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Genome-wide association studies (GWAS) have identified a number of risk loci for
childhood acute lymphoblastic leukemia (ALL)(1-6) and estimated the heritability to be
21% (ref.(7)). The known risk loci together account for a relatively small portion of the
total variance in genetic risk(7), suggesting that additional susceptibility alleles may be
discovered. Furthermore, published GWASs predominantly investigated only Europeans,
despite the racial and ethnic disparities in ALL incidence and outcomes(8,9).

Given this context, we performed a trans-ethnic GWAS of childhood ALL in a discovery
panel of 76,317 individuals, including 3,482 cases and 72,835 controls distributed across
four ethnic cohorts (African Americans, AFR; East Asian Americans, EAS; Latino
Americans, LAT; Non-Latino White Americans, NLW; Supplementary Information). After
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quality control filtering, our dataset consisted of 124, 318, 1,878, 1,162 cases and 2,067,
5,017, 8,410, 57,341 controls in AFR, EAS, LAT and NLW, respectively (Table S1;

Figure S1, Supplementary Information). Furthermore, we tested the association at 7,628,894
imputed SNPs, including low frequency (minor allele frequency, MAF, between 1-5%)
variants that were not previously systematically tested. We aggregated summary statistics
across the four ethnic groups in a fixed-effect meta-analysis (Figure S1). The genomic
control inflation factor was 1.022 after excluding 16 previously reported ALL-associated
loci (Table S2), suggesting our meta-analysis was reasonably robust to any confounding due
to population stratification (Figure S2).

Of 16 previously published risk loci, all were nominally associated with ALL (P<0.05) or
have a SNP nearby with strong association (Table S2). Most of these risk SNPs showed
consistent direction of effects across ethnic groups and little evidence of heterogeneity
(but note C5orf56 and TLE1 in Table S3). Given the larger sample size and trans-ethnic
analysis, the best associated variants in our analysis may reflect the more likely causal/
shared association across populations. More importantly, we discovered three putatively
novel susceptibility loci: one at 6923 and two at 10q21 (Table S4, Figure S2). The strongest
association signal in 623 is at rs9376090 (P= 8.23 X 1079 OR=1.27) in the intergenic
region between MYBand AHBSIL (Figure 1A). A locus in 10921 was identified with

the lead SNP rs9415680 (P=7.27 X 1078, OR=1.20), within a broad association peak and
apparently long-range LD with SNPs overlapping NRBF2, IMJDI1C, and REEP3 (Figure
1B). A second 10921 locus was identified 5Mb upstream with lead SNP rs10998283
(P=3.92x1078, OR=1.15) in an intronic region in TET1 (Figure 1C). Each of the three
putatively novel loci harbors genes and/or variants with a role in hematopoiesis and
leukemogenesis, and is within larger chromatin regions containing several genes in a B-
lymphoblastoid cell line that mirrors the differentiation state of the majority of childhood
ALL (Supplemental Information, Figures S3-S5). We found little difference in association
with different ALL subtypes (Table S5).

We tested for association of the three novel variants and their LD proxies (with P<5x1077;
n=141) in the independent COG/WTCCC and CCLS replication cohorts (Figure S1,
Supplementary Information). For MYB/HBSI1L, where the association with ALL was
driven by NLW in the discovery cohort, we replicated the signal in COG/WTCCC
(rs9376090, Pcog=4.87x10"3, Pcog+discovery analysis=1.23x10710; Table S6), but not in
CCLS likely owing to its small NLW cohort. For TETZ, in which the association was
driven by LAT in the discovery cohort, three of the four SNPs with P<5x10~ in the
discovery cohort nominally replicated in CCLS (lead SNP rs7922602; Pccy s=3.04x1072,
PCC|_5+di5co\,ery:6.81x10‘9; Table S6). The TETZ SNPs did not replicate in COG/WTCCC,
suggesting we may have over-estimated its effect in NLW in the discovery cohort. SNPs in
the NRBF2/JMJDIC locus did not replicate in either replication cohort.

Conditional analyses adjusting for the lead SNP at each locus identified a secondary

signal in four out of the 16 previously known loci (Table S7, Figure S6). In all cases,

the LD between the secondary association and the top association in the locus are low
(Table S7). Additional secondary associations in CODKNZA and /ZKF1 loci were previously
noted(7). In CEBPE (rs60820638, P=5.38x1078) and 17q12 (rs12944882, P=7.71x10710),
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these secondary signals represent novel associations. In particular, at CEBPE, previous
reports suggested multiple correlated variants with functional evidence(10,11) . Our analysis
is consistent with the two previous variants (rs2239635 and rs2239630) being or tagging

the same underlying signal, while the new association we identified (rs60820638) is
independent (Table S8).

To assess the combined effect of all identified risk alleles for ALL, we trained a PRS

model based on 18 previously known ALL-associated SNPs or 23 known and novel

SNPs in our discovery cohort , CCRLP (Supplementary Information). We tested the PRS
models in the NLW and LAT individuals, the largest subcohorts, in the independent CCLS
and COG/WTCCC cohorts (Figure S1). The PRS models were significantly associated

with case-control status in all groups, and the predictive accuracy as measured by AUC

are similar between NLW and LAT, at around 67-68% (Table S9), consistent with the
expectation that trans-ethnic meta-analysis will enable PRS to be more transferrable between
populations. We found that the shape of the PRS distribution appears similar between LAT
and NLW individuals from CCRLP, but the scores in LAT are significantly shifted to the
right compared to the scores in NLW (mean of 5.101 and 4.641 respectively, Welch t-test P
=1.3x107122, Figure 2A). The separation between LAT and NLW was also observed when
scores were stratified by case-control status (P=3.956 x107°8 and 1.493 x10~78 among cases
and controls, respectively; Figure 2C), and was replicated in CCLS (P=4.596 x107°1; Figure
2B). Results from our PRS analyses support that differences in allele frequency of ALL risk
loci between populations may partly explain the increased ALL risk in LAT relative to NLW
children.

In CCLS, where effect size estimates are expected to be less biased by winner’s

curse, we found that known risk variants collectively accounted for similar proportions

of familial relative risk in LAT and NLW (~23-24%; Table S10). The heritability

estimates of ALL attributable to common imputed SNPs (MAF = 0.05), however, differed
between LAT and NLW. Using either the GCTA-LDMS framework(12) or the phenotype-
correlation-genotype-correlation (PCGC) regression framework(13), heritability of ALL was
consistently estimated to be ~20% in NLW (similar to previous estimates (7)), but ranged
from 4% to 11% in LAT (Table S11). The difference in heritability estimates contrasted
strongly against the observation of similar estimated effect sizes per SNP (r2 = 0.819; Figure
S7) and similar familial relative risks explained (Table S10) among GWAS loci between
LAT and NLW, suggesting that there may be model instability or misspecification due to

the admixed nature of LAT when estimating heritability(14) or there may be differences in
environmental exposures. Despite this, we estimated the genetic correlation of ALL between
NLW and LAT to be high (rG=0.714 + standard error 0.130) but significantly different from
1 (P=0.014, Table S12), and that approximately 32.5% of SNPs inferred to be causal are
shared between NLW and LAT (Supplementary Information).

Because low frequency variants (MAF between 1-5%) are expected to be well-imputed
in NLW, we estimate that the inclusion of low frequency variants increased the estimated
heritability in NLW to 29.8 + 4.3% (~16.2% due to common variants, 13.5% due to low
frequency variants; Table S13). Taking advantage of the admixed nature of LAT, whereby
ancestry segments could capture effects beyond that directly attributable to assayed SNPs
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(such as the estimate from GCTA-LDMS), we also adopted an approach (15) to estimate

the total narrow-sense heritability for ALL in LAT to be 37.3 + 6.9% (Supplementary
Information). Taken together, multiple lines of evidence suggest that increasing sample sizes
will identify additional low frequency associations to ALL in the future.

In summary, we performed the largest trans-ethnic meta-analysis GWAS of childhood ALL
to date, identifying three putatively novel susceptibility loci (although we could not replicate
the association at NRBF2 [ JMJD1C locus) and two additional independent risk associations
at previously reported loci. Our analysis suggests that the known and novel ALL risk alleles
together explained ~24% of familial relative risk in both NLW and LAT populations, and
that the trans-ethnic PRS we constructed, although relatively simple and utilizing only the
genome-wide associated variants, performed similarly in both NLW and LAT in predicting
ALL (AUC ~67-68%). Our results also suggest multiple avenues for future studies of

ALL. First, use of larger study cohorts will permit identification of additional alleles at
lower frequency, particularly given the significant proportion of heritability explained by
low frequency variants in NLW. Increasing sample sizes from AFR and EAS cohorts

will improve our understanding of the genetic architecture of ALL in these populations,
including heritability estimates and efficacy of PRS models. Second, ethnic-specific studies
for ALL are urgent for discovery of ancestry-specific associations that may be missed

in a trans-ethnic GWAS. Indeed, several the previously known or putatively novel loci
reported here show significant heterogeneity across four ethnic groups (Table S3, S4).
Finally, our discovery cohort has limited subtype information. Future studies should focus
on disentangling the different subtypes of ALL, and to study other aspects of the disease
pathogenesis such as disease progression or risk of relapse.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Novel loci associated with childhood ALL in trans-ethnic meta-analysis.
LocusZoom plots showing 1 Mb region around the identified loci near (A) MYB/HBS1L

on chr6, (B) NRBF2/JMJD1C on chr10, and (C) TET1 on chrl10 are shown. Diamond
symbol indicates the lead SNP in each locus. Color of remaining SNPs is based on
linkage disequilibrium (LD) as measured by r2 with the lead SNP in non-Latino white.
All coordinates in x-axis are in hg19.
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Figure 2. Polygenic Risk Score (PRS) distribution based on GWAS loci for ALL.
We compared the PRS distribution between LAT and NLW cohorts in (A) CCRLP and

(B) CCLS cohorts. The distributions of PRS are consistent with a normal distribution
(Kolmogorov[-Smirnov P = 0.918 and 0.303 for LAT and NLW, respectively) and the shape
between LAT and NLW are similar (standard deviation of 0.728 and 0.735 respectively;
F-Test P = 0.633). In (C) We further stratified the PRS in CCRLP cohort by case/control
status. The population mean is indicated with vertical dash lines with the mean score shown.
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P-values on the right upper corner of each graph is from one-sided t-test comparing the
difference in PRS between LAT and NLW overall or within cases and controls.
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