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Abstract

Genome-wide association studies have identified a growing number of single nucleotide
polymorphisms (SNPs) associated with childhood acute lymphoblastic leukemia (ALL), yet the
functional roles of most SNPs are unclear. Multiple lines of evidence suggest epigenetic
mechanisms may mediate the impact of heritable genetic variation on phenotypes. Here, we
investigated whether DNA methylation mediates the effect of genetic risk loci for childhood ALL.
We performed an epigenome-wide association study (EWAS) including 808 childhood ALL cases
and 919 controls from California-based studies using neonatal blood DNA. For differentially
methylated CpG positions (DMPs), we next conducted association analysis with 23 known ALL
risk SNPs followed by causal mediation analyses addressing the significant SNP-DMP pairs. DNA
methylation at CpG ¢g01139861, in the promoter region of IKZF1, mediated the effects of the
intronic IKZF1 risk SNP rs78396808, with the average causal mediation effect (ACME) explaining
~30% of the total effect (ACME P=0.0031). In analyses stratified by self-reported race/ethnicity,
the mediation effect was only significant in Latinos, explaining ~41% of the total effect of
rs78396808 on ALL risk (ACME P=0.0037). Conditional analyses confirmed the presence of at
least three independent genetic risk loci for childhood ALL at IKZF1, with rs78396808 unique to
non-European populations. We also demonstrated that the most significant DMP in the EWAS,
CpG cg13344587 at gene ARID5B (P=8.61x10-"9), was entirely confounded by the ARID5B ALL
risk SNP rs7090445. Our findings provide new insights into the functional pathways of ALL risk

SNPs and the DNA methylation differences associated with risk of childhood ALL.

Page 50 of 98



Page 51 of 98

oNOYTULT D WN =

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

Human Molecular Genetics

Introduction

Acute lymphoblastic leukemia (ALL) is characterized by the uncontrolled proliferation of immature
lymphocytes in the bone marrow and is the most common childhood cancer (1). Although current
treatment protocols result in an overall survival rate that exceeds 90% in childhood ALL patients
in the US (2), long-term survivors experience significant adverse effects from therapy, including
subsequent neoplasms, chronic health conditions, and premature mortality (3). Understanding
the causes of childhood ALL, therefore, remains essential. Genome-wide association studies
(GWAS) have identified single nucleotide polymorphisms (SNPs) associated with ALL risk in
genes involved in hematopoiesis and B-cell development, including ARIDSB, IKZF1, CEBPE,
GATAS3, IKZF3, ERG, and BMI1 (4-9); however, most of the top associated SNPs are located in
non-coding regions of the genome, leaving the mechanisms through which they contribute to ALL
etiology unclear.

Epigenetic modifications are well-recognized drivers for oncogenesis (10). As one of the
components of the epigenetic machinery, DNA methylation contributes to cancer etiology and
progression through various mechanisms (11); for instance, DNA hypermethylation at gene
promoters can silence tumor suppressors and other cancer-related genes (12), whereas broad
regions of DNA hypomethylation are associated with genomic instability (13). Furthermore, most
cancers harbor genetic abnormalities that modify DNA methylation, resulting in widespread
changes in gene expression (12,14-16). Several studies have reported that DNA methylation
mediates the heritable genetic impact on complex diseases, such as rheumatoid arthritis, chronic
obstructive pulmonary disease, and prostate cancer (17-19). However, although it has been
reported that aberrant epigenetic modifications serve pivotal roles in leukemogenesis in childhood
ALL (20,21), no study to our knowledge has been conducted to explore how DNA methylation

modifications may function downstream of genetic risk pathways of childhood ALL.
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Epigenome-wide association studies (EWASs) testing DNA methylation differences
between childhood ALL cases and controls at birth may also pinpoint differentially methylated
CpG positions (DMPs) involved in the development of childhood ALL, yet studies conducted so
far have mainly focused on DNA methylation changes in diagnostic leukemia samples (22—25).
Here, we performed an EWAS of ALL including 808 childhood ALL cases and 919 controls from
two ancestrally diverse independent California-based studies, the California Childhood Leukemia
Study (CCLS) and the Childhood Cancer Records Linkage Project (CCRLP), to identify ALL-
associated DMPs, and then tested the association of significant DMPs with known ALL risk SNPs
and assessed whether DNA methylation at these CpG probes may mediate the effects of the

genetic risk loci.

Results

There were 850 ALL cases and 931 cancer-free controls from the CCLS and the CCRLP that had
DNA samples from neonatal dried bloodspot (DBS) assayed on either the Illlumina®
HumanMethylation450 BeadChip (450K) DNA methylation arrays or lllumina® Infinium
MethylationEPIC BeadChip (EPIC) arrays. After excluding subjects with trisomy 21 (27 cases, 1
control), we included in the EWAS a total of 808 childhood ALL cases and 919 cancer-free
controls that passed DNA methylation quality control (see Materials and Methods). Demographic
characteristics of these subjects are summarized in Table 1, and the study design is illustrated in
Figure 1. Over half of the study participants were males, and overall 53.7% were self-reported
Latino and 31.4% were non-Latino white, with approximately equal distributions among cases and
controls across the CCLS 450K, CCLS EPIC, and CCRLP EPIC datasets. Demographic
characteristics of the subset of 683 childhood ALL cases and 804 controls included in the
methylation quantitative trait loci (mQTL) and mediation analyses were similar to the overall

dataset (Table S1).
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Differentially methylated positions (DMPs)

To identify ALL-associated DMPs on autosomal chromosomes, we first performed EWAS
analyses separately in the CCLS 450K, CCLS EPIC, and CCRLP EPIC datasets. A total of
363,973 CpGs were included in the overall EWAS fixed-effect meta-analysis (CCLS 450K, CCLS
EPIC, and CCRLP EPIC datasets) (Figure 1). An additional 340,576 CpGs not included in the
CCLS 450K dataset were analyzed in the EPIC array meta-analysis (CCLS EPIC and CCRLP
EPIC datasets) (Figure 1). The number of CpGs meeting each probe filtering criterion is
summarized in Table S2. CpG cg13344587, in an intronic region of the ALL risk gene ARID5B,
was significantly differentially methylated by ALL case/control status (P=8.61x10"9) after
adjusting for multiple testing using a stringent Bonferroni correction in the overall meta-analysis
(P threshold: 0.025/363,973=6.87x10%) (Figures 2A and 2B). No additional CpGs reached
Bonferroni significance in the EPIC array analysis (Figures 2C and 2D), nor survived the
Benjamini-Hochberg false discovery rate (FDR) correction (FDR<0.05) in either study. Using a
less stringent threshold of P<1x10+“ for the purposes of identifying candidate CpGs for
downstream mediation analyses (26,27), we found 47 DMPs for ALL overlapping both 450K and
EPIC arrays from the overall meta-analysis and 51 DMPs from the EPIC array meta-analysis
(Figures 2A and 2C; Tables 2 and S3). The effect estimates of these CpGs in overall participants
were in strong correlations with those in self-reported Latinos and non-Latino whites in stratified
EWAS (Figure S1) and in EWAS adjusting for genetic ancestry using principal components
derived from SNP array data instead of from EPISTRUCTURE, in the subset of subjects with both

DNA methylation and SNP genotype data available (Figure S1; Tables S4 and S5).

Methylation quantitative trait loci (mQTL)
The 23 childhood ALL risk SNPs identified from our recent multi-ancestry GWAS meta-analysis
were included in the mQTL analysis (28) (Table S$6). These SNPs overlap 19 genomic loci, and

5
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include 4 secondary associations discovered in conditional analysis adjusting for the lead SNP at
IKZF1, CDKN2A, CEBPE, and IKZF3. They were analyzed for association with the 47 DMPs
separately in the CCLS 450K, CCLS EPIC, and CCRLP EPIC datasets, and with the 51 DMPs
separately in the two EPIC datasets (Figure 1). Two SNP-DMP pairs in cis passed the Bonferroni
corrected threshold in the meta-analysis of three datasets (P<2.31x105 [0.025/(23%47)]): 1) SNP
rs7090445 and DMP cg13344587 at gene ARID5B, and 2) SNP rs78396808 and DMP
cg01139861 at gene IKZF1 (Tables 2 and 3). No SNP-DMP associations survived the Bonferroni
corrected threshold (P<2.13x10-° [0.025/(23%51)]) or the FDR correction (FDR<0.05) in the EPIC
array meta-analysis. The two significant SNP-DMP pairs identified from the overall meta-analysis
remained significant in mQTL analysis using DNA methylation M-values (data not shown).

In multivariable conditional analysis to assess the effect of the SNPs on ALL risk while
adjusting for the corresponding CpG in the SNP-DMP pair, and vice-versa, the ARID5B SNP
rs7090445 remained significant (P=8.52x10-°) (model 2 in Table 4), indicating that rs7090445 had
a direct impact on ALL risk, independent of the ARID5B CpG ¢cg13344587, and that cg13344587
could potentially partially mediate the effect of rs7090445 on ALL risk; however, cg13344587 was
no longer significant (P=0.249), indicating that DNA methylation at cg13344587 was entirely
driven by rs7090445. In contrast, the IKZF1 SNP rs78396808 was no longer significant in the
multivariable conditional model (P=0.078) but the IKZF1 CpG ¢g01139861 remained significant
(P=9.49x10%), suggesting that the effect of rs78396808 on ALL risk may be mediated by
cg01139861 and that DNA methylation at cg01139861 may be affected by risk factors other than
rs78396808. We next formally tested whether there were significant mediation effects for these

two SNP-DMP pairs.

Mediation analysis
Causal mediation analyses were performed for the significant ARID5B and IKZF1 mQTL-DMP
pairs with ALL risk separately in the CCLS 450K, CCLS EPIC, and CCRLP EPIC datasets (Figure

6
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1). The total effect, average direct effect (ADE) and average causal mediation effect (ACME)
estimated for each mQTL-DMP pair were summarized across all three datasets using the fixed-
effect meta-analysis model.

SNP rs7090445 at gene ARID5B had a significant total effect (estimate=0.108, P=5.17x10-
15) and direct effect (ADE estimate=0.093, P=1.06x10-) but a nonsignificant causal mediation
effect (ACME P=0.223) on ALL risk through altering DNA methylation at the ARID5B CpG
cg13344587 (Table 5 and Figure 3A), demonstrating that the effect of rs7090445 on ALL risk
was independent of cg13344587.

In contrast, we found that IKZF1 SNP rs78396808 had a significant total effect on ALL risk
(estimate=0.056, P=0.010), a significant mediation effect through increasing DNA methylation at
the IKZF1 CpG cg01139861 (ACME estimate=0.017, P=0.003) and a nonsignificant direct effect
(estimate=0.039, P=0.077), with the ACME explaining ~30% (0.017/0.056) of the total effect
(Table 5 and Figure 3B). After conditioning on the lead IKZF1 SNP rs10230978, we observed
stronger total effect (estimate=0.089, P=1.24x10-) and direct effect (estimate=0.073, P=0.002) of
rs78396808 on ALL risk, and a similar mediation effect through cg01139861 (estimate=0.016,
P=0.006) (Table 5 and Figure 3B). These indicate that the IKZF1 SNP rs78396808 conferred
risk for ALL both through cg01139861 and independent of cg01139861. The associations
between DNA methylation at cg01139861, genotypes of rs78396808, and ALL risk in each study
set are illustrated in Figure 4A. The IKZF1 SNP rs78396808 risk allele (A) increased DNA
methylation at cg01139861 (Table 3 and Figure 4A), and the increased DNA methylation level
at cg01139861 was associated with increased ALL risk (Table 2 and Figure 4A).

Results from causal mediation analyses with variance estimation based on the
nonparametric bootstrap method (Table S7) were similar to those from the quasi-Bayesian Monte

Carlo simulation (Table 5).

Race/ethnicity stratified analyses
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Significant SNP-DMP pairs in overall participants had similar effect estimates in self-reported
Latinos, non-Latino whites, and non-Latinos (non-Latino whites plus non-Latino others) in
stratified mQTL analysis, with no significant heterogeneity by race/ethnicity in tests of moderators
in fixed-effect meta-analyses (Table S8). However, SNP rs78396808 at gene /KZF1 was
associated with cg01139861 in overall participants, in Latinos, and in non-Latinos (non-Latino
whites plus non-Latino others) but was not significantly associated with cg01139861 in non-Latino
whites. SNP rs78396808 is almost monomorphic for the non-risk allele G in European populations
in the Genome Aggregation Database, whereas the risk allele A frequency is ~20% in East Asian
and Admixed American populations (29). We found the GA genotype among 11 individuals who
were self-reported non-Latino white (Figure 4A), likely due to admixture, which may result in the
slightly higher effect estimate and standard error for the association between rs78396808 and
cg01139861 in non-Latino whites than in Latinos (Table S8).

Next, we conducted causal mediation analyses separately in Latinos, non-Latino whites,
and non-Latinos, for those significant SNP-DMP pairs identified in overall participants. We found
a significant total effect and a significant mediation effect for rs78396808(/KZF1)-
cg01139861(/IKZF1)-ALL in the overall meta-analysis in Latinos, with the total effect explained by
the ACME being ~42% (0.022/0.053) and ~28% (0.022/0.078) before and after conditioning on
the top IKZF1 SNP rs10230978 (Table S9), which were both higher than that observed in overall
participants. We found no significant heterogeneity in the ACME for rs78396808(/IKZF1)-
cg01139861(/IKZF1)-ALL between Latinos and non-Latino whites (Py¢=0.441) or between Latinos
and non-Latinos (P,=0.236) (Table S9), likely due to lack of power given the low allele frequency

of rs78396808 in non-Latino whites.

ARID5B CpG cg13344587 is a proxy for ALL risk SNP rs7090445
To further disentangle the mQTL-DMP-ALL associations analyzed in the causal mediation
analysis, we investigated whether there was a confounding effect from the mQTL genotype on

8
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the association between DNA methylation and ALL risk by fitting three unconditional logistic
regression models in subjects with both DNA methylation and genotype data available. Results
for  both  rs7090445(ARID5B)-cg13344587(ARID5B)-ALL  and  rs78396808(/IKZF1)-
cg01139861(/KZF1)-ALL are summarized in Table 4. We obtained the “crude effect” of every 0.1
beta-value increase in ARID5B cg13344587 methylation on ALL risk in model 1 (ORe2=0.44,
P=2.87x10"°) and the “adjusted effect” in model 2 (OR,¢,=0.80, P=0.249), with a 82% reduction
after adjusting for the SNP effect (Figure 3A), much higher than the 10% difference for identifying
the presence of confounding (30). In addition, there was no longer a significant association
between DNA methylation at cg13344587 and ALL risk, with a greatly reduced effect estimate
(ORet2=0.99, P=0.970) in model 3 in individuals without any copies of the rs7090445 risk allele.
Therefore, the association between decreased DNA methylation at cg13344587 and ALL risk is
consistent with confounding by SNP rs7090445. In contrast, we observed only an ~4% decrease
in the effect on ALL risk from CpG cg01139861 at IKZF1 after adjusting for rs78396808, and the
effect remained significant in individuals without any copies of the rs78396808 risk allele
(OReta=1.45, P=0.004). These demonstrated no evidence of a confounding effect from

rs78396808 on the association between IKZF1 cg01139861 and ALL risk.

IKZF1 gene-specific analysis

We investigated additional IKZF1 CpGs that might mediate the effects of SNP rs78396808 on
ALL risk. There were 36 and 42 IKZF1 CpGs included in the overall meta-analysis and the EPIC
array meta-analysis, respectively. CpGs were tested for their association with ALL, with
cg01139861 the only one passing gene-wide significance (P<0.025/36), and cg16499656 was an
additional CpG with P<0.025 in the overall meta-analysis (Table S$10). The CpG cg01139861
analyzed before was not included in subsequent analyses. CpG cg12431065 passed the gene-
wide significance threshold (0.025/42), and cg10551353 was an additional CpG with P<0.025 in

the EPIC array meta-analysis.
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Since rs78396808 is monomorphic in European populations, we further conducted the
IKZF1 gene-specific mQTL and causal mediation analyses in Latinos only. IKZF1 CpGs
significantly associated with ALL were tested for their associations with SNP rs78396808 with a
p-value <0.025 or <0.0125 (0.025/2) considered to show statistical significance in the overall
meta-analysis and the EPIC array meta-analysis, respectively. We identified one significant SNP-
DMP pair from the mQTL overall meta-analysis, and two significant SNP-DMP pairs from the
mQTL EPIC array meta-analysis (Table S$11). We found a significant total effect from rs78396808
on ALL (estimate=0.067, P=0.030) and a significant mediation effect from rs78396808
(estimate=0.019, P=0.031) through increasing DNA methylation at c¢g10551353 when
conditioning on rs10230978 in Latinos, with a ~29% total effect explained by the ACME (Table
S$12). We also found in Latinos that DNA methylation at cg10551353 was strongly correlated with
cg01139861, the original IKZF1 CpG found to mediate the effect of rs78396808 on ALL risk
(CCRLP EPIC: R?=0.41, P=3.19x10-"4; CCLS EPIC: R?=0.45, P=8.23x10-'6) (Figure S2). CpG
cg01139861 is located in a CpG island in the promoter region of IKZF1, and SNP rs78396808 is
in an intronic region ~116Kb downstream (Table 2 and Figure 4B). The additional IKZF1 CpG
cg10551353 identified here is in the 5" UTR or the TSS1500 region of several alternative

transcripts, ~14Kb downstream of cg01139861 (Table S10 and Figure 4B).

IKZF1 SNP rs78396808 is independent of another secondary association signal at SNP
rs6421315

In a previous GWAS of ALL in individuals of European ancestry, Vijayakrishnan et al. (31)
identified a secondary signal at the IKZF 1 locus at SNP rs6421315 after conditioning on their lead
SNP rs17133805. SNP rs17133805 is in nearly perfect linkage disequilibrium (LD) (R2=0.999)
with the lead IKZF1 SNP rs10230978 in our multi-ancestry GWAS meta-analysis of ALL (28).
Here, we explored whether the genotypes of rs6421315 and rs78396808, the secondary
association signal at IKZF1 in our multi-ancestry ALL GWAS, were independently associated with

10
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ALL. The two secondary hits rs78396808 and rs6421315 had weak LD in all populations
(R?=0.0188, D'=0.4213) and in Admixed Americans (R?=0.072, D’=0.5546) based on LDlink (32),
and reside on different sides of a recombination peak (Figure S$3). Additionally, SNP rs78396808
remained significantly associated with ALL in this study when conditioning on both rs10230978

and rs6421315 (Ppew=0.007) (Table S13).

Increased DNA methylation at IKZF1 CpG cg01139861 correlated with decreased IKZF1
expression

Finally, we tested the correlation for DNA methylation at cg01139861 (IKZF1) with gene
expression of nearby genes IKZF1, FIGNL1, and DDC using Spearman correlation coefficient
tests in 51 ALL tumor samples from CCLS. We excluded 11/71 samples without multiplex ligation-
dependent probe amplification (MLPA) copy-number data and 9/60 samples with one deleted
copy of IKZF1. Increased DNA methylation at the IKZF1 CpG cg01139861 significantly correlated
with decreased gene expression of IKZF1 (R=-0.28, P=0.044; Figure 5). In the 9/60 ALL tumors
with hemizygous IKZF1 deletion, DNA methylation levels at cg01139861 were on average lower
than in the 51 cases without deletion (median = 0.226 vs. 0.410), although the difference did not

reach significance in a Wilcoxon rank sum test (P=0.094) (Figure S4).

Discussion

A role for genetic variation in the etiology of childhood ALL is well established, but little is known
regarding the association of epigenetic differences at birth and future development of ALL. We
report results from the largest neonatal DNA methylation EWAS of childhood ALL performed to
date, along with the first comprehensive mediation analysis investigating whether DNA
methylation mediates the effects of ALL genetic risk loci. We found that the IKZF1 SNP

rs78396808 risk allele conferred risk for ALL through increasing DNA methylation at the IKZF1

11
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promoter CpG ¢g01139861. In addition, the ARID5B CpG cg13344587, the only ALL-associated
DMP to survive Bonferroni correction, appeared to be entirely confounded by the ARID5B ALL
risk SNP rs7090445.

A limited number of epigenetic studies have been conducted previously for childhood ALL
(22—-25), with DNA methylation of cases profiled using bone marrow or peripheral blood samples
collected from ALL patients at diagnosis. Few studies have investigated differential DNA
methylation associated with subsequent development of ALL. We note a paucity of ALL-
associated CpGs in our EWAS, with the ARID5B CpG cg13344587 being the exception that
survived Bonferroni correction. Using a more lenient threshold of P<1 x 104, we identified 47 and
51 DMPs mapped to 37 and 32 genes from the overall meta-analysis and the EPIC array meta-
analysis, respectively. Altered DNA methylation at 12 of these genes (APCDD1, AVPRI1A,
CAMTA1, CHSTS8, EPHA10, EYA4, GP5, NHLRC1, OLFM3, PLOD2, SKAP1, and XKR9) has
been observed previously in ALL tumor samples (22,23), and ARID5B is an established ALL
predisposition gene.

Intronic SNPs in ARID5B, which plays an important role in B-cell development, have been
associated with ALL risk in several GWAS (4,7,31). Functional analysis has shown that the ALL
risk SNP rs70904455 disrupts binding of RUNX3 and leads to reduced ARID5B expression (33).
We found that the ARID5B SNP rs7090445-C risk allele was significantly associated with
decreased DNA methylation at the ARID5B CpG cg1334458, as previously reported in whole-
blood samples from cancer-free individuals (34,35). Although the rs7090445-C risk allele showed
the strongest total effect and direct effect on ALL in the causal mediation analysis, the lack of
significant mediation effect through altering DNA methylation indicates that the impact of this SNP
on ALL risk is independent of cg13344587. Further, results from our analysis of confounding
effects supported that the association between decreased DNA methylation at cg13344587 and
ALL risk appears to be entirely driven by the ARID5B SNP rs7090445, and hypomethylated
cg13344587 may function merely as a strong proxy of the rs7090445-C risk allele.

12
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In contrast, we found that DNA methylation at CpG cg01139861, located in a CpG island
in the promoter region of IKZF1, mediates the effects of the IKZF1 SNP rs78396808, which we
recently reported as an independent ALL-association signal in analysis conditioned on the lead
IKZF1 SNP rs10230978 (28). The causal mediation analysis in our overall dataset showed that
the rs78396808-A risk allele had a significant ACME on ALL risk through increasing DNA
methylation at cg01139861, explaining ~30% of the total effect on ALL. In analyses stratified by
self-reported race/ethnicity, the mediation effect for rs78396808 through increasing DNA
methylation at cg01139861 was only significant in Latinos, explaining a ~42% total effect in this
population. The SNP rs78396808 is monomorphic in European populations, although the risk
allele (A) also presents in African and South Asian populations and has a ~20% frequency in East
Asians (29); however, we did not have sufficient samples to test for mediation effects for these
population groups. In addition, the IKZF1 SNP rs78396808 appears to be independent of another
secondary association signal at IKZF1, SNP rs6421315, previously identified in individuals of
European ancestry '3, supporting the existence of at least three independent common genetic risk
loci for ALL across populations. In the multivariable regression adjusting for the SNP effect from
rs78396808, DNA methylation at cg01139861 remained significantly associated with ALL risk,
suggesting that other genetic or environmental risk factors may also affect this CpG site.

Further, we found that increased DNA methylation at cg01139861 correlated with
decreased gene expression of IKZF1 in ALL tumor samples. Gene IKZF1 encodes the lymphoid
transcription factor IKAROS, and is essential for lymphocyte development and differentiation (36).
Somatic deletion of IKZF1 is a common driver event in ALL, particularly in BCR-ABL1-positive
ALL (95%) (37) and in high-risk B-cell ALL (30%) (38). IKZF1 deletions are also enriched in
patients with relapsed childhood B-cell ALL (39.3%), in whom increased promoter methylation
was also found (21). However, biallelic loss of IKZF1 is infrequent among ALL patients at
diagnosis (39), and we found no evidence that the hypermethylated copy of cg01139861 is
selectively retained in ALL tumor samples with hemizygous IKZF1 deletions; in fact, a lack of

13



oNOYTULT D WN =

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

Human Molecular Genetics

biallelic deletions along with lower DNA methylation in the retained IKZF1 allele in patients
exhibiting a monoallelic deletion may indicate that haploinsufficiency of IKZF1 rather than
complete abrogation is necessary for leukemogenesis. Taken together, the leukemogenic effects
of the rs78396808-A risk allele may act via downregulation of IKZF1 gene expression partly
through increased DNA methylation at the IKZF1 CpG ¢g01139861. In our targeted analysis of
CpGs across IKZF1, we identified one additional CpG ¢g10551353, in the promoter region of
several transcripts, which showed evidence of some mediation effect for rs78396808 on ALL risk.
Increased DNA methylation at cg10551353 was significantly correlated with increased DNA
methylation at cg01139861; however, cg10551353 is on the EPIC array only, so we could not
assess its association with IKZF1 gene expression using the tumor samples assayed on 450K
arrays.

The current study has several strengths. First, we assayed pre-diagnostic DNA from
neonatal DBS on both genome-wide DNA methylation arrays and SNP arrays, which rules out
the possibility of reverse causality (i.e., effects of leukemia itself on DNA methylation). Second,
instead of using the traditional mediation analysis approaches relying on the restrictive and
untested assumptions, we used a more general estimation framework that provides distribution-
free estimates for causal mediation effects and accommodates nonlinearities (40,41). Moreover,
we estimated the uncertainty of the causal mediation effects through the quasi-Bayesian Monte
Carlo simulation, and we validated our results by using an alternative simulation approach based
on nonparametric bootstrap. Last, over half of the participants included in this study were self-
reported Latinos, providing an opportunity for us to perform analyses stratified by race/ethnicity,
through which we detected a stronger mediation effect for the IKZF1 SNP rs78396808 through
cg01139861 in Latinos than in overall participants.

Our study does have some limitations. One potential limitation was sample size, with only
the ARID5B CpG ¢g13344587 reaching epigenome-wide significance in our EWAS for ALL. This
necessitated the use of a more lenient p-value threshold (P<1 x 10%) to identify DMPs for
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subsequent mQTL and causal mediation analyses, which may have introduced false positive
results, especially in the EPIC array meta-analysis that was conducted with a smaller sample size.
We were also limited in our ability to identify DMPs for specific ALL subtypes, or CpG mediators
for ALL genetic risk loci associated with particular subtypes, analyses that would require a larger
sample size of ALL cases with well-defined tumor subtypes. Another limitation is that we were
limited by the number of CpGs on the Illumina arrays. Additional CpGs at IKZF1 that we could not
assess with the array data may also mediate the effect of ALL risk SNP rs78396808. Bisulfite
sequencing targeting the IKZF1 region will be required to fully capture the DNA methylation
changes that mediate the effect of rs78396808, especially at /IKZF1 regulatory regions that
correlate with gene expression patterns. Lastly, gene expression data were measured from
diagnostic leukemia samples and, although we accounted for somatic copy-number loss of IKZF1,
this may have affected the accuracy of the correlation results between DNA methylation at
cg01139861 and IKZF1 expression.

In conclusion, we provide evidence that increased DNA methylation at the IKZF1 CpG
cg01139861 mediates the effects on ALL risk from SNP rs78396808, which was recently identified
as a novel independent risk locus at IKZF1 that is specific to non-European populations. Our
findings enhance the understanding of the functional pathways of genetic risk loci for childhood
ALL and provide new insights into the DNA methylation differences associated with childhood

ALL.

Materials and Methods

Study participants
Study participants were included from two independent California-based case-control studies of
childhood leukemia, the CCLS and the CCRLP, the details of which have been described

previously (7,42). Briefly, the CCLS is a population-based case-control study conducted from
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1995 to 2015 in multiple counties across California. Cases were identified within 72 hours after
diagnosis at hospitals and were eligible for participation if they met all the following criteria: (1)

age younger than 15 years, (2) without previous cancer diagnosis, (3) residence in California at

the time of diagnosis, and (4) having an English or Spanish-speaking biological parent or guardian.

Controls were randomly selected with similar eligibility criteria using birth certificates. One or two
controls were matched to each case on the date of birth, sex, and race/ethnicity. The CCRLP
linked statewide birth certificates from the California Office of Vital Records (for 1978-2009) to
statewide cancer diagnosis data from the California Cancer Registry (1988-2011). Cases were
children born in California and diagnosed with their first primary ALL at 0-15 years. Potential
controls were children born in California during the same period without prior reports of childhood
cancer. Up to four controls were randomly selected and matched to each case on the date of
birth, sex, and race/ethnicity. DBS samples were obtained from the California Biobank Program
for all participants. Cases (N=808) and controls (N=919) with available genome-wide DNA
methylation data were included in the EWAS. Analyses for identifying mQTL and mediation effects

were limited to 683 cases and 804 controls with both genome-wide DNA methylation and SNP

array data available (therefore, matching between cases and controls was broken for all analyses).

DNA methylation arrays

DNA samples were isolated from newborn DBS for 850 ALL cases and 931 cancer-free controls,
bisulfite converted, and then assayed on either the 450K DNA methylation arrays or EPIC arrays,
as previously described (43—45). EPIC arrays include >850,000 CpG probes, comprising >90%
of CpGs on the 450K array plus an additional 413,743 CpGs. ALL cases and controls were
randomized into different plates in each study set. CpG beta values were normalized to remove
batch effects according to the approach by Fortin et al. (46) Mean detection p-values were
calculated by using the “detectionP” function in the minfi (47) package through the Bioconductor
project (48,49). Functional normalization was performed with “noob” background correction (50)
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by using the “preprocessFunnorm” function in the minfi package. The beta-mixture quantile
normalization method was additionally applied (51). Samples with mean detection p-value >0.01
were considered poor quality and were removed from the analysis. CpG sites and samples that
had over 15% missing values were removed. The R package “conumee” (52) was used to
generate copy-number variation plots to detect constitutive trisomy of chromosome 21 (T21), as
previously described, and a total of 27 ALL cases and 1 control with T21 were excluded from

subsequent analyses given the profound effects of Down syndrome on DNA methylation (45).

Genome-wide SNP genotyping

Genome-wide SNP array data were available from constitutive DNA samples isolated from
newborn DBS for a subset of 683 cases and 804 controls. CCLS and CCRLP samples were
genotyped using the lllumina Human OmniExpress V1 platform and the Affymetrix Axiom World
(Latino) Array (7), respectively. Genotype data for 23 SNPs previously associated with childhood

ALL were included from our recent multi-ancestry GWAS meta-analysis (28).

Identification of differentially methylated positions (DMPs)

We first performed EWAS analyses separately in the CCLS 450K, CCLS EPIC, and CCRLP EPIC
datasets to identify ALL-associated DMPs on autosomal chromosomes. Probes with common
SNPs (minor allele frequency=0.05) in the full capture sequence or with SNPs in the targeted CpG
site or its single base extension were removed (53,54). To minimize false-positive findings, we
additionally removed cross-reactive probes identified previously (55-57). We fitted a logistic
regression model predicting ALL case/control status as a function of DNA methylation at each
remaining CpG, adjusting for sex, batch effect, cell type heterogeneity using the first ten principal
components derived from ReFACTor (58), and genetic ancestry using the first ten principal
components derived from EPISTRUCTURE (59). Fixed-effect meta-analysis models were used
to generate summary effect estimates for the EWAS results of the CpGs overlapping both 450K
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and EPIC arrays from three different study sets — CCLS 450K, CCLS EPIC, and CCRLP EPIC
datasets — using the R package “metafor" (60). We performed a second meta-analysis for CpGs
on EPIC arrays that were limited to the CCLS and CCRLP EPIC datasets only and not included
in the CCLS 450K dataset. The associations between CpGs and ALL were corrected for multiple
testing using a stringent Bonferroni-adjusted threshold of 0.025 (0.05/2) divided by the number of
CpGs included in each meta-analysis, and an FDR of 0.05. In addition, given that previous studies
have applied a more liberal threshold (<0.001) to identify DMPs for downstream mediation and
interaction analyses (26,27), here we applied a lenient threshold of 1 x 10 to ensure sufficient
numbers of candidate CpGs for subsequent mQTL and mediation analyses. Manhattan plots and
QQ plots were generated using the R package “CMplot” (61). For the identified DMPs, we
compared the effect estimates of these CpGs in overall participants with those in self-reported
Latinos and non-Latino whites in stratified EWAS, and in EWAS adjusting for genetic ancestry
using the first ten principal components derived from the genome-wide SNP array data with PLINK
2.0 (62) instead of from EPISTRUCTURE, in subjects with both DNA methylation and SNP

genotype data available.

Identification of methylation quantitative trait loci (mQTL)

We carried out mQTL analyses to identify genotype-dependent DMPs associated with childhood
ALL risk using the R package “Matrix eQTL” (63). DMPs with P<1 x 10 from the overall meta-
analysis or the EPIC array meta-analysis were tested for association with genotypes of the 23
ALL risk SNPs. We fitted an additive linear regression model predicting methylation at each CpG
site as a function of SNP genotype (coded 0, 1, and 2), adjusting for the same covariates as for
the EWAS. The associations between SNP genotypes and DMP DNA methylation were corrected
for multiple testing using a stringent Bonferroni-adjusted threshold of 0.025/(number of DMPs x
number of SNPs), and an FDR of 0.05. The mQTL analysis was first conducted separately in the
CCLS 450K, CCLS EPIC, and CCRLP EPIC datasets, and the results were subsequently meta-
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analyzed across all three datasets, and across the two EPIC datasets, in fixed-effect meta-
analysis models using “metafor”. We compared these SNP-DMP associations estimated with the
DNA methylation beta values versus those estimated when including DNA methylation M-values

in the linear regression models (64).

Mediation analysis
We next performed model-based causal mediation analyses for the significant mQTL-DMP pairs,
using the “mediation” R package (40). First, we specified two statistical models, (1) the mediator
model for the distribution of the DMP methylation level, after conditioning on the genotype of the
mQTL and covariates including sex, ancestry, batch effect, and cell type heterogeneity, and (2)
the outcome model for the conditional distribution of ALL status, given the mQTL genotype, DMP
methylation level, and the same covariates. Models were fitted separately, and then their fitted
parameters were used as the main inputs to the mediate function, which computes the estimated
ACME, the ADE, and the total effect. Variances were estimated based on simulation. The quasi-
Bayesian Monte Carlo simulation based on normal approximation was conducted 1000 times.
Alternatively, an approach based on nonparametric bootstrap was also applied to estimate
variance for validation. Models with the IKZF1 SNP rs78396808 were additionally adjusted for the
IKZF1 lead SNP rs10230978, as rs78396808 was previously reported as a secondary ALL
association signal in analysis conditioned on rs10230978 (28). Results of the mediation analysis
performed separately for the CCLS 450K, CCLS EPIC, and CCRLP EPIC datasets were
summarized across all three datasets and across the two EPIC datasets using the fixed-effect
meta-analysis model.

We repeated the mQTL analyses and the causal mediation analyses stratified by self-
reported race/ethnicity (Latinos vs. non-Latino whites, and Latinos vs. non-Latinos [i.e., non-

Latino whites plus non-Latino others]), in study participants with available genome-wide DNA
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methylation and SNP array data. We included race/ethnicity as a moderator variable in fixed-

effect meta-analysis models to test for heterogeneity.

Locus-specific analyses

To investigated whether there was a confounding effect from the mQTL genotype on the
association between DNA methylation and ALL risk, we fitted three unconditional logistic
regression models in subjects with both DNA methylation and genotype data available: model 1
was a logistic regression predicting ALL risk as a function of DMP DNA methylation, adjusting for
sex, batch effect, cell type heterogeneity, and genetic ancestry; model 2 was additionally adjusted
for the mQTL genotype; and model 3 was model 1 fitted in individuals without any copies of the
mQTL risk allele. The odds ratios for each 0.1 beta-value increase in DNA methylation in models
1 and 2 were considered as the “crude effect” and the “adjusted effect’, respectively. A reduction
>10% of the “adjusted effect” from the “crude effect” provides evidence of confounding (30). In
addition, a nonsignificant coefficient in model 3 indicates that the association between DNA
methylation and ALL risk is entirely confounded by the SNP effect.

We also performed gene-specific analysis to investigate additional CpGs in the
neighboring region of the mediator CpG that could also mediate the effect of mQTL on ALL
susceptibility. First, we conducted the overall fixed-effect meta-analysis and the EPIC array fixed-
effect meta-analyses limiting to the EPIC array CpGs not in the CCLS 450K dataset for the gene-
specific DMP association testing. We retained those CpGs overlapping SNPs in the actual capture,
the single base extension, or the full capture sequence of the CpG sites to identify the potential
impact from the nearby SNPs. We applied a relaxed significance level of 0.025 in each meta-
analysis to ensure sufficient CpGs would be included in the following analysis. Next, significant
SNP-CpG associations were identified through the mQTL analysis, with a Bonferroni-adjusted
significance level of 0.025/number of CpGs. Finally, causal mediation analysis was performed to
identify mediators.
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DNA methylation and gene expression analysis

DNA methylation and gene expression data were available from diagnostic leukemia (tumor)
samples of 71 ALL cases in the CCLS (25). DNA methylation data from 450K arrays were
processed as described above. Genome-wide gene expression data were generated using the
GeneChip Human Gene 1.0 ST Array (Affymetrix, Santa Clara, CA), as previously described (25).
Copy-number at 8 commonly deleted gene regions in childhood ALL was assayed in 60 out of 71
ALL tumors using MLPA, as previously described (65,66). For DMPs found to be mediators
between SNPs and ALL risk, we analyzed the associations between DNA methylation and the
expression levels of nearby genes using Spearman correlation coefficient tests, and we further
limited the correlation tests to cases without copy number deletion at the corresponding gene

regions (if available) to address potential confounding.
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Legends to Figures

Figure 1. Study design of the EWAS, mQTL, and mediation analyses. Flowcharts show the
inclusion and exclusion criteria for CpGs included in the EWAS and SNP-DMP pairs for the mQTL
and mediation analyses, separately for the overall meta-analysis and the EPIC array only meta-

analysis.

Figure 2. Meta-analysis of the epigenome-wide association analysis. (A) Bidirectional
Manhattan plot for the overall meta-analysis, (B) QQ plot for the overall meta-analysis, (C)
Bidirectional Manhattan plot for the EPIC array meta-analysis, and (D) QQ plot for the EPIC array
meta-analysis. Two horizontal lines in the Manhattan plot are a Bonferroni-adjusted threshold of
0.025 divided by the number of CpGs (solid line) and a lenient threshold of 1 x 10 (dash line). Y-
axis for the Bidirectional Manhattan plot represents -10g10Phyer for hypermethylated CpGs (higher
DNA methylation beta values in cases vs. in controls) and l0g+oPpy,, for hypomethylated CpGs
(lower DNA methylation beta values in cases vs. in controls), respectively. CpGs later included in

the causal mediation analysis are labeled with gene names.

Figure 3. Path Diagrams showing the results of the causal mediation and confounding
analyses. (A) The left panel shows the causal mediation model of the ARID5B SNP rs7090445
(independent variable), the ARID5B CpG cg13344587 (mediator candidate), and ALL risk
(dependent variable). The right panel shows the confounding model of the ARID5B SNP
rs7090445 (confounder), the ARID5B CpG cg13344587 (independent variable), and ALL risk
(dependent variable). (B) The left and right panels show the causal mediation models of the IKZF1
SNP rs78396808 (independent variable), the IKZF1 CpG cg01139861 (mediator), and ALL risk
(dependent variable), with or without conditioning on the lead IKZF1 SNP rs10230978 identified

from our recent multi-ancestry GWAS meta-analysis, respectively. The plus and minus signs
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indicate positive correlations and negative correlations, respectively. The solid and dash lines
indicate pathways found to be statistically significant and nonsignificant, respectively. The
diagrams for the mediation models show the direct effect, the average causal mediation effect,
and the total effect estimated from the overall meta-analysis of the causal mediation analysis
results from quasi-Bayesian Monte Carlo simulation. The effect estimates correspond to the
increased probabilities of developing ALL per 1 copy increase of the SNP risk allele. The diagram
for the confounding model shows the crude effect from the logistic regression predicting ALL risk
as a function of DNA methylation at the ARID5B CpG cg13344587, and the adjusted effect from
the logistic regression additionally controlled for the ARID5B SNP rs7090445. The effect
estimates are the odds ratios for each 0.1 beta-value increase in DNA methylation from the logistic
regression models. All Models were adjusting for sex, batch effect, cell type heterogeneity, and

genetic ancestry.

Figure 4. Characteristics of the significant DMP-SNP pair at IKZF1. (A) Left panels:
relationship between DNA methylation level at cg01139861 and rs78396808 genotype. Black
points represent median DNA methylation levels. A is the risk allele for rs78396808. Middle panel:
relationship between DNA methylation level at cg01139861 and ALL risk. Black points represent
median DNA methylation levels. Right panel: rs78396808 genotype frequency in cases and
controls overall, in Latinos, and in non-Latino whites. (B) Visualization of the genomic location for
DMP ¢g01139861, CpG cg10551353, and SNP rs78396808 at gene IKZF1 incorporating
annotation queries to UCSC genome browser via Gviz (67). The top track shows the ideogram of
chromosome 7 with the black rectangle indicating where gene IKZF1 is. The second track shows
the genome axis, starting from position 50342500 to position 50472798 (reference build Hg19).
The third track shows the IKZF 1 gene transcript. The fourth track shows three CpG islands located
at gene IKZF1. They are at chr7:50342895-50343456 (46 CpGs), chr7:50343757-50344519 (80
CpGs), and chr7: 50467566-50468400 (79 CpGs). The last track shows where DMP cg01139861,
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CpG cg10551353, and SNP rs78396808 are located. CpG cg01139861 is located in the CpG
island at chr7:50342895-50343456 in the promoter region of IKZF1, and SNP rs78396808 is in
an intronic region ~116Kb downstream. CpG ¢cg10551353 is in the 5' UTR or the TSS1500 region

of several transcripts, ~14Kb downstream of cg01139861.

Figure 5. Scatter plot showing relationship between cg01139861 DNA methylation and
IKZF1 expression levels in ALL tumor samples. Scatter plot with linear regression line and its
95% confidence interval band showing a significantly negative correlation between DNA
methylation beta values at cg01139861 at gene IKZF1 and gene expression log, fold changes of
IKZF1 in 51 tumor samples from CCLS. The Spearman correlation coefficient R and its p-values

are shown in the plot.
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Legends to Tables

Table 1. Characteristics of study participants included in the EWAS stratified by study set

and ALL case/control status (n = 1,727).

Table 2. The 47 DMPs from the overall EWAS meta-analysis for ALL (808 cases and 919

controls).

Table 3. Significant SNP-DMP pairs identified from the methylation quantitative trait loci

overall meta-analyses (683 cases and 804 controls).

Table 4. Results from three logistic regression models investigating the potential

confounding effects.

Table 5. The total effect, average direct effect and average causal mediation effect
estimated from the causal mediation analysis (quasi-Bayesian Monte Carlo simulation, n
= 1000) for two mQTL-DMP pairs, summarized across the CCLS 450K, CCLS EPIC, and
CCRLP EPIC datasets using the fixed-effect meta-analysis model (683 cases and 804

controls).
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Tables
Table 1. Characteristics of study participants included in the EWAS stratified by study set and ALL case/control status (n =
1,727).
CCLS 450K (n = 435) CCRLP EPIC (n = 566) CCLS EPIC (n =726)
Controls (n | Cases (n= p Controls (n | Cases (n= p Controls (n | Cases (n= P
Variables = 225) 210) = 436) 130) = 258) 468)
Gestational age (weeks), 39.33 0. 39.16 0. 38.99 0.0
mean (SD) 39.17 (2.49) | (2.33) 49 | 39.24 (2.01) | (2.04) 68 | 39.38 (1.84) | (2.38) 37
Gestational age
unknown (%) 6 (3.0) 7 (3.0) 23 (5.0) 3(2.3) 4 (2.0) 192 (41.0)
Diagnosis age (years),
mean (SD) 5.21 (3.45) 3.48 (1.74) 5.70 (3.57)
Diagnosis age unknown
(%) 1(0.8)
Sex (%)
1. 0. 0.8
Males 130 (57.8) 121 (57.6) | 00 | 257 (58.9) 74 (56.9) 76 | 148 (57.4) 263 (56.2) |2
Females 95 (42.2) 89 (42.4) 179 (41.1) 56 (43.1) 110 (42.6) 205 (43.8)
Race/ethnicity (%)
0. 0. 0.3
Latino 107 (47.6) 109 (51.9) | 66 | 251 (57.6) 69 (53.1) 62 | 136 (562.7) 176 (54.8) | 6
Non-Latino other 38 (16.9) 33 (15.7) 62 (14.2) 22 (16.9) 32 (12.4) 49 (15.3)
Non-Latino white 80 (35.6) 68 (32.4) 123 (28.2) 39 (30.0) 90 (34.9) 96 (29.9)
Race/ethnicity unknown
(%) 147 (31.4)

P-values comparing the characteristics of ALL cases and controls in the CCLS 450K, CCLS EPIC, and CCRLP EPIC datasets were
calculated using t-tests for the continuous variable (gestational age) and Chi-squared tests for categorical variables.

37



oNOYTULT D WN =

Human Molecular Genetics

3
Table 2. The 47 DMPs from the overall EWAS meta-analysis for ALL (808 cases and 919 controls).
CCLS 450K CCRLP EPIC CCLS EPIC Meta-analysis
. ucsc
Islands Relati ucsc RefGe i.square
Probe Chr Pos Name on to RefGen ne Coef SE Coef SE Coef SE Coef SE P P.het ) d
Island e Name G
roup
cglasaa | chr | 097239 OPenS | ARIDSB | Body | -6.05 | 214 | 939 | 242 | 7.08 | 179 | 7.32 | 1.19 | 861E-10 | 058 | 000
€g19961 | chr | 173098 OpenS | HSFYP | goqy | 2321 | 650 | 28.95 | 1282 | 1898 | 9.26 | 22.86 | 491 | 320606 | 0.82 | 0.00
720 | 22 | 49 ca 1
cg19783 | chr | 677512 OpenS 1047 | 350 | -7.08 | 446 | -10.96 | 344 | -9.87 | 215 | 432E-06 | 077 | 0.00
404 11 69 ea
chr19:3
411227 | Tss15
nggl‘m ‘fg 34;2;22 9- N—rihO %';SSTFSB 00:;TS | -11.84 | 323 | 7.08 | 363 | 573 | 256 | -7.86 | 1.75 | 7.54E-06 | 032 | 11.64
341143 S$1500
53
cg14230 | chr | 606687 OpenS | RFX2,R | SUTR; | _ ) ) : }
38 T ) e DR | 20T | 1009 | 299 | 557 | 338 | 583 | 236 | -7.03 | 162 | 151605 | 047 | 0.00
cg18872 | chr | 424219 OpenS | Grn | TSS19 | 469 | 202 | -680 | 244 | -442 | 179 | 506 | 1.18 | 164E-05 | 072 | 0.00
749 17 93 ea 00
chr17:1
977160 .| Tss1s
cggggae ﬁh; 195217 9 Island U"LKKzz’U 00:;TS | -437 | 223 | 483 | 247 | 580 | 178 | 514 | 1.21 | 2.18E-05 | 087 | 0.00
197718 S1500
14
chr6:18
0918068 | chr | 181231 | 122250- | S_Sho | NHLRC | TSS15 | ) ) ] )
o h Sl el s p o 321 | 229 | 1080 | 259 | -378 | 1.75 | 519 | 122 | 225605 | 0.05 | 67.21
94
chr19:2
194990
€g01619 | chr | 219488 3- N_Sho | 7NF100 | Body | 18.09 | 575 | 3817 | 2253 | 19.80 | 8.28 | 19.47 | 462 | 2.56E-05 | 0.69 0.00
045 | 19 | 66 re
219502
17
chr6:13 TSS15
356208 EYA4E | 00:TS
nggi% Cgr 130335562 6- N—riho YA4EY | S1500 | -39.10 | 17.21 | -61.49 | 26.24 | -46.59 165'9 46.15 1%9 259E-05 | 0.77 | 0.00
133563 A4 | :TsS1
586 500
chr18:1
cg14623 | chr | 104561 | 2*9408 | 5 gpo | APCDD
2- _ Body | -548 | 299 | -519 | 341 | -857 | 239 | -6.86 | 1.64 | 2.79E-05 | 0.62 | 0.00
989 18 | 15 re 1
104542
9%
chr19:4
€g17384 | chr | 477428 | 77,575 | |sland 6850 | 18.49 | -34.26 | 99.84 | 9547 | 471 | 7100 | 189 | 284E05 | 081 | 0.00
056 19 | 29 5 1 6
38
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*Two DMPs found to be associated with ALL risk SNPs in the subsequent mQTL analysis.
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All logistic regression models were adjusted for sex, batch effect, cell type heterogeneity using the first ten principal components
derived from ReFACTor, and genetic ancestry using the first ten principal components derived from EPISTRUCTURE.
Study heterogeneity was characterized with |2 statistics (i.squared) and their corresponding p-values (P.het).
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4
1
2
3 Table 3. Significant SNP-DMP pairs identified from the methylation quantitative trait loci overall meta-analyses (683 cases
4 and 804 controls).
Z CCLS 450K CCRLP EPIC CCLS EPIC Meta-analysis
7 mQTL-DMP pair Coef SE Coef SE Coef SE Coef SE P P.het i.squared FDR
8 rs7090445
9 (chr10:63721176 at
ARID5B) and <2.23E- <2.23E-

1(1) cg133 4‘)1587 -0.047 0.002 -0.052 0.002 -0.050 0.002 -0.050 0.001 308 0.22 34.40 308

(chr10:63723919 at
12 ARID5B)
13 rs78396808
14 (chr7:50459043 at
15 IKZF1) and 3.25E- 1.75E-
e ch11:;9861 0.018 0.005 0.025 0.005 0.026 0.005 0.024 0.003 17 0.51 0.00 14
17 (chr7:50343298 at
18 IKZF1) _ _ .
19 No SNP-DMP pairs passed the Bonferroni correction or FDR threshold from the mQTL EPIC array meta-analysis (479 cases and
20 636 controls).
21 All linear regression models were adjusted for sex, batch effect, cell type heterogeneity using the first ten principal components
22 derived from ReFACTor, and genetic ancestry using the first ten principal components derived from EPISTRUCTURE.
23 Study heterogeneity was characterized with I? statistics (i.squared) and their corresponding p-values (P.het).
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
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Table 4. Results from three logistic regression models investigating the potential confounding effects.

CCLS 450K CCRLP EPIC CCLS EPIC Meta-analysis

Variable OR (CI) OR (CI) OR (CI) OR (CI) | P | P.nhet | isquared

rs7090445(ARID5B)-cg13344587(ARID5B)-ALL

Model 1: logistic regression model predicting ALL status as a function of methylation at cg13344587, adjusting for sex, batch effect,
cell type heterogeneity, and genetic ancestry (808 cases and 919 controls)

cg13344587 | 0.47(0.29-0.74) | 0.38(0.23-0.61) | 0.46(0.31-0.69) | 0.44(0.34-057) | 2.87E-10 | 0.77 0.00
Model 2: model 1 additionally adjusted for SNP rs7090445 (808 cases and 919 controls)
cg13344587 0.64 (0.32-1.28) |  0.59 (0.26-1.35) 1.05(0.61-1.83) | 0.80(0.54-1.17) | 2.49E-01 | 0.39 0.00
rs7090445* 1.30 (0.84-2.02) 1.42 (0.84-2.40) 2.25 (1.51-3.35) 1.67 (1.29-2.16) | 8.52E-05 | 0.15 46.87
Model 3: model 1 in subjects without any copies of the risk allele of SNP rs7090445 (154 cases and 292 controls)
cg13344587 | 1.26(0.24-6.65) | 0.46 (0.05-4.20) | 1.05(0.41-2.67) | 0.99(0.46-2.12) | 9.70E-01 0.76 0.00

(ORadj - ORcrude)/ORcrude = (0.44-0.80)/0.44 = -82%

rs78396808(IKZF1)-cg01139861(IKZF1)-ALL

Model 1: logistic regression model predicting ALL status as a function of methylation at cg01139861, adjusting for sex, batch effect,
cell type heterogeneity, and genetic ancestry (808 cases and 919 controls)

cg01139861 | 2.17(1.39-3.39) | 1.51(1.04-219) | 1.24(0.89-1.72) | 1.51(1.22-1.87) | 1.75E-04 | 0.13 50.13
Model 2: model 1 additionally adjusted for SNP rs78396808 (808 cases and 919 controls)
cg01139861 2.09 (1.33-3.28) 1.44 (0.99-2.11) 1.18 (0.84-1.66) 1.45(1.16-1.81) | 9.49E-04 | 0.14 48.88
rs78396808* 1.23 (0.79-1.91) 1.26 (0.84-1.89) 1.21 (0.83-1.76) 1.23(0.98-1.56) | 7.82E-02 | 0.99 0.00
Model 3: model 1 in subjects without any copies of the risk allele of SNP rs78396808 (490 cases and 592 controls)
cg01139861 | 2.26(1.33-3.84) | 1.58(1.02-245) | 1.08(0.73-1.59) | 1.45(1.13-1.88) | 4.09E-03 | 008 | 60.29

(ORadj - ORcrude)/ORcrude = (1.51-1.45)/1.51= 4%

OR: odds ratio; Cl: 95% confidence interval.

ORs were calculated for every 0.1 CpG beta value increase or for every 1 copy increase of the SNP risk allele.

ORcrude is the OR from the model 1 meta-analysis and ORadj is the OR from the model 2 meta-analysis.

Study heterogeneity was characterized with |2 statistics (i.squared) and their corresponding p-values (P.het).

* The effect of rs7090445 on ALL adjusted for sex, and genetic ancestry: OR=1.87 (95% CI:1.58, 2.20) P=2.46E-13 (683 cases and
804 controls). The effect of rs78396808 on ALL adjusted for sex, and genetic ancestry: OR=1.31 (95% CI:1.05,1.64) P=0.017 (683
cases and 804 controls).
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4
Table 5. The total effect, average direct effect and average causal mediation effect estimated from the causal mediation
analysis (quasi-Bayesian Monte Carlo simulation, n = 1000) for two mQTL-DMP pairs, summarized across the CCLS 450K,
CCLS EPIC, and CCRLP EPIC datasets using the fixed-effect meta-analysis model (683 cases and 804 controls).
mQTL-DMP pair Estimate SE Statistic P P.het i.squared Effect
0.108 0.014 7.82 5.17E-15 0.060 64.43 total
rs7090445 (chr10:63721176 at ARID5B) and
913344587 (chr10:63723919 at ARID5B) 0.023 0.019 1.22 2.23E-01 0.455 0.00 ACME
0.093 0.024 3.87 1.06E-04 0.054 65.78 ADE
0.056 0.022 2.56 1.05E-02 0.918 0.00 total
rs78396808 (chr7:50459043 at IKZF1) and
cg01139861 (chr7:50343298 at IKZF1) 0.017 0.006 2.96 3.09E-03 0.435 0.00 ACME
0.039 0.022 1.77 7.66E-02 0.997 0.00 ADE
0.089 0.023 3.84 1.24E-04 0.704 0.00 total
rs78396808 (chr7:50459043 at IKZF1) and
901139861 (chr7:50343208 at IKZF1)* 0.016 0.006 2.73 6.28E-03 0.435 0.00 ACME
0.073 0.024 3.08 2.04E-03 0.871 0.00 ADE
*Models additionally adjusted for IKZF1 SNP rs10230978 (top IKZF1 SNP association in multi-ancestry ALL GWAS).
The effect estimates correspond to the increased probabilities of developing ALL per 1 copy increase of the SNP risk allele.
Study heterogeneity was characterized with I? statistics (i.squared) and their corresponding p-values (P.het).
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Figure 1. Study design of the EWAS, mQTL, and mediation analyses. Flowcharts show the inclusion and
exclusion criteria for CpGs included in the EWAS and SNP-DMP pairs for the mQTL and mediation analyses,
separately for the overall meta-analysis and the EPIC array only meta-analysis.
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29 Figure 2. Meta-analysis of the epigenome-wide association analysis. (A) Bidirectional Manhattan plot for the

30 overall meta-analysis, (B) QQ plot for the overall meta-analysis, (C) Bidirectional Manhattan plot for the
EPIC array meta-analysis, and (D) QQ plot for the EPIC array meta-analysis. Two horizontal lines in the

Manhattan plot are a Bonferroni-adjusted threshold of 0.025 divided by the number of CpGs (solid line) and

32 a lenient threshold of 1 x 10-4 (dash line). Y-axis for the Bidirectional Manhattan plot represents -

33 log10Phyper for hypermethylated CpGs (higher DNA methylation beta values in cases vs. in controls) and

34 log10Phypo for hypomethylated CpGs (lower DNA methylation beta values in cases vs. in controls),

35 respectively. CpGs later included in the causal mediation analysis are labeled with gene names.
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Fig. 3

Figure 3. Path Diagrams showing the results of the causal mediation and confounding analyses. (A) The left
panel shows the causal mediation model of the ARID5B SNP rs7090445 (independent variable), the ARID5B
CpG cg13344587 (mediator candidate), and ALL risk (dependent variable). The right panel shows the
confounding model of the ARID5B SNP rs7090445 (confounder), the ARID5B CpG cg13344587 (independent
variable), and ALL risk (dependent variable). (B) The left and right panels show the causal mediation models
of the IKZF1 SNP rs78396808 (independent variable), the IKZF1 CpG cg01139861 (mediator), and ALL risk
(dependent variable), with or without conditioning on the lead IKZF1 SNP rs10230978 identified from our
recent multi-ancestry GWAS meta-analysis, respectively. The plus and minus signs indicate positive
correlations and negative correlations, respectively. The solid and dash lines indicate pathways found to be
statistically significant and nonsignificant, respectively. The diagrams for the mediation models show the
direct effect, the average causal mediation effect, and the total effect estimated from the overall meta-
analysis of the causal mediation analysis results from quasi-Bayesian Monte Carlo simulation. The effect
estimates correspond to the increased probabilities of developing ALL per 1 copy increase of the SNP risk
allele. The diagram for the confounding model shows the crude effect from the logistic regression predicting
ALL risk as a function of DNA methylation at the ARID5B CpG cg13344587, and the adjusted effect from the
logistic regression additionally controlled for the ARID5B SNP rs7090445. The effect estimates are the odds
ratios for each 0.1 beta-value increase in DNA methylation from the logistic regression models. All Models
were adjusting for sex, batch effect, cell type heterogeneity, and genetic ancestry.
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31 Figure 4. Characteristics of the significant DMP-SNP pair at IKZF1. (A) Left panels: relationship between DNA
32 methylation level at cg01139861 and rs78396808 genotype. Black points represent median DNA

33 methylation levels. A is the risk allele for rs78396808. Middle panel: relationship between DNA methylation
34 level at cg01139861 and ALL risk. Black points represent median DNA methylation levels. Right panel:

35 rs78396808 genotype frequency in cases and controls overall, in Latinos, and in non-Latino whites. (B)
Visualization of the genomic location for DMP ¢g01139861, CpG cg10551353, and SNP rs78396808 at gene
IKZF1 incorporating annotation queries to UCSC genome browser via Gviz (67). The top track shows the
ideogram of chromosome 7 with the black rectangle indicating where gene IKZF1 is. The second track shows
38 the genome axis, starting from position 50342500 to position 50472798 (reference build Hg19). The third

39 track shows the IKZF1 gene transcript. The fourth track shows three CpG islands located at gene IKZF1.
40 They are at chr7:50342895-50343456 (46 CpGs), chr7:50343757-50344519 (80 CpGs), and chr7:

41 50467566-50468400 (79 CpGs). The last track shows where DMP cg01139861, CpG cg10551353, and SNP
42 rs78396808 are located. CpG cg01139861 is located in the CpG island at chr7:50342895-50343456 in the
promoter region of IKZF1, and SNP rs78396808 is in an intronic region ~116Kb downstream. CpG
cg10551353 is in the 5’ UTR or the TSS1500 region of several transcripts, ~14Kb downstream of

44 cg01139861.
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Fig. 5

Figure 5. Scatter plot showing relationship between cg01139861 DNA methylation and IKZF1 expression
levels in ALL tumor samples. Scatter plot with linear regression line and its 95% confidence interval band
showing a significantly negative correlation between DNA methylation beta values at cg01139861 at gene
IKZF1 and gene expression log2 fold changes of IKZF1 in 51 tumor samples from CCLS. The Spearman
correlation coefficient R and its p-values are shown in the plot.
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