per-million (TPM); y-axis: CCND1 expression in TPM. Expression of
CCND1 (TPM) in relation to rs9344 genotype in (C) or in relation to the expressed allele in (D) in the CoMMpass (top) and Mayo (bottom)
cohorts. E Relative mRNA expression (left) or protein expression (right) of PAX5 and CCND1 following induced overexpression of PAX5 in
U266B1 cells. Overexpression of PAX5 was induced by plasmid nucleofection. WT U266B1 transfected with empty (GFP) plasmid were used as
negative control. The level of PAX5 and CCND1 mRNA in each sample was normalized to that of housekeeping gene GAPDH mRNAs.
Normalized CT values for experimental sample and control sample were compared with paired Student’s t test with 0.05 as level of statistical
significance. *P < 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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this study focused on t(11;14) MM irrespective of patient race, the
G risk allele was found enriched in both healthy individuals of
African genetic ancestry (Supplementary Fig. 9) and African
American individuals with MM [3]. Resolving the mechanism of
how rs9344 is associated with t(11;14) may enable a deep
understanding of t(11;14) MM pathogenesis, particularly in
populations with a high risk allele frequency.
Previous studies in non-t(11;14) samples have focused on the

role of rs9344 in alternative splicing of CCND1 [27, 28]. We
identified a ~1.5-2-fold increase in retention of intron 4 in
association with genotype A (forming cyclin D1b) compared to
G in primary t(11;14) MM samples and in the KMS12PE KI cell lines
(Supplementary Fig. 10). However, mass spectrometry-based
proteomics analysis did not detect any peptide specific to cyclin
D1b (VSEGDVPGSLAGAYRGRHLVPRKCRGWCQGPQG) in U266B1,
KMS12PE WT and KI cell lines and in 7 primary t(11;14) MM
samples (data not shown) suggesting that MM cells may only
express cyclin D1a similar to MCL [29] or that expression levels are
extremely low and below the limit of detection. Thus, we focused
our attention on the novel role of rs9344 within an active
regulatory region of CCND1.
As the most prevalent translocation in MM [1], t(11;14) brings

enhancer(s) from the IGH locus to the vicinity of CCND1
[16, 22, 30, 31], an event associated with its overexpression
[22, 30]. Interestingly, 293T cells carrying CRISPR/Cas9 induced
t(11;14), generated by placing the IGH Eµ sequence together with
a 15-kb upstream region of CCND1, had low CCND1 expression
[32] and overexpression of PAX5 in 293T cells did not result in
increased CCND1 expression (data not shown), indicating an
essential role of the active IGH enhancer in CCND1 overexpression.
In contrast to normal immune cells, we identified three active
enhancers in MM with t(11;14) [17, 18] and found evidence for the
hijacking of IGH enhancer(s) upstream of CCND1 as previously
reported [18, 22, 23]. De novo formation of the broad active
domain reflects local chromatin reprogramming, presumably
caused by the t(11;14) event [18].
We found that PAX5, whose expression is repressed in normal

PCs [33], is retained in t(11;14) MM [34, 35] and plays a novel role
in CCND1 overexpression. This finding is consistent with a recent
study revealing increased chromatin accessibility at the PAX5
motif in MM samples with t(11;14) relative to non-t(11;14) [36].
Interestingly, PAX5 expression is often associated with MS4A1
(CD20) expression, small mature PC morphology [37, 38] and the
recently described “B cell” like epigenetic signature [36]. We
observed that t(11;14) MM was also correlated with CD20
expression (Supplementary Table 4.5) supporting the observation
that t(11;14) MM maintains B-cell-like features [38]. This feature
appears to be independent of rs9344 status, as we found no
significant association between the rs9344 genotype and PAX5

expression (Supplementary Table 4.2, Supplementary Fig. 7A).
Given that PAX5 and CD20 expression are important in defining
the CD1 and CD2 expression subtypes of t(11;14) [39], we
observed no differences in the distribution of these subtypes in
relation to rs9344 allele status (Table 1, Supplementary Fig. 11).
Notably, rs9344 is one base pair away from a PAX5 binding

motif. While TF binding is frequently altered by variants within the
binding sites that create or disrupt the binding motif, adjacent
base pairs can cause allele-specific TF binding [40] and further
impact enhancer function [41, 42] by presumably impacting DNA
shape, chromatin accessibility, or the binding of interacting TFs.
Pioneer TFs can bind to nucleosomal DNA to open local
chromatin, facilitating the binding of other TFs [43] and can
directly recruit activating and repressive chromatin regulators to
binding sites to regulate the gene expression. Thus, genetic
variants that alter the binding sites of pioneer TFs cause allele-
specific chromatin accessibility [44, 45]. While PAX5 binding
induces or eliminates chromatin accessibility in the regulatory
regions of its target genes [46, 47], the extent to which its binding
is rewired in t(11;14) MM and how it may contribute to CCND1
expression remains unclear. Furthermore, the inability to increase
CCND1 expression after PAX5 overexpression in the KMS12PE KI
lines (GG genotype) was surprising. Interestingly, this cell line
expresses very low endogenous PAX5 but expresses a PAX5
paralog, PAX8 (data not shown), suggesting that PAX8 could
substitute for PAX5 in promoting CCND1 expression [48].
It remains unknown how precisely the t(11;14) translocation

event occurs and whether the rs9344 G risk allele enhances
translocation susceptibility or exerts its effect after the t(11;14)
event. The higher CCND1 expression mediated by the G allele after
the t(11;14) event may create a selective advantage for PCs to
undergo malignant transformation. Surprisingly, we did not
observe significant differences between G and A alleles in the
acquisition of somatic mutations or differences in overall survival
of t(11;14) MM patients (Supplementary Figure 12, Supplementary
Tables 5.1–5.5 and 6).
Our study is limited by using two RNA-seq datasets with

different designs and library preparations resulting in differences
in sequencing depth, with or without coverage of intron and/or
UTR regions. Other limitations include a lack of genotype
information for variants in LD with rs9344, as these variants were
located within intronic or intergenic regions that were not
sequenced. However, we identified null interactions of the linked
variants rs7177 and rs678653 with t(11;14), further supporting
rs9344 as a candidate causal SNP. Further, due to the biological
rarity of t(11;14) MM samples expressing A allele, the small sample
size for this subtype resulted in a lower statistical power.
Taken together, we identified the GWAS lead SNP rs9344 as a

potential causal variant in two independent MM patient cohorts.

Table 3. Interaction of PAX5 expression with rs9344 genotype on CCND1 expression.

Term CoMMpass Mayo

Coe. (95% CI)a p valuea Coe. (95% CI)a p valuea

Genotype

PAX5 x AA 13.11 (−47.42–73.65) 0.67 79.2 (−77.85–236.24) 0.32

PAX5 x AG 90.57 (41.01–140.13) 0.00036 243.06 (143–343.13) 2.3 × 10−6

PAX5 x GG 210.5 (174.94–246.07) 1.3 × 10−28 146.06 (70.24–221.87) 0.00017

Allele

PAX5 x A 2.97 (−53.27–59.2) 0.92 64.47 (−60.58–189.53) 0.31

PAX5 x G 178.45 (147–209.89) 1.3 × 10−26 188.4 (121.24–255.55) 5.2 × 10−8

a derived from generalized linear regression model adjusted for age (continuous), sex (1 male, 0 female) and race (categorical); tumor stage was additionally
adjusted for CoMMpass cohort. Only cases with t(11;14) were included in the analysis. Coe. (95% CI) indicates coefficient (95% confidence interval) with a
coefficient that is greater than zero indicates a positive relationship and a coefficient that is less than zero indicates a negative relationship.
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Rs9344 is located in an active enhancer that is bound by PAX5 in
GM12878, which interacts with translocated IGH super enhancer(s)
to upregulate CCND1 expression within t(11;14) MM. The study
advances the understanding of t(11;14) MM and identifies a
potential molecular mechanism linking rs9344 with increased
t(11;14) MM risk.
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