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Abstract

Assisted reproductive technologies (ART) account for 1–6% of births in developed countries. While most children conceived are healthy,
increases in birth and genomic imprinting defects have been reported; such abnormal outcomes have been attributed to underlying
parental infertility and/or the ART used. Here, we assessed whether paternal genetic and lifestyle factors, that are associated with male
infertility and affect the sperm epigenome, can influence ART outcomes. We examined how paternal factors, haploinsufficiency for
Dnmt3L, an important co-factor for DNA methylation reactions, and/or diet-induced obesity, in combination with ART (superovulation,
in vitro fertilization, embryo culture and embryo transfer), could adversely influence embryo development and DNA methylation
patterning in mice. While male mice fed high-fat diets (HFD) gained weight and showed perturbed metabolic health, their sperm DNA
methylation was minimally affected by the diet. In contrast, Dnmt3L haploinsufficiency induced a marked loss of DNA methylation
in sperm; notably, regions affected were associated with neurodevelopmental pathways and enriched in young retrotransposons,
sequences that can have functional consequences in the next generation. Following ART, placental imprinted gene methylation and
growth parameters were impacted by one or both paternal factors. For embryos conceived by natural conception, abnormality rates
were similar for WT and Dnmt3L+/− fathers. In contrast, paternal Dnmt3L+/− genotype, as compared to WT fathers, resulted in a
3-fold increase in the incidence of morphological abnormalities in embryos generated by ART. Together, the results indicate that
embryonic morphological and epigenetic defects associated with ART may be exacerbated in offspring conceived by fathers with sperm
epimutations.
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Introduction
Around 15% of couples experience difficulties conceiving, with
underlying infertility attributed to the woman, the man, the cou-
ple, or unknown causes. Assisted reproductive technologies (ART)
are increasingly used to help those struggling with infertility
and account for 1–6% of live births in high income countries
[1]. Although ART is accepted as a safe method of conception,
offspring are at a small but still significant increased risk for
birth defects [2]. ART has also been associated with rare genomic
imprinting disorders, such as Beckwith-Wiedemann syndrome,
where altered DNA methylation has been implicated [3–6]. The
cause of the increases in birth and genomic imprinting defects has
been attributed to the techniques used in assisted reproduction
and/or the underlying parental infertility.

ART typically consists of manipulations such as in vitro fertil-
ization (IVF) and intracytoplasmic sperm injection (ICSI), accom-
panied by superovulation, oocyte retrieval, embryo culture, and

embryo transfer. Many of these techniques coincide with impor-
tant DNA methylation reprogramming windows, including the
establishment of female-specific epigenetic patterns in oocytes
and global erasure during pre-implantation development [7]. We
and others have shown that superovulation can alter oocyte
quality and perturb the maintenance of DNA methylation of
both maternally and paternally methylated imprinted genes dur-
ing preimplantation development in mice [8–11]. Furthermore,
studies in mice showed that as the number of ART procedures
increases, so do the morphological abnormalities and epigenetic
perturbations in offspring placentas, indicating that ART-induced
epigenetic perturbations may be additive [12]. These and other
studies performed in mice, without parental infertility, provide
evidence that ART alone is capable of inducing adverse offspring
outcomes [12–15]. However, interpretation of human ART studies
is more complex, where underlying causes of infertility/subfertil-
ity may also play a role [4, 16, 17].
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Maternal factors associated with infertility and their contri-
bution to offspring growth and development have been rela-
tively well studied. Less attention has been focused on male
factors associated with infertility and how they may contribute
to adverse outcomes, in particular those linked to ART. Sperm
not only provide genetic information, but are also important
carriers of epigenetic information (DNA methylation, chromatin
modifications and small RNAs) that can be influenced by internal
(gene defects) and external/environmental factors. These factors
may cause epimutations, where altered epigenetic states (e.g.
DNA methylation) can occur in the absence of changes in DNA
sequence. Such factors have been shown to influence offspring
growth and development [18–23]. Controlled mouse studies can
therefore help determine the contribution of individual and/or
combined paternal factors to birth defects and abnormal health
outcomes associated with ART.

Genetic abnormalities in critical genes can have a negative
impact on male fertility. Some of these variations can also influ-
ence sperm DNA methylation, which can be transmitted to the
offspring. DNA methyltransferase 3-like (DNMT3L) is a protein
essential for the establishment of DNA methylation patterns in
male germ cells. It is a co-factor that interacts with the DNA
methylating enzymes, DNMT3A and DNMT3B, to stimulate their
activity [24–26]. In humans, DNMT3L copy number variations
or mutations (SNP) are found in infertile men in some stud-
ies [17, 27–29]. The most studied polymorphism examined has
been rs7354779, a missense mutation (C/T; frequency ∼0.28) that
causes an amino acid change in exon 10 (Arg278Gly) [30]. This
mutation occurs in the C-terminal, which interacts with the active
catalytic methyltransferase domain of DNMT3A and DNMT3B
[31, 32]. While other mutations have been examined, their minor
allele frequencies have been reported to be <0.01 [30]. In animal
models, although Dnmt3L knock-out male mice are viable, they
are sterile. Their germ cells possess abnormally low levels of DNA
methylation, including hypomethylation of paternally methylated
imprinted genes and transposable elements [33, 34]. As a pater-
nal effect gene, Dnmt3L haploinsufficiency (Dnmt3L+/−) results in
wild-type (WT) progeny demonstrating abnormal phenotypes [35,
36]. Taken together, the mouse and human findings indicate that
Dnmt3L is a good candidate gene to investigate the effect of sperm
DNA methylation perturbations on ART conceived offspring.

In addition to genetic abnormalities, environmental factors
may also affect reproductive health and sperm DNA methylation.
Obesity is an epidemic that affects approximately 42% of adult
males aged >20 in the United States, with 6.9% of men suffering
from severe obesity [37]. Being overweight can negatively impact
male fertility through several mechanisms, including hypogo-
nadism, impaired spermatogenesis, and lower serum testosterone
levels [38]. Additionally, studies in humans and rodents have
demonstrated that obesity and high-fat diets (HFD) can affect
DNA methylation patterns in male germs cells [20, 39–41] The
number of obese men coming to infertility clinics has tripled in
the last few decades [42]. Furthermore, obese men undergoing IVF
have lower clinical pregnancy and live birth rates [43]. Epidemio-
logical studies provide further support indicating that the father’s
diet is capable of affecting the offspring’s health and well-being
[44, 45]. Animal models for obesity, HFD fed male mice or rats,
have been used to investigate offspring characteristics. Progeny
from HFD-fed fathers have demonstrated several phenotypes,
indicating an intergenerational effect of obesity even without the
use of ART [40, 46–48].

In this study, using a mouse model, we investigated whether the
paternal factors, Dnmt3L haploinsufficiency and an obesogenic

HFD, alone or together, could affect genome-wide sperm DNA
methylation patterns. Additionally, we wanted to examine if these
paternal factors, when combined with assisted reproduction,
would exacerbate the negative effects of ART on offspring
development. We find that, while HFD minimally affected the
sperm DNA methylome, Dnmt3L haploinsufficiency resulted in
genome-wide sperm DNA hypomethylation. Through the use
of ART, Dnmt3L+/− fathers produced litters with a significantly
higher number of abnormal embryos, independent of diet. Here,
we provide evidence that a genetic disorder, that results in
sperm epimutations, can worsen ART-dependent outcomes in
the next generation. We propose that the exacerbation of ART-
related adverse embryonic and epigenetic outcomes is due to the
combined effects of an abnormal sperm DNA methylome and
a suboptimal environment caused by ART used during critical
times of epigenetic reprogramming in the embryo.

Materials and methods
Animals
The Dnmt3Ltm/Bes mouse line was a gift from Timothy Bestor
and Deborah Bourc’his [34]; this line was kept on a C57BL/6
background. GFP transgenic mice with the Oct4 proximal
promoter driving the expression of GFP were generously provided
by Hans Schöler [49] and crossed with Dnmt3L+/− or WT males.
WT C57BL/6 male mice (6–7 weeks of age) were purchased from
Charles River Canada Inc. (QC, Canada) and Hsd:NSA (CF1)
females (6–7 weeks of age) were purchased from Envigo (IN, USA)
and they were allowed at least one week of acclimation period
before start of the diets, breeding, or ART. All animals were housed
in a pathogen-free, temperature-controlled room with a 12 h light,
12 h dark cycle and had free access to water and food ad libitum.
Body weights were measured and recorded each week. All animal
work was performed following the Canadian Council on Animal
Care guidelines and approved by the Animal Care Committee at
the Research Institute of the McGill University Health Centre in
Montreal.

Diets
All males (until 8 weeks of age) and CF1 females (throughout the
course of the study), were fed Teklad Global 18% Protein Rodent
Diet 2018 (Envigo), which contains 4 mg/kg folate. Starting at
8 weeks of age, WT or Dnmt3L+/− males were fed either a high-
fat diet (HFD; D12492, Research Diets, NJ, USA) with 60% kcal
from fat or a matched-control-diet (MCD; D12450J, Research Diets)
with 10% kcal from fat; both diets contained 2 mg/kg folate. MCD
is matched with HFD for protein (20% kcal), mineral, vitamin
and every other ingredient except for fat and carbohydrate ratios
(Supplementary Table 1). The HFD has been previously used and
shown to induce weight gain and obesity in mice [50, 51]. Males
were fed the diets for 11–13 weeks before breeding, ART or sperm
collection.

Spermatogonia, sperm isolation and DNA
extraction
Postnatal spermatogonia were isolated using from GOF/deltaPE-
Oct4/GFP mice by fluorescence-activated cell sorting as described
in Niles et al. [52]. Briefly, WT and Dnmt3L+/− GFP+ males and
females were mated in order to generate GFP+ Dnmt3L+/− male
offspring. At postnatal day 4, paired testes were removed, decap-
sulated, digested in a solution of Collagenase I and IV (both at
1 μg/testis; Sigma, ON, Canada) for 10 min at 37◦C, dispersed and
digested for an additional 10 min. The suspension was centrifuged
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at 1800 rpm for 5 min at 4◦C, followed by further digestion in 0.25%
trypsin–EDTA (Thermofisher, ON, Canada) for 10 min, dispersal,
digested for an additional 10 min and centrifuged. This final
cell suspension was washed twice and resuspended in sterile
phosphate-buffered saline (Thermofisher) with 5 ug/ul DNAse.
Flow cytometric analyses and FACS was performed using FACScan
and FACSAira, respectively, at the FACS core facility at McGill
University and kept frozen at −80◦C. DNA was isolated using the
QIAamp DNA micro Kit (Qiagen, ON, Canada).

Mature sperm from one of the cauda-epididymides were col-
lected with the swim-out method [47] and kept at −80◦C until
DNA isolation was performed. Sperm were left at 37◦C overnight
in a buffer containing 10 mM EDTA, 150 mM Tris, 0.1% sarkosyl,
40 mM dithiothreitol and 2 mg/ml proteinase K. The next day, the
lysate was used for DNA isolation using DNeasy Blood & Tissue
Kit (Qiagen) according to the manufacturer’s protocol.

Reduced representation bisulfite sequencing
(RRBS)
Sperm DNA libraries for RRBS (n = 6 per group) were prepared
according to a previously published protocol using a gel-free
technique [53–55] with minor modifications; quantitative PCR
(qPCR) was used instead of regular PCR during cycle optimization
to decrease the number of amplification cycles [56]. We used
500 ng sperm DNA as a starting material and performed overnight
MspI digestion (New England Biolabs-NEB, MA, USA). Digested
samples were end-repaired and A-tailed using Klenow fragment
(NEB), followed by a clean-up using Agencourt AMPure XP mag-
netic beads (Beckman Coulter, CA, USA). Methylated Adaptors
(NEB) were ligated to cleaned DNA and bisulfite conversion was
performed twice using EpiTect Bisulfite kit per manufacturer’s
protocol (QIAGEN). Bisulfite converted DNA was used in qPCR
by the addition of 1 μl of SYBR Green Nucleic Acid Stain 5X
(Thermofisher) to the qPCR mix KAPA HiFi HotStart Uracil+ Kit
(KapaBiosystems, MA, USA). Optimal cycle numbers were deter-
mined for each sample using LightCycler 96 System (Roche, ON,
Canada). Large scale qPCR using previously determined optimal
cycle number for each sample and additional bead clean up was
performed before sequencing.

Prepared RRBS libraries were sent to Centre d’expertise et de
services (CES) Génome Québec (QC, Canada). Twelve samples
were multiplexed and were sequenced in one lane with paired-
end sequencing using NovaSeq 6000 PE150 bp (Illumina, CA,
USA). Raw data processing was performed as previously described
[23] using bsmap (version 2.6) [57]. MethylKit software (version
1.8.1) was used for differential methylation analysis using the
Benjamini-Hochberg false discovery rate (FDR)-based method for
P-value correction (q = 0.01) [58]. CpGs with 10X coverage in all
samples and a difference of at least 10% between compared
groups were identified. Alterations in DNA methylation were
assessed as follows: methylKit produces lists of 1) differentially
methylated cytosines (DMCs) and 2) differentially methylated
100 bp tiles (DMTs) containing at least two CpGs; to examine
for larger regions of differential methylation 3) DMCs that were
found to be within 100 bp apart were merged to obtain merged
differentially methylated regions (DMRs). Any DMCs that were
not merged, remained as single DMCs. This was accomplished
using the emergeBed -d function of bedtools (version 2.29.2). All
annotations were performed with HOMER software (version 4.9.1)
[59]. Common DMTs were determined using the intersectBed -u
function of bedtools (version 2.29.2). Gene ontology enrichment
analysis using merged DMRs compared against merged back-
ground regions (all tested sites/tiles merged that are within 100 bp

apart) was performed using a web based functional enrichment
analysis tool, WebGestalt (WEB-based GEne SeT AnaLysis Toolkit)
[60]. The proportion of overlaps between merged hypomethylated
DMRs and repeats was identified using the RepeatMasker pro-
gram (version 4.1.1, http://www.repeatmasker.org) [61].

Glucose and insulin tolerance tests
Metabolic tests were performed between 8–10 weeks of starting
the diets, one week apart. Glucose tolerance test (GTT) was per-
formed following an overnight (˜16 h) fasting with free access to
water. Time 0 glucose levels were measured by nicking the tail
and measuring the blood with a glucometer (Accu-Check Aviva
Nano). 2 mg/kg filter-sterilized 20% glucose solution (D-glucose,
G7021, Sigma) was administered intraperitoneally (IP) and blood
glucose levels were measured and recorded again at 15, 30, 60 and
120 min.

Insulin tolerance test (ITT) was performed following a ∼6 h
fasting with free access to the water. After blood glucose was
measured for time point 0, an IP injection of 1 IU/kg insulin
(Insulin solution human 10 mg/ml, I9278, Sigma) was done. Blood
glucose levels were measured at 15, 30, 60 and 120 min with a
glucometer (Accu-Check Aviva Nano).

Red blood cell folate
Whole blood was collected in EDTA tubes by cardiac puncture
at necropsy. Blood was centrifuged at 1445 g for 5 min and
the plasma collected. Red blood cell pellets were frozen and
shipped on dry ice to Health Canada for analysis. The Lactobacillus
casei microbiological assay was used to measure red blood cell
(RBC) folate as previously described [62]. RBC folate content was
normalized to total protein, which was determined using the
modified Lowry assay [63].

ART and natural mating
ART was performed according to previously published protocols
and the Jackson Laboratory method [12, 64, 65]. Eight week old
CF1 females were superovulated by IP injection of 5 IU of pregnant
mares’ serum gonadotropin (PMSG, 367222, Milipore, ON, Canada)
followed by 5 IU human chorionic gonadotropin (hCG, 230734,
Milipore) [9]. IVF was performed in human tubal fluid (HTF, MR-
070-D, Millipore) using sperm from WT or Dnmt3L+/− C57BL/6
males on diets (MCD or HFD) and superovulated CF1 female
oocytes. Fertilized oocytes were transferred to a potassium sim-
plex optimization medium with 1/2 amino acids (KSOM, MR-106-
D, Millipore) under mineral oil and cultured at 37◦C, humidified
and reduced oxygen conditions (5%O2, 5%CO2 and 90%N2) for
4 days. Blastocysts acquired from the embryo culture were trans-
ferred to 2.5 days post-coitum (dpc) pseudopregnant recipient
CF1 female mice. Ten blastocysts were transferred to each female
using a non-surgical embryo transfer (NSET) device (ParaTechs,
KY, USA). Embryo transfer day is determined as embryonic day
3.5 (E3.5) and midgestation embryos and placentas were collected
8 days later (Fig. 3A). Fertilization rates were calculated as number
of fertilized eggs/number of all eggs and in vitro development (IVD)
rates were calculated as number of morula or blastocysts/number
of fertilized eggs.

For natural mating (NAT), 2 CF1 females were placed into cages
with one WT or Dnmt3L+/− C57BL/6 male and the day on which
we observed a vaginal plug was denoted as E0.5. Midgestation
embryos and placentas were collected 10 days later.
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Assessment of midgestation embryos and
placentas
ART or NAT conceived embryos and placentas were collected
at midgestation (E11.5). CF1 female uteri (and corpus hemor-
rhagicum in the ovaries of NAT females) were analyzed for the
number of ovulated oocytes, implantation sites, resorptions, and
live embryos to determine pre-and post-implantation losses. Mor-
phological assessment of embryos to determine developmental
delays and growth abnormalities was performed as previously
described [66], by blinded personnel without knowledge of the
source of the embryo to eliminate any bias. Embryos delayed by
2 days or more (i.e. staged E9.5 or less) were denoted as devel-
opmentally delayed [11]. Crown-rump length (CRL) and placenta
area were measured and recorded during the collection. Collected
tissues were snap-frozen on dry ice and stored at −80◦C until
further use. The sex of the embryos was determined by PCR [66]
using the yolk sac and re-confirmed using placenta DNA that was
extracted for methylation analysis (see below).

Tissue DNA isolation and pyrosequencing
Frozen placentas were homogenized using mortar and pestle
on dry ice and homogenized tissue powder was used for DNA
isolation using the DNeasy Blood and Tissue kit (Qiagen) follow-
ing the manufacturer’s protocol. Placenta DNA from female and
male embryos, coming from the same litter or same father and
embryonic stage-matched between groups (NAT WT n = 20, NAT
Dnmt3L+/− n = 21, ART WT n = 41, ART Dnmt3L+/− n = 40) were used
for bisulfite conversion using the EpiTect Bisulfite kit (QIAGEN)
per the manufacturer’s protocol. Bisulfite converted DNA was
used for DNA methylation analysis at four imprinting control
regions (H19, Snrpn, Kcnq1ot1 and Peg1) with bisulfite pyrosequenc-
ing as previously described [66].

Statistical analysis
Statistical analysis and graph generation were performed using
Graphpad Prism 6.0 (GraphPad Software Inc., CA, USA). The statis-
tical significance threshold was set to P < 0.05 for all tests. Cate-
gorical variables were tested with Chi-Square Test with Yates’ cor-
rection. Continuous variables were tested using one-way ANOVA
or two-way ANOVA (depending on the number of independent
variables) with multiple comparisons.

GTT and ITT results were compared with multiple t-test with
Holm-Sidak correction comparing diet groups within the same
genotype (Fig. 2C and D).

The differences between CRL and placenta area were calcu-
lated by graphing a common slope for both groups and calculating
a distance for each point. Distances were then used for Student’s
t-test to determine if they were statistically different (Supplemen-
tary Fig. 7A–C).

Results
Dnmt3L haploinsufficiency but not high fat diet
resulted in widespread alterations in DNA
methylation patterns in mouse sperm
Eight-week-old C57BL/6 male mice with a Dnmt3L+/+ (WT) or
Dnmt3L+/− genotype were fed either a HFD (60% kcal from fat) or
a matched control diet (MCD, 10% kcal from fat: fat replaced with
cornstarch and matched for all other ingredients, Supplementary
Table 1), for 12 weeks. As one cycle of spermatogenesis is ∼35 days,
the mice were on the diets for two full cycles of spermatogenesis
before any analyses were performed. This diet exposure and

length has previously been used to induce significant gains in
weight as well as obesity and has been demonstrated to induce
alterations in sperm histone marks [50, 51]. Sperm were collected
from four groups of males, MCD WT, MCD Dnmt3L+/−, HFD WT and
HFD Dnmt3L+/− (n = 6/per group) to assess the effects of genotype
(Dnmt3L+/−), diet (HFD), or a combination of the two paternal
factors (Fig. 1A, left). Genome-wide DNA methylation analysis
was performed using reduced representation bisulfite sequencing
(RRBS) (Supplementary Table 2).

First, methylation differences in sperm were assessed by iden-
tifying differentially methylated tiles (DMTs), 100 bp stepwise
windows that contain at least 2 CpGs. We compared the four
male groups (Fig. 1B, Supplementary Table 3 and Supplementary
Files 1–3). RRBS revealed 14 974 DMTs for the MCD Dnmt3L+/−

compared to the MCD WT sperm (genotype effect), with the
majority of the tiles showing a loss of methylation (hypomethy-
lation; 14 811, 98.9%) (Fig. 1B, left panel, Supplementary Table 3
and Supplementary File 1). HFD alone had little impact on sperm
DNA methylation (diet effect); 523 DMTs were identified when
comparing the sperm of WT mice on the HFD vs the MCD (Fig. 1B,
left panel, Supplementary Table 3 and Supplementary File 2).
The genotype effect on mice fed the HFD (HFD Dnmt3L+/− versus
HFD WT comparison) induced 17 378 DMTs, almost all showing
a loss of methylation (hypomethylation; 17 303, 99.6%—Fig. 1B,
left panel. Supplementary Table 3 and Supplementary File 1).
Overall, Dnmt3L+/− had the most dramatic effect on sperm DNA
methylation patterns whereas HFD alone had minimal effects.

Further analysis of the genomic distribution of DMTs indicated
that Dnmt3L+/− genotype, whether in mice fed MCD or HFD, gave
similar results: most of the sperm DMTs were located in intergenic
regions (77.6%) followed by intronic (15.7%) and exonic regions
(3.6%) (Fig. 1B, upper right). HFD diet-specific DMTs were also
mostly found in intergenic regions (60%), though their proportion
was lower than those caused by genotype effect; this was followed
by a higher proportion of both intronic (24.5%) and exonic regions
(9.6%) (Fig. 1B, upper right). Similarly, the magnitude of changes in
DNA methylation was comparable in Dnmt3L+/− on a MCD or HFD,
with ∼10% of DMTs exhibiting 20–40% change in methylation
(Fig. 1B, lower right). The majority of these larger changes were
occurring in areas of intermediate levels of methylation (20–80%)
in the WT samples (Supplementary Fig. 1A and B). The minimal
effect of the HFD on sperm DNA methylation resulted in methyla-
tion changes in the 10–15% range, which were also found to occur
in regions of intermediate methylation (Fig. 1B, lower right and
Supplementary Fig. 1C).

Next, the effects of Dnmt3L+/− on sperm DNA methylation
were validated in a separate cohort of mice. Spermatogonia were
included to determine whether DNA methylation was affected
in Dnmt3L+/− mice, closer to the developmental time when DNA
methylation is acquired in male germ cells (i.e. in the prenatal
prospermatogonia from embryonic days 15.5–18.5). We used Oct4-
GFP crossed Dnmt3L+/− or WT male mice to isolate spermatogo-
nia at postnatal day 4 (Fig. 1A, right side). RRBS revealed many
DMTs in Dnmt3L+/− compared to WT both in spermatogonia and
sperm of this validation cohort (V). Again, we found that the
majority of tiles were hypomethylated (Fig. 1C, left) and enriched
in intergenic regions (Supplementary Fig. 2A). There were more
DMTs in sperm than spermatogonia, consistent with ongoing de
novo DNA methylation during spermatogenesis. In sperm, ∼15%
of DMTs exhibited 20–40% changes in DNA methylation, similar
to our earlier results (Fig. 1C, right). However, in spermatogonia
the proportion of DMTs exhibiting 20–40% changes was found to
be greater at ∼30%. Similar to the genotype effect found above,
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Figure 1. Genome-wide DNA methylation analysis of sperm and spermatogonia. (A) Experimental design of germ cell DNA methylation analysis. WT and
Dnmt3L+/− mice were fed a MCD or HFD for 12 weeks, following which sperm was collected and DNA extracted for analysis. A sperm validation cohort
(V) was also collected, along with postnatal day 4 (PND 4) spermatogonia via fluorescence-activated cell sorting (FACs). (B) Number of 100 bp tiles that
are differentially methylated (DMTs) in sperm, between groups comparing the male factors (Dnmt3L+/−, HFD and the effect of Dnmt3L+/− on mice fed
HFD; left). Loss of methylation denoted as hypomethylated, whereas gain of methylation denoted as hypermethylated. Genomic distribution of DMTs
overlapping with different elements in the genome (top, right). The magnitude of DNA methylation changes (gain and loss) observed at DMTs (bottom,
right). Number of DMTs and the magnitude of changes in DNA methylation found (C) in a sperm validation cohort (V) and in spermatogonia (Spg) and
(D) in a developmental context from Spg to Sperm from Dnmt3L+/− vs WT animals. (E) DMCs that were found within 100 bp were merged to acquire
merged DMRs in all Dnmt3L haploinsufficient sperm compared to WT (MCD and HFD combined). The number of DMCs, single DMCs and merged regions
is shown as a bar graph. (F) Gene Ontology (GO) analysis of merged DMRs identified in all Dnmt3L haploinsufficient sperm compared to WT (MCD and
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the majority of these larger changes are occurring in areas of
intermediate levels of methylation (Supplementary Fig. 1D and E).

Greater increases in DNA methylation were
observed during the transition from
spermatogonia to sperm in Dnmt3L+/− animals
Taking advantage of the isolated spermatogonia data along with
that for sperm in the V cohort, we next examined changes in DNA
methylation in a developmental context. In WT mice, increases
in DNA methylation were found to occur as male germ cells
develop (Fig. 1D, left). Interestingly, increases in DNA methylation
were more marked in the transition from spermatogonia to sperm
in Dnmt3L+/− animals compared to the WT group. Altered DNA
methylation was found to occur in intergenic (46–51%), intronic
(25–24%) and exonic (21–18%) regions from WT and Dnmt3L+/−

mice, respectively (Supplementary Fig. 2B). During development,
larger magnitude changes in DNA methylation occurred, with
over 50% of the DMTs showing >20% change in values (Fig. 1D,
right). This dramatic increase can be observed in areas of low
levels of methylation in spermatogonia, gaining methylation close
to 100% in mature sperm (Supplementary Fig. 1F–G).

Tiles that gained methylation during development from sper-
matogonia to sperm (hypermethylated) in WT and Dnmt3L+/−

groups were compared. We identified 3564 common tiles: 1585
DMTs gained more methylation in WT compared to Dnmt3L+/−

while 1979 DMTs gained more methylation in Dnmt3L+/− com-
pared to WT, (Supplementary Fig. 2C and D). The genomic distri-
bution of the DMTs was similar to both groups (Supplementary
Fig. 2E). Interestingly, the proportion of changes was significantly
different over all ranges of DNA methylation in Dnmt3L+/− as com-
pared to that of WT (Supplementary Fig. 2F). These results demon-
strate that Dnmt3L haploinsufficiency leads to loss of DNA methy-
lation in spermatogonia. The increased hypermethylation found
when spermatogonia transition to sperm suggest that catch-up
methylation was occurring during spermatogenesis in Dnmt3L+/−

males, consistent with our previous results [52]. However, not all
sperm DNA methylation can be recovered during spermatogene-
sis leading to mature spermatozoa with sperm epimutations.

Dnmt3L+/− -specific merged differentially
methylated regions (DMRs) in sperm were
associated with neurodevelopment and enriched
in young retrotransposons
Since the obesogenic high-fat-diet induced few alterations in DNA
methylation compared to Dnmt3L haploinsufficiency, we further
investigated DNA hypomethylation in the sperm of all WT com-
pared to all Dnmt3L+/− males, combining the samples from the
MCD and HFD groups. Rather than examining DMTs, we analyzed
the number of individual differentially methylated CpGs (DMCs).
The total number of DMCs was high for this comparison (80 052
total), with 79 554 hypomethylated DMCs (Supplementary Table 3
and Supplementary File 1). Next, DMCs found in close proximity
(≤100 bp apart) were combined into merged differentially methy-
lation regions (DMRs) to determine whether the changes were

in isolated single DMCs or grouped into larger regions. Seventy-
seven percent of all DMCs could be combined, forming 11 624
merged regions (Fig. 1E). Most merged DMRs were smaller than
200 bp in size, having a mean size of 97 bp; however some
merged regions were as large as 1004 bp (Supplementary Fig. 3A,
left). As expected, with the hypomethylating effect of Dnmt3L+/−,
the largest regions were those with losses of DNA methylation
and contained the greatest number of merged DMCs (Supple-
mentary S3A, right and Supplementary File 4). Similar to the
genomic distribution of the DMTs, merged DMRs where mainly
characterized as intergenic and were also the largest regions
(Supplementary File 4). Additional group comparisons are shown
in Supplementary Fig. 3. For instance, 75 169 hypomethylated
DMCs were identified when comparing the HFD-Dnmt3L+/− group
versus the MCD-WT group, the combined genotype and diet effect
(Supplementary Table 3 and Supplementary File 3). Again, the
majority DMCs (74%) could be combined into merged DMRs with
a mean size of 95 bp (largest 1004 bp), with large hypomethylated
regions in intergenic regions and containing the largest number of
merged DMCs (Supplementary Fig. 3B and Supplementary File 4).
In contrast, examining the diet effect when all animals from the
HFD were compared to the MCD (Dnmt3L+/− and WT genotypes
combined), resulted in 999 total DMCs, with the majority being
hypermethylated (Supplementary Table 3 and Supplementary File
2). In this case, 78% of altered sites remained as single DMCs;
the mean size of merged DMRs was 67 bp with the largest only
260 bp (Supplementary Fig. 3C, left and middle, respectively). For
the diet effect, the largest merged DMRs were those of increased
methylation and contained the most DMCs (Supplementary Fig.
3C, right and Supplementary File 4). This regional DMR versus
isolated DMC analysis further emphasized the more significant
impact of Dnmt3L haploinsufficiency on sperm DNA methylation
patterns versus that of the HFD.

The aim of obtaining merged DMRs was to explore affected
genomic regions with potential links to functional impacts. We
used these merged regions to perform a gene ontology (GO) term
analysis. GO annotation (top 10 most significant pathways) of the
affected regions of Dnmt3L+/− when compared to WT (MCD and
HFD combined) revealed that most were found in and around
genes involved in developmental, especially neurodevelopmental
pathways (Fig. 1F). Similarly, merged DMRs affected by the HFD
Dnmt3L+/− compared to the MCD WT were also enriched in neu-
rodevelopmental and neuron function pathways (Supplementary
Fig. 3D). HFD-affected merged DMRs as compared to the MCD
(Dnmt3L+/− and WT combined) were only significantly enriched
for a single pathway, the regulation of action potential (Supple-
mentary Fig. 3E).

We next determined whether all the merged DMRs were
enriched in repeat elements in the genome, as compared to
background regions (i.e. all tested sites/tiles that were merged
if within ≤100 bp). When examining the effect of Dnmt3L+/−, the
background regions were mainly found in non-repeats (55%) and
with 13% in each LINEs and LTRs (Fig. 1G, top); however, all merged
DMRs affected by Dnmt3L+/− were enriched for long interspersed
nuclear elements (LINEs, 37%) and long terminal repeats (LTRs,

HFD combined). The number next to each bar represents the number of observed genes in the merged DMR list within the given pathway. False discovery
rate (FDR) of 0.05 is indicated with a dotted line. (G) Proportion of overlaps between repeat regions in background regions and Dnmt3L+/− specific merged
DMRs identified using the RepeatMasker program (top). The percentage of evolutionarily young LINE1s (L1Md family of retrotransposons) in the genome
or background regions/DMRs minus young LINE-1 elements that are overlapping background regions and Dnmt3L+/− specific merged DMRs (bottom).
(H) Merged DMRs affected in Dnmt3L haploinsufficient vs. WT in a validation cohort (V) of sperm and Spg were overlapped with evolutionarily young
LINE-1s (L1Md family of retrotransposons) or the background regions/DMRs not in young LINE-1 elements. Dnmt3L+/−: Dnmt3L haploinsufficient; MCD:
matched control diet; HFD: High-Fat Diet; Spg: Spermatogonia; SINEs: Short interspersed nuclear elements; LTRs: Long terminal repeats; LINEs: Long
interspersed nuclear elements.
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Figure 2. The metabolic effects of high-fat diet (HFD) compared to matched-control diet (MCD). (A) The average weight (g) of male groups at different
time points. Animals were weighed weekly for 12 weeks (duration of the diet). (B) Weight gain for each male was plotted to compare different diet and
genotype groups. Mean ± SEM are shown, and one-way ANOVA with Tukey’s correction for multiple comparisons was used to compare different groups.
Groups indicated with the same letter do not show a significant difference whereas groups indicated with a different letter are significantly different.
Statistical significance set to P < 0.05. (C) Effects of HFD on glucose tolerance in male mice. Change in blood glucose levels after an intraperitoneal
(IP) injection of glucose was followed for 120 min with 30 min intervals, (MCD WT n = 7, MCD Dnmt3L+/− n = 9, HFD WT n = 7, HFD Dnmt3L+/− n = 6,
mean ± SEM were plotted). Multiple t-test with Holm-Sidak correction was used to compare glucose levels at different time points between males on a
different diet but with the same genotype. (D) Effects of HFD on insulin tolerance in male mice. Change in blood glucose levels after an intraperitoneal
(IP) injection of insulin was followed for 120 min with 30 min intervals, (MCD WT n = 7, MCD Dnmt3L+/− n = 8, HFD WT n = 7, HFD Dnmt3L+/− n = 6,
mean ± SEM were plotted). Multiple t-test with Holm-Sidak correction was used to compare glucose levels at different time points between males on
different diets but with the same genotype. Statistical significance set to P < 0.05. ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001 ∗∗∗∗, P < 0.0001.

35%). This can also be seen in the combination Dnmt3L+/− and
HFD effects (Supplementary Fig. 3F). The HFD-specific DMRs
were only enriched in LTRs (32% of all merged DMRs vs 13% in
background regions) (Supplementary Fig. 3F). Most transposable
elements are not capable of transposition in the genome with only
some young families having the potential to cause unwanted
effects [67, 68]. A relatively younger group of LINE-1 elements,
L1Md [23], was analyzed to test for overlaps with all background
regions and identified merged DMRs. Interestingly, nearly 38%
of all Dnmt3L+/− specific merged DMRs overlapped with these
young LINE-1 elements compared to about 5% for the background
regions (Fig. 1G, bottom). Results were similar for combined
Dnmt3L+/− and HFD effect merged DMRs (Supplementary Fig.
3G), while HFD-specific merged DMRs were not different from
their background regions in terms of young LINE-1 proportions
(Supplementary Fig. 3G). In a developmental context, young
LINE-1 elements made up a greater proportion of the Dnmt3L+/−

affected DMTs in sperm as compared to spermatogonia (Fig. 1H).
This may suggest that methylation of these types of sequences
may not be corrected during spermatogenesis as much as other
types of non-repetitive intergenic sequences, which we previously
reported as being corrected between the spermatogonial and
spermatozoal phases [52]. Our findings here show enrichment

of hypomethylated young retrotransposons in the sperm of
Dnmt3L+/− males, representing a potential contributor to adverse
functional consequences for the next generation.

High-fat-diet fed males showed metabolic
disturbances but had normal folate levels
In keeping with the literature, HFD groups, independent of their
genotype, gained significantly more weight than their MCD-fed
counterparts (Fig. 2A and B). Following the 12-week diet period the
MCD mice (WT and Dnmt3L+/− combined) weighed 31.4 ± 0.5 g,
while the HFD mice weighed 43.5 ± 0.8 g; the groups gained
approximately 7.5 ± 0.5 g and 20.2 ± 1.1 g, respectively. Testes
weights were similar in the HFD and MCD groups, although they
were proportionally smaller in the HFD group in relation to body
weight (Supplementary Fig. 4A).

Next, we carried out glucose tolerance (GTT) and insulin tol-
erance (ITT) tests to confirm that our HFD impacted glucose
metabolism and insulin concentrations. HFD-fed groups showed
significantly higher concentrations of fasting glucose compared
to MCD groups (time 0, Fig. 2C). The HFD group also had signifi-
cantly higher blood glucose concentrations than the MCD group
at most time points between 15 and 120 min (Fig. 2C). Follow-
ing the ITT, MCD-fed animals responded quickly to the insulin
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challenge and had lower than baseline glucose concentrations
as early as 15 min. Other time points demonstrated a further
concentration decrease at 30 min, reaching a plateau (Fig. 2D). In
contrast, HFD males exhibited an initial increase in blood glucose
and responded more slowly to insulin, 30–60 min post-injection
(Fig. 2D).

Folate metabolism via the one-carbon metabolic pathway pro-
duces S-adenosyl methionine (SAM), the universal methyl donor
for biological methylation reactions such as DNA methylation.
Folate requirements may be higher in obese individuals given that
circulating folate is often lower than in normal weight individuals
[69]. To test whether folate concentrations were affected by the
HFD diets, we measured folate in red blood cells (RBC), a marker of
chronic exposure. Folate concentrations were not lower in mice in
the HFD groups (Supplementary Fig. 4B). Thus, changes in sperm
DNA methylation observed in the HFD Dnmt3L+/− group cannot be
explained by differences in folate concentrations.

ART affected overall pregnancy outcomes and
caused developmental delays in midgestation
embryos
Sperm from the four groups of males (WT and Dnmt3L+/−, each
with MCD and HFD) were used for in vitro fertilization (IVF)
(Fig. 3A). In addition to IVF, the ART procedures included super-
ovulation of females, embryo culture to the blastocyst stage and
non-surgical embryo transfer to pseudopregnant females. To bet-
ter elucidate the effect of ART we compared the outcomes to a
natural mating group using MCD WT and Dnmt3L+/− males. At
midgestation (E11.5), embryos and placentas were collected, and
embryonic assessments were performed in a blinded fashion.

The number of males used in each group, as well as the
ART and pregnancy outcomes, are listed in Fig. 3B. While greater
numbers of embryos were collected in the Dnmt3L+/− groups, the
average numbers of embryos per litter in all groups were not
significantly different (range 3.2–3.5). Fertilization rates were high
(≥94%) and in vitro development (IVD) rates to morula and blas-
tocyst stages ranged from 61–68%; there were no significant dif-
ferences among the four ART groups (Fig. 3B and Supplementary
Fig. 5A and B). The preimplantation loss was significantly higher
for all ART groups compared to natural mating (NAT), however,
there were no significant differences among ART groups (Fig. 3C).
Post-implantation losses were significantly higher (Fig. 3D) and
the number of viable embryos lower (Fig. 3E) for the ART groups.

Next, embryonic development was examined. Developmental
delay was defined as a delay in the growth of midgestation
embryos of ≥2 days. Amongst the over one hundred embryos
in each NAT group, there were no delayed embryos in the WT
group and only one in the Dnmt3L+/− group (Fig. 3F and Supple-
mentary Fig. 6A). In contrast, all ART groups compared to NAT
groups showed significantly higher numbers of delayed embryos
including those coming from different litters and different fathers
(Fig. 3F and Supplementary Fig. 6B). Numbers of delayed embryos
were similar among all the ART groups, even when we combined
diets (MCD + HFD) and compared WT and Dnmt3L+/− (Fig. 3F,
rightmost bars). Together, the results indicate that ART caused
a significant increase in developmentally delayed embryos at
midgestation independent of paternal factors.

Both human and mouse studies have shown that ART can
impact fetal size, often resulting in smaller offspring when com-
pared to naturally conceived offspring [70, 71]. We measured
crown-rump length (CRL) as well as placenta areas of collected
staged midgestation embryos to see if the paternal factors, in
conjunction with ART, further exacerbated effects on embryo

and placenta sizes. While there were decreases in CRL of ART
conceived embryos compared to NAT embryos, the placenta areas
were similar between the two groups (Supplementary Fig. 7A).
Similarly, the ART and Dnmt3L+/− combination induced the same
effects: a decrease in embryo CRL but not in placenta size (Sup-
plementary Fig. 7B). The combination of all factors, ART, HFD
and Dnmt3L+/− not only led to a decrease in embryo size, but
also resulted in an impact on placenta size, such that placentas
were larger early in development (E9.5-E11.25) and smaller later
in development compared to NAT WT mice on MCD (E11.25-
E12.0), (Supplementary Fig. 7C). The latter results provide evi-
dence suggesting that ART in combination with both paternal
factors impact growth parameters in the fetoplacental unit at
midgestation.

Higher incidence of morphological abnormalities
in ART embryos from Dnmt3L+/− fathers
Midgestation embryos were evaluated for morphological abnor-
malities. Abnormalities including neural tube defects, craniofacial
malformations, laterality defects, and anterior–posterior devel-
opmental discordance were observed in all groups (Fig. 4A). NAT
groups (both WT and Dnmt3L+/−) showed the lowest number of
abnormalities (Fig. 4B and C), as did the ART WT groups (both
HFD and MCD; Fig. 4B and D, left panels). Notably, ART groups
with Dnmt3L+/− fathers had a significantly greater proportion of
abnormal embryos (14.9–20.4%) compared to WT fathers (5.7–
8.4%), for MCD and HFD, respectively (Fig. 4D and E). The morpho-
logically abnormal embryos observed were spread over several
litters coming from different fathers (Fig. 4C and D). An examina-
tion of the different types of abnormalities amongst the groups
showed that craniofacial abnormalities were significantly higher
in the ART HFD Dnmt3L+/− group and laterality defects were sig-
nificantly higher in the ART MCD Dnmt3L+/− group (Fig. 4E). Taken
together, the incidence of embryonic abnormalities amongst NAT
Dnmt3L+/− male sired litters was no different from those from the
NAT WT males; it was only when ART was used for conception
that the incidence of embryonic abnormalities exhibited a 3-fold
increase Dnmt3L+/− fathers. The results indicate a cumulative
adverse effect of paternal Dnmt3L+/− and ART.

ART and paternal Dnmt3L-haploinsufficiency
impacted imprinted gene control region (ICR)
methylation in the placenta
Proper methylation of imprinted genes is crucial for embryonic
and placental development and growth. We and others have
shown that the imprinting control regions (ICRs) of imprinted
genes are particularly susceptible to perturbation after ART, with
the placenta being more vulnerable than the embryo to such
imprinted gene perturbations [12–14, 66, 72]. Here, with placentas
from normal embryos, we first investigated both the effect of
the conception method (NAT and ART) as well as the paternal
factor Dnmt3L+/− in mice fed MCD. The placenta ICR methyla-
tion of Snrpn, Kcnq1ot1, Peg1 (maternally methylated imprinted
genes) and H19 (a paternally methylated imprinted gene) was
examined using bisulfite pyrosequencing. For all imprinted genes,
ICR methylation levels were lower, and variances were higher
in the ART group compared to the NAT group (Fig. 5A and B).
We did not identify a significant genotype effect on imprinted
gene methylation levels either alone or in combination with the
conception method (Fig. 5A). In contrast, for DNA methylation
variances, there was a significant interaction between paternal
Dnmt3L+/− genotype and conception method for H19, Peg1 and
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Figure 3. Analysis of outcomes in midgestation embryos produced through either natural mating (NAT) or assisted reproductive technologies (ART).
(A) Experimental design of embryo production by NAT or ART from males with different factors. Natural mating only performed with males fed the
matched control diet (MCD) whereas ART is also performed with males on a high-fat diet (HFD). ART involved superovulation, in-vitro fertilization,
embryo culture and embryo transfer. (B) The number of males used in each group, fertilization rates (mean ± SEM) and in vitro development rates
(mean ± SEM) are listed along with the resulting litter and live embryo numbers. Fertilization rate refers to the proportion of oocytes which have been
fertilized; in vitro development rate refers to the proportion of fertilized embryos which have developed into blastocysts. Percentage of live embryos,
in brackets, is calculated using the number of ovulation sites for NAT groups and the number of blastocysts transferred (10 in each female recipient)
for ART groups. (C) The percentage of pre-implantation loss is calculated for the NAT groups by subtracting the number of implantation sites from
the number of ovulation sites and for the ART groups, by subtracting the number of implantation sites from the number of blastocysts transferred
(10 in each female recipient) (D) Post-implantation loss was calculated by subtracting the number of live embryos from the number of implantation
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Snrpn (Fig. 5B). Next, we looked at placental ICR methylation levels
amongst the ART groups to test for the effects of individual factors
Dnmt3L+/− and HFD, and their combination (Supplementary Fig.
8A–D). We did not observe any effect of fathers’ genotype, diet, or
their combination on offspring placenta ICR methylation levels.

We previously showed that female placentas were more sus-
ceptible than those of males to the effects of ART on ICR methy-
lation [14]. Therefore, we investigated the ICR methylation levels
in female and male matched placenta samples from all groups.
For all imprinted genes examined, ICR methylation levels were
significantly lower in both male and female placentas from ART
compared to NAT (Supplementary Fig. 9A–D). Paternal Dnmt3L-
haploinsufficiency was associated with DNA hypomethylation at
the Peg1 ICR for female but not male placentas (Supplementary
Fig. 9C); a similar trend was seen for Snrpn (Supplementary Fig.
9D). No sex-specific effects were seen for H19 or Kcnq1ot1 (Supple-
mentary Fig. 9A and B). Thus, while conception method had the
most marked impact on imprinted genes in the placenta, there
was evidence that paternal Dnmt3L+/− genotype could exacerbate
some of the ART effects for imprinted genes.

Discussion
Both human and mouse studies indicate there is a small, but
significant, increased risk of negative embryonic outcomes asso-
ciated with the use of ART [2]. While many studies have examined
the techniques themselves, the contribution of underlying
infertility of the parents has not been extensively studied [4, 16,
17]. Here, we studied two factors linked to male infertility, a HFD to
model obesity and Dnmt3L haploinsufficiency as a genetic model.
In this proof-of-concept mouse study, we determined whether
these factors, alone or in combination, 1) affected the sperm
epigenome and 2) had a synergistic effect on embryonic outcomes
in the next generation, when ART was used as the method of
conception. We demonstrated that Dnmt3L haploinsufficiency,
but not HFD, resulted in sperm epimutations, specifically marked
DNA hypomethylation, particularly for young retrotransposons.
Neither paternal Dnmt3L haploinsufficiency (naturally conceived)
nor ART (from WT males) alone increased the incidence of mal-
formations in midgestation embryos. However, the combination
resulted in a significant increase in the incidence of abnormal
embryos. Our study shows that a paternal factor associated with
underlying sperm DNA methylation abnormalities combined with
ART results in a worsening of offspring outcomes.

The sperm epigenome can be affected by various factors such
as diet, environmental toxins, and genetic mutations, resulting in
abnormal outcomes in offspring [18–23]. Obesity is an epidemic,
with the prevalence having approximately doubled since the
1980s [73]. It has been shown to lead to many health problems,
including infertility. Indeed, the number of obese men seeking
fertility treatment has seen a dramatic increase [42]. Paternal HFD
and obesity can affect offspring phenotype causing metabolic,
reproductive, and cardiovascular problems [47, 51, 74], indicating
underlying abnormalities in the germ cells. While others have
reported alterations in sperm DNA methylation as a result of
HFDs [40, 41, 75], our results found that HFD alone had a minimal
impact on sperm DNA methylation patterns. Other studies have

reported effects on other sperm epigenetic modifications such
as small non-coding RNAs [48, 76] or histone modifications such
as H3K4me3 [51]. Thus, it is possible that in our mouse model,
the HFD may have led to more marked effects on epigenetic
marks other than DNA methylation, and would require further
exploration.

DNMT3L, while lacking catalytic DNA methyltransferase activ-
ity, plays a vital role in germ cell development, imprinted gene
methylation and fertility. It is expressed in prospermatogonia
starting at E12.5, when male germ cell-specific DNA methylation
patterns are established [77]. Dnmt3L homozygous knockout ani-
mals show complete sterility due to meiotic catastrophe [34]. Male
mice haploinsufficient for Dnmt3L are fertile, however, their germ
cells demonstrated abnormal XY chromosome compaction and
post-meiotic gene expression abnormalities [78]. The latter find-
ings suggested that there may also be DNA methylation abnor-
malities in the sperm of Dnmt3L+/− mice. Using a DNA methy-
lation analysis technique targeting a small number of loci, we
previously showed that Dnmt3L+/− male mice have decreased DNA
methylation in E16.5 germ cells. However, methylation levels in
mature spermatozoa returned to normal in Dnmt3L+/− mice when
compared to their WT littermates [52]. DNA methylation has not
yet been examined at a genome-wide level in sperm of Dnmt3L+/−

mice. In the current study, the use of a next generation sequenc-
ing technique revealed widespread alterations in DNA methyla-
tion in Dnmt3L+/− postnatal day four spermatogonia and mature
sperm. The vast majority of these were decreases in methylation.
From these hypomethylated regions, GO analysis demonstrated
that terms related to development, especially neurodevelopmen-
tal pathways, were enriched. Inheritance of these aberrant epi-
genetic marks could potentially affect subsequent generations.
Indeed, Dnmt3L is a paternal effect gene, where wildtype offspring
from Dnmt3L+/− fathers showed a rare but increased incidence of
X chromosome aneuploidy [35]. Future studies should examine
whether there are more subtle health effects in the progeny of
Dnmt3L+/− mice, in particular neurological phenotypes.

Using the Dnmt3L+/− animals, we showed that many regions
demonstrating hypomethylation were significantly enriched
for repetitive elements, in particular, groups of young LINE-
1 elements. DNA methylation is one mechanism used in the
long-term silencing of retrotransposons. This is important, as
evidenced by the fact that such sequences maintain their
methylation during the two windows of DNA methylation
reprogramming in pre-implantation and germ cell development
[24]. In DNMT3L-deficient male germ cells, reactivation of
retrotransposons leads to germ cell death. The prospermatogonia
of Dnmt3L−/− mice show demethylation and re-expression of
LINE-1s and the intracisternal A particle (IAP) class of LTR
elements [34]. Altered methylation at retrotransposons has also
been observed in models of 5,10-methylenetetrahydrofolate
reductase (MTHFR) deficiency. This is a crucial enzyme in
the one carbon metabolism pathway and is important for
methylation reactions. A common genetic variant of MTHFR
in humans is associated with increased incidences of various
disorders, including male infertility [79]. In a mouse model with
MTHFR deficiency, our lab has shown that the demethylation
of young LINE-1 retrotransposons in sperm persisted through

sites. (E) The number of live embryos in each experimental group. (F) The number of normally developed and developmentally delayed embryos in each
experimental group were compared. For data in panels C and D, one-way ANOVA with Kruskal-Wallis for multiple comparisons was used. For data in
panel F, Chi-square test was used. Statistical significance was set to P < 0.05. Groups indicated with the same letter do not show significant difference
whereas groups indicated with a different letter are significantly different.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad160#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad160#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad160#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad160#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad160#supplementary-data
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Figure 4. Analysis of morphological abnormalities observed in experimental groups. (A) Examples of lateral and posterior view of normal E11.5 embryo
in comparison to developmentally delayed or different morphologically abnormal embryos. (B) The number of morphologically normal (can include
developmentally delayed, but normal looking) or abnormal embryos were compared in each experimental group. Fisher’s exact test is used to test the
significant changes in abnormal embryo numbers compared to normal embryo numbers in different experimental groups. Groups indicated with the
same letter do not show significant differences whereas groups indicated with a different letter are significantly different. Statistical significance set to
P < 0.05. (C) The proportion of abnormal embryos from naturally mated males (numbered from 1 to 10/11) with or without Dnmt3L haploinsufficiency
is plotted on ratio graphs. (D) The proportion of abnormal embryos from each ART males (numbered from 1 to 10–13) with different male factors (with
or without Dnmt3L haploinsufficiency, MCD or HFD fed) plotted on ratio graphs; each bar represents an individual litter obtained from each male. (E)
Frequency of type of abnormalities observed in different groups. Groups indicated with the same letter do not show significant differences whereas
groups indicated with a different letter are significantly different. Statistical significance set to P < 0.05, Fisher’s exact test.
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Figure 5. The effect of conception method and paternal genotype interaction on offspring DNA methylation at imprinting control regions (ICRs) in
midgestation placenta. (A) Bisulfite pyrosequencing was performed at ICRs of H19, Kcnq1ot1, Peg1 and Snrpn genes comparing placentas produced by ART
or NAT from fathers with WT or Dnmt3L+/− genotype. Each dot represents a placenta of a midgestation embryos (NAT WT n = 20, NAT Dnmt3L+/− n = 21,
ART WT n = 20, ART Dnmt3L+/− n = 20). (B) The variance of each group was plotted as a bar graph and two-way ANOVA was performed to determine the
effect of conception method, paternal genotype and their interaction; P values are shown on the top right for each graph. Tukey’s multiple comparison
test was also performed to compare the groups to one another; groups indicated with the same letter do not show significant differences, whereas
groups indicated with a different letter are significantly different. Statistical significance was set to P < 0.05. CM: Conception Method; G: Genotype,
CMxG: Conception method and genotype interaction.

epigenetic reprogramming, which takes place during early
development. This enzyme deficiency resulted in a worsening of
reproductive phenotypes in the next generation [23]. Interestingly,
both DNMT3L and MTHFR are expressed during the critical
window of male germ cell development, when DNA methylation
patterns are being established [77, 80]. Thus, it is possible
that in the Dnmt3L+/− model, altered DNA methylation at
retrotransposons may be inherited by offspring of the next
generation.

Several human epidemiologic and molecular studies have sug-
gested that parental infertility can contribute to the adverse
outcomes in offspring associated with ART. For instance, a recent
study found increased neonatal intensive care unit admissions
and large-for-gestational-age (LGA) babies in births following ART
in women with diabetes mellitus (DM) compared to the group
without DM [81]. Another maternal factor, polycystic ovary syn-
drome, when combined with ART, resulted in an increased risk
for LGA, miscarriage and preterm birth [82]. Fewer studies have
examined how paternal factors associated with infertility affect
ART outcomes. An early study attributed errors of imprinted gene
methylation in sperm to the increased risk of imprinting disorders
following ART [17]. A more recent study from our group showed
that paternal age and male factor infertility, in combination with
IVF/ICSI, were associated with an exacerbation of placental DNA
methylation defects in the next generation [83]. This suggested
a cumulative effect for ART and underlying infertility. In human
studies, teasing out effects of parental infertility and ART tech-
niques on the offspring is challenging. The use of controlled
animal models can help us to better understand whether indi-
vidual defined infertility factors, coupled with ART, can increase
risks to the offspring. Indeed, in a mouse study emulating female

infertility, we previously demonstrated that a maternal factor,
Dnmt1o haploinsufficiency in oocytes, resulted in an increased
incidence of embryonic abnormalities and epigenetic perturba-
tions following superovulation [66]. There are few animal models
studying the combinatory effect of paternal factors and ART [84].

We and others have investigated the effects of ART alone
on offspring outcomes in the mouse model. Results presented
here, using wildtype mice, confirm our previous study reporting
increases in developmental delay following ART compared to
natural mating, but no significant increases in the numbers of
abnormal embryos at midgestation [14]. In the current study the
addition of paternal factors (HFD and Dnmt3L+/− genotype) to ART
did not exacerbate the effects of ART on developmental delay.
However, there were subtle effects of both paternal factors on
growth parameters in the fetoplacental unit at midgestation. In
addition, an exacerbation of the ART effects was seen for some
imprinted genes (i.e. increased variance) in placentas. These more
subtle findings suggest it will be important to examine placental
function in more detail as well as offspring health postnatally.

While we did not observe a difference in developmental delay
with the addition of paternal factors, we found that Dnmt3L+/−

increased the proportion of abnormal embryos when combined
with ART. In particular, craniofacial and laterality abnormalities
were found to be significantly increased in embryos fathered by
Dnmt3L+/− sires using ART. Interestingly, differential methylation
in genes related to development and neurodevelopmental path-
ways was found in sperm from our current mouse model. As off-
spring outcomes were similar after natural mating of Dnmt3L+/−

and WT males, the abnormalities observed were unlikely to be
due to the genetic disruption alone, but instead to its combination
with ART.
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HFD did not affect the frequency of ART-dependent develop-
mental abnormalities. HFD and male obesity have been shown to
affect adult offspring phenotype causing metabolic, reproductive,
and cardiovascular problems [47, 51, 74]. For our model, genome-
wide DNA methylation analysis of ART conceived midgestation
embryos from HFD fathers might provide insight into their poten-
tial to develop health problems later in life. Additionally, future
studies could focus on offspring development and health through-
out adulthood to further explore this interaction.

The proper monoallelic expression of imprinted genes, con-
trolled by several mechanisms including DNA methylation, is
essential for embryonic development and growth. In mice, super-
ovulation alone has been shown to affect imprinted gene methy-
lation. Our previous results, along with others, have shown ICRs in
mice to be susceptible when challenged with ART, particularly in
the placenta as compared to the embryo [12–14, 66, 72]. In a recent
human study a paternal age effect on placental imprinting was
reported [85]. We therefore examined DNA methylation at ICRs
in placenta from normal midgestation embryos. Consistent with
previous studies, all ICRs in the placenta were affected by ART
and showed decreased mean methylation. We further explored
the effect of paternal factors on ICR methylation, however, other
than sex-specific effects on ICR DNA methylation level at one
imprinted gene, neither HFD nor Dnmt3L+/− or their combination
led to a further deterioration of methylation levels. To more fully
examine a role for perturbed imprinting in contributing to the
birth defects associated with the combination of the paternal
Dnmt3L+/− genotype and ART, future studies examining both nor-
mal and abnormal embryos and placentas would be required.

Hyperstimulation of ovaries using exogenous hormones results
in lower quality oocytes that can, upon fertilization, lead to lower
implantation rates, increased post-implantation loss, lower fetal
weight, and delayed postnatal growth, indicating that superovu-
lation may result in the release of suboptimal quality oocytes
[86]. Embryo culture is another ART procedure reported to induce
epimutations [13, 72, 87–89]. This procedure coincides with critical
time points of epigenetic reprogramming in the embryo, when
almost all DNA methylation is erased except at imprinted genes
and some retrotransposons. We propose that after natural mating,
aberrant epigenetic marks found within sperm from Dnmt3L+/−

males may be corrected by compensation mechanisms oper-
ating in normally ovulated mature oocytes, leading to normal
development. In contrast, after ART, due to compromised qual-
ity of oocytes and embryos, proper epigenetic programming in
pre- and postimplantation development is impaired, such that
epimutations in sperm from Dnmt3L+/− fathers are not corrected.
Hypomethylation leading to aberrant expression of young retro-
transposons during early embryogenesis is a potential explana-
tion for the increase in abnormalities in the ART-conceived off-
spring of Dnmt3L+/− fathers. Indeed, one study has demonstrated
that ART procedures can alter the expression of transposable
elements in preimplantation embryos [90]. Another group has
demonstrated that early embryo culture until the morula stage,
resulted in decreased methylation of the most abundant trans-
posable element classes: LINEs, SINEs and LTRs [91]. In addition,
activation of LINE-1 retrotransposons in early embryonic devel-
opment (after the 2-cell stage) is associated with developmen-
tal arrest and morphological abnormalities in pre-implantation
embryos through decondensation of chromatin [92]. Interestingly,
an increase of H3K4me3 marks was observed in complete Dnmt3L
knockout mice at promoter regions of transposable elements in
meiotic cells [36]. Therefore, in the Dnmt3L+/− model in combi-
nation with ART, reactivation and abnormal expression of young

retrotransposons may arise through altered DNA methylation or
other epigenetic marks (such as H3K4me3). Occurring at devel-
opmentally inappropriate stages, especially during the vulner-
able embryo culture stage, this may cause genomic instability,
abnormal chromatin compaction, gene expression or transcrip-
tion factor binding, leading to an increased occurrence of embry-
onic abnormalities at midgestation. Future studies are required
to confirm if the demethylated young retrotransposons that we
observed in sperm, are indeed activated and expressed in ART
blastocysts coming from Dnmt3L+/− fathers, and whether other
epigenetic mechanisms are also altered.

There are several limitations to our study. As stated previously,
we only found minor changes in sperm DNA methylation due
to HFD. While the RRBS technique allows for the interrogation
of ∼1 million CpG sites, this represents only 5% of the ∼20 mil-
lion found in the mouse genome. As well, our diets were given
to mice as adults, from 8–20 weeks of age. However, obesity
in humans often occurs over decades sometimes beginning in
childhood. Therefore, the timing and duration of the diets given
in our animal model, as compared to a possible lifetime of obe-
sity seen in the human population, may yield different effects
on the sperm epigenome. One other limitation is our timepoint
studied. Here, and in our other studies investigating the effect
of ART, we examined only the mid-gestation timepoint (E11.5),
examining embryo and placental size and weight. We have also
previously reported methylation defects caused by ART in both
tissues, with the placenta being more severely affected [14, 66].
Others have looked at embryonic and extra-embryonic tissues
later in gestation, where an overgrowth of the placental junctional
zone was observed following ART procedures [12, 15, 91]. It would
therefore, be intriguing to examine whether paternal factors in
combination with ART have an effect on placental structure at
early and later times in development. Similarly, as mentioned
previously, GO analysis results pointed to neurodevelopmental
pathways being affected and examination of health effects in the
progeny at different timepoints would be of interest as well.

Findings in this study may have clinical relevance for men with
underlying gene defects that result in sperm epimutations who
also use ART to conceive their children. For instance, DNMT3L
mutations have been reported in men in association with fertility
problems, however the number of patients in these studies is low
[17, 27–29]. We currently don’t know the prevalence of DNMT3L
mutations in the male ART population and whether or not they
affect sperm DNA methylation patterns. The MTHFR 677C>T is
a common polymorphism that has been reported to be enriched
among infertile men in some populations and is also associated
with DNA methylation alterations in sperm [93, 94]. Naturally
conceived pregnancies from fathers with the MTHFR 677C>T poly-
morphism have a significantly higher risk of recurrent pregnancy
loss and early spontaneous abortion [95, 96]. Similar to DNMT3L
when combined with ART, paternal MTHFR gene polymorphisms
may also lead to an exacerbation of adverse outcomes in embryos.
Future animal model and clinical studies are needed to more
thoroughly address this question, but ART clinics may need to
consider implementing screening technologies to identify these
mutations as well as sperm epimutations to improve embryonic
outcomes.
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