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ABSTRACT

Background: Choline is essential for healthy cognitive development. Single nucleotide polymorphisms (SNPs; rs3199966(G), rs2771040(G)) within the
choline transporter SLC44A1 increase risk for choline deficiency. In a choline intervention trial of children who experienced prenatal alcohol exposure
(PAE), these alleles are associated with improved cognition.

Objective: This study aimed to determine if SNPs within SLC44A41 are differentially associated with cognition in children with PAE compared with
normotypic controls (genotype x exposure). A secondary objective tested for an association of these SNPs and cognition in controls (genotype-only).
Design: This is a secondary analysis of data from the Collaborative Initiative on Fetal Alcohol Spectrum Disorders. Participants (163 normotypic controls,
162 PAE) underwent psychological assessments and were genotyped within SLC4441. Choline status was not assessed. Association analysis between
genotype x exposure was performed using an additive genetic model and linear regression to identify the allelic effect. The primary outcome was the
interaction between SLC4441 genotype X exposure status with respect to cognition. The secondary outcome was the cognitive—genotype association in
normotypic controls.

Results: Genotype x exposure analysis identified 7 SNPs in SLC44A41, including rs3199966(G) and rs2771040(G), and in strong linkage (D’ > 0.87),
that were associated (adjusted P < 0.05) with reduced performance in measures of general cognition, nonverbal and quantitative reasoning, memory, and
executive function (, 1.92-3.91). In controls, carriers of 1s3199966(GT or GG) had worsened cognitive performance than rs3199966(TT) carriers (f,
0.46-0.83; P < 0.0001), whereas cognitive performance did not differ by rs3199966 genotype in those with PAE.

Conclusions: Two functional alleles that increase vulnerability to choline deficiency, 1s3199966(G) (Ser644Ala) and rs2771040(G) (3’ untranslated
region), are associated with worsened cognition in otherwise normotypic children. These alleles were previously associated with greater cognitive
improvement in children with PAE who received supplemental choline. The findings endorse that choline benefits cognitive development in normotypic
children and those with PAE.

Keywords: choline, cognition, CTL1, fetal alcohol spectrum disorder, memory, nutrigenomics, rs3199966, rs2771040, single nucleotide polymorphism
(SNP), SLC44A41
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Introduction

Prenatal alcohol exposure (PAE) causes life-long deficits in
cognition, learning, memory, and executive function [1,2]. These can
be accompanied by growth restrictions and physical anomalies and are
collectively described under the umbrella term Fetal Alcohol Spectrum
Disorders (FASD). FASD is more common than generally appreciated;
in the United States, 5.2% of pregnant females self-report binge
drinking (>4 drinks per occasion) in the prior 30 d [3], and 8.4% of
newborn bloodspots test positive for alcohol exposure [4]. These fre-
quencies are consistent with prevalence studies in which 1% to 5% of
children meet the diagnostic criteria for FASD [5]. There is consider-
able interest in identifying factors that modulate the impact of PAE,
and a major focus of these intervention trials is the micronutrient
choline [6,7].

Although choline is essential for healthy brain development [8,9],
its intake is often limiting during the high-demand periods of preg-
nancy and lactation [10,11]. Supplemental choline significantly im-
proves offspring cognition and memory [8,9,12], prompting parallel
investigations for FASD. Preclinical studies report that supplemental
choline improves memory, learning, and cognition in alcohol-exposed
offspring [6,13—15], whether provided during the fetal and/or postnatal
periods. Clinical trials report similar improvements. Infants born to
females who received prenatal choline (740 mg/d choline) and a
multivitamin/mineral supplement had significantly improved measures
of visual memory in a habituation—dishabituation memory test [16] and
better performance in a reaction time attentional task at preschool
follow-up [17]. Similarly, infants born to mothers having greater
adherence to a gestational choline intervention (2 g/d) had better
learning in an eyeblink conditioning task at age 6 mo and a visual
recognition memory task at 12 mo [18]. In young children (ages 2-5 y),
a 9-mo choline intervention (500 mg/d) conferred improvements in
tests of delayed memory [19], and nonverbal intelligence quotient,
working memory, and executive function at 4- and 7-y follow up
[20,21], suggesting these benefits persist.

However, choline’s nuanced benefits in these clinical studies sug-
gest the presence of additional modifying factors. An important
modulator of choline’s action is genetics. Numerous genetic variants
have been described for choline-related genes that govern choline
synthesis, absorption, or utilization [22-24]. Carriers of these effect
alleles may be at greater risk for deficiency under marginal choline
intakes. We recently identified single nucleotide polymorphisms
(SNPs) within the ubiquitous choline transport SLC44A41 (CTLI,
choline-like transporter-1) that are associated with cognitive perfor-
mance. Specifically, in children with FASD who received a 9-mo
choline intervention [19], we identified effect alleles in SLC44A1,
including the functional SNPs rs3199966(G) and rs2771040(G), that
were associated with greater pre/postintervention improvement in a
sequential memory task [25]. Because these minor alleles are also
associated with greater vulnerability to choline deficiency [22,24], we
speculated that those carriers had unmet choline needs and thus derived
greater benefit from the supplement. These findings suggest that vari-
ants affecting choline metabolism could modulate cognition in those
with PAE. Here, we tested the hypothesis that these same variants in
SLC44A1 were associated with poorer cognitive performance in in-
dividuals with heavy PAE who were not part of a choline intervention
trial. A secondary objective tested for associations between these SNPs
and cognitive performance of normotypic controls. These results
highlight the potential influence of these functional SNPs for healthy
brain function.
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Participants and methods

Study design and participants

This study is a secondary analysis of preexisting cognitive and
genetic data [26]. The primary outcome tested whether alleles in
SLC44A1 that are associated with increased vulnerability to choline
deficiency are also associated with worsened cognitive performance in
children who experienced heavy PAE (genotype x exposure). A sec-
ondary outcome tested whether these alleles were associated with
cognition in normotypic controls (genotype-only). The study design is
shown in Figure 1. Participants (N = 1373) were recruited as part of the
Collaborative Initiative on FASD (CIFASD), a multisite consortium
focused on understanding the range of neurodevelopmental effects of
PAE, including the clinical effects on children. Participants were
recruited during CIFASD Phases 2 (2007-2012) and 3 (2013-2017)
from sites in Atlanta, GA, Los Angeles, CA, Minneapolis, MN, and
San Diego, CA [27,28]. Children (aged 5-16 y) either experienced
heavy PAE with or without a diagnosis of FASD (N = 317) or were
normotypic controls with either minimal (<1 drink/wk or <2 drink-
s/occasion) or no PAE history (N = 301). Heavy alcohol exposure was
strictly defined as >4 drinks/occasion at least weekly or >13
drinks/wk. Children were excluded who had exposures that exceeded
the control criteria but were below the heavy criteria, or whose expo-
sure could not be documented (n = 496). Children were also excluded
who had a known (non-FASD) cause of mental disability, significant
head injury with loss of consciousness, or significant psychiatric or
physical disability that prevented participation (n = 259) [27,28]. In-
formation regarding nutrient intake, nutrient status, or diet patterns was
not gathered; none of these participants were known to have been
enrolled in a choline intervention trial.

Neurobehavioral measurements

Children underwent a series of standardized psychological assess-
ments as described in [2,28]. The selection of assessment tools for
Phase 3 was informed by the prior findings from Phase 2, and thus the
test batteries did not wholly overlap. This analysis focused on the
measures from Phase 3 that were also assessed in Phase 2. The
behavioral instruments spanned measures of general intellectual ability,
attention and concentration, executive function, memory and working
memory, motor reaction time, and psychological symptomatology, and
are detailed in Table 1 [29-40]. Tests were age-appropriate, age-nor-
malized within each test instrument, and were not administered when
an age-appropriate version was unavailable for that participant. Tests
were administered on a single day by trained personnel blinded as to
diagnosis. Results were expressed as Z- or T-scores as defined by the
respective test. Informed assent or consent was obtained from each
participant or their legal caregiver, respectively. Protocols for Phases 2
and 3 were approved by Institutional Review Boards at the lead site
(San Diego State University) and all recruitment sites. A total of 398
neurobehavioral metrics were included in the association analysis.

Genetic analysis

Of the 1373 participants, 532 contributed saliva samples, including
162 who had heavy PAE and 163 normotypic controls. Participant sex
as reported by the caregiver was checked against X-linked SNPs, and
discordant samples were excluded due to the possibility of sample mix-
up or misidentification. Genome-wide SNP data were genotyped on the
OmniExpress genome array (Illumina) and on the Multi-Ethnic Gen-
otyping Array at the Johns Hopkins Genetic Resources Core Facility
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Participants (n=1373):
Heavy PAE (n=317), Control (n=301)
Non-PAE disability (n=259)
Missing info/unable to classify (n=496)

.

Genotyped (n=532):
Heavy PAE (n=162), Control (n=163)
Non-PAE disability (n=95)
Missing info/unable to classify (n=112)

Excluded - Not Genotyped (n=841):
Heavy PAE (n=155), Control (n=138)
Non-PAE disability (n=164)
Missing info/unable to classify (n=384)

Participants (n=325):

Excluded (N=207):

Non-PAE disability (n=95)

PAE undocumented or does not meet threshold
criteria (n=112)

Heavy PAE (n=162)

Control (n=163)

Excluded (n=0):
Missing SLC44A1 genotype information (n=0)
Missing neurobehavioral measures (n=0)

Control Participants
(n=163)

Participants with
Heavy PAE (n=162)

FIGURE 1. CONSORT flow diagram of study participants. CONSORT, Consolidated Standards of Reporting Trials; PAE, prenatal alcohol exposure.

TABLE 1
Neurobehavioral test battery for CIFASD-2 and CIFASD-3'

Domain Instrument and subtests Phase Ref.

General intellectual ability Wechsler Intelligence Scale for Children — 4th Edition (Full Scale 1Q) 2 [29]
Differential Ability Scales — 2nd Edition (DAS-II) 3 [30]

Attention and concentration Developmental NEuroPSYchological Assessment (Speeded Naming; Arrows) 3 [31]

Executive function Delis-Kaplan Executive Function System (Verbal Fluency, Trail Making; Color-Word 2 [32]
Interference; Tower; 20 Questions; Design Fluency)
Cambridge Neuropsychological Test Automated Battery (Intra/Extradimensional Shift) 2,3 [33]
Behavior Rating Inventory of Executive Function (Parent Version) 2,3 [34]
Developmental NEuroPSY chological Assessment (Word Generation; Inhibition) 3 [31]

Working memory/memory Cambridge Neuropsychological Test Automated Battery (Spatial Working Memory; 2 [33]
Delayed Match-to-Sample)
California Verbal Learning Test — Children’s Version 3 [35]
Developmental NEuroPSY chological Assessment (Memory for Names; Memory for 3 [31]
Designs: Memory for Faces; Narrative Memory)

Motor/reaction time Cambridge Neuropsychological Test Automated Battery (Motor Screening; Big/Little 2 [33]
Circle; Simple Reaction Time; Choice Reaction Time)

Psychological symptomatology Achenbach System of Empirically Based Assessment (Child Behavior Checklist; Teacher 2,3 [36]
Report Form; Youth Self Report)
Disruptive Behavior Rating Scale 2,3 [37]
Sluggish Cognitive Tempo Scale 2,3 [38]
Vineland Adaptive Behavior Scales, 2nd Edition (Parent/Caregiver Rating Form; Teacher 2,3 [39]
Rating Form)
Conners Comprehensive Behavior Rating Scale 2,3 [40]

1Q, intelligence quotient; Ref., reference.

! Adapted from [2,27,28] and www.cifasd.org. CIFASD, Collaborative Initiative on Fetal Alcohol Spectrum Disorders, Phases 2 and 3.

[26]. Following a previously published genome-wide association study
cleaning pipeline [41], the 2 datasets were imputed separately using the
Michigan Imputation Server [42] to the 1000 Genomes Phase 3, b37
reference panel [43] and then combined. The final dataset consisted of
4,000,362 directly genotyped and imputed SNPs with minor allele
frequency (MAF) >0.01, genotype rate >0.99, and Hardy—Weinberg
equilibrium P > 0.000001. In SLC44A1 (chr9:108,006,932-108,200,
785), 7 SNPs were directly genotyped and 113 imputed with R2 values
>0.4. Thirteen SNPs had alleles with a MAF <0.05 and were removed.
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Most of the 107 variants were SNPs, although some were insertion/-
deletions (Supplementary Table 1). These variants were distributed
across the entire 179 kb length of the gene; 2 variants (rs3199966,
rs2771040) were functional SNPs located in exon 16 (Ser644Ala) and
the 3’ untranslated region, respectively; the remainder were intronic.
Principal component analysis (PCA) of each participant’s SNP profile
for chromosomes 1 to 22, including individuals in the 1000 Genomes
database [43] as reference genetic ancestry groups, was computed
using SNPRelate [44]. The resulting eigenvalues were used to group
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samples with similar genetic ancestry, using 1000 Genomes as the
reference population to estimate linkage disequilibrium (LD) values
and MAFs in the participant population.

Association analyses

Analysis of SNP associations was performed using R (version4.2.0; R
Foundation for Statistical Computing; http://cran.r-project.org/) and
PLINK v2.00a3 64-bit (8 June, 2021). The 398 neurobehavioral measures
were analyzed against each of the 107 SNPs employing a linear regression
model to test for genotype x exposure associations. In addition to the main
effects of genotype and exposure, sex, age at time of behavioral assess-
ment, the first 2 principal components computed from all 22 autosomes (to
account for differences in allele frequency due to ancestry), and site
(coded with 4 levels for 4 sites) were utilized as covariates. The primary
outcome of interest was the association of genotype with neurobehavioral
performance in the genotype x exposure interaction, extracting the f§
coefficient, P values, and effect allele from PLINK for each SNP. Ana-
lyses used an additive genetic model as prior work on SLC44A4 1 found that
this model best explained the associations [25]. P values were adjusted for
false discovery across the entire analysis using the Bonferroni correction
(P adjusted [Padj]), which is a conservative approach that treats each SNP
as independent; a Padj value <0.05 was considered significant. For var-
iants showing significant associations, we computed LD stratified by
European ancestry and African ancestry using the “LDIinkR” (version
1.2.2) package in R. Associations were visualized with scatter plots
created in the R package “ggplot” (version 3.36). To visualize the geno-
type X exposure interaction at rs3199966 and its effect size within the
affected cognitive measures, we calculated both the mean performance of
these 325 participants for that cognitive measure and each individual’s
Z-score normalized against the group mean, followed by generalized
linear regression using the “glm” package in R, followed by 2-way
analysis of variance with Tukey’s post hoc analysis and stratified by
exposure and genotype.

PCA from “FactoMineR” package (version 2.4) and “MICE”
package (version 3.14.0) were used in combination to explore the
participants’ separation with respect to the 107 variants in SLC44A41
based on sex, age, ancestry assignment from the PCA, and alcohol
exposure status. Eigenvalues from the PCA were computed using the R
package “Factoextra” (version 1.0.7) to produce scree plots to evaluate
the variation defining each component. PC1 by PC2 plots were pro-
duced to visualize how strongly each variable influenced, if at all, a
principal component in plots that catered to the individual as well as the
variable.

Results

There were no differences in the study participants’ characteristics
with respect to mean age, sex, and genetic ancestry representation
between the heavy PAE and control groups (Table 2). PCA of SLC44A41
genotype against participant characteristics revealed that PCl1
explained 27.9% of the genotype variance, and PC2 accounted for
14.6% of that variance. Neither genetic ancestry (Figure 2A), sex
(Figure 2B), age at enrollment (Figure 2C), or PAE status (Figure 2D)
contributed to the variance of genotypes. The PCA loadings revealed 2
sets of variants that contributed to PC1 and PC2, respectively (Sup-
plementary Figure 1A, B), but their removal did not change the load-
ings (Supplementary Figure 1C) and indicated they did not drive the
variance. PCA of the neurobehavioral endpoints against these same
participant characteristics again revealed no influence of genetic
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ancestry (Figure 2E) and sex (Figure 2F), whereas exposure status had
a modest influence upon PC1 (21.9%, Figure 2H), and participant age
upon PC2 (12.2%, Figure 2G). Components beyond PC2 contributed
<7.2% to this variance (Supplementary Figure 1D), and the top con-
tributors to PC1 were all cognitive measures including general cogni-
tion; verbal, nonverbal, and sequential quantitative reasoning; and
recall of designs (Supplementary Figure 1E). These same cognitive
domains were the top contributors to PC2 (Supplementary Figure 1F).
The half that were age-adjusted may reflect that those with heavy PAE
performed below their age normative.

Association analysis of genotype x exposure identified 7 variants
within SLC44A1 that were associated with any behavioral outcome
(Table 3). Five of these variants were intronic SNPs, 4 in intron 1 and 1
in intron 3, and all were single nucleotide variants having an unknown
potential function. Two additional variants, rs3199966 and rs2771040,
are functional and were previously associated with risk for choline
deficiency [22-24]. The intronic variants were in strong LD (D’ >
0.90) with rs3199966 and rs2771040 in this population, and rs3199966
and 152771040 were in complete LD with each other (D’ = 1.00;
Supplementary Table 2).

In the analysis of genotype x exposure, these 7 SNPs were asso-
ciated with 6 behavioral measures including assessments of intellectual
ability, working memory, and executive function (Table 4; Supple-
mentary Table 3). These included general cognitive ability, nonverbal
reasoning, recall of designs, sequential and quantitative reasoning,
executive function, and approach to learning. The strongest associa-
tions (Padj = 0.006-0.046) were with the functional SNPs rs3199966
and rs2771040. For all but the Conners Executive Function, an
increasing B value reflects a better performance. For those measures,
the Ps indicated that the effect alleles rs3199966(T) and rs2771040(A)
were associated with improved performance with effect sizes of 1.92 to
3.91 (B, 0.46-0.86; SE, 0.17-0.24). For the Conners, an increasing
score represents worsening executive function, and the negative {3 value
(—0.37 to —0.43) indicated improved performance. No associations
emerged in the secondary analysis stratified by exposure status, that is,
normotypic-only and PAE-only (all Padj > 0.64; Table 4).

These genotype X exposure associations were explored utilizing
linkage maps to assess whether additional SNPs in SLC44A41 that were
in linkage with rs3199966 were also associated with these 6 cognitive
measures, analyzed both in the overall cohort and separately by genetic
ancestry, because ancestry affects LD. For each cognitive measure,
1s3199966 was in LD with 3 to 6 additional SNPs in SLC44A41 that
demonstrated similar or less significant associations with those
cognitive measures (Figure 3). These included rs4538947 (D' = 0.83;
intron 10) and rs11506819 (D’ = 1.00; intron 12), as well as the pre-
viously identified rs2771040 (D’ = 1.00; 3’ UTR) and rs10991629 (D’
= 0.78; intron 3); none of these are known to have a functional in-
fluence on SLC44A1 or choline status. SNPs that were in LD with
rs3199966 were flanked by recombination hotspots located within
intron 2 and downstream of exon 16 and its 3 untranslated region.

Regression analysis of each participant’s genotype at rs3199966 (TT
compared with TG compared with GG) and exposure status revealed that
the association of cognitive measures with genotype differed by exposure
status. Specifically, in the measures of cognition (Figure 4A), there were
effects of exposure (F(1,162) = 67.41; P = 6.57x 10714), genotype (F2,162)
=8.96; P =2.03x% 1074), and genotype x exposure (F(2 162y=6.42; P =
0.0021), such that 1s3199966(TT) controls had better assessment scores
than did other controls (compared with GT, P = 1.33x 1074 compared
with GG, P = 0.041) or those with PAE (compared with TT or GT, P <
1.0x 1078; compared with GG, P = 0.0033). Similar results were
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TABLE 2
Participant characteristics
Characteristic’ Controls (N = 163) Heavy PAE (N = 162) P’
Age at assessment”’, y 127+ 24 127 +£22 0.80
Sex*
Male 82 (50.3%) 96 (59.3%) 0.29
Female 81 (49.7%) 66 (40.7%) 0.22
Genetic ancestry’
European 88 (54.0%) 78 (48.1%) 0.44
African 49 (30.1%) 62 (38.3%) 0.22
Other 26 (16.0%) 22 (13.1%) 0.56
Ethnic ancestry®
Hispanic or Latino 27 (16.6%) 26 (16.0%) 0.89
Not Hispanic or Latino 133 (81.6%) 126 (77.8%) 0.66
Unknown 3 (1.8%) 10 (6.2%) 0.052
FAS diagnostic category’
Not FAS 109 (66.9%) 49 (30.2%) <0.0001
FAS 0 (0.0%) 28 (17.3%) N.D.
Deferred 41 (25.2%) 69 (42.6%) <0.0001

FAS, fetal alcohol syndrome; N.D., not determined; PAE, prenatal alcohol exposure; SNP, single nucleotide polymorphism.

! Values are 1 (%) or mean + SD.

2 All P values are derived from chi-square tests except for age, which was an unpaired 7 test.

3 Age at assessment for their most recent interview.

4 Provided by caregiver completing the surveys.

5 Genetic ancestry assigned using principal component analysis and subsequent eigenvalues of an individual’s SNP distribution against the 1000 Genomes
database [43].

® Ethnic ancestry based on self-report.

7 FAS status based on evaluation of dysmorphological features according to the diagnostic criteria in [1]. Deferred status was assigned to individuals who met
some but not all the physical diagnostic criteria for FAS.

A Ancestry B Sex C Age D Exposure
5
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o European /' Female g PAE
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S % 9 3 I
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~ : // Al > X : / \\ a’ / lg ;
I £,/ ;] ‘ £ E 0P £ ‘
IS E ) g o a LV a 3 :
7 B i -10 = o i Ll
<40 0 10 20 30 -10 0 10 20 30 20 -20 0 20 <0 0 10 20 30
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m

Neurobehavior

10 10 -5 0 5 10 10

40 5 0 5 5 0 5
Dim1 (22.1%) Dim1 (22.1%) Dim1 (22.1%)
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Dim1 (22.1%)
FIGURE 2. Principal component analysis of SLC44A41 genotypes and neurobehaviors against population characteristics. (A—D) Principal component analysis
(PCA; FactoMineR, v2.3) was used to examine the genomic separation of all participants based on ancestry, sex, age, and exposure status. (A) Genetic ancestry
based on comparison against 1000 Genomes vs. genotype. Red, African; Blue, European; Green, Other. (B) Sex vs. genotype. Red, males. Blue, females. (C)
Age vs. genotype, stratified in 1-y intervals. (D) Exposure status vs. genotype. Red, low-to-no prenatal exposure (PAE); Blue, heavy PAE. No significant
associations between genotype and these population characteristics were observed in the PCA. (E-H) PCA to examine the separation of neurobehaviors in all
participants based on ancestry, sex, age, and exposure status. All color symbols as described for (A-D). (E) Genetic ancestry vs. neurobehavior. (F) Sex vs.
neurobehavior. (G) Age vs. neurobehavior. (H) Exposure status vs. neurobehavior. There was no influence of ancestry and sex on neurobehavior. PAE status
contributed to the behavioral variance in PC1. Age contributed to the behavioral variance in PC2. The 95% confidence interval surrounding each group mean is
indicated by the ellipseing.
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TABLE 3
All SNPs in SLC44A41 associated with any neurobehavioral measure in the genotype x exposure interaction’
ID Position, Location Type Ref/Alt’ MAF, MAF, MAF, Alternate
GRCh38 this cohort® Europeans Afr. Am. allele phenotype
1575106836 105252720 Intron 1 SNV T>C 2.9% 0.04% 5.5% unknown
rs143438338 105285891 Intron 1 SNV A>G 3.0% 0.04% 5.5% unknown
1s59370172 105291402 Intron 1 SNV C>T 3.0% 0.04% 5.6% unknown
rs12347364 105297774 Intron 1 SNV T>A 5.6% 5.0% 0.7% unknown
1s10991629 105331975 Intron 3 SNV C>T 18.7% 11.8% 36.3% unknown
1s3199966 105385482 Exon 15 (Ser644Ala) SNV T>G 19.1% 9.0% 41.5% increases risk for choline deficiency
152771040 105389918 Exon 16 (3 UTR) SNV A>G 21.3% 12.0% 43.8% increases risk for choline deficiency

MAF, minor allele frequency; SNP, single nucleotide polymorphism; SNV, single nucleotide variant; UTR, untranslated region.

! Only SNPs with adjusted P values < 0.05 are included.
2 Ref/Alt, Reference allele/Alternate (minor) allele.

3 Frequencies for participants using principal component analysis. Frequencies for European and African American (Afr. Am.) populations as reported in

dbSNP [45].

obtained for the assessments of memory (Figure 4B), and nonverbal and
quantitative reasoning (Figure 4C, D; Supplementary Table 4). Genotype
at 1s3199966 did not affect these measures in those with PAE. For the
Executive Function Difficulties (Figure 4E), there was an effect of
exposure (F(1,169) = 257; P < 2X 10716), exposure X genotype (F2,169) =
3.64; P =0.028), and no genotype effect, and those with PAE had greater
difficulties. For the California Verbal Learning Test Serial Cluster Ratio,
there were no effects of exposure, genotype, or genotype X exposure at
1rs2771040 (Figure 4F) or rs3199966 (Table 4); although GG appeared to
influence the leamning style used by controls (grouped by meaning)
compared with those with PAE (grouped by order) to recall a list of words,
the sample size was too small (z = 6 and 5, respectively) to test for such an
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effect. Although the influence of rs3199966(T) upon measures of
cognition, memory, and reasoning appeared to be dominant, there were
too few homozygous GG carriers to distinguish between the additive and
dominant models.

Discussion

To our knowledge, this is the first demonstration that choline-related
SNPs, and specifically, several previously implicated in risk for choline
deficiency, may be associated with intellectual ability. We identified
SNPs within the ubiquitous choline transporter SLC44A1 that were
associated with the variance in cognitive performance in a population
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FIGURE 3. Gene-wide linkage plots reveal SNPs in linkage with rs3199966 are also associated with cognitive measures. LD plots were generated for the 6
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TABLE 4
Associations between functional SNPs rs3199966 and rs2771040 and behavioral measures in the models of genotype-only and genotype x exposure’
Cognitive SNP Genotype-only, normotypic (N=163) Genotype-only, PAE (N=162) Genotype x exposure (N=325) Effect
assessment Padi B + SE Padj B+ SE Padi B+ SE Effec 2l
t size

DAS-II, General 1s3199966 0.88 -0.14 £0.20 0.93 0.06 + 0.16 0.0056 0.72 £ 0.21 3.43 T(T>G)
Cognitive 152771040 0.88 —0.07 £0.18 0.90 0.12 £ 0.15 0.0058 0.70 £ 0.21 333 A(A>G)
Abilities”

DAS-II, Nonverbal 1s3199966 0.88 -0.12 £ 0.21 0.93 0.17 £ 0.19 0.0074 0.74 £0.23 3.22 T(T>G)
Reasoning 152771040 0.88 -0.06 £ 0.19 0.93 0.18 £ 0.18 0.010 0.70 £ 0.22 3.18 AA>G)
Cluster’

DAS-II, Recall of 1s3199966 0.88 —0.05 £0.22 0.93 -0.04 £0.17 0.046 0.52 +£0.23 2.26 T(T>G)
Designs’ 152771040 0.88 -0.07 £ 0.20 0.98 -0.01 £0.16 0.043 0.53 +£0.22 241 A(A>G)

DAS-II, Sequential 1s3199966 0.88 -0.25 £0.19 0.87 0.24 £ 0.19 0.0030 0.86 + 0.22 391 T(T>G)
and Quantitative 1s2771040 0.88 -0.12 £ 0.18 0.87 0.23 £ 0.18 0.0056 0.75 £0.22 341 A(A>G)
Reasoning”

Conners, Executive 1s3199966 0.88 0.25 £ 0.15 0.93 -0.07 £ 0.13 0.057 —0.43 £0.17 -2.53 T(T>G)
Function 152771040 0.88 0.21 = 0.17 0.90 —-0.09 £ 0.12 0.035 -0.37 £ 0.17 -2.18 A(A>G)
Difficulties’

CVLT, Serial 1s3199966 0.91 0.03 +0.26 0.64 0.31 £ 0.15 0.080 0.46 + 0.24 1.92 T(T>G)
Cluster rs2771040 0.88 -0.14 £ 0.24 0.64 0.32 +£0.14 0.043 0.54 £0.23 2.35 A(A>G)
Ratio®

CVLT, California Verbal Learning Test; DAS-II, Differential Abilities Scales, 2nd edition; Padj, adjusted P value; PAE, prenatal alcohol exposure; SE, standard

error; SNP, single nucleotide polymorphism.
! Cognitive assessments are standardized to age-norms.
2 Value is the normalized T-score calculated within the test instrument.
3 Value is the normalized Z-score calculated within the test instrument.

of US children. None of these children were part of a choline inter-
vention trial, and they therefore likely experienced conventional dietary
choline intakes during their prenatal and postnatal development. Two
of these alleles, rs3199966(G) and rs2771040(G), are associated with
greater risk of muscle damage under a low-choline diet [22,23], which
suggests those carriers are at a greater risk for choline insufficiency.
Here we show those alleles are also associated with worsened cognitive
performance. Under supraphysiological choline intakes, such carriers
have increased conversion of choline to betaine and methionine [24]
and have greater improvements in a memory task [25], suggesting that
increasing their choline supply may overcome the potentially detri-
mental effects of this transporter variant. Significantly, only ~8% of
pregnant females consume the adequate intake for choline, and prenatal
supplements are recommended but not standard-of-care [9,46,47].
Although this study could not determine when or where these alleles in
CTL1 influence—maternal choline uptake, pla-
cental/lactational transfer, or offspring utilization—this association
between choline-related SNPs and cognitive performance highlights
that current dietary practices during gestational and childhood life
stages might not fully address the choline needs of those who carry
these risk alleles.

It is not unexpected that these genotype associations would emerge
for measures of cognition and executive function including memory
and reasoning; persistent deficits in these neurocognitive domains are
among the most consequential effects of PAE, and choline supplements
have been shown to improve performance in these domains in
numerous preclinical studies [6,13—15] and several human intervention
trials of PAE [7,16-21]. These findings are also consistent with our
prior study of young children with PAE, wherein those who carried
1s3199966(G) and rs2771040(G) had the greatest pre/postintervention
improvements in imitative memory following a 9-mo daily choline
intervention [25]. We interpreted that result to mean that those carriers
entered the trial with the poorest choline status and thus benefited most

exerted their
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from the extra choline intake. That those same alleles are associated
here with poorer cognitive measures is consistent with that interpre-
tation. However, what was unexpected was that this association tran-
scended PAE history and was present across the cohort. Normotypic
children who carried rs3199966(GT or GG) had performance in these
measures no different from that of children of any rs3199966 genotype
who also experienced PAE, and all had worse performance than nor-
motypic children who carried TT. That is, although rs3199966 geno-
type did not protect those who experienced PAE, it did confer a benefit
to otherwise normotypic children who carried TT. These findings are
exploratory and require independent validation. However, they are
consistent with suggestions that attainment of adequate choline intake
should be a priority for pregnancy, lactation, and childhood, especially
because rs3199966(G) and rs2771040(G) are present in 11.8% of the
US population [22,45].

How might SLC44A41 affect choline needs and brain development?
The protein encoded by SLC44A41, CTL1, is ubiquitous and the primary
choline transporter for nearly all cells; it controls dietary choline uptake
and its entry into tissues and subcellular compartments to affect cellular
choline status. It is distinct from the transporter (SLC5A47) that transports
choline for acetylcholine synthesis in cholinergic neurons [48]. Choline
transported by CTL1 supports diverse biochemical reactions, including
the synthesis of phosphatidylcholine, sphingomyelin, and ceramide
lipids, and provides 1-carbon groups for purine and pyrimidine synthesis
and the methyl modifications of DNA, RNAs, and histones [12,23,24,
48,49]. CTL1 loss-of-function impairs myelination [50] and causes
early neurodegeneration and cognitive decline [51], emphasizing the
transporter’s importance for healthy brain development.

The CTL1 protein sequence (QSWWIS) is highly conserved, and
the most significant variant identified here, 1s3199966, is the only
exonal coding SNP having an abundance greater than 0.01% [45]; it
converts serine 644 to alanine (Ser644Ala) and is predicted to reside in
an extracellular domain of this integral membrane protein [48,52].
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FIGURE 4. Regression analysis by genotype reveals that rs3199966(G) or rs2771040(G) is associated with reduced cognitive performance regardless of PAE
history. Analyses are shown for the 6 cognitive measures from Table 4: (A) General Cognitive Abilities, (B) Nonverbal Reasoning, (C) Recall of Designs, (D)
Sequential Quantitative Reasoning, (E) Executive Function Difficulties, and (F) CVLT Serial Cluster Ratio (learning approach). Shown are the mean z-scores +
SD for the cohort’s performance in that measure, stratified by exposure (control vs. PAE) and genotype at rs3199966 (TT vs. GT vs. GG; A-E); for Serial Cluster
Ratio, results for the association with rs277104 (AA vs. AG vs. GG) are shown because that for 1s3199966 was not significant. Dots represent the individual z-
scores for that exposure/genotype subgroup with respect to the cohort’s mean performance in that measure. For measures in (A-D), 1 or 2 copies of
1s3199966(G) reduced the scores in the controls to levels not different from those with PAE. That is, 1s3199966(TT) is associated with better cognitive measures
for controls, but not those with PAE. *P < 0.05, **P < 0.001, ***P < 10~ differs from Control rs3199966(TT) or Control rs2771040(AA) by Tukey multiple
comparison of means. CVLT, California Verbal Learning Test; PAE, prenatal alcohol exposure.

1s3199966(G) is associated with increased conversion of choline to
betaine and methionine under supraphysiological intake [22,23], sug-
gesting this variant might influence choline flux between the Kennedy
and methylation pathways. Because alanine 644 is present in other
homologs including rat CTL1, this variant is likely functional. Inter-
estingly, it is in complete LD (D’ = 1.00) with rs2771040(G), which
resides within the 3’ untranslated region of the plasma membrane
isoform; it is absent from the mitochondrial splice variant [48]. This
suggests the relevant mechanism might involve cytosolic rather than
mitochondrial choline pools, although reduction in the former could
limit the latter. Although the impact of these alleles upon CTL1
expression, activity, or stability is unknown, their high LD suggests a
strong evolutionary pressure may maintain both.

This study has several limitations. Children with PAE are often
adopted, and information was scant in this database about potential
confounders such as maternal age and diet, age of adoption,
other substance exposures, home environment, adverse childhood
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experience, socioeconomic status, and other external factors. These
could substantially influence diet, choline intake, and these behaviors.
However, we note that these children with PAE were brought to the
CIFASD clinics to receive help, suggesting a supportive environment.
Second, genetic association studies are strengthened by the use of a
validation cohort; however, such cohorts for PAE with both genotype
and cognitive phenotyping are rare. No information was collected
about pre- or postnatal choline intake, choline supplement use, or
choline-related biomarkers, rendering the choline status of these par-
ticipants as unknown. The sample size was relatively modest and there
were few homozygous carriers of 1s3199966(G), and thus we could not
determine if the allele’s influence was additive or dominant. We also
could not distinguish if the association was due to maternal versus
offspring genotype, which would inform if future interventions should
target the prenatal or postnatal periods or both. However, because
choline positively affects cognition across the lifespan, it is likely that
both periods would benefit from choline [8,9,12].
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In summary, we identified alleles within the choline transporter
SLC44A1 that were associated with worsened cognitive measures in
otherwise normotypic children. These same alleles were also associated
with greater vulnerability to choline deficiency when choline intake is
limiting [22], suggesting they might reduce the transporter’s functionality.
Increasing choline through supplementation may counteract deleterious
consequences of this transporter variant [23-25]. These findings highlight
that genetic variance in nutrient transporters may be an important influ-
ence on tissue-level nutrient status. Because choline insufficiency is
common during pregnancy, lactation, and early childhood [9-11,46],
these data support the importance of choline adequacy for healthy brain
development through dietary and/or supplement approaches. The inter-
action between PAE status and genotype was associated with reduced
cognitive performance in normotypic carriers to levels that did not differ
from those with PAE under either genotype. This finding does not
contradict prior demonstrations of choline’s cognitive benefits for those
with PAE; rather, it further supports choline’s beneficial impact for those at
risk for or who previously experienced PAE.
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