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Research Paper
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ABSTRACT

Epigenetic factors such as DNA methylation are DNA alterations affecting gene expression that can convey
environmental information through generations. Only a few studies have demonstrated epigenetic inheritance
in humans. Our objective is to quantify genetic and common environmental determinants of familial
resemblances in DNA methylation levels; using a family based sample. DNA methylation was measured in
48 French Canadians from 16 families as part of the GENERATION Study. We used the lllumina
HumanMethylation450 BeadChip array to measure DNA methylation levels in blood leukocytes on 485,577
CpG sites. Heritability was assessed using the variance components method implemented in the QTDT
software, which-partitions the variance into polygenic (G), common environmental (C), and non-shared
environmental (E) effects. We computed maximal heritability, genetic heritability, and common
environmental effect for all probes (12.7%, 8.2%, and 4.5%, respectively) and for statistically significant
probes (81.8%, 26.9%, and 54.9%, respectively). Higher maximal heritability was observed in the Major
Histocompatibility Complex region on chromosome 6. In conclusion, familial resemblances in DNA
methylation levels is mainly attributable to genetic factors when considering the average across the genome,

but common environmental effect plays an important role when considering statistically significant probes.
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Further genome-wide studies on larger samples combined with genome-wide association studies are needed
to better understand the underlying mechanisms of DNA methylation heritability.
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INTRODUCTION

Epigenetics is the study of mitotically and meiotically heritable DNA alterations affecting gene expression
that are not mediated by changes in DNA sequence. ! There are several epigenetic modifications, namely
DNA methylation, histone modification, occupancy of chromatin factors, and changes in chromatin structure.
2 DNA methylation is the best-characterized epigenetic modification and involves the methylation of eytosine
residues, mainly at cytosine-phosphate-guanine (CpG) dinucleotides. * DNA methylation, as other epigenetic
modifications, can be altered by environmental conditions, such as diet and smoking habits, and thus affect
the expression of various genes. The modification of DNA methylation by the environment may be
implicated in a wide-range of cardiovascular risk factors, including hypertension, atherosclerosis, and
inflammation. *® Epigenetic modifications including DNA methylation have also the potential to convey the
effects of environmental exposures transgenerationally. ’

There are two main forms of inheritance of epigenetic modifications: genetic inheritance and epigenetic
inheritance via the gametes. * Genetic inheritance refers to the effect of DNA sequence on the epigenetic
marks with the example of a single nucleotide polymorphism (SNP) located at, or nearby, a CpG site that can
disrupt DNA methylation at this site. ® Epigenetic inheritance via the gametes is the transmission of
epigenetic marks, such as DNA ‘methylation, across generations, which can occur during epigenetic
reprogramming events. > *° However, demonstrations of epigenetic inheritance in humans remain rare.

Some epidemiological studies have demonstrated that prenatal exposure to the Dutch Famine from December
1944 to April 1945 increased the risk of developing cardiovascular disease later in life. ** Some other
transgenerational studies have reported that epigenetic modifications may persist for longer than a single
generation. Indeed, a study by Kaati et al. reported the effect of grandparental food supply on the risk of
grandchildren mortality due to type 2 diabetes. **

Studies with twins have also demonstrated a greater similarity in DNA methylation levels in monozygotic
twins compared to dizygotic twins. ** Twin studies also reported an average estimated genetic heritability of

DNA methylation (proportion of variance explained by additive genetic factors) between 12 and 18% in



whole blood ***°, 5% in placenta *°, and 7% in human umbilical vascular endothelial cells *°. These studies
using promoter-specific genome-wide DNA methylation array (lllumina 27K) examined only a fraction of
methylation variations. More recently, studies using genome-wide DNA methylation array (Illumina 450K)
have reported an average genetic heritability of 19% in peripheral blood leukocytes and 19% in adipose
tissue. ¥ 1°

Transgenerational similarity in DNA methylation levels has also been reported. * Several genome-wide
association studies with methylation quantitative trait loci (mQTL) in both cis and trans locations have
confirmed the genetic heritability of DNA methylation. ***" ' However, it is difficult to understand to what
extent the observed familial resemblance in DNA methylation is due to genetic heritability and/or common
environmental effect.

Our objective is thus to quantify the contribution of genetic and.common environmental effects in the familial
resemblances in DNA methylation levels using a family based sample of 48 French Canadians from 16

families.

RESULTS

Correlations of methylation levels between relative pairs

Average absolute correlations across all 472,494 probes were calculated between pairs from normalized
methylation levels (Table 1). Average sibling correlation was 0.299 + 0.211 (n = 13), mother-offspring
correlation was 0.267 £ 0.183(n = 26), parent-offspring correlation was of 0.243 + 0.170 (n = 37), whereas
the correlation betweenwunrelated individuals was 0.029 £0.028 (n = 1178). Comparisons of genome-wide
methylation'levels within pairs indicated that mother-offspring and parent-offspring pairs had more similar
DNA methylation levels compared to unrelated individuals.

DNA methylation heritability analyses

We conducted heritability analyses to better characterize the similarity in genome-wide methylation levels
between related individuals. Table 2 shows estimates of maximal heritability, genetic heritability, and

common environmental effect from the full general model. When considering all probes (n = 472,494), we



obtained an average maximal heritability of 12.7%, a genetic heritability of 8.2%, and a common
environmental effect of 4.5% (Table 2). Figure 1a shows the distribution of maximal heritability estimates
for DNA methylation levels of all probes (n = 472,494) with heritability from 0 to 100% on the x-axis and the
count (number of probes) on the y-axis. A total of 215,136 probes (45.5% of all probes) and 1,507 probes
(0.32% of all probes) had an estimated maximal heritability of 0% and 100%, respectively.

When considering the 13,621 probes showing a significant (P < 0.05) familial effect, we obtained an average
maximal heritability of 63.9%, a genetic heritability of 39.3%, and a common environmental effect of 24.6%
(Table 2). When maximal heritability estimates of significant probes are plotted, the distribution shifts to the
right, in accordance with the higher maximal heritability estimates ranging from 29.6 to 100% (Figure 1b). A
total of 1,186 probes (8.71% of all significant probes) gave an estimated maximal heritability of 100%.
Lastly, the same analysis was repeated for probes showing a significant familial effect after False Discovery
Rate (FDR) correction (P < 0.05). We obtained 105 FDR-corrected significant probes giving an average
maximal heritability of 81.8%, a genetic heritability of 26.9%, and a common environmental effect of 54.9%
(Table 2). Figure 1c shows the distribution of maximal heritability estimates for these probes with maximal
heritability ranging from 60 to 100%. A total of 30 probes (28.6% of all FDR-corrected significant probes)
had an estimated maximal heritability of 100%. The distribution of genetic heritability and common
environmental effect for the 105 most significant probes is depicted in the Figure 2. Genetic heritability
ranged from 0 to 91.9% while common environmental effect ranged from 8 to 77.3%. A total of 48 probes
had an estimated genetic heritability of 0%. On the other hand, majority of probes with a genetic component
(51 out of 57 probes) were also found significant in the alternative genetic model (data not shown).
Moreover, Figure 3 shows Circos plot depicting the distribution of maximal heritability estimates across the
genome. There is a visible higher maximal heritability on chromosome 6, which corresponds to the Major
Histocompatibility Complex (MHC) region. *° A total of six probes out of 105 were located in the MHC, and
five were associated with genes (TAP2, TRIM10, and PSMB8). These 105 FDR-corrected significant probes

were assigned to 69 genes as illustrated in Figure 3.



Pathways analyses

Ingenuity Pathway Analysis (IPA) revealed that 218 pathways were significantly overrepresented among
genes (n = 5,625) of the 13,621 significant probes (Supplementary Table 1). Among these pathways, 15
were also overrepresented among genes (n = 69) of the 105 FDR-corrected significant probes (Table 3).
These latter were related to signaling pathways (Antigen Presentation Pathway, Epithelial Adherens Junction
Signaling, Cell Cycle: G1/S Checkpoint Regulation, Glioma Signaling, Pancreatic Adenocarcinoma
Signaling, and Protein Ubiquitination Pathway), cholesterol metabolism [Superpathway of Cholesterol
Biosynthesis, Cholesterol Biosynthesis |, Mevalonate Pathway I, Cholesterol Biosynthesis Il (via 24,25-
dihydrolanosterol), and Cholesterol Biosynthesis Il (via Desmosterol)], alanine metabolism (Alanine
Degradation I11 and Alanine Biosynthesis I1), sugar nucleotides metabolism (GDP-mannose Biosynthesis),
and cell structure biosynthesis (Colanic Acid Building Blocks Biosynthesis) (Table 3). Among those 15
pathways, only 2 were also overrepresented among genes (n = 680) of the 1,186 significant probes with a
maximal heritability of 100% (Antigen Presentation Pathway and Cell Cycle: G1/S Checkpoint Regulation)
(Supplementary Table 2).

DISCUSSION

The aim of this study was to quantify the contribution of genetic and common environmental effects in the
familial resemblance of DNA methylation levels in a family-based sample of 48 subjects from 16 families.
Average absolute correlations between relative pairs revealed that DNA methylation levels of related
individuals are more similar.than DNA methylation levels of unrelated individuals. Similar absolute
correlations were reported by McRae et al., suggesting that correlations of DNA methylation levels within
family members are caused by an underlying genetic similarity. °

In accordance with other studies, genetic factors across the genome seem to be the major determinant of
familial resemblances in DNA methylation levels. Indeed, we obtained a ratio of two-thirds for genetic
heritability and one-third for common environmental effect for all probes (n = 472,494) and significant probes

(n =13,621). However, when considering only the most significant probes (n = 105), the ratio is reversed. In



most significant probes, genetic component had an important contribution to familial resemblances in DNA
methylation levels only in some probes. In the same manner, the majority of most significant probes with a
genetic component in the full general model are found in the alternative genetic model. According to this
alternative model, genetic heritability estimate for all probes was of 14.2%, which is slightly lower than
estimates reported in other published studies. Indeed, McRae et al., using 614 individuals from 117 families
of European descent, reported a genetic heritability of 19.9% in peripheral blood leukocytes. ° Gruenberg et
al. using 648 twins of European descent also reported a genetic heritability of 19% in adipose tissue. *® Our
genetic heritability estimate is more similar to the one reported by Garvin et al., which ranges from 2 to 16%
in the MHC region in CD4" lymphocytes of healthy monozygotic and dizygotic twins. 2° In this study, genetic
heritability also varies by gene region types (CpG islands, 5~ ends of genes, conserved noncoding regions,
and randomly selected regions). ° Similarly, we also observed a variation in maximal heritability depending
on the chromosomic and gene position, as depicted in Figure 3.\However, our results should be compared
with caution considering that Gervin et al. only analyzed 1,760 CpG sites in the MHC region while we
considered 472,494 CpG sites across the genome. 2° The difference in the types of cells (all leucocytes vs.
CD4" lymphocytes) should also be considered.

Regarding common environmental-effect in all probes, we reported a higher percentage (4.5%) than McRae et
al. (2.3%). ? We can postulate that the homogenous environment to which subjects of our cohort are exposed
may allow us to detect more significant common environmental effect. Indeed, all French Canadian subjects
are Caucasians, lived in the.same city (Quebec City), and have similar socio-economic characteristics and
dietary patterns (data'not shown). Moreover, dietary habits may affect DNA methylation levels of highly
heritable probes. This association may be plausible since pathways related to cholesterol and alanine
metabolism were significantly overrepresented among genes of the most significant probes (n = 105). Most
importantly, the effect of common environmental component in those probes is non-negligible, since it

contributes to different extent (8 to 77.3%) to maximal heritability in all 105 probes. The inclusion of the



common environmental effect in the full general model thus allows us to detect more significant probes that
contribute to better explain familial resemblances in DNA methylation levels.

Overall, we reported a maximal heritability of 12.7%, which is relatively low, but maximal heritability varies
a lot from one CpG site to another (ranging from 0 to 100%) and several CpG sites (13,621 sites) show
evidence of familial effect (maximal heritability >29.6%). Some CpG sites (105 sites) also show strong
evidence of familial effect (maximal heritability >60%) even after FDR correction for multiple testing. We
also observed highly heritable probes in the MHC region on chromosome 6, as reported by McRae etal. °
Interestingly, they also reported that these probes located in the MHC had highly significant cis mQTL.
Finally, using pathways analysis, we identified overrepresented pathways among genes of significant and
FDR-corrected significant probes. A total of 15 pathways were still overrepresented among genes of FDR-
corrected probes, thus suggesting a strong overrepresentation of these pathways. Interestingly, among the 15
pathways, five were related to cholesterol metabolism. Studies in twins and family studies have demonstrated
the strong heritability of cholesterol levels. Indeed, high-density lipoprotein cholesterol has an estimated
heritability ranging from 40 to 60%. 2?® In addition, the heritability of low-density lipoprotein peak particle
diameter is 52% when considering age, body mass index (BMI), and plasma triglyceride concentrations. %*
Thus, this may suggest a potential link between strong DNA methylation heritability of some CpG sites
within genes involved in cholesterol metabolism and the reported heritability of cholesterol levels. Obviously,
we do not suggest a direct association but it sheds light on specific epigenetic factors that may contribute to
the heritability of cholesterol levels. Moreover, the majority of overrepresented pathways among genes
represented by the 1,186 probes with a maximal heritability of 100% were related to cellular immune
response (Supplementary Table 2). This finding is in line with the fact that we observed a higher maximal
heritability in the MHC region, which is known to contain genes involved in immune function. *°

The present study has its own limitations. The main one is the small sample size, which limits the statistical
power required to detect significant genetic heritability and common environmental effect. Given the family

design used in this study, the effects of common environment and epigenetic inheritance are highly



intertwined and consequently difficult to estimate separately. McRae et al., using 117 families, failed to
distinguish these two effects and reported that estimated common environmental effects may be inflated by
potential epigenetic inheritance. ° Therefore, separating common environmental effect and epigenetic
inheritance will require a very large sample size. ° In counterpart, as mentioned earlier, the homogeneity of
the present study sample may allow us to detect more significant common environmental effect. Our small
sample size may also explain why we observed such a large proportion of probes (45.5% of all probes) giving
an estimated maximal heritability of 0%. In fact, a study by Grunberg et al. stated that a sample of 648 twins
was not sufficient to obtain reliable heritability estimates of less than 10%. *® Thus, our small sample size
may affect the reliability of low values of heritability estimates and partly explain the large number of probes
with an estimated maximal heritability of 0%. In addition, a SNP found ina probe location or nearby may
cause methylation differences and impact the estimation of DNA methylation heritability. ® A study by
Lemire et al. demonstrated that there is extensive long-range regulation of CpG methylation associated with
genetic variation. % The fact that CpG sites associated.with a SNP were not excluded in the present study may
affect heritability analysis and explain why we obtain 1,186 significant probes that give an estimated maximal
heritability of 100%. To verify that, we conducted further analysis to investigate SNPs position in these probe
locations using the 1,000 Genomes:Project Phase 1 Version 3. %" We found that 1,014 probes (85.5% of
significant probes with a maximal heritability of 100%) have one or more SNPs within their location (defined
as + 25 base pairs fromthe CpG site). This suggests that the presence of SNPs at, or nearby, a CpG site may
contribute to increase genetic heritability and therefore influence maximal heritability. However, we cannot
confirm that SNPs ascertained in the 1,000 Genomes Project are present in our population. In addition,
McRae et al. reported that the effect of SNPs within a probe location have limited effect on average genetic
heritability across the genome. ° Finally, DNA methylation is specific to the type of cell, tissue, locus, and
developmental stages, which affects DNA methylation heritability estimates. ** However, McRae et al.
reported little effect of the cellular composition of blood samples on the heritability estimates for the majority

of probes (genetic heritability reduced from 19.9% to 17.6%). ° Other studies have also reported that DNA



methylation patterns are globally correlated between 11 different somatic tissues. 2* %° However, it is
important to consider cellular composition when interpreting and comparing DNA methylation heritability
results.

In conclusion, in a family-based sample of 48 French Canadians, familial resemblances in blood leukocytes
DNA methylation levels is mainly due to genetic factors when considering the average across the genome,
but common environmental effect plays an important role when considering most significant probes. It would
be interesting to verify possible associations between common environment effect such as dietary habits and
methylation levels in highly heritable probes. Considering the small sample size upon which the present study
is based, results should be viewed with caution. Further epigenome/genome-wide studies on larger samples
combined with GWAS are needed to better understand the underlying. mechanisms of DNA methylation
heritability.

PATIENTS AND METHODS

Patients and design

A total of 48 subjects from 16 families were recruited in the Greater Quebec City metropolitan area, in
Canada, as part of the GENERATION Study. Families were composed of 16 mothers, 6 fathers, and 26
children. To be eligible, parents'had to be the biological parents of their child (or children). Families living
under the same roof comprised at least the mother and one child aged between 8 and 18. Parents had to be in
good general health, non-smokers; with BMI ranging between 18 and 35 kg/m?, and free of any metabolic
conditions requiring treatment, although the use of Synthroid® (levothyroxine) or oral contraceptive was
tolerated. Children also had to be non-smokers and in good general health. They were not eligible if using
psycho-stimulators [Ritalin® (methylphenidate), Concerta® (methylphenidate), and Strattera®
(atomoxetine)]. Parents and children were asked to complete several dietary, physical activity, medical
history, and pregnancy questionnaires under the supervision of a registered dietitian during their visit at the
Institute of Nutrition and Functional Foods (INAF). The experimental protocol was approved by the Ethics

Committees of Laval University Hospital Research Center and Laval University.
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Anthropometric and metabolic measurements

Body weight, waist girth, and height were measured according to the procedures recommended by the Airlie
Conference. * Blood samples were collected from an antecubital vein into vacutainer tubes containing EDTA
after 12-hour overnight fast and 48-hour alcohol abstinence. Plasma was separated by centrifugation (2,500g
for 10 min at 4°C) and blood leukocytes were collected.

DNA extraction and methylation analysis

Genomic DNA was extracted from blood leukocytes using the GenElute Blood Genomic DNA kit (Sigma-
Aldrich, St. Louis, MO, USA) for all 48 samples. DNA was quantified using both NanoDrop
Spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and PicoGreen DNA methods. Methylation
levels were measured using Infinium HumanMethylation450 BeadChip array (lllumina, San Diego, CA,
USA). Bisulfite conversion and quantitative DNA methylation analysis were processed at the McGill
University and Genome Quebec Innovation Center (Montreal, Canada). Illumina GenomeStudio software
v2011.1 and the Methylation Module were used to analyze methylation data on 485,577 CpG sites. All
samples were retained after quality control steps (bisulfite conversion, extension, staining, hybridization,
target removal, negative and nonpolymorphic control probes). Methylation levels [beta values () vary from 0
to 1] were estimated as the proportion of total signal intensity from methylated-specific probe. Global
normalisation using control probes was performed in GenomeStudio. Probes with a detection P-value > 0.01
in more than 5 subjects(>10% of all subjects) were removed, as well as probes on the X and Y chromosomes
(to eliminate gender bias).and probes mapped to multiple chromosomes. * Thus, 472 494 probes were
considered in the analysis.

Statistical analysis

R software v2.14.1 (R Foundation for Statistical Computing; http://www.r-project.org) 3 was used to
compute the average absolute correlation of DNA methylation between relative pairs across all 472,494
probes. For heritability analysis, corrections were made for the effects of microarray, position on microarray,

sex, age, age’, sex*age, and sex*age?, using a standard least squares model in JMP software v12. We used
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residuals from this model to compute heritability estimates using the variance component method
implemented in QTDT v2.6.1. * We used a full general model in which the variance in methylation levels of
each probe was partitioned into polygenic effects (\VVg), common environmental effects shared by family
members (Vc), and non-shared environmental effects unique to each individual (Ve). We tested this full
general model against a null model of no familial resemblance in which Vg = V¢ = 0. We then computed
average maximal heritability, as the proportion of variance accounted by genetic and commgon environmental
effects (Vg+Vc/Vg+Vc+Ve), average genetic heritability, as the proportion of variance accounted by genetics
effects (Vg/VVg+Vc+Ve), and the average proportion of variance accounted by common environmental effects
(Vc/Vg+Vc+Ve). Additionally, we computed heritability estimates in probes showing a significant familial
effect (Vg and Vc significantly different from zero (P < 0.05)). We computed FDR-corrected P-values to
account for multiple testing. We also used an alternative genetic model in which the variance in methylation
levels of each probe was partitioned into Vg and Ve. We then computed average genetic heritability, as the
proportion of variance accounted by genetic effects (Vg/\Vg+Ve). We used RCircos package in R software to
make the Circos plot. ** Finally, we used the IPA system (Ingenuity® Systems, www.ingenuity.com) to
analyze pathways overrepresented among genes of significant and FDR-corrected significant probes. Using a
right-tailed Fisher’s exact test, IPA-measured the likelihood that genes belong to specific overrepresented
pathways. Pathway analysis was conducted with genes of significant probes (n = 13,621), significant probes
with a maximal heritability of 100% (n = 1,186), and FDR-corrected significant probes (n = 105).
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Table 1. Average absolute correlations across all probes of normalized methylation levels between

relative pairs

Re_latlve n Correlation + SD
pairs

Siblings 13 ] 0.299 £ 0.211
Mother-

Offspring 26 | 0.267 £0.183
Parent-

Offspring 3710.243+0.170
Unrelated 1178 | 0.029 + 0.028
SD: Standard deviation
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Table 2. Heritability estimates

Type of heritability estimate (%) All probes (n  Significant probes (n FDR-corrected significant
= 472,494) =13,621) probes (n = 105)

Maximal heritability 12.7 63.9 81.8

Genetic heritability 8.2 39.3 26.9

Common environmental effect 4.5 24.6 54.9
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Table 3. Overrepresented pathways identified among genes of FDR-corrected significant probes (n =

105)
IPA Canonical Pathways P value Annotated genes
Superpathway of Cholesterol Biosynthesis® 0.00324 DHCR7, MVK
Antigen Presentation Pathway? 0.00562 PSMB8, TAR2
Alanine Degradation 111° 0.00603 GPT
Alanine Biosynthesis 11° 0.00603 GPT
Epithelial Adherens Junction Signaling® 0.00977 YES1, MAGI1, NOTCH1
Cell Cycle: G1/S Checkpoint Regulation® 0.01622 NRG1, RB1
GDP-mannose Biosynthesis® 0.01820 PMM1
Glioma Signaling® 0.03548 RB1, IGF2R
Cholesterol Biosynthesis I° 0.03890 DHCRY7
Mevalonate Pathway I° 0.03890 MVK
Cholesterol Biosynthesis Il (via 24,25-dihydrolanosterol)° 0.03890 DHCRY?7
Cholesterol Biosynthesis 111 (via Desmosterol)® 0.03890 DHCR7
Pancreatic Adenocarcinoma Signaling® 0.04074 RB1, NOTCH1
Colanic Acid Building Blocks Biosynthesis® 0.04169 PMM1
Protein Ubiquitination Pathway® 0.04169 UBE2E3, PSMB8, TAP2

Pathways related.to:

& signaling pathways (n = 6)

®: cholesterol metabolism (n = 5)

¢ alanine metabolism (n = 2)

¢ sugar nucleotides metabolism (n = 1)

®: cell structure biosynthesis (n = 1)
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Figure 1. Distribution of maximal heritability estimates for DNA methylation of a) all probes (n = 472,494),

b) significant probes (n = 13,621), c) FDR-corrected significant probes (n = 105).
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Figure 2. Distribution of genetic heritability and common environmental effect of FDR-corrected significant

probes (n = 105).
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Figure 3. Circos plot depicting the distribution of maximal heritability estimates.across the genome. Moving
from inner to outer circles, first circle represents chromosomes. Maximal heritability of all 472,494 probes
has been represented in second circle as scatter plot (values ranging from 0 to 100%). Third circle represents
maximal heritability of the 105 FDR-corrected significant probes as scatter plot with genes name in which
probes are located. Note: only 4 of the 5 genes (ARID3A, ARRDC2, MAST1, SCAMP4, and ZNF235) on

chromosome 19 are shown due to place limitation.
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