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Prenatal cannabis exposure is associated with alterations in
offspring DNA methylation at genes involved in
neurodevelopment, across the life course
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Prenatal cannabis exposure (PCE) is of increasing concern globally, due to the potential impact on offspring neurodevelopment,
and its association with childhood and adolescent brain development and cognitive function. However, there is currently a lack of
research addressing the molecular impact of PCE, that may help to clarify the association between PCE and neurodevelopment. To
address this knowledge gap, here we present epigenome-wide association study data across multiple time points, examining the
effect of PCE and co-exposure with tobacco using two longitudinal studies, the Avon Longitudinal Study of Parents and Children
(ALSPAC) and the Christchurch Health and Development Study (CHDS) at birth (0y), 7y and 15-17 y (ALSPAC), and ~27y (CHDS).
Our findings reveal genome-wide significant DNA methylation differences in offspring at 0y, 7y, 15-17 y, and 27 y associated with
PCE alone, and co-exposure with tobacco. Importantly, we identified significantly differentially methylated CpG sites within the
genes LZTS2, NPSR1, NT5E, CRIP2, DOCK8, COQ5, and LRP5 that are shared between different time points throughout development
in offspring. Notably, functional pathway analysis showed enrichment for differential DNA methylation in neurodevelopment,
neurotransmission, and neuronal structure pathways, and this was consistent across all timepoints in both cohorts. Given the
increasing volume of epidemiological evidence that suggests a link between PCE and adverse neurodevelopmental outcomes in

exposed offspring, this work highlights the need for further investigation into PCE, particularly in larger cohorts.

Molecular Psychiatry (2025) 30:1418-1429; https://doi.org/10.1038/s41380-024-02752-w

INTRODUCTION

The use of cannabis during pregnancy has increased in recent
years [1-4], becoming the most commonly used drug, excluding
alcohol and tobacco, among pregnant women in the US [5, 6];
recent estimates suggest an increase from 3.4% in 2017 to 7.0% in
2022 [4, 71 with these figures still rising post COVID-19 pandemic
[8]. The exponential increase in frequency is likely to be a
consequence of legalisation and decriminalisation of cannabis
[9-12], which may have decreased the public perception of any
risk associated with maternal cannabis consumption during
pregnancy [13-15]. However, the limited empirical research on
prenatal cannabis exposure (PCE) has resulted in a lack of clarity
and understanding regarding any potential risks and long-term
harm to exposed individuals [16-18].

Recent epidemiological studies indicate an impact of PCE on
neonatal health and neurodevelopment [18]. Specifically, PCE is
associated with physical neonatal health metrics such as birth
weight, birth timing and infant growth restriction [2, 19-21] but
also traits related to childhood and adolescent neurodevelopment
and brain function, for example, higher-order executive function
[22, 23], and psychosocial and neurobehavioural traits such as
psychopathy [24] and behavioural development [25]. Furthermore,
PCE has observed impacts on Conduct Problem (CP) phenotypes

such as externalising behaviours [26], learning disorders, and
autism [27], and may increase the risk of neurodevelopmental and
psychiatric disorders such as depression, anxiety, attention deficit
and psychosis/schizophrenia in adulthood [28]. While these
studies are associative, they warrant further investigation to clarify
the risk profile of PCE. This is because PCE has the potential to
directly impact offspring neurodevelopment; cannabis can cross
the placenta [29], and can therefore impact the developing
neonatal endocannabinoid system (ECS) [22]. The ECS is integral
for correct prenatal neurodevelopment, with roles in neurite
outgrowth, migration, and axon growth and guidance [30], as well
as synaptic plasticity [31, 32], neuronal specification [33] and
immune regulation [34]. Thus, given the central role of the ECS in
brain development [22], any interference with this system via PCE
may disrupt ECS signalling at critical stages of development,
potentially altering structural and functional neurodevelopment
[35], brain growth [36], and nervous system functioning in later life
[22]. Consequently, because neurodevelopmental disorders and
diseases have a complex aetiology, molecular evidence is required
to be able to determine whether PCE is implicated in neurode-
velopmental outcomes.

Neurodevelopmental phenotypes are often mediated at the
molecular level by environmentally-induced genetic and
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epigenetic change [37-41], such as changes to DNA methylation
(an epigenetic modification that is sometimes associated with gene
expression levels [42-45]). Indeed, targeted studies from animal
models indicate that PCE can impact DNA methylation in the
genomes of exposed offspring, e.g. refs. [46-49]. Further studies
show an impact of cannabis on the methylome of adult cannabis
users, at genes involved in neuronal signalling [50, 51]. Additionally,
cannabis exposure is associated with differential methylation at
genes enriched for cardiogenesis and neurodevelopment in sperm
[52, 53]1. Overall, large-scale studies of PCE on human populations,
while starting to emerge (e.g. refs. [23, 54]) are still scant, and thus
the true nature of the relationship between PCE and neurodevelop-
ment is still not fully understood. Consequently, the scientific and
medical communities are in agreement that there is an urgent need
for more evidence and research into the impacts of prenatal
cannabis exposure on infant neurodevelopment.

Thus, to investigate the molecular impact of PCE, here we
assessed DNA from two independent longitudinal studies: i) the
Avon Longitudinal Study of Parents and Children (ALSPAC, United
Kingdom), and; ii) the Christchurch Health and Development Study
(CHDS, New Zealand). Using DNA methylation arrays (lllumina
Infinium Human Methylation 450 K BeadChip [ALSPAC] and lllumina
Infinium MethylationEPIC BeadChip [CHDS]) over the lifecourse
(birth, 7y and 15y [ALSPAC] and 27y [CHDS]) we performed
epigenome-wide association studies (EWAS) to investigate the
effect of PCE on genome-wide DNA methylation patterns, to
explore the hypothesis that PCE will be associated with differential
DNA methylation at genes and in pathways that have roles in
neurodevelopment and neurodevelopmental disease. The findings
from this study will contribute to our knowledge around the
potential for PCE to influence neurodevelopmental outcomes.

Cannabis user
37 (37.5%)

Tobacco smoking
28 (28.5%)

168 (19.58%)
184 (19.91%)
182 (19.73%)
55 (56.1%)

PTE

30 (3.14%)
22 (3.46%)
21 (3.57%)
13 (13.2%)

PCTE

METHODS

Avon Longitudinal Study of Parents and Children cohort
characteristics

Pregnant women resident in Avon, UK with expected dates of delivery
between 1st April 1991 and 31st December 1992 were invited to take part
in the study [55, 56]. 20,248 pregnancies were identified as being eligible
and the initial number of pregnancies enroled was 14,541. Data is available
for 13,988 children who were alive at 1 year of age. A subset of individuals
from the Accessible Resource for Integrated Epigenomics Studies (ARIES
[57]) at age 0 (N=2858), 7y (N=924), and 15y (N = 922) were assessed for
PCE (Table 1). As a longitudinal study, each time point represents the same
group of patients, re-sampled at three different times. PCE was
characterised based on the self-reported answer to smoked cannabis
during pregnancy. Exposure was defined as mothers that responded with
‘every day’ use, 2-4 times per week, <once per week, and once per week.
Non-exposed was defined as mothers that responded with ‘not at all'.
Ethical approval for the study was obtained from the ALSPAC Ethics and
Law Committee and the Local Research Ethics Committees. Informed
consent for the use of data collected via questionnaires and clinics was
obtained from participants following the recommendations of the ALSPAC
Ethics and Law Committee at the time. Please note that the study website
contains details of all the data that is available through a fully searchable
data dictionary and variable search tool (http://www.bristol.ac.uk/alspac/
researchers/our-data/). Consent for biological samples has been collected
in accordance with the Human Tissue Act (2004).

10 (1.51%)
9 (1.08%)
11 (1.19%)
4 (4.08%)

PCE

Female (%)
448 (52.21%)
473 (51.19%)
484 (52.49%)
27 (27.5%)

Whole blood

Cord blood
Whole blood
Whole blood
CHDS participants (27 y) were also classified for personal tobacco or cannabis usage as adults.

Sample

N
858
924
922
98

Christchurch Health and Development Study cohort
characteristics

The CHDS includes individuals who have been studied on 24 occasions
from birth to age of 40 (N=904 at age 30), with blood collected at
approximately age 27. A subset of N=98 individuals for whom blood
samples were available are included in the current study (Table 1). Of these
98 participants, N = 13 were prenatally exposed to cannabis, either with or
without co-exposure to tobacco, with N=85 serving as unexposed
controls (neither prenatal cannabis nor prenatal tobacco exposure). Usage
data was derived from self-reports from mothers at their birth interviews
(undertaken in 1977). Tobacco consumption was measured via four
questions: How many cigarettes per day did you smoke a) before you were

Age (y)

15-17
~27

Cohort characteristics for ALSPAC and CHDS.
PCE prenatal cannabis exposure controlled for prenatal tobacco exposure, PCTE prenatal cannabis exposure with tobacco co-exposure, PTE prenatal tobacco exposure only.

Table 1.
Cohort
ALSPAC
Timepoint 1
Timepoint 2
Timepoint 3
CHDS
Timepoint 1
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pregnant; b) during the first three months of pregnancy; c) during the
second three months of pregnancy; and d) during the last three months of
pregnancy. The answers for each trimester were summed to create a
measure of the average number of cigarettes smoked during each
trimester. Cannabis exposure was assessed via the following self-report
question: During pregnancy, did you take any of the following drugs? (y/n
response option), with option a) cannabis. Mode of cannabis consumption
in this cohort was via smoking, for all participants. All aspects of the study
were approved by the Southern Health and Disability Ethics Committee,
under application number CTB/04/11/234/AM10 “Collection of DNA in the
Christchurch Health and Development Study”, and the CHDS ethics
approval covering the collection of cannabis use: “16/STH/188/AM03 The
Christchurch Health and Development Study 40 Year Follow-up”.

DNA extraction and genome-wide methylation profiling

for CHDS

DNA was extracted from whole blood samples using the Kingfisher Flex
System (Thermo Scientific, Waltham, MA USA), as per the published
protocols. DNA was quantified via NanoDrop™ (Thermo Scientific,
Waltham, MA USA) and standardised to 100 ng/pl. Equimolar amounts
were shipped to the Australian Genomics Research Facility (AGRF,
Melbourne, VIC, Australia) for processing via the Infinium® Methylation
EPIC BeadChip (lllumina, San Diego, CA USA). The arrays were conducted in
groups over four batches (2016, 2017, 2020 and 2022). Analysis was carried
out in R statistical software (Version 3.5.2) [58].

Data analysis for CHDS

Quality control checks were performed on the raw data: firstly, sex
chromosomes and a total of 90 failed probes (detection P value of <0.01
in at least 50% of samples) were excluded from the analysis. Additionally,
CpG sites with adjacent single nucleotide variants or that did not map to a
single location in the genome were also excluded [59], removing a total of
195,354 probes from the final CHDS analysis. Functional normalisation was
performed and was inspected using beta density distribution plots and
multi-dimensional scaling of the 5000 most variable CpG sites. Both slide and
array positions were corrected for using ComBat (as implemented by ChAMP
[60]) to correct for the batch effects between sampling (four batches). Cell
proportions were estimated using the Housman algorithm [61].

DNA extractions and analysis for ALSPAC

DNA samples were extracted from cord blood on delivery, and from
peripheral blood samples at two time points in childhood (7y and 15-17 y)
following established methods [62], and methylation detection was
undertaken using the lllumina Infinium Human Methylation450 BeadChip.
Data was available post-normalisation and with estimated cell proportions
with the Houseman algorithm [61] for the peripheral blood and the cord
blood cell type reference for cord blood samples [63].

EWAS analysis

To partition the data for epigenome-wide analysis, data were separated
into several analysis cohorts, by cohort origin (ALSPAC or CHDS), and by
age. Specifically, for ALSPAC data, we undertook EWAS at three time points
(Table 1); birth, where N = 30 case participants were identified, comprised
of N=10 exposed to cannabis prenatally, “PCE", plus N =20 exposed to
cannabis and tobacco prenatally, “PCTE", vs N=654 controls (neither
prenatal cannabis nor tobacco exposure); at 7y old, where N=31 case
participants were identified, comprised of N=9 PCE and N = 22 PCTE, vs.
N=700 controls, and at 15y where N=32 case participants were
identified, comprised of N =11 PCE and N = 21 PCTE, vs. N =701 controls.
Overall there was missing data on PCE status at each of the time points
(N =30, cord blood; N=31, 7y; N=32, 15y) and these individuals were
removed from further analysis. For CHDS data, we undertook EWAS using
N = 13 individuals exposed to either cannabis only (“PCE") or cannabis and
tobacco (“PCTE") prenatally vs. N =85 controls (Table 1).

ALSPAC EWAS analyses were controlled for prenatal tobacco exposure, but
this was not possible for CHDS due to small sample sizes. Therefore data for
ALSPAC are presented as PCE, corrected for prenatal tobacco exposure, while
CHDS data are presented as prenatal cannabis and tobacco exposure, PCTE. To
overcome the limitation of a small number of PCE individuals in CHDS, which
may prohibit direct comparison between ALSPAC and CHDS datasets, we also
present data from EWAS of individuals prenatally exposed to tobacco only
(“PTE", N=155, Table 1) for CHDS, in order to distinguish between cannabis-
specific vs. tobacco-associated differential methylation in the CHDS cohort.

SPRINGER NATURE

The effects of PCE (ALSAPC) and PCTE (CHDS) exposure on methylation
were analysed by linear regression with an empirical Bayes correction
(limma) for: prenatal tobacco exposure (for PCE/ALSPAC only) (bivariate),
adult tobacco status (bivariate), adult cannabis use (bivariate), sex
(bivariate), the first principal component of the estimated cell proportions
(CD8+, CD4+, granulocytes, B cells, monocytes, natural killer) as covariates.
A linear regression model was then fitted to the data with the Q-Q plots of
the residuals used to generate lambda values to assess for over-inflation. A
similar linear regression model was used to assess prenatal tobacco
exposure (PTE, CHDS only), however, the variable prenatal cannabis
exposure (bivariate) was corrected for, along with adult tobacco smoking
status, sex, and the first principal component of the cell type proportions.
Top tables of differentially methylated CpG sites, which were corrected for
multiple testing using Benjamini-Hochberg (BH) false discovery rate (FDR),
were generated for all models. Differentially methylated CpG sites that
were intergenic were matched to the nearest neighbouring genes in Hg19
using Granges [64]. The package ggplot2 (Version 3.3.2) was used to
construct all graphs [65].

Gene ontology

We performed gene ontology enrichment analyses to determine which
pathways (biological process, BP; molecular function, MF; cellular
component, CC) were significantly enriched in EWAS data, at 0y, 7y,
and 15-17y (ALSPAC) and at 27y (CHDS). The top 5000 differentially
methylated loci in response to PCE (ALSPAC) or PCTE (CHDS; nominal
P<0.01) were selected and submitted to the EWAS Toolkit [66]. ALSPAC
samples were run against a 450K array background, and CHDS samples
were run against the EPIC/850 K array background.

RESULTS

Genome wide methylation analysis of prenatal cannabis
exposure in ALSPAC cohortat 0y, 7y, and 15-17 y
Individual EWAS were performed for all three-time points in the
ALSPAC cohort for PCE. With Benjamini-Hochberg (BH) false
discovery rate (FDR) correction for multiple testing, 104 CpG sites
were significantly differentially methylated (P adj<0.05) at Oy
(cord blood, Table 2a, Supplementary Table 1 and Supplementary
Fig. 1), 49 of which were hypomethylated, compared to 55 that
were hypermethylated. 36 CpG sites were significantly differen-
tially methylated (P adj<0.05) at 7y (whole blood, Table 2b,
Supplementary Table 2 and Supplementary Fig. 2), 17 of which
were hypomethylated, compared to 19 that were hypermethy-
lated. 552 CpG sites were significantly differentially methylated
(P adj < 0.05) at 15-17y (whole blood, Table 2c, Supplementary
Table 3 and Supplementary Fig. 3), 198 of which were
hypomethylated, compared to 354 that were hypermethylated.
The most significantly differentially methylated CpG sites with an
associated gene at each timepoint were in the genes TUBB2B (0 y,
P adj=0.0160), LZTS2 (7y, P adj=0.0004) and WAC (15-17y,
P adj=0.00005). All EWAS were assessed for genomic inflation,
with lambda values calculated as: 0y, 0.768; 7y, 1.301; 15-17y,
0.794 (Supplementary Fig. 4a—c).

Overlap of CpG sites between 0y, 7y, and 15-17 y associated
with prenatal cannabis exposure

EWAS data was investigated for overlap of significantly differen-
tially CpG methylated sites between all time points in the ALSPAC
cohort (Fig. 1 and Table 3). Between Oy and 7y, one CpG site was
shared (cg19141861 COQ5). A total of four CpG sites were shared
between 7y and 15-17y (cg10170214 LZTS2, cg02850468 NPSR1,
€g24635468 NT5E, and cg18576588 CRIP2) and a further two CpG
sites shared between 15-17y and Oy (cg19201719 DOCKS,
€g21836627).

Genome-wide DNA methylation analysis of prenatal cannabis
and co-exposure with tobacco in the CHDS cohort at 27 y

EWAS was undertaken with the CHDS cohort. With Benjamini-
Hochberg (BH) false discovery rate (FDR) correction for multiple
testing, 24 CpG sites were significantly associated with either
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Table 2. The top 20 differentially methylated CpG sites in response to PCE at 0y (2a, ALSPAC), 7y (2b, ALSPAC), 15-17 y (2c, ALSPAC), and PCTE at
~27y (2d, CHDS).

Rank limnID Gene Name CHR Beta difference logFC P value adj. P val
a)

1 €g22272277 7 0.0003 0.0046 1.42E—08 0.0067

2 €g23801012 TUBB2B 6 —0.0005 0.0113 6.94E—08 0.0160

3 cg18488855 NOVAT 14 0.0098 0.0067 2.23E-07 0.0160

4 €g23837191 18 —0.0030 0.0226 2.28E-07 0.0160

5 €g25533519 21 —0.0057 —0.0152 2.31E-07 0.0160

6 cg11818867 OGFR 20 —0.0010 0.0071 3.57E-07 0.0160

7 927551657 TAF13 1 0.0001 0.0085 3.65E—07 0.0160

8 917463149 PKP1 1 0.0063 0.0103 3.69E—-07 0.0160

9 €g21201659 SEC23IP 10 0.0002 0.0029 4.23E-07 0.0160

10 cg09048530 FZD10 12 0.0015 0.0068 4.43E—-07 0.0160

11 cg16109817 FLJ37453 1 —0.0027 0.0140 4.64E—07 0.0160

12 cg14528525 C190rf48 19 —0.0007 0.0114 5.31E-07 0.0160

13 cg14932794 TOMIL1 17 0.0003 0.0018 5.78E—07 0.0160

14 €g22256604 STARD3 17 0.0007 0.0081 6.00E—07 0.0160

15 €g08930904 17 —0.0083 —0.0120 6.02E—07 0.0160

16 cg01911440 RPTOR 17 —0.0115 —0.0175 6.05E—07 0.0160
17 919141861 CcoQ5 12 —0.0003 0.0039 6.11E—07 0.0160

18 cg04802236 RPL23 17 0.0002 0.0057 6.71E—-07 0.0162

19 cg02742186 CRYL1 13 0.0004 0.0067 7.29E—-07 0.0162
20 cg08479688 TARBP1 1 0.0000 0.0063 7.74E—-07 0.0162

b)

1 cg10170214 LZTS2 10 —0.0009 —0.0092 9.12E-10 0.0004

2 €g25208479 15 0.0017 0.0115 1.09E—07 0.0254

3 €916028064 BPTF 17 —0.0002 0.0020 2.39E-07 0.0254

4 €g02850468 NPSR1 7 —0.0403 —0.0222 2.53E-07 0.0254

5 €923992470 GAK 4 —0.0033 —0.0104 5.15E—-07 0.0354

6 cg10872815 PDE7B 6 —0.0069 —0.0109 5.39E—-07 0.0354

7 cg00731404 MTIF3 13 0.0000 0.0032 6.65E—07 0.0354

8 cg11681126 ZNF32 10 0.0006 0.0114 7.27E—-07 0.0354

9 €g23938542 CRIP2 14 0.0007 0.0035 7.58E—-07 0.0354
10 cg00646883 coX18 4 0.0019 0.0111 8.82E—-07 0.0354

11 cg17721710 SLC30A10 1 0.0003 0.0024 9.32E-07 0.0354

12 cg14344315 15 0.0034 0.0027 1.08E—06 0.0354

13 €g23762037 TUBGCP6 22 0.0001 0.0016 1.18E—06 0.0354
14 €g19906737 C8orf41 8 —0.0001 0.0048 1.37E-06 0.0354

15 cg13770088 PRRG4 11 —0.0001 0.0021 1.53E—-06 0.0354

16 cg18654873 MAP3K7 6 0.0002 0.0038 1.53E—-06 0.0354

17 cg18262051 MEPCE 7 0.0046 0.0041 1.65E—06 0.0354

18 cg04010471 13 0.0001 0.0020 1.65E—06 0.0354

19 €g20514239 RBP2 3 —0.0174 —0.0245 1.67E—06 0.0354
20 cg18112005 C140rf80 14 0.0003 0.0043 1.68E—06 0.0354

9]

1 cg13799287 WAC 10 0.0001 0.0063 2.20E-10 5.16E—05
2 €g20249919 PCSK6 15 0.0024 0.0089 2.84E-10 5.16E—05
3 cg14316565 CAT 11 0.0023 0.0077 3.28E-10 5.16E—05
4 cg14703784 RASA3 13 0.0002 —0.0101 6.50E-10 7.68E—05
5 cg05165940 2 0.0049 0.0220 8.29E-10 7.83E—-05
6 cg01450600 FAM160B1 10 —0.0069 —0.0183 5.36E—09 0.0004

7 913692446 13 0.0009 0.0070 2.16E—-08 0.0013

Molecular Psychiatry (2025) 30:1418 - 1429 SPRINGER NATURE
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Table 2. continued

Rank IimnID Gene Name CHR
8 cg21108767 PILRB

9 cg10888941

10 cg14283922 ACBD3 1
11 €g15994321 ATF6 1
12 cg03886242 NFE2L3 7
13 cg16528511 RIPPLY2 6
14 €g25559490 WRNIP1 6
15 cg10416994 FBXO21 12
16 cg11443159 IRGQ 19
17 cg16174609 R3HDML 20
18 €g23494140 EDNRB 13
19 924635468 NT5E 6
20 cg07479092 PLK2 5
d)

1 cg01483824 GRIN2D 19
2 cg00007036 ZNF362 1

3 924534173 SPATA22 17
4 cg16034787 SLC9A3 5
5 cg16326123 HDAC4 2
6 cg01311063 2
7 cg02144266 C200rf135 20
8 cg05174710 RUNXT 21
9 cg02698990* 6
10 cg19541688 DMWD 19
11 cg10086072* LPAR1T 9
12 cg16628641 VASN 16
13 cg01666550 LRP5 11
14 926306476 PRR22 19
15 cg16324015* SLC38A3 3
16 cg12525596 GOLGA3 12
17 920227471 ADCY3 2
18 €g23367339 ARHGAP23 17
19 cg05262724 PDZD2 5
20 cg15159625 MANTA2 1
21 cg13470557 C200rf20 20
22 cg18924102* SHANK2 11
23 cg24641214* MOGAT3 7
24 cg14080585 TAF4 20

Beta difference logFC P value adj. P val
—0.0010 0.0092 3.32E-08 0.0017
0.0048 0.0068 3.99E-08 0.0019
0.0017 0.0088 5.44E—-08 0.0022
0.0002 0.0033 5.73E-08 0.0022
0.0005 0.0017 5.96E—08 0.0022
0.0032 0.0048 7.49E—-08 0.0025
0.0004 0.0066 9.74E—08 0.0029
—0.0012 0.0056 1.04E—07 0.0029
0.0061 0.0068 1.09E—-07 0.0029
0.0005 —0.0145 1.10E—-07 0.0029
0.0021 0.0068 1.27E-07 0.0032
—0.0003 0.0020 1.36E—07 0.0032
0.0037 0.0078 1.46E—07 0.0033
—0.1303 —0.1404 1.48E-10 5.63E—-05
—0.1265 —0.1352 2.79E-10 5.63E—-05
—0.2623 —0.2776 2.87E-10 5.63E—05
—0.3313 —0.3447 3.75E-10 5.63E—05
—0.1098 —0.1162 4.79E-10 5.63E—05
—0.1439 —0.1556 6.12E-10 5.63E-05
—0.1248 —0.1355 6.44E-10 5.63E-05
—0.2468 —0.2585 6.44E-10 5.63E-05
—0.6245 —0.6284 3.40E—-09 0.0003
—0.1395 —0.1461 4.18E—09 0.0003
—0.2381 —0.2064 1.56E—08 0.0009
—0.0697 —0.0784 1.62E—08 0.0009
—0.3310 —0.3487 2.02E—-08 0.0011
—0.2331 —0.2449 2.23E—-08 0.0011
—0.6517 —0.6592 2.88E—08 0.0013
—0.6627 —0.6689 4.09E—08 0.0018
—0.4592 —0.4973 5.56E—08 0.0023
—0.5325 —0.5396 6.34E—08 0.0025
—0.4150 —0.4301 7.25E—-08 0.0027
—0.2121 —0.2092 1.34E—-07 0.0047
—0.1508 —0.1654 1.53E—-07 0.0051
—0.6460 —0.6504 7.48E—07 0.0238
—0.6265 —0.6210 1.08E—06 0.0325
—0.3175 —0.3323 1.11E-06 0.0325

lImniID llumina array probe ID, CHR chromosome number; beta difference, methylation difference between cases and controls, logFC log fold change of
methylation difference. Empty cells are those which are not annotated to a gene or to a specific classification of CpG location. NB. 24 loci are presented in
Table 2d instead of 20, as this was the final number of significantly differentially methylated probes in this analysis (supplement with the full list was not
necessary). ImnIDs in Table 2d marked with asterisks denote probes which are present on the 850K array only.

prenatal cannabis (PCE) and cannabis and tobacco (PCTE) exposure
(whole blood, Table 2d and Supplementary Fig. 5). All differentially
methylated CpG sites were hypomethylated. The most significantly
differentially methylated CpG site was in the gene GRIN2D (P adj =
0.00006). The EWAS was assessed for genomic inflation, with
lambda calculated as 1.714 (Supplementary Fig. 4d).

Genome-wide DNA methylation of prenatal tobacco only
exposure (PTE) in the CHDS cohort at 27 y

To assess the effect of PCE only on DNA methylation, vs. any
confounding factors that may be present in co-exposure with
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tobacco, we performed an additional EWAS on PCE and PCTE
individuals, compared to non-exposed controls, with the analysis
instead based on prenatal tobacco exposure (PTE), that is,
corrected for prenatal cannabis exposure and adult cannabis
and tobacco use. A total of two CpG sites both within the gene
FRMDA4A were significantly differentially methylated (P adj < 0.05),
with one additional differentially methylated CpG site in the same
not reaching the FDR cut-off for genome-wide significance
(Supplementary Table 4 and Supplementary Fig. 6). The EWAS
was assessed for genomic inflation, with lambda calculated as
0.838 (Supplementary Fig. 4e)
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Overlap of significantly differentially methylated CpG sites
between ALSPAC and CHDS

Significant differential methylation at one CpG site (cg01666550)
within the gene body of LRP5 (chr11:68181086) was shared
between the ALSPAC cohort at age 15-17y (rank 448 of 552, log
fold change —0.0066, P adj = 0.0255) and CHDS cohort at age 27 y
(rank 13 of 24, log fold change —0.3487, P adj = 0.0011) in whole
blood. Five out of the 24 most significantly differentially
methylated CpG sites in the CHDS cohort were probes that were
only present on the 850K array, and were absent from the 450 K
array (probes ranked 9, 11, 15, 22 and 22, Table 2d).

Pathway analyses

At 0y, 7y, 15y, and 27y, gene set enrichment indicated that
differential DNA methylation was enriched at loci that are
annotated to multiple gene ontology pathways associated with
neurodevelopment, neurotransmission, regulation of neural path-
ways, and neuronal structure, as well as molecular pathways that
have associations with neurodevelopmental diseases and dis-
orders (Table 4).

DISCUSSION

To date, limited research has explored molecular changes in
offspring associated with prenatal cannabis exposure (PCE). In this
study, we performed epigenome-wide association studies of PCE,
and prenatal cannabis and tobacco exposure (PCTE), in two

coQ5

DOCK8

€g21836627 Lz1s2

NPSR1
NT5E
CRIP2

Fig. 1 Significantly differentially methylated CpG sites in response
to PCE that overlap between each ALSPAC timepoint analysed (0y,
7y and 15-17y). The genes in which the CpG sites reside are listed
external to the circles.
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independent cohorts at four time points; 0y, 7y, 15-17y, and
~27y. Our findings show that both PCE and PCTE are associated
with genome-wide significant DNA methylation differences at all
time points, in both cohorts, at genes, and in pathways associated
with neurodevelopment. These results provide molecular evi-
dence in support of the epidemiological associations between PCE
and impacts on neurodevelopment. Further, they provide
justification for larger studies in this area and support further
conversations around the need for guidelines to discuss a
reduction in prenatal cannabis exposure.

Prenatal cannabis exposure and differential DNA methylation
in the ALSPAC cohort
To assess the impact of PCE on DNA methylation we undertook
EWAS at three time points, including birth (0y), early childhood
(7y), and adolescence (15-17Yy), in the ALSPAC cohort. The top
PCE-associated differentially methylated CpG site at 0y was in the
gene TUBB2B. This gene is associated with malformations of
cortical development [67], and mutations in TUBB2B are associated
with developmental delays [68]. The top CpG site displaying
differential methylation at 7y was in the gene LZTS2. Differential
methylation of LZTS2 is associated with cross-generational effects
of THC exposure in rat nucleus accumbens [48]. Further, LZTS2 is
associated with major depressive disorder [69]. Lastly, the top
differentially methylated CpG site at age 15y was in the gene
WAC, which has been linked to severe intellectual disability [70].
We detected varying abundances of differentially methylated
loci between early childhood and adolescence in these data,
which was not unexpected; it is well established that genome-
wide levels of DNA methylation change over time and that
stochastic methylation changes occur during the ageing process
[71], and this pattern reflected in these data. However, the varying
methylation abundance with age also means that identifying
consistent changes between childhood, adolescence, and adult-
hood, where differential methylation is expected to be more
prominent [71], based on each individual's environmental
exposures, and related to exposures during development, is
challenging. Despite this challenge, in these data, we identified
shared differential DNA methylation at individual CpG sites
between different time points examined in the ALSPAC cohort.
Specifically, between individuals at 7y and 15y, differential DNA
methylation was shared at 4 CpG sites. These sites were in or near
the genes LZTS2 (discussed above), NPSR1, NT5E, and CRIP2. NPSR1
is associated with educational attainment [72] and amyloid beta
measurement [73]. NT5E may have a role in excitatory neuro-
transmission [74]. CRIP2 currently has no known roles in
neurodevelopment or neurodevelopmental disorders, however,
is associated with heart development [75, 76] which is intriguing
as growing evidence suggests that PCE is associated with impacts
on heart development [77], and further, adult cannabis use is
known to impact DNA methylation in biological pathways

Table 3. Significantly differentially methylated CpG sites in response to PCE that overlap between each ALSPAC timepoint analysed (0y, 7y and
15-17y).
IimnID Gene Name logfC 0y adj.P.val 0y logfC 7y adj.P.Val 7y logFC 15-17y adj.P.val 15-17y
cg19141861 CoQ5 0.0039 0.0160 0.0031 0.0457
cg10170214 LZTS2 —0.0092 0.0004 —0.0072 0.0086
€g02850468 NPRS1 —0.0222 0.0254 —0.0174 0.0379
€g24635468 NT5E 0.0035 0.0362 0.0020 0.0032
cg18576588 CRIP2 0.0040 0.0427 0.0026 0.0045
€g19201719 DOCK8 0.0033 0.0267 0.0060 0.0116
€g21836627 0.0018 0.0282 0.0065 0.0102

IlImID Nlumina array probe ID, locFC log fold change of methylation difference, adj.p.val adjusted p value of the methylation difference.
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Table 4. Gene ontology enrichment analysis for GO terms in response to PCE (ALSPAC) and PCTE (CHDS).

GO Description type DMG background p FDR
ALSPAC PCE Oy
G0:0048665 neuron fate specification BP 18 34 9.44E 1
—05
GO0:0048663 neuron fate commitment BP 26 65 1.34E 1
—03
GO0:0030594 neurotransmitter receptor activity MF 31 115 1.48E 1
—03
GO:0001708  cell fate specification BP 34 99 1.76E 1
—03
GO0:0099566 regulation of postsynaptic cytosolic calcium ion concentration BP 8 12 1.84E 1
—03
G0:0004505 phenylalanine 4-monooxygenase activity MF 3 3 2.57E 1
—03
GO0:0061304  retinal blood vessel morphogenesis BP 5 6 4.14E 1
—03
GO:0016616  oxidoreductase activity, acting on the CH-OH group of donors, NAD or NADP  MF 28 118 4.54E 1
as acceptor —03
GO:0004970 ionotropic glutamate receptor activity MF 10 19 4.60E 1
—03
GO0:0007379 segment specification BP 8 17 4.95E 1
—03
ALSPAC PCE 7y
G0:0051899 membrane depolarisation BP 31 91 0.0003 1
GO:0017156  calcium ion regulated exocytosis BP 46 152 0.0007 1
GO0:0043196 varicosity CcC 6 8 0.0010 1
GO0:0016079 synaptic vesicle exocytosis BP 38 118 0.0010 1
GO0:0005854 nascent polypeptide-associated complex cC 4 5 0.0010 1
G0:0098797 plasma membrane protein complex cC 134 563 0.0012 1
GO0:0003714 transcription corepressor activity MF 62 233 0.0014 1
GO0:0032892  positive regulation of organic acid transport BP 12 33 0.0015 1
GO0:0046717 acid secretion BP 35 124 0.0015 1
G0:0098742 cell-cell adhesion via plasma-membrane adhesion molecules BP 69 271 0.0016 1
ALSPAC PCE 15-17y
GO0:1901533 negative regulation of hematopoietic progenitor cell differentiation BP 6 8 0.0009 1
GO:0050905 neuromuscular process BP 36 107 0.0012 1
G0:0032885 regulation of polysaccharide biosynthetic process BP 17 37 0.0016 1
GO0:0035254  glutamate receptor binding MF 20 46 0.0024 1
G0:0032881 regulation of polysaccharide metabolic process BP 18 42 0.0025 1
G0:0005979  regulation of glycogen biosynthetic process BP 14 29 0.0025 1
GO0:0010962  regulation of glucan biosynthetic process BP 14 29 0.0025 1
GO:0031646  positive regulation of neurological system process BP 25 63 0.0028 1
GO0:0060364  frontal suture morphogenesis BP 4 4 0.0032 1
GO:0006750  glutathione biosynthetic process BP 9 17 0.0035 1
CHDS PCTE 27y
G0:0022038 corpus callosum development BP 10 16 0.0006 1
GO0:0035927  RNA import into mitochondrion BP 4 5 0.0009 1
GO:0010842  retina layer formation BP 12 22 0.0013 1
GO0:0060563 neuroepithelial cell differentiation BP 21 53 0.0016 1
G0:1900086 positive regulation of peptidyl-tyrosine autophosphorylation BP 4 4 0.0016 1
GO0:1902285  semaphorin-plexin signalling pathway involved in neuron projection BP 9 13 0.0018 1
guidance
GO0:0045747  positive regulation of Notch signalling pathway BP 21 52 0.0018 1
GO0:0021532  neural tube patterning BP 17 40 0.0018 1
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Table 4. continued

GO Description type DMG background p FDR
GO:0061478  response to platelet aggregation inhibitor BP 8 13 0.0029 1
GO0:0072300 positive regulation of metanephric glomerulus development BP 4 5 0.0033 1
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The top 10 biological processes that are significantly enriched in differential methylation data at 0y, 7y, and 15-17 y (ALSPAC) and at 27 y (CHDS) are presented.
The type of gene ontology term in the table is listed as BP (biological process), MF (molecular function), or CC (cellular component). Each biological process is
listed with its gene set identifier from the Gene Ontology database. DMG, differentially methylated gene; background, the number of genes in the GO term
against which the presence of DMGs are assessed; P, p-value of the relationship between DMGs and background; FDR, FDR-corrected p value of this relationship.

associated with cardiomyopathy [78]. Next, we detected signifi-
cant differential DNA methylation shared between individuals at
0y and 15y at 2 CpG sites, in response to PCE. These sites were in
the gene DOCK8, and an un-annotated CpG, with probe ID
€g21836627. DOCK8 is associated with anxiety [79], opioid
dependence [80], and autism spectrum disorder (ASD) [81]. The
probe cg21836627 is not within or directly associated with a gene
(chr6:30,069,797). However, this CpG site is 877 bp upstream of
TRIM31 (chr6:30,070,674-30,080,867), which is associated with
cognitive performance/intelligence [82, 83], memory [83], unipolar
depression [83, 84], ASD and schizophrenia [85], all of which are
epidemiologically associated with PCE. Differential methylation at
one site was shared between 0y and 7y, and this site was in the
gene COQ5. COQ5 is a methyltransferase enzyme [86] that is
located in the mitochondria. COQ5 has associations with educa-
tional attainment [87], global developmental delay [88], and
intellectual disability [89]. Taken together, these findings imply an
impact of PCE on DNA methylation at genes with roles in
neurodevelopment, across childhood and adolescence.

Given these data indicate an impact on genes involved in
neurodevelopment, we undertook gene ontology enrichment
analyses to determine whether this pattern was supported at the
molecular pathway level. Our data indicated that differential
methylation is significantly enriched at pathways associated with
neurodevelopment, but also neurotransmission, regulation of neural
pathways, and neuronal structure, at 0y, 7y, and 15-17y. The
signature of enrichment, in response to prenatal exposure, supports
the principle that many neurodevelopmental disorders and diseases
have developmental origins, and is also supportive of the
epidemiological associations between PCE and neurodevelopment.
For example, PCE is associated with consequences for neurodeve-
lopment [25], potentially via disruption of the developing central
nervous system by cannabinoid exposure [36, 90], which could
impact neuron development and growth [91]. This potential impact
on the developing nervous system may be linked to the association
between PCE and an increase in psychosis and psychopathology in
middle childhood [24, 92], and the greater risk of psychiatric
disorders into adolescence [93], including affective symptoms and
ADHD [94]. Further, PCE is associated with impacts on memory and
behaviour in children and adolescents, and this impact persists into
adulthood [26]. Thus, along with the frequent and wide-ranging
reviews on the association between PCE and neurodevelopment
and behaviour across the lifespan [39, 95], and recent evidence of an
impact of PCE on DNA methylation at genes involved in autism in
animal models [49], taken together, these data support a role for
DNA methylation in the biological response to PCE.

Prenatal cannabis and tobacco exposure and differential DNA
methylation in the CHDS cohort

In the CHDS cohort, we detected 24 significantly differentially
methylated CpG sites, in individuals exposed to cannabis and
tobacco during development, compared to controls. The most
significantly differentially methylated sites were in the genes:
GRIN2D, which is a glutamate receptor gene that functions in
synaptic transmission and is involved in long-term potentiation/
learning and memory [96, 971; ZNF362, which has associations with
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individual schizophrenia symptom severity [98]; SPATA2, which is
involved in fertilisation, but also intelligence [99], attention deficit
hyperactivity disorder (ADHD) and ASD [100]; SLC9A3, an Na*/H*
exchanger, classes of which have an emerging role in develop-
mental brain disorders [101], and finally; HDAC4, which has been
associated with ADHD, uni- and bipolar depression, ASD and
schizophrenia [102], educational attainment [87], as well as a
prominent role in Brachydactyly Mental Retardation Syndrome,
symptoms of which commonly include cognitive delay [103, 104]
and autistic-like behaviours [105].

Gene ontology enrichment analysis for CHDS confirmed that
differential methylation of genes involved in neurodevelopment
and neurodevelopmental disorders were supported at the path-
way level. We identified enrichment for the terms neuroepithelial
cell differentiation, neural tube patterning, and neuron projection
guidance, indicating enrichment for genes associated with
neurogenesis and neural connections. Additionally, differential
methylation is enriched at genes associated with corpus collosum
development. The corpus collosum is consistently found to be
reduced in size in patients with ASD [106] and schizophrenia [107],
and is thought to have a role in neurodevelopmental disorders
such as ASD and ADHD [108]. Further enriched is the GO term
‘positive regulation of peptidyl-tyrosine autophosphorylation’. This
GO term is enriched in studies of ASD [109] and also
neurodevelopmental disorders/neuromotor development [110].
Finally, loci within the Notch signalling pathway are enriched in
these data. Notch is integral in nervous system development and
influences plasticity and learning in the adult central nervous
system [111]. Altered Notch signalling has been associated with
ASD [112], schizophrenia and bipolar disorder [113]. Thus, taken
together, pathway enrichment analyses support the finding that
the most significantly differentially methylated loci function in
neurodevelopment and neurodevelopmental disorders, as well as
provide molecular evidence in support the epidemiological
associations of a link between PCE and these disorders.

To understand whether an analysis of cannabis and tobacco
exposure (PCTE), in combination with cannabis-only exposure
(PCE), was skewing these data in favour of tobacco exposure-
driven differential methylation, we assessed the same DNA
methylation data and asked the extent of differential DNA
methylation in response to prenatal tobacco exposure alone
(PTE), corrected for PCE and adult cannabis and tobacco use. This
EWAS detected genome-wide significant DNA methylation at two
CpG sites, both within the gene Ferm domain containing 4 A
(FRMDAA4). Previous studies have found FRMDA4 to be differentially
methylated in response to prenatal tobacco exposure, with the
strongest effects observed in sustained prenatal tobacco smoking
[114]. Thus, while we were unable to control for PTE in our CHDS
analysis, our EWAS observations of both PCTE and PTE support a
distinct pattern of differential DNA methylation that is driven by
prenatal exposure to cannabis, in adult offspring.

Overlap in differentially methylated CpG sites between the
ALSPAC and CHDS cohorts

One CpG site in the gene LRP5 was differentially methylated in
CHDS adults and in the eldest time point (15-17y) in the ALSPAC
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cohort. LRP5 has not yet been associated with PCE, and therefore
may represent a novel target for PCE. The LRP5 gene codes for
low-density lipoprotein receptor-related protein 5, and differential
methylation of CpG sites within this gene have previously been
associated with passive smoking exposure [115], and implicated in
the proposed link between cigarette smoking habit and metabolic
syndrome [116]. Moreover, it has associations with individual
educational attainment [72] and mathematical ability [87], which
supports further investigation of this gene for its role in the
molecular link between PCE and offspring neurodevelopment.

Strengths and challenges associated with cross-cohort DNA
methylation analyses

It is important to acknowledge the challenges associated with our
study. Firstly, while our study identifies DNA methylation changes
at loci and pathways that support the epidemiological associa-
tions of PCE, at all time points, which reflects the strength of our
hypothesis, our study consists of a relatively small number of
individuals with prenatal exposure to cannabis, and as such, we
must emphasise the need for replication in a more highly
powered study cohort. Secondly, using independent data from
multiple cohorts, as we have done here, can pose additional
challenges, including those associated with attempting to validate
differential methylation between samples at different ages, and
differences between workflows, including normalisation and
quality control steps, where raw data is not available. Further,
combining and validating across age points and independent
datasets is even more challenging when one considers confound-
ing factors such as tobacco, alcohol, and other drug use; these
common confounders lead to heterogeneity in results cross-
cohort, and along with sociodemographic factors, makes uni-
formity across studies hard to achieve [117]. This is pertinent when
we consider the genomic inflation values for the 15-17y
time point; the lambda value here indicates a slight inflation.
We predict that this is due to the available variables from the
ALSPAC study; clinical data was only collected at 7y, meaning we
were unable to correct for personal tobacco smoking status, which
is relevant at this time point. We suggest that this might be a
possible explanation for the inflation value and the increase in the
number of differentially methylated probes observed at this time
point, however, without access to more clinical data, we are
unable to correct for this in our EWAS model. Therefore, while
identifying independent cohorts that reliably and consistently
measure all possible confounding variables is not possible or
feasible, it nevertheless remains a limitation of studies such as this.
We also acknowledge the limitations that surround the necessary
use of DNA from blood samples in this study, which we are aware
may or may not reflect changes in the brain. Furthermore, due to
the aforementioned limitations around study size, it was necessary
to analyse PCE in combination with tobacco (PCTE) for one cohort,
and we acknowledge that, despite controlling for tobacco
exposure, we cannot ignore this as a potential confounder in
these data. Nevertheless, while both cannabis and tobacco can
result in different changes to the methylome, and while there is a
large proportion of PCE individuals who have co-exposure with
tobacco, we demonstrated that many significant CpG sites are
unique to prenatal cannabis exposure in the CHDS. Moreover, we
demonstrate that each dataset, whether PCE or PCTE, is enriched
for similar/shared biological pathways, giving us confidence that
our data are supportive of a biological role for DNA methylation in
the association between PCE and neurodevelopment, and that
further investigation in larger cohorts is required.

CONCLUSION

These data provide hypothesis-building insights into molecular
alterations associated with prenatal cannabis exposure. The
association between DNA methylation and genes involved in
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neurodevelopment and neurodevelopmental disorders in the
present study may suggest a role for DNA methylation in the link
between PCE and neurodevelopmental outcomes in exposed
children, as well as provide a suite of reference genes for future
investigations into the molecular mechanism of the impact of PCE
on individuals. While both of our two independent cohorts
contain modest sample numbers of exposed individuals, finding
suitable cohorts with defined and comprehensive data on PCE is a
difficult task, and the biological relevance of these data to the
phenotypes being studied provides justification that PCE should
be investigated strategically and specifically, in much larger
sample sizes. Given the increasing prevalence of PCE, further
research is required to identify the underlying mechanisms that
may underlie the effects of PCE on neurodevelopment, in order to
start to establish whether PCE is causative for neurodevelop-
mental impacts. Moreover, these data will help to fill current gaps
in our knowledge around how drug exposures during develop-
ment may lead to lifelong molecular disturbances that predispose
an individual to poor neurocognitive outcomes in early childhood,
adolescence, and beyond [39].
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The computer codes used to generate these results may be requested via the
corresponding author.

REFERENCES

1. Coleman-Cowger VH, Oga EA, Peters EN, Mark K. Prevalence and associated
birth outcomes of co-use of Cannabis and tobacco cigarettes during pregnancy.
Neurotoxicol Teratol. 2018;68:84-90.

2. Gnofam M, Allshouse AA, Stickrath EH, Metz TD. Impact of marijuana legalization
on prevalence of maternal marijuana use and perinatal outcomes. Am J Peri-
natol. 2020;37:059-65.

3. Singh S, Filion K, Abenhaim H, Eisenberg M. Prevalence and outcomes of pre-
natal recreational cannabis use in high-income countries: a scoping review.
BJOG: Int J Obstet Gynaecol. 2020;127:8-16.

4. Young-Wolff KC, Tucker L-Y, Alexeeff S, Armstrong MA, Conway A, Weisner C,
et al. Trends in self-reported and biochemically tested marijuana use among
pregnant females in California from 2009-2016. JAMA. 2017;318:2490-1.

5. English F, Greyson D. “You still have that fear”: Policy constraints on informed
decision making about legalized cannabis use during pregnancy and lactation.
Int J Drug Policy. 2022;106:103774.

6. Committee on Obstetric Practice. Committee Opinion No. 722: Marijuana use
during pregnancy and lactation. Obstet Gynecol. 2017;130:e205-e209.

7. Volkow ND, Han B, Compton WM, McCance-Katz EF. Self-reported medical and
nonmedical cannabis use among pregnant women in the United States. JAMA.
2019;322:167-9.

8. Young-Wolff KC, Ray GT, Alexeeff SE, Adams SR, Does MB, Ansley D, et al. Rates
of prenatal cannabis use among pregnant women before and during the
COVID-19 pandemic. JAMA. 2021;326:1745-7.

9. Jarlenski M, Koma JW, Zank J, Bodnar LM, Bogen DL, Chang JC. Trends in
perception of risk of regular marijuana use among US pregnant and non-
pregnant reproductive-aged women. Am J Obstet Gynecol. 2017;217:705-7.

10. Bailey JA, Epstein M, Roscoe JN, Oesterle S, Kosterman R, Hill KG. Marijuana
legalization and youth marijuana, alcohol, and cigarette use and norms. Am J
Prev Med. 2020;59:309-16.

11. Barker AK, Moreno MA. Effects of recreational marijuana legalization on college
students: a longitudinal study of attitudes, intentions, and use behaviors. J
Adolesc Health. 2021;68:110-5.

12. Doran N, Strong D, Myers MG, Correa JB, Tully L. Post-legalization changes in mar-
jjuana use in a sample of young California adults. Addict Behav. 2021;115:106782.

13. Ko JY, Farr SL, Tong VT, Creanga AA, Callaghan WM. Prevalence and patterns of
marijuana use among pregnant and nonpregnant women of reproductive age.
Am J Obstet Gynecol. 2015;213:€201-201. e210.

14. Bayrampour H, Zahradnik M, Lisonkova S, Janssen P. Women's perspectives
about cannabis use during pregnancy and the postpartum period: An inte-
grative review. Prev Med. 2019;119:17-23.

Molecular Psychiatry (2025) 30:1418 - 1429



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

. Odom GC, Cottler LB, Striley CW, Lopez-Quintero C. Perceived risk of weekly

cannabis use, past 30-day cannabis use, and frequency of cannabis use among
pregnant women in the United States. Int J Women'’s Health. 2020;12:1075.

. Ng JH, Rice KK, Ananth CV, Brandt JS. Attitudes about marijuana use, potential

risks, and legalization: a single-center survey of pregnant women. J Matern-Fetal
Neonatal Med. 2022;35:4635-43.

. Knopf A. FDA on CBD in pregnancy and breastfeeding. Brown Univ Child

Adolesc Behav Lett. 2020;36:9-10.

. National Academies of Sciences Engineering and Medicine. The health effects of

cannabis and cannabinoids: the current state of evidence and recommendations
for research. (The National Academies Press, 2017).

. Gunn J, Rosales C, Center K, Nuiez A, Gibson S, Christ C, et al. Prenatal exposure

to cannabis and maternal and child health outcomes: a systematic review and
meta-analysis. BMJ Open. 2016;6:¢009986.

Corsi DJ, Walsh L, Weiss D, Hsu H, El-Chaar D, Hawken S, et al. Association
between self-reported prenatal cannabis use and maternal, perinatal, and
neonatal outcomes. JAMA. 2019;322:145-52.

Prewitt, KC, Hayer, S, Garg, B, Benson, AE, Hedges, MA, Caughey, AB, et al.
Impact of prenatal cannabis use disorder on perinatal outcomes. J Addict Med,
10.1097 (2022).

Wu C-S, Jew CP, Lu H-C. Lasting impacts of prenatal cannabis exposure and the
role of endogenous cannabinoids in the developing brain. Future Neurol.
2011;6:459-80.

Hiraoka D, Makita K, Hamatani S, Tomoda A, Mizuno Y. Effects of prenatal
cannabis exposure on developmental trajectory of cognitive ability and brain
volumes in the adolescent brain cognitive development (ABCD) study. Dev
Cogn Neurosci. 2023;60:101209.

Paul SE, Hatoum AS, Fine JD, Johnson EC, Hansen |, Karcher NR, et al. Associa-
tions between prenatal cannabis exposure and childhood outcomes: results
from the ABCD study. JAMA Psychiatry. 2021;78:64-76.

lkeda AS, Knopik VS, Bidwell LC, Parade SH, Goodman SH, Emory EK, et al. A
review of associations between externalizing behaviors and prenatal cannabis
exposure: limitations & future directions. Toxics. 2022;10:17.

De Genna NM, Willford JA, Richardson GA. Long-term effects of prenatal can-
nabis exposure: Pathways to adolescent and adult outcomes. Pharmacol Bio-
chem Behav. 2022;214:173358.

Corsi DJ, Donelle J, Sucha E, Hawken S, Hsu H, El-Chaar D, et al. Maternal
cannabis use in pregnancy and child neurodevelopmental outcomes. Nat Med.
2020;26:1536-40.

Nashed, MG, Hardy, DB & Laviolette, SR Prenatal cannabinoid exposure: emer-
ging evidence of physiological and neuropsychiatric abnormalities. Front Psy-
chiatry, 1577 (2021).

Hutchings DE, Martin BR, Gamagaris Z, Miller N, Fico T. Plasma concentrations of
delta-9-tetrahydrocannabinol in dams and fetuses following acute or multiple
prenatal dosing in rats. Life Sci. 1989;44:697-701.

Scheyer AF, Melis M, Trezza V, Manzoni OJ. Consequences of perinatal cannabis
exposure. Trends Neurosci. 2019;42:871-84.

Castillo PE, Younts TJ, Chavez AE, Hashimotodani Y. Endocannabinoid signaling
and synaptic function. Neuron. 2012;76:70-81.

Lu H-C, Mackie K. An introduction to the endogenous cannabinoid system. Biol
Psychiatry. 2016;79:516-25.

Harkany T, Keimpema E, Barabas K, Mulder J. Endocannabinoid functions con-
trolling neuronal specification during brain development. Mol Cell Endocrinol.
2008;286:584-590.

Dong C, Chen J, Harrington A, Vinod KY, Hegde ML, Hegde VL. Cannabinoid
exposure during pregnancy and its impact on immune function. Cell Mol Life
Sci. 2019;76:729-43.

Bernard C, Milh M, Morozov Y, Ben-Ari Y, Freund T, Gozlan H. Altering canna-
binoid signaling during development disrupts neuronal activity. Proc Natl Acad
Sci. 2005;102:9388-93.

Volkow ND, Compton WM, Wargo EM. The risks of marijuana use during
pregnancy. JAMA. 2017;317:129-30.

DiNieri JA, Wang X, Szutorisz H, Spano SM, Kaur J, Casaccia P, et al. Maternal
cannabis use alters ventral striatal dopamine D2 gene regulation in the off-
spring. Biol Psychiatry. 2011;70:763-9.

Marjonen H, Sierra A, Nyman A, Rogojin V, Grohn O, Linden AM, et al. Early
maternal alcohol consumption alters Hippocampal DNA methylation, gene
expression and volume in a mouse model. Plos One. 2015;10:20.

Morris CV, DiNieri JA, Szutorisz H, Hurd YL. Molecular mechanisms of maternal
cannabis and cigarette use on human neurodevelopment. Eur J Neurosci.
2011;34:1574-83.

van Otterdijk SD, Binder AM, Michels KB. Locus-specific DNA methylation in the
placenta is associated with levels of pro-inflammatory proteins in cord blood
and they are both independently affected by maternal smoking during preg-
nancy. Epigenetics. 2017;12:875-85.

Molecular Psychiatry (2025) 30:1418 - 1429

Al

Noble et al.

4.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.
66.

67.

Xu R, Hong X, Zhang B, Huang W, Hou W, Wang G, et al. DNA methylation
mediates the effect of maternal smoking on offspring birthweight: a birth cohort
study of multi-ethnic US mother-newborn pairs. Clin Epigenet. 2021;13:1-13.
Jaenisch R, Bird A. Epigenetic regulation of gene expression: how the genome
integrates intrinsic and environmental signals. Nat Genet. 2003;33:245-54.
Anastasiadi D, Esteve-Codina A, Piferrer F. Consistent inverse correlation
between DNA methylation of the first intron and gene expression across tissues
and species. Epigenet Chromatin. 2018;11:37.

Lowdon RF, Jang HS, Wang T. Evolution of epigenetic regulation in vertebrate
genomes. Trends Genet. 2016;32:269-83.

Moore LD, Le T, Fan G. DNA methylation and its basic function. Neuropsycho-
pharmacology. 2013;38:23.

Szutorisz H, Hurd YL. Epigenetic effects of cannabis exposure. Biol Psychiatry.
2016;79:586-94.

Szutorisz H, Hurd YL. High times for cannabis: Epigenetic imprint and its legacy
on brain and behavior. Neurosci Biobehav Rev. 2018;85:93-101.

Watson CT, Szutorisz H, Garg P, Martin Q, Landry JA, Sharp AJ, et al. Genome-
wide DNA methylation profiling reveals epigenetic changes in the rat nucleus
accumbens associated with cross-generational effects of adolescent THC
exposure. Neuropsychopharmacology. 2015;40:2993-3005.

Shorey-Kendrick LE, Roberts VH, D'Mello RJ, Sullivan EL, Murphy SK, Mccarty OJ,
et al. Prenatal delta-9-tetrahydrocannabinol exposure is associated with chan-
ges in rhesus macaque DNA methylation enriched for autism genes. Clin Epi-
genet. 2023;15:1-15.

Osborne AJ, Pearson JF, Noble AJ, Gemmell NJ, Horwood LJ, Boden JM, et al.
Genome-wide DNA methylation analysis of heavy cannabis exposure in a New
Zealand longitudinal cohort. Transl Psychiatry. 2020;10:1-10.

Nannini, DR, Zheng, Y, Joyce, BT, Kim, K, Gao, T, Wang, J, et al. Genome-wide
DNA methylation association study of recent and cumulative marijuana use in
middle aged adults. Mol Psychiatry. 2023;28:2572-82.

Schrott R, Modliszewski JL, Hawkey AB, Grenier C, Holloway Z, Evans J, et al.
Sperm DNA methylation alterations from cannabis extract exposure are evident
in offspring. Epigenet Chromatin. 2022;15:1-15.

Schrott R, Rajavel M, Acharya K, Huang Z, Acharya C, Hawkey A, et al. Sperm
DNA methylation altered by THC and nicotine: Vulnerability of neurodevelop-
mental genes with bivalent chromatin. Sci Rep. 2020;10:16022.

Markunas CA, Hancock DB, Xu Z, Quach BC, Fang F, Sandler DP, et al. Epigenome-
wide analysis uncovers a blood-based DNA methylation biomarker of lifetime can-
nabis use. Am J Med Genet Part B: Neuropsychiatr Genet. 2021;186:173-82.

Boyd A, Golding J, Macleod J, Lawlor DA, Fraser A, Henderson J, et al. Cohort
profile: the ‘children of the 90s'—the index offspring of the Avon longitudinal
study of parents and children. Int J Epidemiol. 2013;42:111-27.

Fraser A, Macdonald-Wallis C, Tilling K, Boyd A, Golding J, Davey Smith G, et al.
Cohort profile: the Avon Longitudinal Study of Parents and Children: ALSPAC
mothers cohort. Int J Epidemiol. 2013;42:97-110.

Alfano R, Guida F, Galobardes B, Chadeau-Hyam M, Delpierre C, Ghantous A,
et al. Socioeconomic position during pregnancy and DNA methylation sig-
natures at three stages across early life: epigenome-wide association studies in
the ALSPAC birth cohort. Int J Epidemiol. 2019;48:30-44.

R: A language and environment for statistical computing (Vienna, Austria, 2019).
Pidsley R, Zotenko E, Peters TJ, Lawrence MG, Risbridger GP, Molloy P, et al.
Critical evaluation of the Illumina MethylationEPIC BeadChip microarray for
whole-genome DNA methylation profiling. Genome Biol. 2016;17:1-17.

Tian Y, Morris TJ, Webster AP, Yang Z, Beck S, Feber A, et al. ChAMP: updated
methylation analysis pipeline for Illumina BeadChips. Bioinformatics. 2017;33:3982-4.
Houseman EA, Accomando WP, Koestler DC, Christensen BC, Marsit CJ, Nelson
HH, et al. DNA methylation arrays as surrogate measures of cell mixture dis-
tribution. BMC Bioinforma. 2012;13:1-16.

Relton CL, Gaunt T, McArdle W, Ho K, Duggirala A, Shihab H, et al. Data resource
profile: accessible resource for integrated epigenomic studies (ARIES). Int J
Epidemiol. 2015;44:1181-90.

Gervin K, Page CM, Aass HCD, Jansen MA, Fjeldstad HE, Andreassen BK, et al. Cell
type specific DNA methylation in cord blood: a 450K-reference data set and cell
count-based validation of estimated cell type composition. Epigenetics.
2016;11:690-8.

Lawrence M, Huber W, Pages H, Aboyoun P, Carlson M, Gentleman R, et al.
Software for computing and annotating genomic ranges. PLoS Comput Biol.
2013;9:e1003118.

Wickham, H Data Analysis. (Springer, 2016).

Xiong Z, Yang F, Li M, Ma Y, Zhao W, Wang G, et al. EWAS Open Platform:
integrated data, knowledge and toolkit for epigenome-wide association study.
Nucleic Acids Res. 2022;50:D1004-D1009.

Dekker J, Diderich KE, Schot R, Husen SC, Dremmen MH, Go AT, et al. A novel
family illustrating the mild phenotypic spectrum of TUBB2B variants. Eur J
Paediatr Neurol. 2021;35:35-9.

SPRINGER NATURE



A.J. Noble et al.

1428

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84,

85.

86.

87.

88.

89.

90.

Romaniello R, Tonelli A, Arrigoni F, Baschirotto C, Triulzi F, Bresolin N, et al. A
novel mutation in the B-tubulin gene TUBB2B associated with complex mal-
formation of cortical development and deficits in axonal guidance. Dev Med
Child Neurol. 2012;54:765-9.

Clements CC, Karlsson R, Lu Y, Juréus A, Riick C, Andersson E, et al. Genome-
wide association study of patients with a severe major depressive episode
treated with electroconvulsive therapy. Mol Psychiatry. 2021;26:2429-39.
Hamdan FF, Srour M, Capo-Chichi J-M, Daoud H, Nassif C, Patry L, et al. De novo
mutations in moderate or severe intellectual disability. PLoS Genet.
2014;10:e1004772.

Fraga MF, Ballestar E, Paz MF, Ropero S, Setien F, Ballestar ML, et al. Epigenetic
differences arise during the lifetime of monozygotic twins. Proc Natl Acad Sci.
2005;102:10604-9.

Okbay A, Wu Y, Wang N, Jayashankar H, Bennett M, Nehzati SM, et al. Polygenic
prediction of educational attainment within and between families from
genome-wide association analyses in 3 million individuals. Nat Genet.
2022;54:437-49.

Wang H, Yang J, Schneider JA, De Jager PL, Bennett DA, Zhang H-Y. Genome-
wide interaction analysis of pathological hallmarks in Alzheimer's disease.
Neurobiol Aging. 2020;93:61-68.

Lovatt D, Xu Q, Liu W, Takano T, Smith NA, Schnermann J, et al. Neuronal
adenosine release, and not astrocytic ATP release, mediates feedback inhibition
of excitatory activity. Proc Natl Acad Sci. 2012;109:6265-70.

Kim J-D, Kim H-J, Koun S, Ham H-J, Kim M-J, Rhee M, et al. Zebrafish Crip2 plays
a critical role in atrioventricular valve development by downregulating the
expression of ECM genes in the endocardial cushion. Mol cells. 2014;37:406-11.
Wang F, Zhao J, Zhang M, Yang J, Zeng G. Genome-wide analysis of the mouse
LIM gene family reveals its roles in regulating pathological cardiac hypertrophy.
FEBS Lett. 2021;595:2271-89.

Lee K, Laviolette SR, Hardy DB. Exposure to A9-tetrahydrocannabinol during rat
pregnancy leads to impaired cardiac dysfunction in postnatal life. Pediatr Res.
2021;90:532-9.

Osborne AJ, Pearson JF, Noble AJ, Gemmell NJ, Horwood LJ, Boden JM, et al.
Genome-wide DNA methylation analysis of heavy cannabis exposure in a New
Zealand longitudinal cohort. Transl Psychiatry. 2020;10:114.

Zhang Z, Yang X, Jia Y, Wen Y, Cheng S, Meng P, et al. Vitamin D and the risks of
depression and anxiety: an observational analysis and genome-wide environ-
ment interaction study. Nutrients. 2021;13:3343.

Gaddis N, Mathur R, Marks J, Zhou L, Quach B, Waldrop A, et al. Multi-trait
genome-wide association study of opioid addiction: OPRM1 and Beyond. Sci
Rep. 2022;12:16873.

Almandil NB, AlSulaiman A, Aldakeel SA, Alkuroud DN, Aljofi HE, Alzahrani S,
et al. Integration of transcriptome and exome genotyping identifies significant
variants with autism spectrum disorder. Pharmaceuticals. 2022;15:158.

Davies G, Lam M, Harris SE, Trampush JW, Luciano M, Hill WD, et al. Study of
300,486 individuals identifies 148 independent genetic loci influencing general
cognitive function. Nat Commun. 2018;9:2098.

Sun J, Wang W, Zhang R, Duan H, Tian X, Xu C, et al. Multivariate genome-
wide association study of depression, cognition, and memory phenotypes
and validation analysis identify 12 cross-ethnic variants. Transl Psychiatry.
2022;12:304.

Howard DM, Adams MJ, Shirali M, Clarke T-K, Marioni RE, Davies G, et al.
Genome-wide association study of depression phenotypes in UK Biobank
identifies variants in excitatory synaptic pathways. Nat Commun. 2018;9:1470.
Autism Spectrum Disorders Working Group of The Psychiatric Genomics Con-
sortium. Meta-analysis of GWAS of over 16,000 individuals with autism spectrum
disorder highlights a novel locus at 10g24.32 and a significant overlap with
schizophrenia. Mol Autism. 2017;8:21.

Nguyen TP, Casarin A, Desbats MA, Doimo M, Trevisson E, Santos-Ocafa C, et al.
Molecular characterization of the human COQ5 C-methyltransferase in coen-
zyme Q10 biosynthesis. Biochim et Biophys Acta (BBA)-Mol Cell Biol Lipids.
2014;1841:1628-38.

Lee JJ, Wedow R, Okbay A, Kong E, Maghzian O, Zacher M, et al. Gene discovery
and polygenic prediction from a genome-wide association study of educational
attainment in 1.1 million individuals. Nat Genet. 2018;50:1112-21.

Granadillo J, Toy S. eP015: COQ5 compound heterozygous variants in a family
with global developmental delay, seizures, spastic paraparesis, and stroke.
Genet Med. 2022;24:511.

Dawidziuk, M, Podwysocka, A, Jurek, M, Obersztyn, E, Bekiesinska-Figatowska, M,
Goszczanska-Ciuchta, A, et al. Congenital coenzyme Q5-linked pathology: causal
genetic association, core phenotype, and molecular mechanism. J Appl Genet.
2023;64:507-14.

Colombo G, Rusconi F, Rubino T, Cattaneo A, Martegani E, Parolaro D, et al.
Transcriptomic and proteomic analyses of mouse cerebellum reveals alterations

SPRINGER NATURE

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

112.

113.

in RasGRF1 expression following in vivo chronic treatment with delta
9-tetrahydrocannabinol. J Mol Neurosci. 2009;37:111-22.

Castaldo P, Magi S, Cataldi M, Arcangeli S, Lariccia V, Nasti AA, et al. Altered
regulation of glutamate release and decreased functional activity and expres-
sion of GLT1 and GLAST glutamate transporters in the hippocampus of ado-
lescent rats perinatally exposed to A9-THC. Pharmacol Res. 2010;61:334-41.
Fine JD, Moreau AL, Karcher NR, Agrawal A, Rogers CE, Barch DM, et al. Asso-
ciation of prenatal cannabis exposure with psychosis proneness among children
in the adolescent brain cognitive development (ABCD) study. JAMA Psychiatry.
2019;76:762-4.

Baranger D, Paul S, Colbert S, Karcher N, Johnson E, Hatoum A, et al. 308.
Increased mental health burden associated with prenatal cannabis exposure
persists from childhood to early adolescence, but is not mediated by brain gray
matter or resting state correlations. Biol Psychiatry. 2023;93:5218.

Roncero C, Valriberas-Herrero |, Mezzatesta-Gava M, Villegas JL, Aguilar L, Grau-
Lépez L. Cannabis use during pregnancy and its relationship with fetal devel-
opmental outcomes and psychiatric disorders. A systematic review. Reprod
Health. 2020;17:1-9.

Calvigioni D, Hurd YL, Harkany T, Keimpema E. Neuronal substrates and func-
tional consequences of prenatal cannabis exposure. Eur Child Adolesc Psy-
chiatry. 2014;23:931-41.

Sengar AS, Li H, Zhang W, Leung C, Ramani AK, Saw NM, et al. Control of long-
term synaptic potentiation and learning by alternative splicing of the NMDA
receptor subunit GIuN1. Cell Rep. 2019;29:4285-4294. e4285.

Camp CR, Yuan H. GRIN2D/GIuN2D NMDA receptor: Unique features and its
contribution to pediatric developmental and epileptic encephalopathy. Eur J
Paediatr Neurol. 2020;24:89-99.

Li Q, Wineinger NE, Fu D-J, Libiger O, Alphs L, Savitz A, et al. Genome-wide
association study of paliperidone efficacy. Pharmacogenet Genom. 2017;27:7.
Savage JE, Jansen PR, Stringer S, Watanabe K, Bryois J, De Leeuw CA, et al.
Genome-wide association meta-analysis in 269,867 individuals identifies new
genetic and functional links to intelligence. Nat Genet. 2018;50:912-9.

Rao S, Baranova A, Yao Y, Wang J, Zhang F. Genetic relationships between
attention-deficit/hyperactivity disorder, autism spectrum disorder, and intelli-
gence. Neuropsychobiology. 2022;81:484-96.

Zhao H, Carney KE, Falgoust L, Pan JW, Sun D, Zhang Z. Emerging roles of Na
+/H+ exchangers in epilepsy and developmental brain disorders. Prog Neu-
robiol. 2016;138:19-35.

Cross-Disorder Group of the Psychiatric Genomics Consortium. Identification of
risk loci with shared effects on five major psychiatric disorders: a genome-wide
analysis. Lancet. 2013;381:1371-9.

Le TN, Williams SR, Alaimo JT, Elsea SH. Genotype and phenotype correlation in
103 individuals with 237 deletion syndrome reveals incomplete penetrance
and supports HDAC4 as the primary genetic contributor. Am J Med Genet Part
A. 2019;179:782-91.

Wheeler PG, Huang D, Dai Z. Haploinsufficiency of HDAC4 does not cause
intellectual disability in all affected individuals. Am J Med Genet Part A.
2014;164:1826-9.

Williams SR, Aldred MA, Der Kaloustian VM, Halal F, Gowans G, McLeod DR, et al.
Haploinsufficiency of HDAC4 causes brachydactyly mental retardation syn-
drome, with brachydactyly type E, developmental delays, and behavioral pro-
blems. Am J Hum Genet. 2010;87:219-28.

Frazier TW, Keshavan MS, Minshew NJ, Hardan AY. A two-year longitudinal MRI
study of the corpus callosum in autism. J Autism Dev Disord. 2012;42:2312-22.
Arnone D, McIntosh A, Tan G, Ebmeier K. Meta-analysis of magnetic resonance
imaging studies of the corpus callosum in schizophrenia. Schizophr Res.
2008;101:124-32.

Paul LK. Developmental malformation of the corpus callosum: a review of
typical callosal development and examples of developmental disorders with
callosal involvement. J Neurodev Disord. 2011;3:3-27.

Kushima |, Aleksic B, Nakatochi M, Shimamura T, Okada T, Uno Y, et al. Com-
parative analyses of copy-number variation in autism spectrum disorder and
schizophrenia reveal etiological overlap and biological insights. Cell Rep.
2018;24:2838-56.

Hmila |, Hill J, Shalaby KE, Ouararhni K, Abedsselem H, Modaresi SMS, et al.
Perinatal exposure to PFOS and sustained high-fat diet promote neurodeve-
lopmental disorders via genomic reprogramming of pathways associated with
neuromotor development. Ecotoxicol Environ Saf. 2024;272:116070.

Lathia JD, Mattson MP, Cheng A. Notch: from neural development to neurolo-
gical disorders. J Neurochem. 2008;107:1471-81.

Zhang Y-H, Wang T, Li Y-F, Deng Y-N, Shen F-G. Roles of the Notch signaling
pathway and microglia in autism. Behav Brain Res. 2023;437:114131.

Hoseth EZ, Krull F, Dieset I, Merch RH, Hope S, Gardsjord ES, et al. Attenuated
Notch signaling in schizophrenia and bipolar disorder. Sci Rep. 2018;8:5349.

Molecular Psychiatry (2025) 30:1418 - 1429



114. Vives-Usano M, Hernandez-Ferrer C, Maitre L, Ruiz-Arenas C, Andrusaityte S,
Borras E, et al. In utero and childhood exposure to tobacco smoke and multi-
layer molecular signatures in children. BMC Med. 2020;18:1-19.

115. Hulls PM, de Vocht F, Bao Y, Relton CL, Martin RM, Richmond RC. DNA methy-
lation signature of passive smoke exposure is less pronounced than active
smoking: The Understanding Society study. Environ Res. 2020;190:109971.

116. Yang C-W, Li C, Liu C-S, Bau D-T, Lin C-H, Lin W-Y, et al. The joint effect of
cigarette smoking and polymorphisms on LRP5, LEPR, near MC4R and SH2B1
genes on metabolic syndrome susceptibility in Taiwan. Mol Biol Rep.
2013;40:525-33.

117. Metz TD, Stickrath EH. Marijuana use in pregnancy and lactation: a review of the
evidence. Am J Obstet Gynecol. 2015;213:761-78.

ACKNOWLEDGEMENTS

The authors are grateful to Matthew Walters for assistance with visual design. CHDS
This work was supported by a Major Project Grant from the Canterbury Medical
Research Foundation (MPG2021-Osborne, awarded to AJO and AJN). The Christch-
urch Health and Development Study is supported by the Health Research Council of
New Zealand (HRC, Programme Grant 16/600). ALSPAC We are extremely grateful to
all the families who took part in this study, the midwives for their help in recruiting
them, and the whole ALSPAC team, which includes interviewers, computer and
laboratory technicians, clerical workers, research scientists, volunteers, managers,
receptionists, and nurses. This publication is the work of the authors and Amy
Osborne and Alexandra Noble who will serve as guarantors for the contents of this
paper. The UK Medical Research Council and Wellcome (Grant ref: 217065/Z/19/Z)
and the University of Bristol provide core support for ALSPAC. A comprehensive list of
grant funding is available on the ALSPAC website (http://www.bristol.ac.uk/alspac/
external/documents/grant-acknowledgements.pdf); In addition to the above, this
research was specifically funded by The Wellcome Trust and MRC (Core) grant
076467/2/05/Z. Methylation data was funded as per the below: Child: Data: ARIES;
Funder: BBSRC; PI: Caroline Relton; Grant references: BBI025751/1 and BB/1025263/1.
Funder: IEU grant codes; Pl: George Davey Smith; Grant references: MC_UU_12013/1
& MC_UU_12013/2 & MC_UU_12013/8. Funder: National Institute of Child and
Human Development grant; Pl: Ted Barker; Grant references: ROTHDO68437; Funder:
NIH; PI: Hongmei Zhang; Grant references: 5RO1AI121226-02. Funder: CONTAMED EU
collaborative Project; PI: Andreas Kortenkamp; Grant references: 212502

AUTHOR CONTRIBUTIONS

AO funded this research project, designed the experiments, aided in data analysis,
and wrote the manuscript. AN designed the experiments, liaised with ALSPAC,
conducted bioinformatic analyses and helped to write the manuscript. JB is the
Director of the CHDS and so provided samples and metadata for this work and

Molecular Psychiatry (2025) 30:1418 - 1429

A.J. Noble et al.

reviewed the manuscript. AA advised on bioinformatic analyses and reviewed the
manuscript. JS advised on and reviewed the manuscript.

FUNDING
Open Access funding enabled and organized by CAUL and its Member Institutions.

COMPETING INTERESTS
AJ.O, AJN, ATA, and J.M.B reported no biomedical financial interests or potential
conflicts of interest. J.S. is a Director of the UK Inflammatory Bowel Disease Registry.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541380-024-02752-w.

Correspondence and requests for materials should be addressed to
Alexandra J. Noble or Amy J. Osborne.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

SPRINGER NATURE


http://www.bristol.ac.uk/alspac/external/documents/grant-acknowledgements.pdf
http://www.bristol.ac.uk/alspac/external/documents/grant-acknowledgements.pdf
https://doi.org/10.1038/s41380-024-02752-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Prenatal cannabis exposure is associated with alterations in offspring DNA methylation at genes involved in neurodevelopment, across the life course
	Introduction
	Methods
	Avon Longitudinal Study of Parents and Children cohort characteristics
	Christchurch Health and Development Study cohort characteristics
	DNA extraction and genome-wide methylation profiling for CHDS
	Data analysis for CHDS
	DNA extractions and analysis for ALSPAC
	EWAS analysis
	Gene ontology

	Results
	Genome wide methylation analysis of prenatal cannabis exposure in ALSPAC cohort at 0 y, 7 y, and 15–17 y
	Overlap of CpG sites between 0 y, 7 y, and 15-17 y associated with prenatal cannabis exposure
	Genome-wide DNA methylation analysis of prenatal cannabis and co-exposure with tobacco in the CHDS cohort at 27 y
	Genome-wide DNA methylation of prenatal tobacco only exposure (PTE) in the CHDS cohort at 27 y
	Overlap of significantly differentially methylated CpG sites between ALSPAC and CHDS
	Pathway analyses

	Discussion
	Prenatal cannabis exposure and differential DNA methylation in the ALSPAC cohort
	Prenatal cannabis and tobacco exposure and differential DNA methylation in the CHDS cohort
	Overlap in differentially methylated CpG sites between the ALSPAC and CHDS cohorts
	Strengths and challenges associated with cross-cohort DNA methylation analyses

	Conclusion
	References
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




