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of DNA methylation
between parents and offspring
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Early patterning of DNA methylation (DNAm) may play an important role in later disease
development. To better understand intergenerational epigenetic inheritance, we investigated the
correlation between DNAm in blood in mother-newborn and in father-newborn pairs in the Isle of
Wight (loW) birth cohort. For parent-newborn pairs (n=48), offspring DNAm was measured in cord
blood and the parent’s DNAm in whole blood. Mothers’ DNAm was analyzed at birth (Guthrie card),
age 18, early and late pregnancy respectively, and fathers’ DNAm was measured during the mother’s
pregnancy. Linear regressions were applied to assess the intergenerational correlation of parental
DNAm with that of offspring. Among various pairs of mother-newborn and father-newborn DNAm, the
pairs where the mothers’ DNAm was measured at age 18 years exhibited the highest number of CpGs
with significant intergenerational correlation in DNAm, with 1829 CpGs (0.54%) of the 338,526 CpGs
studied (FDR <0.05). Amongst these 1829 CpGs, 986 (54%) are known quantitative trait loci (QTL) for
CpG methylation (methQTL). When the mother’s DNAm was assessed at early pregnancy, the number
of CpGs showing intergenerational correlation was the smallest (384 CpGs, 0.11%). The second
smallest number of such CpGs (559 CpGs, 0.17%) was found when investigating DNAm in offspring
cord blood and father pairs. The low proportions of intergenerationally correlated CpGs suggest that
epigenetic inheritance is limited.

Epigenetic effects are defined as the modification of DNA and its associated gene expression without changes
in the genetic code. Early developmental establishment of epigenetic marks may contribute to developmental
origins of adult diseases'~. The science of epigenetics has grown considerably in recent years, and it has promise
to lead to epigenetic-based treatments or early prevention strategies.

DNAm describes the addition of a methyl group to cysteine in cytosine-phosphate-guanine (CpG) dinu-
cleotides sequences in the DNA. There is little doubt that epigenetics marks such as DNAm are transferred
mitotically’. Regarding humans, multiple publications have claimed that epigenetic modifications can actually be
transferred from one generation to the next (intergenerational inheritance), thus being meiotically heritable*-°.
However, evidence for epigenetic intergenerational inheritance is limited in humans”®. In particular, erasure
of DNAm during early development conflicts with the idea of epigenetic inheritance®'’. It is considered that
active demethylation mainly occurs in the paternal genes and that the maternal genes are mainly passively
demethylated*-*>.

Others have suggested that the intergenerational similarity in DNAm is attributable to genetic effects on
DNAm such as methylation quantitative trait loci (methQTL)'¢-', i.e., single nucleotide polymorphisms (SNPs)
associated with higher or lower methylation of specific CpGs in cis or trans. A genetic contribution to DNAm
correlation between generations is also supported by findings that methylation and gene expression differences
are smaller in monozygotic compared to dizygotic twins'>?°. CpG sites are not physically situated in a linear space
due to the three-dimensional structure of DNA packaging. Therefore, some “distant” CpG sites measured in a
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two-dimension space are influenced by neighboring methQTLs? or SNPs within linkage disequilibrium regions.
In this situation, epigenetic inheritance due to genetic factors in DNAm of these CpGs may also be observed.

An alternative explanation is that maternal exposures or diseases experienced during pregnancy may produce
epigenetic marks in offspring and a higher risk of diseases (indirect inheritance)?'. This could then lead to the
impression of inter- or intergenerational transmission of DNAm. These exposures or diseases may re-create
risk-increasing epigenetic marks in utero, and thus bridge the maternal and offspring DNAm.

A few studies have investigated DNAm among family members at various ages but have not analyzed DNAm
at birth>*2. To assess inheritance, Zaghlool et al. investigated trimodality of DNAm in adults of 15 Qatari families
with complex pedigree structures?. They predicted that individuals who inherited two unmethylated CpG alleles
would display low or zero overall CpG methylation, individuals who inherited one unmethylated and one methyl-
ated CpG allele would show a hemi-methylated signal, and individuals who inherited two methylated CpG alleles
would show a fully methylated signal. However, the trimodality that they detected was explained by methQTLs.
Twin studies in children reported an average genetic heritability of DNAm between 20-34%'%**?*, These studies
distinguish between epigenetic heritability and heritability to common effects. However, associations between
parents and newborns were not addressed in these twin studies. Hu et al., recently found that there are high
correlations between mothers and newborns in whole blood DNAm on both autosomes and chromosome X?*.

To improve our understanding of intergenerational epigenetic inheritance, we conducted a study on DNAm
in blood samples from mother-newborn and father-newborn pairs in the Isle of Wight birth cohort. To address
the different conditions shared during pregnancy by mother and fetus, we also investigated associations between
DNAm in offspring cord blood samples with that in mothers sampled at the following time points: late pregnancy,
early pregnancy, prepregnancy at age 18 years, and at birth (when the mother was born).

Methods

Isle of Wight F1- and F2-cohorts

The IoW birth cohort study was initiated and conducted at the David Hide Asthma and Allergy Research Centre
on the Isle of Wight, UK since 1989/1990%. In total, 1,456 children (F1-cohort) born on the Isle of Wight IOW),
from January 1989 to February 1990, and were followed up at 1, 2, 4, 10, 18, and 26 years of age?. In total, 431
offspring of the F1 cohort were recruited between 2010 and 2015 (F2-cohort). We received ethics approval from
the Isle of Wight, Portsmouth and SE Hampshire Local Research Ethics Committee. The informed consents were
obtained from all subjects in the F1 cohort and the legal guardians of the F2-cohort. The experimental protocols
used in the current study were approved by the Isle of Wight, Portsmouth and SE Hampshire Local Research
Ethics Committee and at the University of Memphis (IRB ID: 2423).

Sample collection

In the F1 generation, DNA was isolated from dried blood spots on Guthrie cards of 796 neonates using a method
based on the procedure described by Beyan et al.?”. DNA was also extracted from peripheral blood sampled at
age 18years (n=249), in early (n=132) and late pregnancy (n=131) in F1 mothers, and in F1 fathers during the
pregnancy of the mothers (n=96). In the F2 generation, DNA was extracted from 192 cord blood from samples.
Figure 1 shows the timeline of the study design when the samples were collected.

For peripheral and cord blood, standard salting out procedure was used to isolate DNA and its concentration
was determined by Qubit quantitation. One microgram of DNA was bisulfite-treated for cytosine to thymine
conversion using the EZ 96-DNA methylation kit (Zymo Research, CA, USA), following the manufacturer’s
standard protocol.

The Infinium HumanMethylation450 BeadChip (450 K array) or EPIC BeadChip V1 (EPIC array) from
Mlumina (Illumina, San Diego, CA, USA) were used to measure the levels of DNAm at the genome scale, using
the manufacturer’s standard protocol (Fig. 2).
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Figure 1. Study design of epigenetic inheritance analyses with the timeline for blood samplecollection.
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Figure 2. Volcano plots of genome-scale regression coefficients in DNA methylation between F2 cord blood
and F1 parents at different ages of the mothers (at birth, 18 years, early pregnancy, and late pregnancy) and
during pregnancy for fathers.

Preprocessing of DNA methylation

F2 cord DNA methylation data

Two different runs were performed with DNAm measured in 129 samples using 450 K arrays and 63 samples
using EPIC arrays. Samples from 450 K and EPIC arrays were pre-processed separately and the data were com-
bined afterwards. Only shared probes between EPIC and 450 K arrays were used in subsequent analyses. The R
package ComBat®® was used to remove batch effects in the combined dataset. The CpG sites with probe-SNPs
within ten base pairs and with minor allele frequency (MAF) greater than 0.007 (representing ~ 10 subjects in
the complete study cohort) were excluded. In total, DNAm at 365,697 CpG cites on autosome chromosomes
from 192 samples were analyzed. The same methods for quality control and pre-processing were applied to the
DNAm data at different time points in the F1 generation, as discussed below.
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F1 parent DNA methylation data

For DNAm from F1 Guthrie cards, quantitative measurements of genome-wide DNAm was performed using
the EPIC array. In total, 796 samples with 551,710 autosomal CpGs were included for analysis. The datasets of
DNAm consisted of 365,697 CpGs from 249 samples (245 450 K and 4 EPIC) in F1 mothers aged 18 years. For
F1 mothers during pregnancy, 372,662 autosomal CpGs from 132 F1 mothers during early pregnancy (129 450 K
arrays and 3 EPIC arrays) and 131 during late pregnancy (110 450 K arrays and 21 EPIC arrays). For F1 fathers,
91 samples were assessed using the 450 K array and 5 the EPIC array. In total, 386,440 autosomal CpGs from 96
F1 fathers were included in the analyses.

Cell type proportions

To estimate cell composition for each sample, we used the function estimateCellCount in R-package minfi that is
modified from the approach proposed by Houseman et al.?*. For cord blood methylation, white blood cell counts
were generated using reference panel from Bakulski et al. 2016*°. For Guthrie cards, mothers at age 18, maternal
pregnancy, and father’s DNAm data, cell proportions were estimated using reference panel from Houseman
et al.*!. For each study, cell type proportions were first estimated separately for the 450 K and EPIC array samples
and then combined for subsequent analyses.

Paring up parents and offspring

From the 192 F2 offspring cord blood samples with available DNAm data, we identified 48 F1 mothers with
DNAm at age 18 that matched with 48 F2 offspring (i.e., 48 pairs). To avoid concerns of sample size differences
in the assessment of association between offspring and parents across different time points, we used the same
sample size for all other pairs. It's important to note that not all adult subjects had DNAm data at all ages. To
maximize the overlap among all the pairs, we selected 48 subjects at each life stage of mothers (at birth of the
mother, in early pregnancy, and in late pregnancy) and 48 fathers paired with 48 F2 cord samples, resulting in
a total of five paired study groups. For parents that had multiple children with DNAm available, the child born
earlier was included in the study. As depicted in Supplementary Fig. 1, only two F2 cord blood samples were
available across all five paired study groups.

Statistical analyses

The demographic characteristics of the complete sample (192 offspring cord blood samples) and the 48 subjects
for each offspring-parent pair were summarized for categorical variables with counts and percentages, and con-
tinuous variables with mean and standard deviation (SD), respectively. For categorical variables, the one sample
z-test for proportions was used to compare the proportion from each group with the complete data set. For
continuous variables, the one sample t-test was used to compare the mean of each group with that of complete
F2 offspring data set.

For DNAm, beta-values were converted to M-values using base 2 logit-transformation. To adjust for effect
of cell type, the methylation of CpGs (M-value) was regressed on the proportion of the cell types. For DNAm
from peripheral blood, we regressed M-values on the proportion of CD4 + T cells, NK cells, B cells, monocytes,
neutrophils, and eosinophils. The residuals not explained by cell types were estimated for each sample. Similarly,
for cord blood cells, we regressed M-values on the proportion of CD4 +T cells, NK cells, B cells, monocytes,
granulocytes, and nucleated red blood cells. The residuals not explained by cell types were estimated for each
sample. These estimated residuals were used in the following analysis.

To test the associations in cell-type adjusted DNAm between pairs, we treated DNAm from parents as
the predictor and offspring DNAm as the response via linear regressions: cell-type adjusted DNAm of off-
spring = a + 3 x cell-type adjusted DNAm parent. False discovery rate (FDR) was used to adjust for multiple
testing to prevent the inflation of the type I error. CpGs that had FDR adjusted p-values smaller than 0.05 were
considered statistically significant and identified as CpG with a potential for heritability. The Bonferroni adjusted
alpha is calculated as Bonferroni adjusted alpha=1.47 x 1077,

We characterized identified CpGs by checking whether they have been reported as methQTLs. The ARIES
methQTL at birth database (cord. ALL.M.tab) was downloaded from http://www.methQTLdb.org* in April 2019.
In total, 73,807 of the 338,526 CpGs in our study were methQTL sites (21.8%).

We also characterized the identified CpGs by their genomic location relative to the genes as previously
decribed®. CpG locations were specified by the Illumina Infinium MethylationEPIC v1.0 B4 Manifest File. The
categories are: (1) promoter region, 0-1500 bases upstream of the transcriptional start site (TSS); (2) 5> UTR,
within the 5’ untranslated region, between the TSS and the start codon, ATG; (3) body, between the start and
stop codon irrespective of the presence of introns, exons, TSS, or promoters; and (4) 3° UTR, between the stop
codon and the transcription termination site, poly A signal. CpGs not belonging to any of the five regions were
considered as being in intergenic regions. In terms of relative location of a CpG site to a CpG island, the follow-
ing four categories were used: (1) shore, 0-2 kb from the CpG island; (2) shelf, 2-4 kb from the CpG island; (3)
island, on the CpG island; and (4) CpGs that are not in any of the three categories were considered as “other”

Ethics declarations

We received ethics approval from both the Isle of Wight, Portsmouth and SE Hampshire Local Research Ethics
Committee (Study Title: A study of epigenetic driven immunological changes in the development of Asthma and
Allergy in infancy) and the University of Memphis (IRB ID: 2423). The informed consents were obtained from all
subjects in the F1 cohort and the legal guardians of the F2-cohort. The experimental protocols used in the current
study were approved by the Isle of Wight, Portsmouth and SE Hampshire Local Research Ethics Committee. The
research was performed according to the approved protocol and in accordance with the Declaration of Helsinki.
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Results

The basic characteristics of the total offspring samples (n=192), and subsamples for each paired group are sum-
marized in terms of maternal age, paternal age, gestation age, and maternal mother smoking status in Table 1.
The results show that the average maternal ages in the paired study subsamples were significantly younger than
the average maternal age of the 192 F2 offspring. The reason is that when a mother had multiple children, we
included the first-born child in the study to minimize the impact of previous pregnancies on DNAm. The mean
paternal age and gestational age are consistent with those in the complete samples, across the five paired study
groups. The percentage of maternal smoking in these five paired groups is not statistically different from the
percentage of maternal smoking among the 192 F2 children.

A summary of the CpGs showing statistically significant correlation in DNAm between F1 parent and their
offspring at birth after controlling FDR of 0.05 (n=48) are shown in Table 2. Volcano plots of the regression
coefficients are presented in Fig. 1. Among the 338,526 CpGs investigated in this study, 1829 CpGs (0.54%) show
an intergenerational correlation between F1 mothers at age 18 and F2 at birth. For DNAm of F1 mothers at their
birth (Guthrie cards), 925 CpGs show intergenerational correlation, which is only 0.31% of autosomal CpGs. The
number of CpGs showing intergenerational correlation between F1 mothers in early and late in pregnancy and
F2 at birth are lower, with 384 (0.11%) and 623 (0.18%) CpGs, respectively. The number of CpGs with DNAm
showing correlation between F1 fathers and F2 offspring were also smaller compared to F1 mothers at age 18 and
F2 at birth with 559 CpGs (0.17% of total) identified. Overall, among all the five parent offspring pairs, for the
F1 mothers at age 18 and F2 offspring pairs, the number of CpGs showing correlation is the largest. Among the
identified significant CpGs, the majority of them have positive correlations between F1 parent and F2 offspring
as shown in Table 2.

Among the 338,526 CpGs examined in our study, 73,807 are methQTL CpG sites as noted in Gaunt et al.*2.
We found that at 986 methQTL CpGs, methylation levels are significantly associated between F1 mothers at age
18 and F2 cord blood samples, which is about 53.9% of the 1,829 identified significant CpGs (Table 1). A similar
percentage (53.4%, 494 out of 925 significantly associated CpGs) are observed for F1 mother at birth and F2
cord pairs. Among the identified CpGs, there are 49.8% methQTLs for mother at late pregnancy with their F2
offspring and 46.2% for father. It is interesting that only 146 CpGs are methQTL (38% of 373 identified CpGs)
for mother at early pregnancy and offspring pairs.

Supplementary Fig. 1 shows Manhattan plots of negative log 10 transformed p-values for the five paired
samples. We calculated the percentage of identified CpGs out of the total number of CpGs on each chromosome
as presented in Supplementary Table 1. The results show that F1 mothers at birth, F1 mothers at age 18, and
fathers with F2 offspring pairs have the highest percentage of intergenerational correlated CpGs on chromosome
1, which aligns with the distribution of all CpGs. However, for mothers during both early and late pregnancy,
the highest proportion of intergenerational correlated CpGs is found on chromosome 6. Notably, for mothers

Mothers with DNAm Mothers with DNAm
Mothers with DNAm at | Mothers with DNAm at | during early pregnancy | during late pregnancy

Complete samples birth (n=48) age of 18 (n=48) (n=48) (n=48) Fathers (n=48)

Mean (Sd) Mean (Sd) | p-value | Mean (Sd) | p-value | Mean (Sd) | p-value | Mean (Sd) |p-value | Mean (Sd) | p-value
Maternal age (year) 24.2 (2.6) (n=191) 23.7 (1.8) 0.0849 23.6 (1.7) 0.0209 23.5(1.8) 0.0111 23.5(1.8) 0.0142 23.1(1.3) 0.001
Paternal age (year) 26.5 (4.4) (n=163) 27.6 (5.5) 0.2374 26.1 (4.5) 0.5739 25.9 (4.7) 0.3905 26.3 (4.8) 0.8042 25.7 (4.2) 0.1839
Gestational age (week) | 39.3 (1.7) (n=175) 39.6 (1.7) 0.1034 | 39.6(L.7) 0.1984 | 39.4(L.5) 05324 [39.3(1.6) 0.8851 | 39.5(L.3) 0.2446
Maternal smoking 67 (36.2%) (n=185) 17 (36.2%) 0.9966 18 (39.1%) 0.6792 17 (36.2%) 0.9966 17 (36.2%) 0.9966 15 (31.3%) 0.4755

Table 1. Characterization of the cord blood and maternal and paternal blood samples (n=48). The p-values
indicate the comparisons of subgroup samples with the complete sample.

Number of CpGs have absolute
correlation larger than 0.5 (% of
total CpGs k=338,526)

Number of significant CpGs (% of
total CpGs k=2338,526)*

Number significantly positive
associated CpGs (% of total
number of significant CpGs)

Number of significant CpGs that
are methQTL (% of total number
of significant CpGs)

Mother at birth

1267 (0.43%)*

925 (0.31%)*

911 (98.5%)

494 (53.4%)

Mother 18 year

1907(0.56%)

1829 (0.54%)

1807 (98.8%)

986 (53.9%)

Mother early pregnancy 926 (0.27%) 384 (0.11%) 373 (97.1%) 146 (38.0%)
Mother late pregnancy 1134 (0.33%) 623 (0.18%) 613 (98.4%) 310 (49.8%)
Father 1038 (0.31%) 559 (0.17%) 554 (99.1%) 258 (46.2%)

Table 2. Summary of the number of CpGs showing high correlation (correlation larger than 0.5) or
statistically significant associations between F1 parents and F2 at birth after adjusting for multiple testing
controlled by FDR (n=48). *Based on total number of CpGs of 295,257 which are smaller than all the other
four groups, due to data quality control and pre-processing. *All the CpGs that are statistically significant
associations between F1 parents and F2 at birth have absolute correlation larger than 0.5. Significant values are

given in bold.
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during late pregnancy, 12.04% of identified significant CpGs are on chromosome 6, which is considerably higher
than the 7.19% observed for all CpGs on the same chromosome.

We also investigated the overlap of the identified intergenerational correlated CpGs among different parent
and offspring pairs (Table 3 and Supplemental Fig. 3). For example, among the 925 CpGs with DNAm that were
significantly correlated between F1 mothers at birth and F2 offspring at birth, 192 of them are also seen among
the CpGs identified for the F1 mothers at age 18 and F2 offspring pairs (7.5% of the total number of common
significant CpGs between the two paired groups). The identified CpGs found in F1 fathers and their F2 offspring
pairs have minimal overlaps with those identified in F1 mothers and F2 offspring pairs, with none of the over-
laps exceeding 2%. We also separated the CpGs into those that are methQTLs and those that are not. We then
reanalyzed the overlap for each category across the different parent-offspring pairs. The results are shown in
Supplementary Tables 2 and 3. Supplementary Fig. 3 shows the diagram of overlapping CpGs, that are methQTLs
and those that are not, both between and among all pairs.

In addition, we compared the relative frequency of identified CpGs within each category of gene position
(Fig. 3). Comparing to the distribution of all CpGs, for all the four F1 mothers and F2 offspring pair groups,
body and intergenic regions had relative higher percentages and 3> UTR region has relative smaller percentages.

Agreement of identified CpGs

showing correlations with Mother early pregnancy Mother late pregnancy

offspring DNA methylation Mother at birth (k=925) | Mother at age 18 (k=1829) | (k=384) (k=623) Father (k=559)
Mother at birth (k=925) 192(7.5%) 54 (4.3%) 52 (3.5%) 24 (1.6%)
Mother 18 year (k=1829) 121 (5.8%) 140 (6.1%) 42 (1.8%)
Mother early pregnancy

(k=384) 58 (6.1%) 10 (0.9%)
Mother late pregnancy (k=623) 11 (0.9%)
Father

Percentage (%)

100 4

80

60

40

20

Table 3. Number and proportion of CpGs identified being significantly associated with F2 cord blood DNA
methylation (proportions are based on the total number of the CpGs) between different pairs. For example, the
number overlapping significant CpGs between mother at birth and mother at age 18 is 192, the total number of
significant CpGs of the two pairs is 2562. Its percentage is 192/2562=7.5%

B Body O Promoter @ 3'UTR @ 5UTR B |ntergenic

243

Al CpG Mother at birth Father

Mother at 18 years Mother at early pregancy Mother at late pregancy
Figure 3. Manhattan of genome-scale p-values for testing of regression coeflicients in DNA methylation
between F2 cord blood and F1 parents at different ages of the mothers (at birth, 18 years, early pregnancy, and
late pregnancy) and during pregnancy for fathers. CpGs that reached statistical significance are highlighted in
green, while the remaining CpGs have alternating colors of blue and orange for different genes. Two horizontal
lines indica7te cutoff p-values: the blue line represents 107> and red line represents the Bonferroni adjusted alpha
1.47 x 1077,
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F1 fathers and F2 offspring pairs show a slightly different pattern. The distribution of correlated CpGs from F1
father offspring pairs is similar as the distribution of all CpGs.

The relative frequency of the intergenerational correlated CpGs according to their spatial relationship to a
CpG island are presented in Fig. 4 for all the five parent-offspring pairs. The proportion of correlated CpGs on
islands is smaller across all the paired study groups comparing to all CpGs. The distributions of these CpGs are
comparable among shelf, shore and “other” regions for mother and offspring pairs, while the distributions are
quite different in father and offspring pairs.

Discussion
In this study we examined the correlation of DNAm between parents and their offspring at birth with mothers’
DNAm measured at multiple time points starting from birth and fathers DNAm measured during the pregnancy
of the mothers. The largest number of highly correlated CpGs (1829 CpGs) was identified in pre-pregnancy
mothers, while the respective pool of CpGs was much smaller in mothers during pregnancy, especially during
early pregnancy. In addition, we found that the distribution pattern of the significant GpGs are quite different
for mother during pregnancy compared to that of all CpGs and other pairs. For example, for mothers during
pregnancy, more CpGs are on chromosome 6 comparing to that of all CpGs and F1 pre-pregnancy mother. The
observed results could be due to biological and environmental changes during pregnancy. Pregnancy is known
to be accompanied by significant hormonal changes that can influence DNAm patterns®****. In early pregnancy,
these hormonal changes are particularly pronounced as the body adjusts to pregnancy, potentially leading to
more substantial shifts in DNAm compared to pre-pregnancy levels. In addition, early pregnancy initiates a range
of physiological and metabolic changes that support fetal development. These changes, including alterations in
blood composition, immune system adjustments, and changes in nutrient processing, could also influence DNAm
patterns across the genome. Pregnancy often triggers changes in lifestyle, diet, and even living environment. These
changes may also have impact on DNAm?*. Overall, the reduction in the number of correlated CpGs during preg-
nancy suggests that utilizing mother-offspring pairs during pregnancy for studies on DNAm inheritance may not
be ideal due to the significant variability introduced by biological and environmental changes during pregnancy.
Turning to the role of fathers, the total number of CpGs with DNAm correlated between father-offspring pair
is 599, which is only about one third compared to the1829 CpGs observed in pre-pregnancy mothers. Further-
more, the CpGs identified as heritable in father-offspring pairs showed minimal overlap with those identified in
mother-offspring pairs. Such a minimal overlap was also observed in the allocation of these CpGs on genes and
their relation to CpG islands on the chromosomes. We postulate a role of allele-specific DNAm that might have
played for the difference observed between father and mothers'®, but in depth examination is certainly warranted.
Additionally, lifestyle factors and environmental exposures have been found to change sperm DNA methylation
patterns®’-*°, which subsequently affect DNA methylation patterns in offspring. Paternal genetic effects and
paternal-specific gene expression patterns could also initiate the DNA methylation changes in offspring®. It is
also possible that DNAm inheritance from fathers to offspring involves different mechanisms compared to that
of maternal DNAm inheritance. Of note, offspring DNAm associated with paternal smoking before conception
has been demonstrated to be distinct from that observed with maternal smoking*. Further studies are needed
to fully understand the specific mechanism of DNAm inheritance from father and mother respectively.

B Other O Island @ Sheff B Shore

263 234

324

29

217

All CpGs Mother at birth Mother at 18 years Mother at early pregnancy Mother at late pregnancy Father

Figure 4. Summary of identified CpGs in each of the five F2 cord blood and F1 parent pairs, mother at birth,
mother at age 18, mother in early pregnancy, mother in late pregnancy, and father, within each category of
relation to CpG islands. Each percentage was calculated as the number of identified CpGs in the position
divided by the total number of significant CpGs for the pair.
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It should be noted that among the CpGs with significant intergenerational correlation in DNAm between
parent and offspring, the majority have positive regression coefficients. However, a small number of CpGs
exhibit negative correlations. We extracted the CpGs with at least one negative correlation between parent and
offspring and summarized them in Supplementary File 3. Notably, three CpGs, cg05945425, cg17334719, and
€g2644635, show negative correlations across all five parent-offspring pairs. Additionally, five CpGs, cg12138286,
cg06298519, cg21867092, cg01351072, and cg23716690, show negative correlations between mother and off-
spring, but a positive correlation between father and offspring. The specific mechanisms underlying these negative
DNAm associations are not yet clear. Further studies are needed to explore the reasons behind these observations.

The findings presented are based on regression coefficients and a CpG site showing a statistically significant
association between parents and newborns. CpGs showing such intergenerational correlation suggest the pos-
sibility of DNAm modifications being transmitted from one generation to the next. There are multiple ways by
which the parent generation can influence DNAm in offspring (Fig. 5). Conceptually, these can include inherit-
ance of DNA sequence variants, maternal and paternal conditions, and markers of fetal development. In our
study, out of the total 1,829 CpGs that have significant association between F1 pre-pregnancy mothers and F2
offspring, 53.9% were identified as methQTL sites. Similar percentages of methQTL sites were observed in other
parent-offspring pairs, with the exception of F1 mothers at early pregnancy. This observation is consistent with
previous findings that genetic factors plays a significant role in the inheritance of DNAm'$-**%, In addition to
genetic factors, other factors, such as life style and environmental exposure may also influence the DNAm in
the offspring. The environmental exposures and lifestyle factors unique to each generation can lead to distinct
epigenetic modifications that are not necessarily inherited*. Additionally, the reprogramming of the epigenome
that occurs during gametogenesis and early embryonic development can erase or modify epigenetic marks, reduc-
ing the likelihood of direct inheritance*'. Those factors may help to explain what we have observed in the study
that the proportion of intergenerationally correlated CpGs is low, which implying that epigenetic inheritance is
limited. Overall, the current findings indicate that while some epigenetic marks are heritable, the majority are
subject to dynamic regulation and environmental influences rather than stable transmission.

In the current study, not all blood samples were analyzed using same platform. Some of the blood sam-
ples from parents were analyzed using the Infinium HumanMethylation450 BeadChip and others using the
HumanEPIC V1 BeadChip. This variation in platforms might have introduced some bias, despite rigorous quality
control®>*. We recognize this as a limitation of our study.

There exist potential concerns of using different pairs across different stages of life, as this design might have
led to increased uncertainty. On the other hand, since the inheritance is assessed based on correlations, if there
is such an underlying trend of inheritance, the power is likely to be reduced due to the use of different pairs, the
patterns should persist. To eliminate the impact of different sample sizes, we used the same sample size across all
parent-offspring pair comparisons, with n=48 for each group. The consistent sample size across comparisons
helps ensure that any observed difference in the detection of significant correlated CpGs are not attributable
to variations in statistical power between the groups. However, the relatively modest sample sizes may have
constrained our ability to detect CpGs with subtle but potentially significant intergenerational correlations.

Maternal conditions: Paternal conditions:

Genetics, diseases, DNAm in different || Genetics, DNAm, diseases,
periods, exposures, metabolites exposures
during pregnancy

DNA methylation of the
oocytes

v

Placenta development
and DNAm

V

Fetal development (birth
weight, gestational age)

|

Offspring DNAmM

Figure 5. Potential epigenetic pathways from parents to offspring.
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Additionally, the availability of samples varied across the different ages of the mothers, which means that the
48 offspring paired with their mothers at each age, and with their fathers, were not consistent across all study
groups. This variability may have introduced noise into the comparison of identified CpGs between different
parent-offspring pairs. Comparing to results by Hu et al.*, we observed a lower percentage of correlated DNAm
of CpGs between mother and their offspring. In addition to the difference of the study design between these two
studies, we recognize it may also be due to a smaller sample size in our study, which leads to a reduced power.
Opverall, to address these limitations, future studies should consider employing a larger cohort size with DNAm
data available for all the study groups, which would enhance statistical power and potentially yield a more com-
prehensive understanding of epigenetic inheritance.

We examined the correlation of DNAm profiles between parent peripheral blood and offspring cord blood.
The unique characteristics of cord blood, primarily influenced by the presence of nucleated red blood cells, differ-
entiate it from peripheral blood. Although we have adjusted for cell type proportions in our analyses, the distinct
biological characteristics of cord blood may still influence the methylation patterns observed, potentially affecting
the interpretation of intergenerational epigenetic inheritance. Further research is needed to refine the methods
for adjusting for different types of cells in future studies, which could involve more sophisticated modeling of cell-
type composition or the development of new analytical techniques for comparing heterogeneous sample types.

Another limitation of our study is that we could only explore inheritance between two generations, namely
parents and their offspring. As the F2-egg cells are already present in female F1 newborns, we cannot disre-
gard the potential influence of shared factors between FO-grandmothers and F1-mothers that could impact the
observed methylation in female F2 offspring. Additionally, this paper focuses on CpGs on autosomes, while CpGs
on sex chromosomes are excluded. Future studies investigating the association of DNA methylation of CpGs on
sex chromosomes, particularly between mothers and daughters and fathers and sons, will be very interesting.

Overall, our study shows that the correlation of DNAm in various stages of mother-newborn and father-
newborn pairs is low. It suggests that the potential epigenetic inheritances between two generations is limited. It
is likely that strong confounding or environmental effects exist that limit the detection of substantial intergen-
erational inheritance in humans.

Data availability
The datasets used in the current study are available from the corresponding author on reasonable request.
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