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Burkitt lymphoma (BL) is a B-cell malignancy that disproportionately affects children in sub-Saharan Africa. We performed a
genome-wide association study (GWAS) in a combined set of 800 childhood cases and 3865 controls in East Africa, controlling for
age, sex, country, population-specific principal components, and a genetic relationship matrix. This analysis identified a BL-
protective region within chromosome 21q22.12 tagged by the rs111457485-T allele (odds ratio [OR]= 0.57; p= 5.7 × 10−9). The
results were robust in standard meta-analysis (OR= 0.57, p < 1.6 × 10−8), sensitivity analyses (removing genomic outliers and
related individuals), and after adjustment for Epstein-Barr virus (EBV) status. Genomic analyses revealed long-range (over ~700 kb)
chromatin interactions between the chr21q22.12 locus and the RUNX1-P1 promoter region. The African-specific rs2242780-C allele
(r2= 0.69 with the rs111457485-T allele in the study controls) showed increased enhancer activity in in-vitro Luciferase reporter
assays (p= 4.5 × 10−10), nominating it as the likely functional variant for the BL-associated loci. In addition to the association with
reduced BL risk in GWAS (OR= 0.62, p= 2.24 × 10−8), the rs2242780-C allele was also associated with better survival in patients
with abdominal-only BL in exploratory analyses (hazard ratio= 0.39, p= 0.038, 106 patients, 59 deaths). Our GWAS uncovered
novel BL-protective loci near RUNX1, offering insights into the genetic etiology of BL in African children.
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INTRODUCTION
Burkitt lymphoma (BL) is a germinal center (GC) B-cell malignancy
that accounts for most childhood cancers in many countries in sub-
Saharan Africa (SSA) [1] and ~30% of specified childhood lymphoid
malignancies in most developed countries [2]. The elevated BL risk
in SSA (10–20-fold higher than that elsewhere [3]) is attributed to
Epstein–Barr virus (EBV) [4], a Class 1 carcinogen [1, 5], and
Plasmodium falciparum [6–8], the parasite that causes malaria and is
classified as a Class 2A carcinogen. EBV and P. falciparum influence
the risk of IG::MYC translocations, which are a hallmark feature of BL
[1], by upregulating activation-induced cytidine deaminase (AICDA)
[9], a mutator enzyme involved in class switch recombination and
somatic hypermutation in B-cells [10, 11]. Additional somatic [1] or
epigenetic [12] changes acquired in driver genes such as TP53, ID3,
TCF3, and SMARCA4 [1, 13–15] enable progression to BL [1].

Although isolated BL cases are observed in rare Mendelian
disorders [16–18], the genetic predisposition to sporadic BL has
not been well studied. To investigate germline risk factors for BL,
we enrolled 575 BL cases and 3,645 BL-free community controls
from high-burden regions of Uganda, Tanzania, and Kenya [19],
and 225 BL cases and 210 non-BL cancers in Malawi [20] (Figs. 1a,
b and S1). Using this resource, we have characterized population
structure in the SSA BL belt [21]; reported a BL-protective
association for the HBB-rs334-T allele [22, 23] and BL-risk
associations for the HLA-DQA1-rs2040406-G allele [24] and mosaic
chromosomal alterations [25].
Here, using a genome-wide association study (GWAS), we report

novel and robust BL-protective associations within chr21q22.12
tagged by the rs111457485-T allele located upstream of RUNX1.
Genomic and functional studies suggest that the linked
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rs2242780-C allele is the putative functional variant accounting for
this association.

METHODS
Ethical approval and consent to participate in GWAS
We confirm that all relevant ethical guidelines and regulations were
followed. The approval for the EMBLEM study was granted by ethics
committees at the Uganda Virus Research Institute (UVRI, GC/127), the
Uganda National Council for Science and Technology (HS 816), the
Tanzania National Institute for Medical Research (NIMR/HQ/R.8c/Vol. IX/
1023), Moi University/Moi Teaching and Referral Hospital (000536), and the
US National Cancer Institute (10-C-N133). Permission to retrospectively
recontact patients to determine the vital status of all 249 Ugandan BL
patients included in the GWAS was obtained from UVRI (GC/127/178). The
original ethical approval for the Infections and Childhood Cancer Study in
Malawi was granted by ethics committees at the Malawi College of
Medicine (P.03/04/277 R) and Oxford University. Permission to conduct
genetic testing on residual samples from Malawi was obtained from the
Malawi National Health Sciences Research Committee in 2019 (Approval
#2405). Written informed consent was obtained from the participants’
guardians in the EMBLEM and Malawi studies, and written informed
consent was obtained from children aged ≥7 years in the EMBLEM study.
Ethical approval for GWAS was granted on the stipulation that research
focused on the established risk factors for BL, including malaria, malaria
resistance genes [23], and HLA variation [24], was prioritized.
The study methods have been reported elsewhere [14, 19, 20] and are

described in the Supplementary Information. Briefly, DNA extracted from

buffy coats or saliva was staged and genotyped at the National Cancer
Institute Cancer Genomics Research Laboratory [21, 23, 24]. The resulting
2,267,535 high-quality SNPs were phased and imputed with EAGLE2 [26]
and PBWT [27], respectively, using the African Genome Resources (AGR) as
a reference panel (imputation.sanger.ac.uk). Principal component analysis
(PCA) [28] was performed based on 787,731 independent SNPs (r2 < 0.3) to
assess population structure in the combined set (Fig. S2) and separately for
each country to calculate population-specific principal components (PCs,
Fig. S3) used to adjust for genomic variation. GWAS with loci was
performed in the combined set using loci with INFO > 0.3 and minor allele
count >20 by fitting logistic mixed model regression in SAIGE [29] (version
1.1.6.2), controlling for age, sex, country, the top three population-specific
PCs as fixed-effects, and the genetic relationship matrix (GRM) as a random
effect. Adjusting for genetic relationships allowed keeping related
individuals in the dataset. Leave-one-chromosome-out (LOCO) model
fitting was enabled to prevent proximal contamination. A p < 5 × 10⁻8

denotes genome-wide significance, while a p > 5 × 10⁻8 < p < 5 × 10⁻7 is
suggestive. The association results are presented as odds ratios (ORs) and
95% confidence intervals (95% CIs).
Several sensitivity analyses were performed on the 21q22.12 association.

The GWAS results for the combined dataset were compared to those from
a standard meta-analysis of the country-specific ORs, and the hetero-
geneity in the country-specific results was evaluated using Cochran’s Q
test. Additionally, the GWAS results for the combined dataset were
compared to those obtained after removing individuals with population-
specific PCs >1.5 * interquartile range as outliers (n= 346, Fig. S4) and
individuals who were first- or second-degree relatives (n= 609), based on
KING to generate a maximal independent set. Additional analyses
were performed controlling for factors previously associated with BL risk

Fig. 1 BL GWAS sites, sample sizes, and ancestral admixture patterns. a Map showing the countries and geographic locations where BL
patients and controls contributing to the GWAS were enrolled; green shading indicates geographical areas where participants in EMBLEM
were recruited in Uganda, Tanzania, and Kenya. The red crosses mark the locations of the hospitals where BL patients were diagnosed,
enrolled, and treated. The stars on a green background mark the capital cities in each country where the tertiary-level cancer care centers are
located and are generally difficult to reach for poor patients in the rural study areas. In Malawi, cases and controls were enrolled at a tertiary
cancer care hospital in Blantyre without restrictions on geographical areas of origin. The map was drawn via ESRI ArcGIS Pro software. No
portions of this figure were imported as image components from a database. b Sample size in the BL GWAS (n= 4645) by case status and
country. c Ancestry admixture plots of participants in the BL GWAS, by enrollment region and country. The font colors of the regions are
matched to the font colors of the countries in the table. The ancestral admixture plots are presented with the regions sorted in a
southeastward direction to highlight gradients of the dominant Nilotic and Bantu ancestries in the northern and southern regions,
respectively. The proportion of Nilotic ancestry is highest in the northcentral region and lowest in Malawi, whereas that of Bantu ancestry is
lowest in the northcentral region and highest in Malawi. The West African and Eurasian ancestries make minor contributions in some of the
regions. In the BL GWAS, the population substructure and relatedness were adjusted for by including the country, the top three country-
specific principal components (PCs), and the genetic relationship matrix (GRM).
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(P. falciparum positivity [19], HBB-rs334-T [23] and HLA-DQA1-rs2040406-G
alleles [24], plasma EBV DNA copy number and EBV antibody titers [30]).
Stratified analyses for BL risk were performed by age (< or ≥9 years) to
assess effects based on the age when naturally acquired immunity to
malaria peaks [31] and tumor anatomic site (head-only, n= 177 or
abdominal-only, n= 253) compared with all the controls.
Fine-mapping of GWAS loci was performed using the Sum of Single

Effects (SuSiE) model to identify a set of SNPs with a 95% probability of
including the causal variant(s), hereafter referred to as the credible set
SNPs (CS-SNPs). The ancestral patterns of the CS-SNPs were evaluated in
the long-read whole-genome sequencing (WGS) assemblies of the Human
Pangenome Reference Consortium (HPRC) [32] and in archaic humans as
described elsewhere [33]. The associations between the CS-SNPs and total
and isoform-level RNA expression in African BL tumors were evaluated in
the BL Genome Sequencing Project (BLGSP) dataset [14] using linear
regression models adjusting for age, sex, and tumor EBV status (positive/
negative).
Cis-acting expression quantitative trait loci (eQTLs) were queried in

transcriptomic databases, including eQTLGen (whole blood, n= 31,355),
the Genotype-Tissue Expression (GTEx) dataset (54 tissues from 838
donors), MuTHER lymphoblastoid cell lines (LCLs, n= 856) [34], and PBMCs
(n= 1012) of controls of African ancestry in the Jackson Heart Study (JHS)
[35]. Genotyping of 55 BL-derived cell lines identified one (EB-3, cultured
from BL in a Ugandan child [36]) that carried the effect alleles of
chr21q22.12 SNPs. Pore-C analysis was performed for EB-3, Raji, and DG-75
BL-derived cell lines to investigate long-range interactions with the regions
harboring the BL GWAS SNPs. The potential regulatory activity of the
GWAS loci was investigated using Luciferase reporter assays in the EB-3,
Raji, HEK293T (an embryonal kidney cell line) cells. The fold differences in
the allele-specific Luciferase results were compared using two-sided
unpaired t-tests. In silico prediction of transcription factor-binding sites
was done using online tools. DNA-protein interactions were evaluated by
electrophoretic mobility shift assays (EMSAs).
Associations between the CS-SNPs and somatic mutations in African BL

tumors were evaluated in the BLGSP [13] by linear regression models.
Tumor mutational burden (TMB) [13] was defined as the sum of tumor-
specific single base substitutions and small (<50 base pairs) insertions/
deletions in coding and non-coding regions [13]. Four COSMIC mutational
signatures previously identified in the BLGSP BL tumors [13] were
analyzed: signature A (SBS5, age-associated), signature B (SBS17 with
unknown etiology), signature C (SBS15 associated with defective DNA
mismatch repair), and signature D (SBS9 associated with AICDA and
polymerase η activity).
Overall survival (OS) was analyzed in BL patients from Uganda with

available vital status using the log-rank test and Kaplan‒Meier and Cox
proportional hazard regression models. These analyses controlled for age,
sex, plasma EBV positivity (yes/no), number of chemotherapy drugs
administered (0 for untreated and 1–6 drugs), and tumor anatomic site
(head-only, abdominal-only, head and abdominal and other).
Multi-marker association analysis was performed using the MAGMA

package (version 1.08) [37] and transcriptome-wide association study
(TWAS) analysis using FUSION (https://gusevlab.org/projects/fusion/) with
the trained GTEx v8 models.

RESULTS
Epidemiological characteristics of BL
The participant characteristics are summarized in Figs. 1a,
b and S5a–j. BL patients were predominantly males (Fig. S5b),
as expected [38, 39]. The mean age was ~7 years in both cases
and controls (Fig. S5c), indicating comparable cumulative expo-
sure to malaria [8]. However, current or recent P. falciparum
infection was less common in cases than in controls (18.9%/5.4%
versus 33.2%/15.3%, p < 0.0001, Fig. S5g), likely due to greater
suppression of parasitemia in cases leading to submicroscopic
infection and false-negative results [40]. By anatomic site,
P. falciparum infection prevalence was greater in patients with
head-only than in those with abdominal-only BL (48% versus 39%,
p= 0.001; Fig. S5h). BL was predominantly abdominal—alone
(49.4%, n= 253) or with head involvement (12.5%, n= 64),
followed by head-only (34.6%, n= 177), and disseminated sites
(2.5%, n= 18). As expected [38, 39], head-only BL predominated in
males (38% versus 27% in females, p= 0.004; Fig. S5i). The mean

age at diagnosis varied slightly for BL involving different anatomic
sites (Fig. S5j).

Population structure
Population structure was observed among study participants
overall, but not among the cases and controls (Fig. S2). Significant
genetic relatedness was observed among the controls, particularly
in Uganda (Fig. S3), but only two BL cases were related [41].
ADMIXTURE analysis of genetic ancestry revealed predominantly
Nilotic ancestry (60–90%) in participants in northern Uganda [21],
predominantly Bantu ancestry (80–90%) in those from Malawi and
northern Tanzania, and 30:70% Nilotic:Bantu ancestries in those
from Kenya and Tanzania (Fig. 1c).

GWAS results
A novel BL-protective association was identified within
chr21q22.12 (Fig. 2a) at a low genomic inflation factor (λGC=
1.006; Fig. S6). This association was tagged by the rs111457485-T
allele with a MAF of 7.2% in cases and 12.2% in controls
(OR= 0.57, 95% CI: 0.47–0.68, p= 5.7 × 10−9) and 12 other corre-
lated SNPs (Fig. 2a, b; Table S1). No other variant within the
chr21q22.12 region was significantly associated with BL after
conditioning on rs111457485 (Table S2). The GWAS from a
standard meta-analysis yielded similar results (OR= 0.57, 95% CI
0.47–0.69, p < 1.6 × 10−8) with no evidence of heterogeneity in
country-specific ORs (I2= 0.0, phet= 0.57, Fig. S7). The results were
similar in GWAS performed after removing PC outliers (OR= 0.58,
95% CI 0.47–0.71, p < 7.36 × 10−8) or outliers and related
individuals (OR= 0.58, 95% CI 0.48–0.72, p < 1.81 × 10−7, Table S2).
The BL association with rs111457485-T was not confounded by

HBB-rs334-T (OR= 0.56, p= 4.68 × 10−9), HLA-DQA1-rs2040406-G
(OR= 0.58, p= 3.19 × 10−8), P. falciparum infection [19, 42]
(OR= 0.57, p= 1.06 × 10−8), age (<9 years, OR= 0.58,
p= 7.37 × 10−6 versus ≥9 years OR= 0.54, p= 1.26 × 10−4, phet=
0.11), plasma EBV copies (OR= 0.60, p= 0.056, n= 737) or EBV
antibodies OR= 54, p= 3.36 × 10−4, n= 1177, Table S3).

Fine mapping
Fine mapping of the chr21q22.12 locus identified a 76.6 kb
genomic region with 17 BL-associated CS-SNPs with ORs ranging
0.55–0.65 (Fig. 2c, Table S4). This region is an ~1 Mb gene desert
flanked by RUNX1 and SETD4 genes (Figs. 3a and S8). Based on
the 1000 Genomes reference panel, the effect (minor) alleles of
the 17 chr21q22.12 CS-SNPs are relatively common (10.7–15%)
in African ancestry populations but rare (<1%) or absent in
other ancestries (Table S5). These variants were identified only in
three individuals (all African-ancestry) in the HPRC long-read
assemblies [32], all carrying minor alleles of all chr21q22.12 CS-
SNPs (Table S5). The effect alleles of two CS-SNPs (rs111457485-T
and rs73365715-T) are ancestral variants found in chimpanzee and
archaic humans, whereas 15 of the remaining CS-SNPs are human-
specific (Table S5). Analysis of the long-read WGS in the EB-3 cell
line (with the effect alleles of the chr21q22.12 CS-SNPs) and HPRC
[32, 33] and short-read WGS in the BLGSP [14] did not detect other
relevant SNPs or structural variants within the ~1.5 Mb region
(Figs. 3a and S8) that could be linked with or explain the observed
BL association.

Expression quantitative trait loci (eQTL) analysis
No eQTLs were detected for the chr21q22.12 CS-SNPs in the GTEx
dataset, perhaps due to the limited number of African ancestry
donors (n= 122, 12.7%) [34]. However, the analysis of transcrip-
tomes of PBMCs from African American persons in the JHS
(n= 1012) [35] revealed significant associations of effect alleles
of most CS-SNPs with increased expression of RUNX1-AS
(ENSG00000286153), a long noncoding RUNX1 antisense transcript,
and with DOPEY2 (ENSG00000142197), which encodes a DOP1
leucine zipper-like protein B (DOP1B) (Table S6). These transcripts
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Fig. 2 BL GWAS association results. a Manhattan plot presenting the results of the BL GWAS of 800 patients and 3845 controls. The dotted
line represents the genome-wide significance threshold (−log10 p= 5 × 10−8). b Regional plot of the chr21q22.12 BL GWAS locus located
within a ~ 1Mb gene desert between the RUNX1 and SETD4 genes; the index SNP rs111457485 (OR= 0.57; p= 5.7 × 10−9) is marked in
magenta. The markers are colored based on LD (r2) with rs111457485 in the total GWAS set (N= 4625). c 95% credible set for the chr21q22.12
BL GWAS locus comprising 17 credible set SNPs from fine-mapping analysis using SuSiE.
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are located, respectively, ~850 kb upstream and ~470 kb down-
stream of the chr21q22.12 CS-SNPs. These findings in the PBMC
transcriptomes from controls were not replicated in the BLGSP data
[13, 14], in which RUNX1-AS expression was not detected and
DOPEY2 expression was not associated with any of the CS-SNPs.

However, the rs111457485-T allele was suggestively associated with
decreased total RUNX1 expression (p= 0.055, beta=−3.23 TPM,
Fig. 3b) and decreased RUNX1-ENST00000455571.5 isoform expres-
sion (p= 0.055, beta=−1.02 TPM; Fig. S9), both regulated by the
distal RUNX1-P1 promoter. The effect alleles of several other CS-

Fig. 3 Genomic profile of the chr 21q22.12 BL GWAS locus. a Overview of the ~1Mb region within the chr 21q22.12 locus, with a zoomed-in
view of the 76 kb region comprising 17 CS-SNPs associated with BL risk; b Heatmap showing p values for the relationships between the 17 CS-
SNPs and gene and isoform-level expression in the region in BL tumors (n= 86) and the total mutational burden (TMB) and the COSMIC SBS5
mutational signature in BL tumors (n= 89) of children from Uganda. Significant p values are bolded. The pink and blue colors represent the
directions of β values for the effect alleles of all the SNPs. p-values and β values were derived from linear regression models adjusted for sex,
age, and EBV status. Plots for select associations are shown in Fig. S10. c Results of Luciferase reporter assays in HEK293T cells identified
significant regulatory activity for three of the 17 CS-SNPs tested, with allele-specific differences in both orientations. The results for the same
SNPs in a BL-derived cell line (Raji) are shown in Fig. S12. The effect alleles of each variant are in red. Each transfection was performed in 6–12
technical replicates and repeated in 2–3 independent experiments with similar results. The results from one representative experiment are
shown, with individual values, group means, and error bars representing standard deviation. p-values were calculated via an unpaired two-
sided t-test.
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SNPs (p= 0.055, beta=−1.02 TPM) were also associated with
decreased expression of a RUNX1-ENST00000482318.5 isoform,
which is also regulated by the RUNX1-P1 promoter.
In the BLGSP, the effect alleles of most CS-SNPs (but not

rs111457485-T) were associated with significantly increased expression
of total LINC01426 or its isoform LINC01426-ENST00000420877.1
(Fig. 3b). This finding could not be evaluated in the PBMC
transcriptomes in the JHS because LINC01426 expression was not
measured. LINC01426 is a long noncoding RNA that is located
immediately downstream of the RUNX1 3′UTR and is reported to
affect RUNX1 expression [43]. There was a significant correlation
(r= 0.28, p= 0.006) between the expression of LINC01426 and the
RUNX1-ENST00000344691.8 isoform regulated by the P2 promoter,
which also regulates RUNX1a and RUNX1b isoforms. However, no
correlation was observed with RUNX1c isoforms from the P1 promoter.
Most RUNX1-P1 transcripts from the OCI-Ly7 B-cell lymphoma cell line
were full-length and thus can encode the RUNX1c protein (Fig. S10). In
CRISPR perturbation and RNAi cell viability screens (DepMap portal),
RUNX1 was identified as a strongly selective/high-dependency gene,
especially in B-lymphoblastic leukemia/lymphoma cell lines. Thus, any
factors decreasing RUNX1 expression, perhaps including the BL-
protective alleles of the chr21q22.12 CS-SNPs, may decrease viability
of the affected cells, which is an important functional outcome, but
decrease the ability to detect allelic expression differences.
There was consistent overlap of DNA methylation dips (a correlate

with RNA expression [44]) across the RUNX1-P1 and P2 promoter
regions in B-cell tumors (Fig. S8) and with super-enhancers associated
with several B-cell lymphomas [45]. The overlapping regions exhibited
differential methylation and gene expression patterns between BL,
follicular lymphoma, and normal GC B-cell populations (Fig. S8) [44],
but these regions did not co-localize with the chr21q22.12 CS-SNPs.

CS-SNPs as putative RUNX1 enhancers
The expression of Luciferase reporters was increased ~2-fold by the
rs2242780-C and rs60711299-C alleles and decreased ~25% by the
rs55799729-T allele (Fig. 3c), but it was not affected by other
chr21q22.12 CS-SNPs. Similar results were obtained in Raji cells, but
did not reach statistical significance, likely because of greater technical
variation (Fig. S11a,b) due to the lower transfection efficiency (25%)
than in HEK293T cells (49%). The EMSA results in nuclear cell extracts
from HEK293T, Raji, and EB-3 cells revealed allele-specific binding for
the rs2242780-C but not for the rs60711299-C or rs55799729-T alleles
(Fig. S12). This is consistent with enhancer regulatory activity [46] for
some of the chr21q22.12 CS-SNPs.
In silico analysis predicted stronger interaction for the

rs2242780-C allele with STAT1/STAT3 proteins that regulate a
range of biological functions related to immunity and tumor
suppressor activity through the JAK/STAT pathway (Table S7) [47].
The rs55799729-T allele was predicted to have stronger interaction
with GFI1B, which functions as a transcriptional repressor and
promotes growth arrest and apoptosis in lymphomas [48]. The
rs60711299-C allele was predicted to have stronger interaction
with ARID3A, which modulates gene expression in B-cells [49].
Pore-C analysis revealed putative long-range (>700 kb) interac-

tions in EB-3 cells. Specifically, a 2 kb region spanning the
rs111457485 and rs2242780 loci showed interactions with the
regions close to the RUNX1-P1 or LINC01426 promoters. However,
these interactions were not detected in the DG-75 and Raji BL-
derived cell lines (Fig. S13), which may reflect biological variation
in cells lacking the effect alleles of the chr 21q22.12 CS-SNPs.
Analysis of public ChIP-seq datasets revealed binding sites for the
EBV proteins EBNA1, EBNA2, and EBNA3C in several BL-derived cell
lines within the RUNX1-P1 promoter region (Fig. S13), but none of
these colocalized with the chr21q22.12 BL GWAS locus.

Associations of GWAS loci with clinical features
Carriage of the rs111457485-T allele, but not the other CS-SNPs,
was associated with increased tumor mutational burden (TMB,

p= 0.036, Fig. 3b, Table S8). The rs111457485-T allele was also
associated with an elevated ratio of COSMIC signature 5 (SBS5,
n= 89, p= 0.033; Fig. 3b, Table S8). Compared with all the
controls (n= 3845), BL-protective associations were observed for
all the chr21q22.12 CS-SNPs with BL involving head-only (n= 177)
or abdominal-only sites (n= 253) (Table S9). Among 228 BL
patients with available vital status (including 106 deaths, Fig. S14a),
81.9% (n= 159) received one cycle out of three to six
recommended first-line combination chemotherapy consisting of
cyclophosphamide, vincristine, and methotrexate (COM). Che-
motherapy was not recorded for 44 patients. Receiving che-
motherapy significantly reduced deaths (57.6% alive vs. 36.3%
dead, p= 0.017; 184 participants, 78 deaths; Table S10), resulting
in a lower hazard ratio (HR) of death (HR= 0.54, p= 0.001; Fig. 4a).
The 1-, 3-, and 5-year overall survival (OS) probabilities were
66.2%, 59.6% and 56.1%, respectively (Fig. S14b; Table S11).
Among the patients who died, the median OS was 0.4 years
(~4.8 months). OS did not vary by calendar year of enrollment
(Fig. S15), plasma EBV positivity or sex [1] (Fig. S15a, b). The 1-year
OS was 74.6% in patients with head-only tumors. Compared to
this group, OS was intermediate (62–64%) in those with
abdominal-only tumors (HR= 1.89, p= 0.020) and those with
any abdominal tumors (HR= 1.77, p= 0.08) and lowest (42.9%) in
those with disseminated BL (HR= 2.51, p= 0.007, Fig. 4b).
Although the BL-protective GWAS associations with the

chr21q22.12 CS-SNPs effect alleles might reflect the survival bias
of BL patients, this hypothesis was not supported by our data
(Table S11). The strongest association with better OS was
observed for the rs2242780-C allele (Fig. 4c), which also had the
strongest functional data. In carriers of the rs2242780-C allele, OS
was worse, albeit not significant, for patients with head-only BL
(HR= 2.13, p= 0.197, 59 patients, 18 deaths; Fig. 4d). However, it
was better for patients with abdominal-only BL (HR= 0.39,
p= 0.038; 106 patients, 59 deaths) and in those with any
abdominal BL involvement (HR= 0.48, p= 0.051; 143 patients,
77 deaths; Fig. 4e–g). Unexpectedly, the OS appeared to be worse
in carriers of the rs111457485-T allele with head-only tumors
(HR= 3.84, p= 0.072; 59 participants, 18 deaths; Fig. S15d).

Suggestive GWAS loci and gene-aggregated results
We observed a BL-protective association within the chr3q26.1 locus
tagged by the rs9847876-C allele (OR= 0.71, 95% CI= 0.62–0.80,
p= 6.2 × 10−8; Fig. 2a), with a MAF of 33.1% in cases and 42.3% in
controls (Table S1; Fig. S16a). Fine-mapping of the chr3q26.1 locus
identified 48 CS-SNPs within a 21.7 kb genomic region (Table S4,
Fig. S16b) located near the OTOL1 gene, which encodes a member
of the C1q/tumor necrosis factor-related protein (CTRP) family.
Analysis of eQTLs showed consistent associations of the rs9847876-
C allele with increased expression of NMD3 (encoding a ribosome
export adapter). The eQTLs with NMD3 were detected both in the
whole blood of European donors in eQTLGen (n= 31,355,
p= 6.7 × 10−21) and in the PBMCs of African American donors in
the JHS (n= 1012, p= 1.9 × 10−3) (Table S12).
MAGMA analysis identified signals within the chr3q26.1 (OTOL1;

p= 1.7 × 10−7) and chr19p13.2 (C19orf82; p= 2.3 × 10−6) loci
(Fig. S17, Table S13). TWAS in whole blood and splenic tissue in
GTEx.v8 (the tissues most relevant for BL) identified associations
with genetically regulated expression within the chr19p13.2 for
FBXL12 (p= 2.3×10-6) in whole blood and UBE2L4 (p= 5.4×10-06)
and lnc-UBL5-L5 (p= 1.1 × 10-5) in the spleen (Table S13).

DISCUSSION
By performing a GWAS in cases and controls from four East African
countries with high malaria/BL burden, we discovered novel
significant BL-protective association within the chr21q22.12 locus
marked by the rs111457485-T allele (OR= 0.57; p= 5.7 × 10−9).
The GWAS results were robust in standard meta-analysis and in

D. Dutta et al.

2201

Leukemia (2025) 39:2196 – 2206



sensitivity analyses (excluding PC outliers and related individuals)
and in analyses adjusting for factors associated with BL (P.
falciparum or EBV infections, age, HBB-rs334-T, and HLA-DQA1-
rs2040406-G). Fine mapping identified 17 CS-SNPs, including
rs2242780 for which our analysis identified relevant functional
properties. These loci near RUNX1, a gene implicated in myeloid
malignancy [50, 51], provide novel clues about the genetics of BL.
To glean some insights about the GWAS findings, we used limited

genomic and transcriptomic datasets enriched for African subjects (the
BLGSP [13, 14], PBMC transcriptomes of controls in the JHS [35]), as well
as methylomes of BL, other lymphomas, and normal GC B-cell
populations [44], followed by in vitro functional studies in cell lines.
From these analyses we infer that RUNX1 is the most likely gene
underlying the BL GWAS association in the chr21q.22.12 region. RUNX1

expression is critical to the physiology of GC B-cells [10], from which BL
originates. High RUNX1 expression is associated with a resting state of
GC B-cells [52], while low expression is associated with a proliferative
state, such as in EBV immortalized B-cells [52] or BL tumors [53]. The BL
GWAS chr21q.22.12 locus is located near the genomic regions with
B-cell lymphoma-associated superenhancers [45], which are differen-
tially methylated between BL, follicular lymphoma, and normal GC
B-cell populations [44]. The long-range chromatin interactions detected
between the locus harboring the BL CS-SNPs and the RUNX1 region
~700 kb away support the hypothesis that one or several of the CS-
SNPs help to form and maintain long-range interaction loops
facilitating the regulation of RUNX1. Specifically, a 2-kb fragment
harboring both rs111457485 and rs2242780 showed chromatin
interactions with a region close to the distal RUNX1-P1 promoter. The

Fig. 4 Analysis of overall survival (OS) in 228 BL patients from Uganda. The probability for overall survival (OS) is presented as unadjusted
hazard ratios (HRs) and p-values (p) for OS by: a chemotherapy (reference: no chemotherapy) and b anatomic tumor sites (reference: head-only
BL). HRs are for the entire period, with the 1-year OS probabilities reported in the text are shown by dashed lines on the Y-axis. p-values were
calculated from the unadjusted Cox models using (a) chemotherapy and (b) anatomic sites as categorical variables. Multivariable Cox
regression analysis of OS controlling for age, sex, EBV status and the number of chemotherapy drugs (0–6) in relation to rs2242780 (reference:
GG genotype group, C allele is protective from BL in GWAS); c in the overall set (n= 228) with vital status; d In a subset of 59 BL patients with
head-only tumors; e In a subset of 37 BL patients with head and abdominal tumors; f In a subset of 143 BL patients with abdominal tumors
with or without head involvement (combining abdominal-only and head and abdominal tumors; g In a subset of 106 BL patients with
abdominal-only tumors (Table S12).
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strong Luciferase reporter results in HEK293T cells support the
inference of enhancer activity of the rs2242780-C allele. The results
were weaker but consistent in Raji and DG-75 cells. The EMSA results
were consistent with the preferential binding of nuclear proteins to the
rs2242780-C allele in the three cell lines. It is plausible that rs2242780,
which is linked to rs111457485 (r2= 0.69 in GWAS controls), is the
functional variant of the chr21q22.12 locus. The effects attributed to
RUNX1might be also contributed by DOPEY or LINC01426. The RUNX1-
P1 promoter regulates the expression of RUNX1 and the RUNX1c
isoform, and EBV is known to downregulate RUNX1 expression [53] by
inhibiting the RUNX1-P1 promoter via EBNA2, EBNA3B and EBNA3C
encoded transcription factor binding [53]. The regulation of RUNX1c
transcription may be a common pathway controlling B-cell prolifera-
tion that links BL risk with EBV or host germline factors, such as in the
chr21q22.12.
Our results may be relevant for BL outside Africa. In the US,

about 10% of BL cases occur in African Americans [3, 54], but with
lower relative risk for sporadic BL (decreased by ~25% lower)
[54, 55], HIV-[56] and post-transplant [57] associated BL (~60–70%
lower), despite a greater burden of EBV infection from an early age
compared to European Americans [58]. Given the recent
consensus that EBV defines molecular subtypes of BL in all
geographical settings [59], the lower risk of BL in African
Americans is intriguing. The BL-protective chr21q.22.12 variants,
which are strongly enriched in populations of African ancestry
(Fig. S18), might contribute to this BL pattern. Furthermore, in
30,762 African American participants in the Million Veteran
Program [60], we noted association of elevated serum ferritin
levels with BL-protective alleles—rs111457485-T (β= 0.042,
p= 3 × 10−3) and rs2242780-C (β= 0.05, p= 1.1 × 10−4), suggest-
ing that the chr21q22.12 loci may affect iron homeostasis. A
mendelian randomization study among European individuals
suggested that elevated serum ferritin is protective from
lymphoma risk [61]. The link between the BL-protective
chr21q.22.12 variants and lymphoid malignancies, for which risks
are lower in African- compared to European-ancestry individuals
[62–64], warrants further investigation.
Our findings of different OS by anatomic site are reminiscent of the

distinct epidemiological patterns of BL by anatomic site [38, 39].
Notably, a younger age at onset (~3–5 years) and male predominance
in BL cases involving the head-only [65] versus an older age at onset
(~7–9 years) and female predominance in abdominal BL cases. The
greater P. falciparum positivity in head-only comparedwith abdominal-
only BL cases in our data is another epidemiological clue about
biological heterogeneity of BL by anatomic site.
The strengths of our study include using well-characterized

samples from four African countries with high malaria and BL
burden [3], and integrating trans-disciplinary methods to probe
unique genetic, genomic, and transcriptomic datasets for follow-
up studies. Our finding of lower P. falciparum infection in BL cases
compared to controls is counterintuitive given the strong
correlation between BL risk and cumulative malaria infections
[8], but in line with our studies [19, 23] and reports by others
[66, 67]. This pattern may be explained by postulating stronger
naturally acquired immunity (NAI) in semi-immune individuals,
also referred to as premunition [31], in BL cases than controls [23].
NAI is necessary for suppression of P. falciparum parasitemia [68],
which may result in false P. falciparum negativity in semi-immune
people with low-density or submicroscopic infections [40]. BL
cases are 2-fold more likely to have submicroscopic (P. falciparum
PCR positive) infections and 2.4-fold more likely to have mixed
genotype infections [69, 70]. These findings suggest that
submicroscopic/mixed genotype infections in semi-immune
children [71] are relevant risk factors of BL, likely by driving
chronic lytic EBV infection [72] (Fig. S19).
The limitations of our study include the relatively small GWAS

sample size and lack of a replication cohort. By using Bonferroni
correction and multiple analytic methods, the likelihood of

false-negative results was reduced, while less stringent criteria
and multi-marker and gene-aggregation enabled us to identify
promising leads, such as within 3q26.1 and 19p13.2 regions
(Table S13), which may be investigated in future studies. The
inclusion of participants only from East Africa may affect the
generalizability of the results, but our successful GWAS should
encourage research on BL genetics to replicate and extend our
findings. Our OS results showing low survival rate of BL echo
those from elsewhere in Tanzania [73], Kenya [74, 75] and Cote
d’Ivoire [76]. Such low survival rate of BL in African patients
contrasts sharply with the >90% survival rates reported in Europe
and North America [1]. The reasons for the poor outcomes in
Africa include delayed or imprecise diagnosis due to challenges in
timely access to high-quality hematopathology [77] and unreliable
access to chemotherapy.
In conclusion, we report a novel BL-protective locus on

chr21q22.12 near RUNX1 for BL in African children. Our work
advances the understanding of the genetic basis of BL, highlights
the feasibility and scalability of BL GWAS in Africa, and identifies
functional loci with potential clinical impact on BL.
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