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Abstract

The developing fetus is exposed to chemicals, which are metabolized to electrophiles that form 

adducts with nucleophilic Cys34 of human serum albumin (HSA). By measuring these adducts in 

neonatal blood spots (NBS), we obtain information regarding fetal exposures during the last month 

of gestation. To discover potential risk factors for childhood leukemia resulting from in utero 
exposures, we used untargeted adductomics to measure HSA-Cys34 adducts in 782 archived NBS, 
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collected from incident cases of childhood acute lymphoblastic leukemia (ALL) or acute myeloid 

leukemia (AML) and matched population-based controls. Among a total of 28 Cys34 

modifications that were measured, we found no differences in adduct abundances between 

childhood leukemia cases and controls overall. However, cases of T-cell ALL had higher 

abundances of adducts of reactive carbonyl species and a Cys34 disulfide of homocysteine was 

present at lower levels in AML cases. These results suggest that oxidative stress and lipid 

peroxidation may be etiologic factors of T-cell ALL, and alterations in one-carbon metabolism and 

epigenetic changes may be predictors of AML. Future replication of the results with larger sample 

sizes is necessary.

Keywords

Adductomics; Human serum albumin; Newborn blood spots; Childhood leukemia; In utero 
exposures

1. Introduction

Acute leukemia is the most common cancer among children under the age of 15. Acute 

lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML) represent 80% and 15% 

of childhood leukemia cases, respectively.[1] In the United States, the incidence of 

childhood leukemia has been increasing by about 1% per year to the current rate of 4.6 cases 

per 100,000 children per year.[2] Childhood leukemia is a biologically heterogeneous 

disease with subtypes defined by cell lineage and cytogenetic characteristics, such as 

chromosome translocations and aneuploidy.[3]

By measuring leukemic translocations in archived newborn blood spots (NBS) or stored cord 

blood, Greaves and colleagues inferred that many childhood leukemias originated in utero 
with about 1% of live births harboring preleukemic clones.[4,5] However, because only 

about 1% of children with these clones eventually developed leukemia, the etiology of this 

disease appears to involve at least two events, an initiating event in utero followed by 

postnatal genetic or epigenetic changes that lead to overt leukemia.[4,6] Although the factors 

contributing to these causal prenatal and postnatal events are not well understood, the 

increasing incidence of childhood leukemia over time, particularly in affluent countries, 

suggests contributions from environmental factors.[1,4,7]

Both the fetus and developing child receive myriad chemical exposures from endogenous 

(e.g., human and microbial metabolism) and exogenous sources (e.g., infections, the diet, 

xenobiotics, and parental smoking). Although many of these chemicals are stable molecules 

that can be characterized via metabolomics[8] and proteomics, others are reactive 

intermediates of metabolism and oxidative stress that can alter physiological processes in 

early life but cannot be measured in vivo. Since the sulfhydryl group at Cys34 of human 

serum albumin (HSA) is a powerful scavenger of electrophiles, including reactive oxygen 

species, in the interstitial space,[9] we adapted an untargeted adductomics method based on 

nanoflow liquid chromatography-high resolution mass spectrometry (nLC-HRMS)[10] to 

characterize Cys34 modifications (adducts) in archived NBS.[11] Because HSA has a 
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residence time of 28 days,[12] Cys34 adducts in NBS capture systemic exposures occurring 

during the last month of gestation.

Our adductomics methodology was validated with 49 archived NBS collected from 

newborns whose mothers either actively smoked during pregnancy or were nonsmokers.[11] 

Of the 26 Cys34 adducts that were detected, the Cys34 adduct of cyanide was found to 

consistently discriminate between newborns of smoking and nonsmoking mothers. Since 

hydrogen cyanide is a component of cigarette smoke, these results indicate the suitability of 

NBS-based adductomics for investigating in utero exposures to reactive electrophiles that 

may influence disease risks later in life.

Here, we extended the investigation of Cys34 adducts in archived NBS to discover potential 

risk factors for childhood leukemia. Participants included 338 ALL cases and 45 AML cases 

and matched controls from the California Childhood Leukemia Study (CCLS), a population-

based case-control study.[13] Of the 28 adducts measured, some were found to differ in 

abundance between children who developed specific types of leukemia and healthy controls.

2. Materials and Methods

2.1 Chemicals and Reagents

Acetonitrile (Ultra Chromasolv, LCMS grade), triethylammonium bicarbonate (TEAB) 

buffer (1 M), ethylenediamine-tetraacetic acid (EDTA, anhydrous), and porcine trypsin were 

from Sigma-Aldrich (St. Louis, MO). Methanol (Optima, LCMS grade), formic acid 

(Optima, LCMS grade), and iodoacetamide (IAA) were from Fisher Scientific (Pittsburgh, 

PA). Purified human hemoglobin was from MP Biomedicals, LLC (Santa Ana, CA). 

Isotopically labeled T3 (iT3) with sequence AL-[15N,13C-Val]-LIAFAQYLQQCPFEDH-

[15N,13C-Val]-K was custom-made (>95%, BioMer Technology, Pleasanton, CA), and the 

carbamidomethylated iT3 (IAA-iT3)[14] was used as an internal standard to monitor 

retention time and mass drifts, as well as drift in instrument performance. Water was 

prepared with a PureLab purification system (18.2 mΩ cm resistivity at 25 °C; Elga 

LabWater, Woodridge, IL).

2.2 Study Subjects and Specimens

Parents participating in the CCLS[13] provided informed consent and (when appropriate) 

participating children provided assent according to human-subjects protocols approved by 

internal review boards of the University of California and the State of California. Incident 

cases of newly diagnosed ALL and AML among children under age 15 were ascertained 

from major clinical centers in northern and central California. Controls were randomly 

selected from birth certificates obtained through the California Office of Vital Records. 

Cases and controls were individually matched on child’s month and year of birth, sex, 

Hispanic ethnicity based on birth certificates, and maternal race.[13] Parents were 

interviewed to collect information on potentially etiologically-relevant exposures.

Archived newborn NBS were retrospectively obtained from the California Department of 

Public Health, Genetic Diseases Screening Branch.[15] The NBS were collected at birth and 

had been archived at −20 °C for 12 to 33 years prior to the present investigation. We used 
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single, 4.7-mm NBS punches (equivalent to 5 – 8 μL of whole blood) from a total of 782 

subjects; including 386 cases (of which 338 were ALL cases and 45 were AML cases) and 

396 controls. Figure 1 shows the number of cases and controls for each childhood leukemia 

subtype.

Summary statistics for the 782 subjects included in this analysis are presented in Table 1, 

with and without stratification by leukemia subtype. As expected from the matched design, 

cases and controls were similar with respect to sex, ethnicity, birth year, and NBS age, both 

overall and when considering ALL and AML separately. The mean age at diagnosis was ~6 

years for both ALL and AML cases.

2.3 Sample Preparation and nLC-HRMS Analysis

For each subject, one 4.7-mm NBS punch was analyzed to detect and quantify HSA-Cys34 

adducts as described previously.[11] Briefly, proteins were extracted from NBS and 

concentrations of hemoglobin (Hb)[11] were measured to normalize for blood volume using 

UV-Visible absorption spectroscopy. Hb concentrations were similar between cases and 

controls (Table 1), indicating that the NBS punches had comparable blood volumes. 

Methanol was added to enrich HSA by precipitating Hb and other interfering proteins and 

the supernatant was digested with trypsin and pressure cycling. The digests were analyzed 

with an Orbitrap Elite HRMS coupled to a Dionex Ultimate 3000 nanoflow LC system with 

a nano-electrospray ionization source (Thermo Fisher Scientific, Waltham, MA). The MS 

was operated in data-dependent mode, and tandem MS (MS2) fragmentation spectra were 

acquired in the linear ion trap. Samples were analyzed in four batches of ~200 samples, and 

duplicate injections were made for each sample.

2.4 Adduct Identification, Quantification, and Annotation

Cys34 adducts were identified, quantified, and annotated as described previously in detail.

[10] Briefly, Cys34 adducts were pinpointed from the MS2 spectra as modifications to the 

third largest tryptic peptide (T3) with the sequence 21ALVLIAFAQYLQQC34PFEDHVK41 

(m/z = 811.7594). Triply charged precursor ions with m/z = 811.7594 ± Δm/z, where Δm/z 
represents the mass added to the T3-thiolate ion (Cys34-S−), were classified as putative 

Cys34 adducts. The tryptic peptide adjacent to T3 with sequence 42LVNEVTEFAK51 

(doubly charged precursor ion at m/z = 575.3111) was used as a ‘housekeeping peptide’ to 

adjust for the amount of digested HSA in each sample. An isotopically labeled and 

carbamidomethylated T3 peptide (IAA-iT3)[14] was used as an internal standard to monitor 

instrument performance. Adduct abundances were obtained by peak picking and integration 

using the Xcalibur Processing Method (version 3.0, Thermo Fisher Scientific, Waltham, 

MA) based on the average monoisotopic masses (MIMs) (5 ppm mass accuracy) and RTs of 

the putative adducts, as described previously.[11] Putative adducts were annotated with 

database searches based on the proposed empirical formula.[11] Mass accuracies were 

estimated by differences between theoretical and observed MIMs.

2.5 Data Preprocessing and Normalization

All statistical analyses were performed using the R statistical programming environment as 

described previously.[11] Briefly, adduct abundances were log-transformed and the means of 
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duplicate measurements were calculated. After averaging the duplicate measurements, 

missing values were imputed using k-nearest adduct neighbor imputation with k = 3 (see 

Supplemental Methods in Supporting Information for details). Using the Bioconductor R 

package ‘scone’[16,17], the optimal scheme for removing unwanted variation used DESeq 

scaling and adjusted for batch effects, instrument performance, digested HSA, blood 

volume, and NBS age. Here, ‘batch effects’ refers to the four batches of samples; 

‘instrument performance’ was indicated by the abundance of the internal standard (IAA-iT3) 

in each sample; ‘digested HSA’ was quantified by the abundance of the housekeeping 

peptide in each sample; ‘blood volume’ was indicated by measurements of Hb in each 

sample; and ‘NBS age’ (y) was used to account for storage-related differences in the 

samples.

2.6 Identification of Discriminating Adducts

This exploratory study was designed to discover adducts that are associated with childhood 

leukemia and can motivate hypotheses and follow-up of potentially causal exposures or 

pathways. To find robust associations between adduct abundances and case-control status, a 

combination of regression and classification models - previously described in detail [11] - 

was used to find adducts that discriminated childhood leukemia cases from matched controls 

overall and separately for ALL and AML. For ALL, we performed additional analyses 

stratified by the major subgroups, which included B-cell ALL, B-cell ALL with high-

hyperdiploidy (51-67 chromosomes), B-cell ALL with t(12;21) chromosome translocation, 

and T-cell ALL (Figure 1).

First, the following multivariate linear regression model was fitted:

Y i = β0 + β1Xcase + β2XSex + β3XEthnicity + β4XBatch + β5XHK + β6XIS + β7XHb
+ β8XNBS Age + εi,

(1)

where Yi represents DESeq scaled and log transformed abundances for the ith adduct; Xcaco 

is the binary case/control variable, XSex and XEthnicity are binary, matching variables; XBatch 

is a categorical variable for the four batches; XHK and XIS represent abundances for the 

housekeeping peptide and the internal standard, respectively; XHb represents Hb 

concentrations; and XNBS Age represents NBS ages. Adducts were ranked by the nominal p-

values of the coefficient β1, and the case-control fold-changes in adduct abundances were 

calculated as exp(β1). Second, a least absolute shrinkage and selection operator (lasso) 

logistic regression model was fit with case-control status regressed on the scaled, logged, 

and normalized adduct abundances of all 28 Cys34 adducts along with the matching 

variables (i.e., sex, ethnicity). The lasso regression was performed on 500 bootstrapped 

datasets and adducts were ranked by the proportion of times each adduct was selected into 

the model out of 500 bootstrap iterations. To ensure robust results, this process was repeated 

with a range of lasso penalty parameter values. Lastly, adducts were ranked using random 

forest variable importance measures. A random forest with 500 trees was constructed to 

predict the case-control status based on all 28 Cys34 adducts and the matching variables. 

The mean decrease in Gini index was used to rank adducts by their importance in the 

random forest classifier. This ensemble of variable selection methods was repeated 
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separately for subjects stratified by sex with no apparent differences in results from the 

combined analyses. Adducts that had a nominal p-value ≤ 0.05 for case control status in 

Model (1) and were also within the top-10 ranking adducts by lasso and random forest were 

selected for further investigation.

3. Results

3.1 Data Preprocessing and Normalization

The reproducibility of measurements from duplicate injections was visually assessed using 

side-by-side boxplots of the differences in duplicate measurements for each subject (Figure 

S1A) and side-by-side boxplots of relative log abundances (RLA) of duplicate 

measurements for each subject [18] (Figure S1B). The RLA for a given adduct is defined as 

the log-ratio of the adduct’s abundance in each sample to the median abundance across 

samples. Since there were no obvious outliers from the boxplots of the differences in 

duplicate measurements (Figure S1A) and RLA boxplots (Figure S1B), all samples were 

kept for downstream analyses. Four adducts that were missing in over half of the samples 

were removed (Figure S2) after confirming that missing values did not differ significantly 

between cases and controls (Fisher’s exact test). The remaining missing values were 

imputed using k-nearest neighbors, with k=3 (Figure S3). This left a total of 782 subjects 

and 28 adducts of Cys34 and other T3-related peptides for statistical analyses.

Figure 2 shows RLA boxplots before (Figure 2A) and after normalization (Figure 2B). There 

were noticeable batch effects that were effectively removed by normalization (Figure 2B). 

When each of the variables used for normalization (i.e., instrument performance, digested 

HSA, NBS age and blood volume) was investigated separately by the sample run order 

(Figure S4), most of the batch-related variation observed in Figure 2A was traced to 

variation in instrument performance and digested HSA.

3.2 Adducts Detected in Archived NBS

Table 2 shows the 28 Cys34 adducts and other T3-related peptides that were detected in the 

NBS samples. In addition to the unmodified T3 peptide, a variety of adducts was observed, 

including Cys34 sulfoxidation products, Cys34 disulfides with low-molecular-weight thiols, 

and Cys34 adducts with reactive carbonyl species and other reactive molecules. Eighteen of 

the 28 T3-derived analytes are recurring products observed in previous analyses of plasma/

serum samples.[10,19-21] Of the remaining 10 adducts, three were new to the present study 

(unknown adducts 824.41, 862.11 and 862.77) for which representative MS2 spectra are 

shown in Figure S5, and seven were observed in a previous pilot analysis of archived NBS 

collected from newborns whose mothers either actively smoked during pregnancy or were 

nonsmokers.[11] The mean value for scaled, logged, and normalized adduct abundances was 

13.8 (range: 11.9 to 16.4) (Figure S6).

3.3 Adducts Associated with Childhood Leukemia

Using a nominal p-value = 0.05 as a cutoff, none of the adducts discriminated between cases 

and controls for childhood leukemia overall (Figure S7, Table S1), for total ALL (Figure S8, 

Table S2), for total B-cell ALL (Figure S9, Table S3), or for B-cell ALL subgroups with 
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either high-hyperdiploidy (Figure S10, Table S4) or the t(12;21) translocation (Figure S11, 

Table S5). In fact, only the small T-cell ALL subgroup (N=19 cases) showed statistical 

evidence that adduct levels differed between cases and controls (Figure 3, Table S6). For T-

cell ALL, adducts 835.11 (S-addition of crotonaldehyde; fold-change = 1.44, nominal p-

value = 0.03), 830.43 (putative S-addition of acrolein; fold-change = 1.49, nominal p-value 

= 0.05), and 851.43 (S-addition of cysteine; fold-change = 1.72, nominal p-value = 0.05) 

were the top-three adducts ranked by Model (1) and were within the top-6 ranking adducts 

by lasso and random forest.

Results of variable selection for AML are summarized in Figure 4 and Table S7. The Cys34 

homocysteine adduct with loss of H2O (adduct 850.10) was first-ranked by Model (1) 

(Figure 4A, fold-change = 0.66, nominal p-value = 0.01) and by lasso (Figure 4B), and 

second-ranked by random forest (Figure 4C). Although adduct 851.43 (S-addition of 

cysteine) was second-ranked by Model (1) with a nominal p-value of 0.05 (fold-change = 

0.65) and fourth ranked by lasso, this adduct was not highly ranked by random forest.

4. Discussion

The purpose of this study was to perform untargeted adductomics with archived NBS to 

characterize in utero exposures to reactive electrophiles that are associated with childhood 

leukemia. In our previous adductomics study of NBS from newborns of smoking and 

nonsmoking mothers, we had shown the importance of preprocessing and normalization 

steps to remove unwanted technical variation prior to downstream statistical analyses for the 

detection of differential adduct abundance.[11] Results from the current study reinforce this 

finding. Indeed, over the several months required for analysis of 782 samples in this study, 

normalization for instrument performance, digested HSA, NBS age and blood volume 

proved to be essential in removing unwanted variation in adduct levels (Figures 2 and S4). 

Such technical variation can easily obscure detection of case-control differences.

While no clear associations were detected between adduct abundances and either childhood 

leukemia or ALL overall, the results from our stratified analyses suggest that distinct 

etiologies exist across ALL subtypes.[22] In particular, Cys34 modifications by 

crotonaldehyde (835.11) and putative acrolein (830.43) were more abundant in cases with T-

cell ALL than matched controls (Figure 3). However, these results need to be confirmed in 

future studies since the sample size of the T-cell ALL subgroup was small in this study (19 

cases and matched controls). Since crotonaldehyde and acrolein are reactive α, β-

unsaturated aldehydes produced by reactions between reactive oxygen species and 

membrane lipids,[23] elevated levels of these Cys34 adducts of reactive carbonyl species 

point to involvement of oxidative stress in this ALL subtype. Indeed, increased levels of 

oxidative damage to proteins, as measured by protein carbonylation, has been observed in 

ALL cases.[24] Interestingly, the crotonaldehyde adduct (835.11) was also one of the top-

ranked features for B-cell ALL with (t12:21) by all three variable-selection methods (Figure 

S11) even though the nominal p-value = 0.34 for a case-control difference (fold-change = 

1.13) was greater than the 0.05 cutoff.
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In the smaller set of AML cases and matched controls, a Cys34 adduct of homocysteine 

(850.10, fold-change = 0.66) was consistently highly-ranked for associations between 

adducts and case-control status (Figure 4) and offers potential insight into AML etiology. 

Homocysteine is involved in folate-mediated one-carbon metabolism and is a key 

intermediate in the methionine recycling pathway.[25] Remethylation of homocysteine 

produces methionine, which is a precursor for S-adenosylmethionine, a universal methyl 

group donor that plays an important role in DNA methylation.[26] Since DNA methylation 

is an important epigenetic mechanism, altered levels of homocysteine could lead to 

abnormal methylation patterns, which are often seen in cancer cells.[27-29] DNA 

methylation is regulated by DNA methyltransferases (DNMTs), and DNMT3A is one of the 

most frequently mutated genes in adult AML.[30] Mutations in epigenetic regulators have 

been shown to occur as early events in hematopoietic stem cells to produce preleukemic 

clones that can accrue additional proliferative mutations leading to AML.[31-33] However, 

Bolouri et al. recently showed that the genomic, transcriptomic, and epigenomic landscapes 

of adult and childhood AML differ substantially, with mutations in epigenetic regulators, 

such as DNMT3A, being either absent or less frequent in childhood AML.[30] However, 

epigenetics of childhood AML is not well characterized compared to adult AML, and 

epigenetic aberrations involving hypermethylation of CpG island gene promoters and 

hypomethylation of other regions may contribute to childhood AML.[30,34,35]

Since plasma homocysteine is also an inverse indicator of folate status,[36,37] lower levels 

of the homocysteine adduct in AML cases may reflect higher folate levels among cases. This 

is interesting because folate has been shown to protect against cancer initiation while also 

promoting pre-neoplastic cells and subclinical cancers.[38] Moreover, cancer proliferation is 

inhibited by limiting the supply of folic acid and its active tetrahydrofolate metabolites and 

forms the basis for antifolate drugs in cancer therapy.[38] On the other hand, meta-analysis 

of 12 case-control studies from the Childhood Leukemia International Consortium[39] 

found a protective effect of maternal folic acid supplementation against both ALL (odds 

ratio [OR] = 0.80; 95% CI: 0.71, 0.89) and AML (OR = 0.68; 95% CI: 0.48, 0.96).[40] 

Although no associations were observed for childhood AML and polymorphisms in 

methylenetetrahydrofolate reductase (MTHFR) that regulates 5-methyl tetrahydrofolate and 

DNA synthesis, an increased risk of AML was observed for genetic variation in methionine 

synthase that catalyzes remethylation of homocysteine to methionine, with an OR of 2.74 

(95% CI: 1.07, 7.01).[41] Dysfunction in methionine synthase can disrupt the synthesis of 

purines and thymidine and thereby impact rapidly dividing blood cells in the bone marrow.

[25]

In addition to being remethylated to methionine, homocysteine can also be irreversibly 

degraded via the transsulfuration pathway to cysteine.[25] Homocysteine is metabolized by 

cystathionine β-synthase (CBS) to cystathionine, which is subsequently converted to 

cysteine by cystathionine γ-lyase.[25] This relationship between homocysteine and cysteine 

may explain why the Cys34 cysteinylated adduct (851.43, fold-change = 0.65) was also 

highly ranked for AML by two of the three variable-selection methods (Figure 4A, B). 

Moreover, CBS contributes to the endogenous production of hydrogen sulfide, which has 

been shown to promote cancer progression, possibly by disrupting redox homeostasis or 

stimulating cell proliferation and survival.[42,43] Thus, while the relationship between CBS 
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activity and leukemogenesis is unknown, it is possible that CBS dysfunction promotes AML 

through modulation of homocysteine and hydrogen sulfide. Our results, showing lower 

levels of the homocysteine and cysteine adducts in NBS from AML cases compared to 

controls, further suggest that development of AML may be mediated by alterations in 

methionine metabolism prior to birth.

5. Conclusion

We performed untargeted adductomics using 782 NBS from a population-based case-control 

study to identify HSA-Cys34 adducts associated with childhood leukemia. Although we 

found no differences in Cys34 adduct abundances overall between cases and controls of 

either childhood leukemia or ALL, T-cell ALL had higher abundances of adducts of reactive 

carbonyl species, suggestive of oxidative stress and lipid peroxidation as potentially 

etiologic factors. Interestingly, there was a 44 percent decrease in abundances of a Cys34 

homocysteine adduct in AML cases compared to controls. Since homocysteine is an 

important intermediate in the folate-methionine metabolism, this may point to alterations in 

one-carbon metabolism and epigenetic changes as predictors of AML. Future studies should 

include larger sample sizes of ALL/AML cases and their subtypes to replicate these findings 

and further explore their implications. We also emphasize that our findings of apparent 

differences in NBS-adduct abundances between childhood leukemia cases and controls 

points to potentially causal events occurring prior to birth.
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Abbreviations:

ALL acute lymphoblastic leukemia

AML acute myeloid leukemia

CBS cystathionine β-synthase

CCLS California Childhood Leukemia Study

CI confidence interval

cvAUC cross-validated area under the estimated receiver operating 

characteristic curve

Cys34 cysteine at position 34 in human serum albumin
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DNMT DNA methyltransferase

Hb hemoglobin

HSA human serum albumin

MIM monoisotopic mass

MS2 tandem mass spectrometry

m/z mass-to-charge ratio

NBS neonatal blood spot

nLC-HRMS nanoflow liquid chromatography-high resolution mass spectrometry

OR odds ratio

RLA relative log abundance

RT retention time

T3 third largest tryptic peptide of human serum albumin containing 

Cys34
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Highlights

• Untargeted adductomics was used to analyze 782 archived newborn dried 

blood spots

• HSA-Cys34 modifications were compared between childhood leukemia cases 

and controls

• T-cell ALL had higher abundances of adducts of reactive carbonyl species

• A Cys34 adduct of homocysteine discriminated between AML cases and 

controls
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Figure 1. 
Number of cases and controls in each subtype of childhood leukemia of the 782 subjects 

included in the analysis.

Yano et al. Page 15

Leuk Res. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Relative log abundance (RLA) plots (A) before and (B) after normalization.
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Figure 3. 
Variable selection for T-cell ALL cases and controls using (A) multivariate linear regression, 

(B) lasso logistic regression on bootstrapped data, and (C) random forest. (A) Volcano plot 

showing the case/control fold-change for each adduct and the corresponding nominal p-

value for each adduct. The dotted line represents a nominal p-value of 0.05. (B) Adducts 

ranked by the proportion of times each adduct was selected into by bootstrap lasso out of 

500 iterations. (C) The top 20 adducts ranked by random forest variable importance (i.e., 

mean decrease in Gini index).
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Figure 4. 
Variable selection for AML cases and controls using (A) multivariate linear regression 

[Model (1)], (B) lasso logistic regression on bootstrapped data, and (C) random forest. (A) 

Volcano plot showing the case/control fold-change and the corresponding nominal p-value 

from Model (1) for each adduct. The dotted line represents a nominal p-value of 0.05. (B) 

Adducts ranked by the proportion of times each adduct was selected by bootstrap lasso out 

of 500 iterations. (C) The top 20 adducts ranked by random forest variable importance (i.e., 
mean decrease in Gini index).
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Table 1.

Summary characteristics of all subjects overall, and stratified by ALL and AML.

Overall ALL AML

Cases Controls Cases Controls Cases Controls

Number of samples 386 396 338 332 45 44

Child's sex

Male 222 227 191 188 28 27

Female 164 169 147 144 17 17

Child's ethnicity

Hispanic 180 185 158 156 22 22

Non-Hispanic 206 211 180 176 23 22

Child's birth year

Mean (SD) 1996 (4) 1996 (4) 1996 (4) 1996 (4) 1997 (5) 1997 (5)

Min 1985 1985 1985 1985 1986 1986

Max 2006 2006 2005 2005 2006 2006

Child's age at diagnosis (y)

Mean (SD) 5.69 (3.56) 5.70 (3.45) 5.64 (4.37)

Min 0.00 0.00 0.00

Max 14.76 14.76 14.06

NBS age (y)

Mean (SD) 22 (4) 22 (4) 22 (4) 22 (4) 21 (5) 21 (5)

Min 12 12 13 13 12 12

Max 33 33 33 33 32 32

Hb (mg/mL)

Mean (SD) 1.83 (0.51) 1.86 (0.46) 1.85 (0.50) 1.86 (0.46) 1.68 (0.52) 1.96 (0.45)

Min 0.48 0.41 0.48 0.41 0.74 0.71

Max 3.56 3.17 3.56 3.17 3.51 3.14
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Table 2.

Analytes derived from the T3 peptide that were detected in archived NBS from childhood leukemia cases and 

controls.

Peptide Median
RT (min)

MIM
observed
(m/z, 3+)

MIM
theoretical
(m/z, 3+)

ΔMass
(ppm)

Added
mass
(Da)

Elemental
composition
of added
mass

Annotation

796.43
a,c,d,e 25.67 796.4297 796.4301 −0.50 −45.9876 −CH2S Cys34→Gly

800.43
c,d,e 26.75 800.4296 800.4301 −0.62 −33.9879 −SH2 Cys34→Dehydroalanine

805.76
a,c,d,e 25.46 805.7615 805.7618 −0.37 −17.9922 −SH2, +O Cys34→Oxoalanine or formylglycine

810.43
a 25.73 810.4336 −3.9759 Unknown

811.09
a 25.24 811.0872 811.0875 −0.37 −2.0151 −H2 Cys34 Sulfenamide

811.76
a,b,c,d,e 26.36 811.7589 811.7594 −0.62 1.0078 +H Unmodified T3

f

815.76
a 25.61 815.7591 815.7594 −0.37 12.0006 +CH2O, −H2O CH2 crosslink

816.42
a,b,c,d,e 23.97 816.4187 816.4191 −0.49 13.9794 −H2, +O Cys34 Sulfinamide

f

816.43
a,b,c,d,e 26.63 816.4310 816.4312 −0.24 15.0241 +CH3 Methylation (not at Cys34)

819.09
a 26.70 819.0870 819.0867 0.37 22.9921 +Na S-Sodiation

820.09
a,b,c,e 26.21 820.0911 820.0911 0.00 26.0044 +CN S-Cyanylation

821.75
a,b 26.13 821.7504 821.7507 −0.37 30.9823 −H2, +O2 Cys34 Sulfonamide

822.42
a,b,c,d,e 25.66 822.4222 822.4226 −0.49 32.9977 +HO2 Cys34 Sulfinic acid

f

824.41 25.81 824.4082 38.9557 Unknown

827.09
a,b,c 26.05 827.0940 827.0945 −0.60 47.0131 +CH3O2 S-(O)-O-CH3

827.75
a,b,c,d,e 25.97 827.7536 827.7543 −0.85 48.9919 +HO3 Cys34 Sulfonic acid

f

830.43
a,c 25.90 830.4343 830.4348 −0.60 57.0340 +C3H5O Putative S-addition of acrolein

832.43
a 26.32 832.4259 832.4262 −0.36 63.0088 +CH3O3 Unknown

835.11
a,c,e 26.44 835.1070 835.1066 0.48 71.0521 +C4H7O S-Addition of crotonaldehyde

f

845.11
a 26.05 845.1092 845.1102 −1.18 101.0587 +C5H9O2 Unknown

850.10
a,c,d,e 26.59 850.0957 850.0958 −0.12 116.0182 +C4H6NOS S-Addition of hCys (−H2O)

851.43
a,b,c,d,e 24.66 851.4269 851.4274 −0.59 120.0118 +C3H6NO2S S-Addition of Cys

f

857.44
a 26.39 857.4417 857.4419 −0.23 138.0562 +C7H8NO2 Unknown

862.11 26.89 862.1136 152.0719 Unknown

862.77 25.97 862.7735 154.0516 Unknown

870.43
a,b,c,d,e 24.14 870.4347 870.4345 0.23 177.0352 +C5H9N2O3S S-Addition of CysGly

f

913.45
a,b,c,d,e 24.77 913.4485 913.4487 −0.22 306.0766 +C10H16N3O6S S-Addition of GSH

f
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Peptide Median
RT (min)

MIM
observed
(m/z, 3+)

MIM
theoretical
(m/z, 3+)

ΔMass
(ppm)

Added
mass
(Da)

Elemental
composition
of added
mass

Annotation

918.12
a,b 25.14 918.1204 320.0923 Unknown

Cys, cysteine; hCys, homocysteine; CysGly, cysteinylglycine; GSH, glutathione; MIM, monoisotopic mass; RT, retention time.

a
Also detected by Yano et al. 2018.[11]

b
Also detected by Liu et al. 2018.[19]

c
Also detected by Grigoryan et al. 2018.[20]

d
Also detected by Lu et al. 2017.[21]

e
Also detected by Grigoryan et al. 2016.[10]

f
Annotation confirmed with a synthetic standard.
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