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Abstract

Background: Parental smoking is implicated in the etiology of acute lymphoblastic
leukemia (ALL), the most common childhood cancer. We recently reported an
association between an epigenetic biomarker of early-life tobacco smoke exposure at
the AHRR gene and increased frequency of somatic gene deletions among ALL cases.
Methods: Here, we further assess this association using two epigenetic biomarkers for
maternal smoking during pregnancy — DNA methylation at AHRR CpG cg05575921 and
a recently established polyepigenetic smoking score — in an expanded set of 482 B-cell
ALL (B-ALL) cases in the California Childhood Leukemia Study with available lllumina
450K or MethylationEPIC array data. Multivariable Poisson regression models were
used to test the associations between the epigenetic biomarkers and gene deletion
numbers.

Results: We found an association between DNA methylation at AHRR CpG
€g05575921 and deletion number among 284 childhood B-ALL cases with
MethylationEPIC array data, with a ratio of means (RM) of 1.31 (95% CI:1.02-1.69) for
each 0.1 beta-value reduction in DNA methylation, an effect size similar to our previous
report in an independent set of 198 B-ALL cases with 450K array data (meta-analysis
summary RM [sRM]=1.32, 95% CI:1.10-1.57). The polyepigenetic smoking score was
positively associated with gene deletion frequency among all 482 B-ALL cases
(sRM=1.31 for each 4-unit increase in score; 95% CI:1.09-1.57).

Conclusions: We provide further evidence that prenatal tobacco-smoke exposure may

influence the generation of somatic copy-number deletions in childhood B-ALL.



Impact: Analyses of deletion breakpoint sequences are required to further understand

the mutagenic effects of tobacco smoke in childhood ALL.



Introduction

Acute lymphoblastic leukemia (ALL) is the most common childhood malignancy in the
United States, with approximately 2,700 incident cases diagnosed under age 15 each
year *. Although survival rates for ALL have improved dramatically in recent decades,
with overall 5-year survival now upwards of 90% 2, ALL remains a leading cause of
disease-related mortality in children and current treatments still carry long-term health
consequences *°. Therefore, prevention remains a top priority °. In addition to known
ALL risk factors with large effects, namely ionizing radiation and genetic predisposition

syndromes °

, several environmental exposures have been associated with ALL
etiology, including tobacco smoke, pesticides, paint, and air pollution °*% however, the
causal mechanisms remain largely unclear **.

Childhood ALL, in particular B-cell ALL (B-ALL), is thought to follow a “two-hit”

12,13 14,15

model of leukemogenesis , with in utero development of a pre-leukemic clone

that progresses to overt leukemia following postnatal acquisition of secondary genetic

changes '°

. Deletions of genes involved in cell cycle control, and B-lymphocyte
development and hematopoiesis " ° including, most commonly, CDKN2A, ETVS,
PAX5, and IKZF1 8 comprise a large proportion of the secondary alterations in
childhood B-ALL.

We recently reported a positive association between early-life tobacco smoke
exposure and somatic gene deletions in childhood ALL cases, suggesting a potential
etiologic role for parental and/or household smoking. In 559 childhood ALL cases in the

California Childhood Leukemia Study (CCLS), self-reported maternal and paternal

smoking were associated with an increased number of gene deletions ?°. In a subset of



198 B-ALL cases for whom genome-wide DNA methylation data were available from
lllumina® HumanMethylation450 BeadChip (450K) arrays, we validated this association
using an epigenetic biomarker for maternal smoking during pregnancy at the AHRR
gene 20-22.

In the current study, we examine the association between DNA methylation at
the AHRR CpG cg05575921 and gene deletions in an expanded set of 482 B-ALL
cases in the CCLS, including an additional 284 B-ALL cases with DNA methylation data
now available from Illumina® Infinium MethylationEPIC BeadChip (EPIC) arrays. Further,
we sought to expand our analysis of the impact of prenatal tobacco smoke exposure on

gene deletion burden in childhood B-ALL by using a recently established polyepigenetic

smoking score of in utero tobacco smoke exposure 23,

Materials and Methods

Ethics statement

This study was approved and reviewed by the Institutional Review Boards at the
University of Southern California, the University of California, Berkeley, the California
Department of Public Health, and all participating hospitals. Written informed consent
was obtained from all study participants. This study was conducted in accordance with

the Declaration of Helsinki.

Study population
The CCLS is a population-based case-control study conducted from 1995-2015 to

examine the relationships between various environmental exposures, genetic factors,



and childhood leukemia *°. Cases were identified within 72 hours after diagnosis at
hospitals across California. Eligible criteria include (1) age under 15 years, (2) without
prior cancer diagnosis, (3) residence in California at the time of diagnosis, and (4)
having an English or Spanish-speaking biological parent available for interview.

Controls were not included in the current case-only analysis. Newborn dried bloodspots
(DBS) were obtained from the California Biobank Program Genetic Disease Screening
Program. The current analysis included 482 B-ALL cases with available genome-wide
DNA methylation array data and gene deletion frequency data (Figure 1). Of those with
available race/ethnicity, 228 (58.9%) self-identified as Latino, 102 (26.4%) as non-Latino
White, and 57 (14.7%) as other non-Latino races/ethnicities (including African American,

Native American, Asian, and mixed/other groups) (Table 1).

Somatic copy-number data

Copy-number at 8 commonly deleted gene regions (CDKN2A, ETV6, IKZF1, PAXS5,
BTG1, EBF1, RB1, and genes within the pseudoautosomal region [PAR1] of the sex
chromosomes [CRLF2, CSF2RA, IL3RA]) was assayed in tumor DNA using multiplex

ligation-dependent probe amplification (MLPA), as previously described 2%,

Genome-wide DNA methylation arrays

For 198 B-ALL cases, genome-wide DNA methylation data were already available from
lllumina® 450K arrays 2°?°. For an additional 284 B-ALL cases, germline DNA was
isolated from newborn DBS and bisulfite-treated as previously described #°, and

subsequently assayed on lllumina® EPIC arrays. EPIC arrays include >850,000 CpG
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probes, comprising >90% of CpGs on 450K arrays plus an additional 413,743 CpGs.
CpG beta values were normalized to remove batch effects according to the approach by

26

Fortin et al. Functional normalization was performed with noob background

correction 2’ by using the “preprocessFunnorm” function in the minfi package ?® through
the Bioconductor project 2°*°.

The AHRR CpG ¢cg05575921 is included on both the 450K and EPIC arrays; we
extracted beta values for this CpG for all 284 B-ALL cases assayed on the EPIC array
to test for association with number of gene deletions, as previously performed for the
198 B-ALL cases in the 450K dataset *°.

We also calculated a new polyepigenetic smoking score for sustained maternal
smoking during pregnancy, in both the 450K and EPIC datasets 2. In brief, for 450K
data, we computed a DNA methylation-based smoking score as the linear combination
of 28 previously selected maternal smoking-associated CpGs using their corresponding
logistic LASSO regression coefficients (Supplementary Table S1) %. For EPIC data,
we calculated a score using 26 of the 28 CpGs that are included on the EPIC array,
including the AHRR CpG cg05575921 #*. Cases with missing data for any of these

CpGs (due to detection P-values >0.01) were excluded from analyses involving

polyepigenetic smoking scores.

AHRR DNA methylation quantitative trait locus (mQTL) genotype data
To account for potential genetic effects on DNA methylation at the AHRR CpG
cg05575921, for 198 B-ALL cases (450K) we had available genotype data for SNP

rs148405299, which was identified as an mQTL for cg05575921, as previously



described . Additionally, for the new set of 284 B-ALL cases (EPIC) we genotyped
SNP rs77111113, which is in perfect linkage disequilibrium with rs148405299 across all
populations in LDlink (R? = 1.0) **, using a predesigned TagMan SNP genotyping assay
(ThermoFisher Scientific, Assay ID: C__ 25986435 10). Hereafter, we refer to either

rs148405299 or rs77111113 as the AHRR-mQTL SNP.

Self-reported smoking exposures

Among B-ALL cases with available parent interview data, we tested the association
between the DNA methylation-based biomarkers of maternal tobacco smoking in
pregnancy and self-reported tobacco exposures as assessed by parent interviews %%,
Dichotomous smoking variables (“yes” or “no”) included maternal/paternal ever smoking,
maternal/paternal smoking 3 months before conception (preconception),
maternal/paternal smoking at the time of the interview, maternal smoking during
pregnancy, maternal smoking during breastfeeding, maternal prenatal smoking (during
either preconception or pregnancy), maternal smoking during the year after birth, and
child postnatal passive smoking. Continuous measures (number of cigarettes, pipes, or
cigars per day) included maternal/paternal smoking preconception, maternal smoking
during pregnancy, maternal smoking during breastfeeding, and maternal prenatal
smoking (average of maternal smoking during preconception and during pregnancy).
We also used combinations of responses from parental interviews to infer: 1) which

mothers smoked throughout the entire duration of pregnancy, and 2) which mothers

were never exposed to tobacco smoke from any source during pregnancy, allowing us



to compare the DNA methylation-based biomarker levels of maternal smoking in

pregnancy at these two extremes of self-reported smoking.

Statistical analyses

All statistical analyses were performed in R v 4.0.0 %, All 2-sided p-values below 0.05
indicate statistical significance. All analyses were performed separately in the 450K and
EPIC datasets, including 198 and 284 B-ALL cases, respectively. Means and standard
deviations were summarized to describe the distribution of continuous characteristics,
and frequencies and proportions were computed for categorical characteristics.

We calculated Spearman rank correlation among self-reported tobacco smoking
exposures, DNA methylation at the AHRR CpG cg05575921 and the polyepigenetic
smoking scores. Linear regression models were additionally used to test for association
between DNA methylation at the AHRR CpG c¢g05575921 or the polyepigenetic
smoking scores and self-reported tobacco smoke exposures. To obtain independent
effects of paternal smoking or maternal smoking on DNA methylation, maternal smoking
was adjusted for paternal smoking in linear regression models, and vice versa
(Supplementary Table S2). In addition, associations between the joint exposures of
prenatal and postnatal tobacco smoking and DNA methylation were measured by fitting
linear regression models for composite variables that were newly derived from paternal
smoking preconception, maternal prenatal smoking and child postnatal passive smoking
(Supplementary Table S3). Linear regression models were adjusted for cell type
heterogeneity using principal components (PCs) derived from ReFACTor *, and genetic

ancestry using PCs derived from EPISTRUCTURE 3
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Linear regression models were used to assess whether the DNA methylation-
based biomarkers had significant associations with child’s birth year, with the AHRR-
mQTL SNP being additionally adjusted for DNA methylation at the AHRR CpG
cg05575921 ».

Poisson regression models were used to test association between DNA
methylation at the AHRR CpG cg05575921 and deletion numbers in 284 cases in the
EPIC dataset, and between the polyepigenetic smoking scores and deletion numbers in
both the 450K and EPIC datasets. Models were adjusted for ReFACTor and
EPISTRUCTURE PCs and additionally adjusted for the AHRR-mQTL SNP to control for
potential confounding %. Models for ratios of means (RMs) were calculated for every 0.1
beta-value decrease ?° in AHRR cg05575921 methylation, and for every 4-unit increase
in polyepigenetic scores. We also assessed the association between the polyepigenetic
scores minus the AHRR CpG cg05575921 and deletion numbers. Sensitivity analysis
was conducted in which the Poisson regression models were adjusted for self-reported
race/ethnicity (i.e., Latino, non-Latino White, and non-Latino other), instead of
EPISTRUCTURE PCs, in the subset of cases with available data (Table 1).

Fixed effect meta-analysis models were used to test for heterogeneity between
450K and EPIC datasets, and to generate summary effect estimates accounting for the
variance of each dataset, using R packages tidymeta and metafor ¢ Study
heterogeneity was characterized with |2 statistics and their corresponding p-values *'.

Finally, we repeated the epigenetic biomarker and gene deletions analyses
stratified by: 1) self-reported race/ethnicity, in the subset of B-ALL cases with available

data (Table 1) and limited to Latinos and non-Latino Whites due to sample size; and 2)
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age of diagnosis, limited to =2 years of age, 0 to 5 years of age, and >5 years of age (as

the number of ALL cases diagnosed <1 year of age in our study [n=8] was small).

Results

Demographic characteristics of the 482 B-ALL cases are summarized in Table 1, and
the study design is illustrated in Figure 1. The distribution of deletions among 198 B-
ALL cases in the 450K dataset and in the additional 284 B-ALL cases in the EPIC
dataset were similar (Supplementary Fig. S1 and Supplementary Table S4). In the
450K dataset, 125/198 (63.1%) of cases harbored at least one gene deletion compared

with 162/284 (57.0%) of cases in the EPIC dataset (Supplementary Fig. S1).

Association between self-reported smoking variables and DNA methylation-based
biomarkers of maternal smoking in B-ALL cases

The median AHRR cg05575921 beta-value among B-ALL cases was 0.82 (interquartile
range [IQR]: 0.79-0.85) in the 450K dataset and 0.81 (IQR: 0.78-0.84) in the EPIC
dataset. The median polyepigenetic smoking score was -0.52 among 194 cases (4/198
cases excluded due to missing data) in the 450K dataset (IQR: -1.83-0.95) and 0.83
(IQR: -0.34-2.11) among 284 cases in the EPIC dataset (Supplementary Fig. S2).
Mean methylation beta values of CpGs that were used to generate the polyepigenetic
scores are summarized in Supplementary Table S1. Beta values of most of the CpGs
were significantly different between B-ALL cases in the 450K dataset and the EPIC
dataset (Supplementary Fig. S3), although a significant difference was not found for

DNA methylation at the AHRR CpG cg05575921.
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Self-reported tobacco smoking exposure data were available for all 198 B-ALL
cases in the 450K dataset and 189 out of 284 cases in the EPIC dataset
(Supplementary Table S5). The distributions of smoking variables were similar
between cases in the 450K and EPIC datasets, although in general more cases in the
450K dataset were reported to be exposed to tobacco smoke. We did not find any
evidence that DNA methylation at the AHRR CpG cg05575921 or the polyepigenetic
smoking scores were associated with child’s birth year (Supplementary Fig. S4).

Maternal smoking variables were strongly correlated with each other (rho range:
0.36-1.00) and had relatively lower correlations with paternal smoking variables (rho
range: 0.03-0.48) (Supplementary Fig. S5). The two DNA methylation-based
biomarkers were significantly correlated (450K: rho = 0.54; EPIC: rho = 0.60).
Decreased DNA methylation at the AHRR cg05575921 was correlated with maternal
prenatal smoking exposures in both the 450K and EPIC datasets; it was additionally
correlated with maternal smoking during breastfeeding and child passive smoking (via
parental smoking) in the EPIC dataset. Increased polyepigenetic scores were
significantly correlated with the majority of the self-reported parental smoking exposures
in both 450K and EPIC data.

In both the 450K and EPIC datasets, polyepigenetic smoking scores were
associated with nearly all of the self-reported smoking exposures in multivariable linear
regression models (Figure 2). Decreased AHRR cg05575921 beta-value was mainly
associated with maternal smoking exposures. Furthermore, joint exposures of maternal
or paternal smoking and child postnatal passive smoking were significantly associated

with the two epigenetic biomarkers.
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Independent maternal and paternal smoking effects on DNA methylation were
obtained from multivariable linear regression models (Figure 2). Maternal smoking
exposures remained associated with polyepigenetic smoking scores and AHRR
cg05575921 methylation while adjusting for paternal smoking preconception. In addition,
paternal smoking during preconception remained associated with the polyepigenetic
smoking score when controlling for maternal prenatal smoking. Notably, we found a -
0.091 difference in the mean cg05575921 beta value and a ~4-unit difference for the
polyepigenetic smoking score in the 450K dataset for mothers who smoked throughout
pregnancy compared with mothers who were never exposed to tobacco smoke. The -
0.091 difference is comparable to the previously reported -0.1 difference in AHRR
cg05575921 beta-value of neonates of mothers with high cotinine levels versus mothers
with undetectable cotinine levels *®. Therefore, we considered the corresponding 4-unit
coefficient estimate in the same model for the polyepigenetic score to be biologically
relevant, and subsequently computed RMs of deletion numbers for every 4-unit

increase of the polyepigenetic score in both 450K and EPIC datasets.

DNA methylation-based biomarkers of tobacco smoke exposure are associated
with gene deletion burden in childhood ALL

In the new EPIC dataset of 284 B-ALL cases, we found a 1.31-fold increase in the mean
number of deletions with every 0.1 beta-value decrease in cg05575921 (95% ClI, 1.02-
1.69; Figure 3). After stratifying by sex, a stronger association presented in males (RM,
1.41; 95% CI, 0.99-2.02) compared to females (RM, 1.30; 95% CI, 0.87-1.95)

(Supplementary Table S6), however, these differences were not significant in tests for
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heterogeneity (Pret = 0.599). In a meta-analysis of the 450K and EPIC datasets, the
summary RM (sRM) was 1.32 (95% ClI, 1.10-1.57; Figure 3).

We further extended our original analysis by constructing a DNA methylation-
based smoking score, including the AHRR CpG and over 20 additional CpGs. In the
meta-analysis of the 450K and EPIC datasets, the polyepigenetic score was also
significantly associated with an increased number of deletions with a 1.31-fold increase
in mean number of deletions for every 4-unit increase in the score (95% CI, 1.09-1.57;
Figure 3). Similar effect sizes were seen for the association between the polyepigenetic
score and the number of deletions in the 450K dataset (RM = 1.36; 95% CI, 1.05-1.76)
and the EPIC dataset (RM = 1.26; 95% ClI, 0.97-1.64), although the latter did not reach
statistical significance (Figure 3).

We next explored whether removal of the AHRR CpG cg05575921 would impact
the association between the polyepigenetic score and ALL patient gene deletion burden.
A significant association between the modified polyepigenetic score and the number of
deletions was still observed in the 450K dataset (RM = 1.44; 95% CI, 1.06-1.95), with a
slightly attenuated effect in the EPIC dataset (RM = 1.24; 95% CI, 0.91-1.69; Figure 3).
In the meta-analysis, the polyepigenetic smoking score excluding the AHRR CpG
remained significantly positively associated with number of gene deletions (SRM = 1.34;
95% CI, 1.08-1.66; Figure 3).

No significant interaction effects were detected between the DNA methylation-
based biomarkers and B-ALL cytogenetic subtypes (high-hyperdiploidy [HD-ALL] and

ETV6-RUNX1 fusion) on deletion numbers (Supplementary Table S7).
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Effect sizes from Poisson regression models adjusting for self-reported
race/ethnicity were very similar to those adjusting for EPISTRUCTURE PCs
(Supplementary Fig. S6). In analyses stratified by self-reported race/ethnicity, stronger
associations between the DNA methylation-based biomarkers and gene deletions
presented in non-Latino White compared to Latino B-ALL cases (Supplementary Fig.
S7), although the differences were not significant in tests for heterogeneity (Phet >0.10).
Finally, we assessed potential effects of patient age-at-diagnosis on our results, and
observed similar associations between the epigenetic biomarkers and gene deletion
burden after excluding cases diagnosed <2 years of age to those found in the overall B-
ALL cases (Supplementary Fig. S8); the association between the polyepigenetic
smoking score and gene deletions was slightly stronger among B-ALL cases

diagnosed >5 years of age than those diagnosed <5 years of age (Phet >0.10).

Discussion

Somatic copy-number loss of lymphoid transcription factor and cell cycle control genes
is an important driver of leukemogenesis in childhood ALL. Aberrant recombination-
activating gene (RAG) activity, which normally drives antibody diversification as part of
the adaptive immune system, is thought to underlie the formation of gene deletions in
some ALL patients **“°. However, few epidemiology studies have explored whether
extrinsic factors influence the generation of somatic copy-number alterations in
developing lymphocytes. Here, we provide further evidence that prenatal exposure to

tobacco smoke may induce leukemia-causing gene deletions in ALL patients 2.
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We recently reported that decreased DNA methylation at the AHRR CpG

cg05575921, a biomarker for maternal smoking during pregnancy 4

, was associated
with an increased frequency of somatic gene deletions among childhood B-ALL cases %°.
We have replicated this association in a larger, independent set of childhood B-ALL
cases, assayed on lllumina® EPIC DNA methylation arrays, and found a remarkably
similar effect size with a ratio of means of 1.31 in the current study compared with 1.32
in our previous report. Further, we found a similar positive association between gene
deletion frequency and increased in utero tobacco smoke exposure in ALL cases as
measured by a recently established polyepigenetic smoking score 2°. This association
remained after removal of the AHRR CpG from the smoking score and, thus, we were
able to confirm our findings using an independent epigenetic biomarker.

Previous case-control studies based on questionnaire data reported significant
association between paternal preconception smoking and childhood ALL risk, but no
association between maternal smoking and childhood ALL risk ****% The discrepancy
between our findings and the epidemiological literature on maternal smoking and
childhood ALL risk could be due to several reasons. First, case-control studies limited to
the use of self-reported data may be affected by recall bias, and may include potentially
underreported smoking exposures ** due to a perceived social stigma “, in particular for
maternal smoking. In addition, the two epigenetic biomarkers examined in this study can

reflect particularly sustained maternal smoking throughout pregnancy %234’

, which is
difficult to assess using single survey questions.
Second, we cannot rule out that these epigenetic biomarkers may also be

proxies for non-maternal and/or postnatal tobacco smoke exposures that may impact

17



the generation of gene deletions in childhood ALL. In our study, AHRR cg05575921
methylation was strongly associated with self-reported maternal prenatal smoking,
consistent with previous findings that decreased methylation at cg05575921 was

definitively associated with in utero exposure to maternal smoking %%

, and not overtly
connected to paternal smoking or secondhand smoke exposure %2, However, in contrast,
the polyepigenetic smoking scores were associated with both self-reported maternal
and paternal smoking exposures, suggesting that some CpGs included in this score
may be associated with multiple sources of tobacco exposure. Moreover, both
biomarkers were associated with the cumulative self-reported smoking exposures and
the joint exposures of parental prenatal smoking with child postnatal passive smoking.
These composite variables are indicative of smoking exposures in the household or
residual prenatal smoking exposures that were not captured by single survey questions.

Third, the potential leukemogenic effects of tobacco smoke exposure on gene
deletions in ALL patients may not translate to overall ALL risk in case-control studies,
perhaps due to varying effects in different molecular subtypes. This is supported by the
finding that the combination of paternal prenatal smoking with child postnatal passive
smoking was significantly associated with ETV6-RUNX1 fusion ALL, but not with HD-
ALL '°. HD-ALL is associated with a lower frequency of somatic gene deletions relative
to other ALL subtypes ?° and, in our previous study, self-reported tobacco exposures
were no longer associated with gene deletion frequency in ALL cases when restricted to
HD-ALL ?°, though we did not formally test for interaction. In the current study, we did

not find significant interaction between ALL subtype and the DNA methylation-related

biomarkers, but this may be due to a lack of power and warrants further investigation.
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To our knowledge, this is the first study to (1) compute a polyepigenetic smoking
score using neonatal DNA methylation data from EPIC arrays, and (2) test whether self-
reported smoking exposures were associated with polyepigenetic scores derived from
both 450K and EPIC data. The smoking score was developed by Reese et al. using
450K array data from newborn cord blood samples 2% and, in our study, we found largely
consistent mean methylation beta values for the CpGs used to generate the score
(Supplementary Table S1). Excluding the two CpGs present on 450K but not EPIC
arrays caused little loss of performance in the 450K data; however, the predictive
performance of the score using EPIC array data requires further investigation. We found
that the majority of CpGs in the consensus smoking score showed significantly different
average beta values between 450K and EPIC array data (21/26 CpGs in overall
newborns; 19/26 CpGs in newborns not exposed to tobacco smoke during pregnancy)
(Supplementary Fig. S3). Further, the consensus score was significantly lower in the
450K dataset (0.26 [IQR: -1.03-1.80]) than the EPIC dataset (0.83 [IQR: -0.34-2.11];
Wilcoxon test p = 0.003), despite more newborns in the 450K dataset being exposed to
parental tobacco smoke according to interview data (Supplementary Table S5). The
inter-array differences in the smoking score CpGs did not correspond consistently with
their association with maternal smoking during pregnancy %, nor were they likely
explained by changes in individuals’ smoking behaviors over time (i.e., cohort effect)
(Supplementary Fig. S4). They may instead be due to probe cross-reactivity or a
shifted distribution of methylation values caused by increased Type |l probe

measurements on EPIC arrays “®°.

19



The polyepigenetic smoking score was developed in a homogenous population

from Norway 23

, a country with different smoking habits (e.g. more prevalent use of
hand-rolled cigarettes with higher nicotine and tar content) than the US *°. This may
hamper the performance and generalizability of the score in our study, in which over 50%
of cases were of non-white race/ethnicity, with a particularly large number of Latinos. In
analyses stratified by self-reported race/ethnicity, both epigenetic biomarkers of tobacco
smoke exposure showed a stronger association with the frequency of ALL gene
deletions in non-Latino Whites than in Latinos. This might be attributable to a potentially
superior performance of these biomarkers in predicting prenatal tobacco smoke
exposure in non-Latino Whites compared to Latinos, but this warrants further evaluation
as the number of non-Latino White cases in our study was relatively small. Nonetheless,
the transferability of epigenetic biomarkers developed in largely European ancestry
individuals across ancestrally diverse populations should be determined.

Our study does have several limitations that warrant consideration. Importantly,
the DNA methylation-based biomarkers were derived from newborn DBS, thus we were
not able to assess the potential effects of postnatal tobacco smoke exposure.
Preleukemic clones may be present at birth, but at very low clonal frequencies in whole

blood °1>2

and, thus, are unlikely to have influenced our DNA methylation results. This is
supported by the minimal effects on our results after excluding B-ALL cases diagnosed
<2 years of age. An additional limitation was our limited ability to study the effects of
tobacco smoke exposure across different cytogenetic subtypes of ALL, due to sample

size and a lack of information on subtypes beyond HD-ALL and ETV6-RUNX1 fusion.

Further, our analyses were limited to the 8 commonly deleted genes targeted by the
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MLPA assays. These assays do not provide information on deletion breakpoint
locations, hence we could not explore the molecular mechanisms underlying the
formation of deletions in our ALL cases. Given that aberrant RAG-mediated V(D)J
recombination underlies a large proportion of somatic gene deletions in ALL 3493 it is
compelling that cord blood lymphocytes in newborns of mothers exposed to tobacco
smoke have been found to harbor a significantly increased frequency of off-target RAG
recombination-mediated deletions than in newborns of mothers who were not exposed
to tobacco ****, however, this remains to be examined in the setting of childhood ALL.

In summary, we provide further evidence that prenatal tobacco smoke exposure
may influence the generation of somatic copy-number deletions in childhood B-ALL
cases. Future epidemiological studies that incorporate both information on early-life
exposure to tobacco smoke as well as whole-genome sequencing of ALL tumors and, in
turn, analysis of mutational signatures and deletion breakpoint sequences are required

to investigate the potential mutagenic effects of tobacco smoke in childhood ALL.
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Tables

Table 1. Characteristics of childhood B-ALL cases (n = 482) in the California

Childhood Leukemia Study.

Variables Total (n =482) | 450K (n =198) | EPIC (n =284) | P
Gestational age (weeks), mean (SD) | 39.31 (2.15) 39.51 (1.92) 39.06 (2.39) 0.047
Gestational age unknown (%) 124 (25.7) 124 (43.7)
Age at diagnosis (years), mean (SD) | 5.47 (3.44) 5.36 (3.23) 5.55 (3.58) 0.550
Sex (%)
Females 223 (46.3) 91 (46.0) 132 (46.5) 0.984
Males 259 (53.7) 107 (54.0) 152 (53.5)
Race/ethnicity (%)
Latino 228 (58.9) 115 (58.1) 113 (59.8) 0.914
Non-Latino White 102 (26.4) 54 (27.3) 48 (25.4)
Non-Latino Other 57 (14.7) 29 (14.6) 28 (14.8)
Race/ethnicity unknown (%) 95 (19.7) 95 (33.5)
Deletion number (%)
0 195 (40.5) 73 (36.9) 122 (43.0) 0.459
1 151 (31.3) 64 (32.3) 87 (30.6)
2 88 (18.3) 40 (20.2) 48 (16.9)
3 35 (7.3) 13 (6.6) 22 (7.7)
4 9(1.9 6 (3.0) 3(1.1)
5 4 (0.8) 2(1.0) 2(0.7)

P-values comparing the characteristics of B-ALL cases in the 450K and EPIC array datasets
were calculated using Student's t-tests for continuous variables (gestational age and age at

diagnosis) and Chi-squared tests for categorical variables.
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Figure Legends

Figure 1. Sample flowchart. Left box: ALL cases included in the previous analysis for
the association between early-life tobacco smoke and gene deletion frequencies (n=559)
20 in which 361 cases were analyzed only with interview data and 198 B-ALL cases had
lllumina 450K genome-wide DNA methylation array data available and were thus
included in the analyses of DNA methylation at the AHRR CpG cg05575921. Right box:
samples included in the current study, including 198 B-ALL cases that were analyzed
previously and 284 B-ALL cases now with available EPIC array DNA methylation data
and MLPA gene deletion frequency data, of which 178 overlapped with the 361 cases
that were analyzed previously only with interview data. In total, 482 B-ALL cases are
included in our case-only analysis of prenatal tobacco smoke exposure and gene
deletion frequency. *11 out of 106 B-ALL cases have interview data now available.

Figure 2. Linear regression results for the associations of parental self-reported
tobacco smoke exposures with DNA methylation at the AHRR CpG cg05575921
and with the polyepigenetic smoking score. Paternal and maternal ever smoking
were defined as having smoked at least 100 cigarettes, pipes, or cigars before the
child's diagnosis. Additional dichotomous variables only accounted for whether the
mother or father smoked at all during the time period described. Child postnatal passive
smoking was measured by child secondhand smoking from either parent, or from other
persons aside from parents who smoked indoors, in order to show the presence of a
regular smoker (e.g. the mother, father, or other individual) in the household up to the
child’s third birthday or ALL diagnosis (whichever came first). Cumulative tobacco
exposures were calculated from four binary exposures: paternal smoking during
preconception, maternal smoking during preconception, maternal smoking during
pregnancy, and child's postnatal passive smoking. Parental continuous smoking
exposures were measured by number of cigarettes, pipes, or cigars per day (CPD) in 5-
unit increments. All linear regression models were adjusted for cell type heterogeneity
and genetic ancestry. AHRR CpG cg05575921 beta value was multiplied by -10. Linear
regression models were fitted for each smoking exposure variable in the 450K dataset
and EPIC dataset. Panels show results from linear regression models for the outcome
variable DNA methylation at the AHRR CpG cg05575921 (left) or for the outcome
variable polyepigenetic smoking score (right). Centers of points and horizontal bars
indicate point estimates and 95% confidence intervals. (A) Results from linear
regression models adjusted for cell type heterogeneity and genetic ancestry only. (B)
Independent effects from linear regression models additionally mutually adjusted for
paternal and maternal smoking variables. (C) The joint exposures of prenatal and
postnatal tobacco smoking from linear regression models for newly derived variables of
paternal smoke preconception plus maternal prenatal smoking, maternal prenatal
smoking plus child postnatal passive smoking, and paternal smoke preconception plus
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child postnatal passive smoking. Reference group: cases who were unexposed to both
exposures that make up the joint effect.

Figure 3. Forest plots showing meta-analysis results of the association between
epigenetic biomarkers of prenatal tobacco smoke exposure and gene deletion
frequency in B-ALL cases. The panels include Poisson regression results for the
association between deletion numbers and DNA methylation at the AHRR CpG
cg05575921 (top), the polyepigenetic smoking score (middle), and the polyepigenetic
smoking score excluding AHRR CpG cg05575921 (bottom). Ratio of means (RM) were
calculated for every 0.1 beta value decrease of cg05575921 and every 4-unit increase
of polyepigenetic smoking score. All Poisson regression models were adjusted for cell
type heterogeneity and genetic ancestry. Models with exposure variable DNA
methylation at the AHRR CpG cg05575921 were additionally adjusted for methyl-QTL
SNP genotypes (rs148405299 in the 450K dataset and rs77111113 in the EPIC
dataset). Centers of squares and horizontal bars through each indicate point estimates
and 95% confidence intervals (CI) of individual set RM. Area of squares indicate relative
weights of individual set. Vertical apices of diamonds and horizontal bars through each
indicate summary RM and 95% CI. Relative weights (%) (proportional to the reciprocal
of the sampling variance of the individual set) of two sets, RM, sRM, and 95% CI are
summarized in the right panel.
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