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Abstract

Purpose To examine current evidence of the known effects of advanced paternal age on sperm genetic and epigenetic changes
and associated birth defects and diseases in offspring.

Methods Review of published PubMed literature.

Results Advanced paternal age (>40 years) is associated with accumulated damage to sperm DNA and mitotic and meiotic
quality control mechanisms (mismatch repair) during spermatogenesis. This in turn causes well-delineated abnormalities in sperm
chromosomes, both numerical and structural, and increased sperm DNA fragmentation (3%/year of age) and single gene muta-
tions (relative risk, RR 10). An increase in related abnormalities in offspring has also been described, including miscarriage (RR 2)
and fetal loss (RR 2). There is also a significant increase in rare, single gene disorders (RR 1.3 to 12) and congenital anomalies
(RR 1.2) in offspring. Current research also suggests that autism, schizophrenia, and other forms of “psychiatric morbidity” are
more likely in offspring (RR 1.5 to 5.7) with advanced paternal age. Genetic defects related to faulty sperm quality control leading
to single gene mutations and epigenetic alterations in several genetic pathways have been implicated as root causes.
Conclusions Advanced paternal age is associated with increased genetic and epigenetic risk to offspring. However, the precise
age at which risk develops and the magnitude of the risk are poorly understood or may have gradual effects. Currently, there are
no clinical screenings or diagnostic panels that target disorders associated with advanced paternal age. Concerned couples and
care providers should pursue or recommend genetic counseling and prenatal testing regarding specific disorders.
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The epidemiology of advanced paternal age consensus view that is a male aged 40 years or greater at the
time of conception is most frequently used to define advanced
Definition of advanced paternal age paternal age [4].

There is no uniformly accepted definition of advanced pater-

nal age. Currently, in the USA, the population mean paternal ~ Paternal age trends

age is 30.9 years [1]. Guidelines for anonymous donor sperm

banking outlined by clinical societies suggest that men who ~ The trend toward older maternal age conceptions in

bank sperm be younger than 50 years of age [2’ 3] A current Westernized countries is well described. Paralleling this is a
similar aging paternity trend for fathers. According to U.S.

National Vital Statistics Reports, the percent change in birth
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Changes in testis biology and fertility
with age

Several biological changes have been described in the testes as
men age. Leydig cells and testosterone production show sig-
nificant declines in older vs. younger men [6—8]. Daily sperm
production also decreases with age as assessed histologically;
however, an age-related decrease in sperm concentration on
semen analyses has been more difficult to demonstrate [9, 10].
The effect of paternal age on male fertility is debated. Studies
that address this issue are confounded by the variables of
female factor (i.e., partner age) and the trend toward decreased
coital frequency with age. However, there is reasonable evi-
dence to suggest an increase in time to conception with pater-
nal age [11].

Changes in sperm genetics with paternal age
Sperm chromosomal abnormalities

Sperm chromosomal abnormalities and genomic instability
generally result from meiotic errors that occur during early
spermatogenesis and are divided into abnormalities of chro-
mosome number (aneuploidy) and structure (translocations,
inversions, duplications) [12, 13]. Advanced paternal age in-
creases the fraction of sperm with sex chromosomal (X,Y)
aneuploidy, mainly 47,XXY Klinefelter syndrome and
47, XYY [13-15]. A pronounced relationship (»=10.63) has
also been demonstrated between paternal age and the frequen-
cy of sperm structural chromosomal or complex genomic
anomalies [13, 16, 17]. However, there is little evidence that
these associations contribute to an increased frequency of off-
spring with de novo structural chromosomal anomalies [12,
18]. The exceptions observed are the increases in inherited
reciprocal translocations and trisomy 21 aneuploidy with pa-
ternal age [19]. A potential explanation for age-related chro-
mosomal changes may be that continuing lifelong cell mitotic
and meiotic divisions during spermatogenesis place germ cells
at higher risk for chromosomal injury, recombination errors,
and gene conversions, as cumulative exposure to cell damage
and environment toxins increases with age [17, 20-22].

Sperm point mutations

A major impact of advanced paternal age on sperm involves
single nucleotide changes that include pathogenic mutations
in single genes (i.e., substitutions, deletions, insertions, etc.).
In the sperm, these defects could stem from copy-errors
formed during DNA replication (synthesis), which are then
exacerbated by defects in DNA mismatch repair [23].
Frequently, such gene mutations are inherited by offspring,
as discussed later [2, 17, 22, 23]. One plausible reason for
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the high rate of de novo mutations is that the replication ma-
chinery is prone to, and has accumulated, de novo spurious
errors during 600—1000 mitotic spermatogonial stem cell di-
visions over 20-30 years of active reproductive life. A con-
servative estimate of the natural rate of de novo mutations
during each replication cycle is 1.2 x 10 (range 1-3.8 x

10”®) mutations per nucleotide per division or nearly 7 (range
6-23) alterations per human genome per 1 mitotic division
[17, 22, 23]. Therefore, considering that there are 3—4 sper-
matogenesis cycles per year, a 20-year-old man could acquire
up to 21 (range 18-69) de novo mutations per year, subse-
quently accumulating 420 (range 360—1400) of de novo ge-
nomic changes over an ensuing 20-year period [24]. Even if
pathogenic changes constitute a small (1-2%) fraction of this
mutational load, there could be at least 4-8 novel pathogenic
mutations occurring over a 20-year span. This mutational load
could also increase with advancing age due to accumulation of
errors in aged mismatch repair mechanisms and the synergis-
tic effect of these errors on DNA replication.

There is also reason to believe that the “copy-error” hy-
pothesis, which invokes an increase in random, de novo, point
mutations with advanced paternal age, is insufficient to ex-
plain the increased mutation load observed in sperm with pa-
ternal age. Intriguingly, evidence now suggests that dozens of
de novo heritable mutations in male germ cells may occur
non-randomly [25]. Similar to natural selection, certain germ
line mutations provide a selective advantage over non-
mutated clones, which results in favorable mitotic geometric
expansion of mutated clones during spermatogenesis [25, 26].
The selective advantage of non-random mutations has led to
the idea that “selfish genes” (i.e., FGFR3 and genes in tyro-
sine kinase-RAS-MAPK pathways) are preferentially propa-
gated in early germ cells. This in turn is believed to be the
basis for the significantly increased incidence of sentinel dis-
eases and neurodevelopmental disorders in offspring of ad-
vanced paternal age fathers [20, 25-29] (Tables 1 and 2).

Sperm epigenetics, methylation, and DNA
fragmentation

Several epigenetic alterations in sperm, particularly DNA meth-
ylation defects, have recently been correlated with advanced
paternal age [78, 79]. Sperm appear to accumulate hundreds
of DNA methylation defects with paternal age that are localized
to specific genomic sites, such as CpG regions [3, 78-80].
Importantly, many of these defects are found in regulatory or
promoter regions that govern neurological, psychiatric, and be-
havioral disorders, including schizophrenia, bipolar disease, au-
tism, and mood disorders, conditions known to be increased in
offspring of older fathers [3, 78, 80]. A recent genome-wide
DNA methylation screen comparing epididymal sperm re-
trieved from young (3-month-old) and old (12-month-old) mice
revealed a significant loss of methylation in regions of
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Table 1 Single gene dominant disorders in offSpring that are associated with advanced paternal age.

Clinical condition Gene Population risk Relative risk Adjusted risk References
Achondroplasia FGFR3 1/15,000 12 1/1,250 [30, 31]
Apert syndrome FGFR2 1/50,000 9.5 1/5,263 [31,32]
Crouzon syndrome FGFR2 1/50,000 8 1/6,250 [33]
Pfeiffer syndrome FGFR2 1/100,000 6 1/16,666 [33]
Aniridia PAX6 1/40,000 ? [34]
Wilms tumor WT1 1/10,000 2.1 1/4,761 [35]
Bilateral retinoblastoma® RBI 1/15,000 5 1/3,000 [36, 37]
Hemophilia A F8 1/10,000 ? [38]
Fibrodysplasia ossificans ACVRI 1/2000,000 ? [39]
Lesch-Nyhan syndrome HPRTI 1/380,000 ? [40]
Marfan syndrome FBNI 1/3,000 ? [41]
Multiple endocrine neoplasia 2A, 2B° RET 1/35,000 ? 1/17,500 [42, 43]
Neurofibromatosis 1 NF1 1/3,000 2.9 1/1,034 [31, 44]
Oculodentodigital syndrome GJAI Rare ? [45]
Osteogenesis imperfecta COLIAL2 1/10,000 2.5 1/4,000 [46, 47]
Polycystic kidney disease PKDI1/2 1/1,000 1.2 1/833 [48]
Gardner syndrome® (adenomatous polyposis) APC 1/2,000 ? [49]
Progeria syndrome (Hutchison-Gilford) LMNA Rare ? [50, 51]
Thanatophoric dysplasia FGFR3 1/20,000 3.18 1/6,290 [46]
Treacher Collins syndrome TCOF1 1/10,000 ? [52]
Tuberous sclerosis® 7SCl1,2 1/5,800 ? [53, 54]
Waardenburg syndrome 1&3° PAX3 1/20,000 ? [55, 56]

Population risk reflects incidence of clinical conditions in general population. Relative risk represents an increased risk of the disorders in offspring of
fathers with advanced age (> 40 years) compared to fathers of younger age (20-25 years). Adjusted risk represents a risk of conditions in offspring of

men with advanced age. Data provided is for illustration purposes only

# Retinoblastoma appears as a dominant disorder; however, on a molecular level, it is recessive (2 alleles of RBI carry mutations). The relative risk varies

from 3 to 5 for men over 40 years

° Multiple endocrine neoplasia 2A and 2B and Waardenburg syndrome are RET and PAX3 allelic disorders that are caused by different mutations in the

same gene

¢ Conflicting results have been reported regarding paternal age effect on Gardner syndrome

9Incidence is based on the clinical diagnosis of Tuberous Sclerosis and relative risk estimates are based upon combined data from two genes, TSC/ and 2

transcriptional regulation with age. The offspring of
older fathers had reduced exploratory and startle behav-
iors and revealed similar brain DNA methylation abnor-
malities as observed in human paternal sperm [79].
Offspring from old fathers also showed dysregulation
of developmental genes implicated in autism and schizo-
phrenia [79]. At least in mice, this suggests that aber-
rant DNA methylation patterns occurring in the sperm
of older fathers could explain some of the risks that
advanced paternal age brings to bear on offspring.

A recent human study also analyzed age-associated sperm
DNA methylation patterns in sperm [78]. In addition to the type
and magnitude of DNA methylation changes that occurred, the
analysis examined which, if any, specific genomic regions were
consistently affected with age. The design of the study is
outlined in Fig. 1. Semen samples from men with known fer-
tility were examined at two points in their lives: when they were

“younger” (mean age 37.7 years) and “older” (mean age
50.3 years). Global methylation patterns were deter-
mined by pyrosequencing, and high-level CpG array
analysis and targeted bisulfite sequencing were also per-
formed. Overall, there was a significant global hyperme-
thylation in sperm with paternal age along with local-
ized regions of hypomethylation, which contrasts sharp-
ly with patterns of DNA methylation found in somatic
tissues with age (i.e., global hypomethylation and local-
ized hypermethylation) [81]. The authors calculated that
the average fractional methylation change in sperm was
0.3% per year in hypermethylated regions and 0.28% in
hypomethylated regions, both of which appear much
higher than the 0.15% annual change in DNA methyla-
tion estimated to occur in somatic cells with age [78].

Equally or more intriguing were the study findings that con-
sistently linked altered regions of sperm DNA methylation to
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Table 2 Complex disorders and

birth defects in offspring Clinical condition Population risk Relative risk Adjusted risk References

associated with advanced paternal

age Anatomical
Tracheoesophageal fistula 1/3,600 2.55 1/1,412 [57]
Atrial septal defect 1/400 1.9 1/205 [58]
Ventricular septal defect 1/200 1.7 1/118 [59]
Diaphragmatic hernia 1/4,200 1.08 1/3,888 [58]
Cleft palate and cleft lip 1/700 1.41 1/496 [58]
Pulmonary stenosis 1/20,000 1.08 1/19,607 [58]
Spina bifida 1/1,000 1.03 1/970 [60]

Non-anatomical
Multiple sclerosis® 1/666 2 1/333 [61]
Childhood CNS tumor 1/36,000 1.7 121,302 [37]
Childhood leukemia 1/25,000 1.5 1/16,667 [37, 62]
Prostate cancer 1/5.9 1.7 1/3.5 [63]
Breast cancer 1/8.5 1.6 1/5.3 [64]
Spontaneous miscarriage 1/7 1.6 1/4 [65]
Low birth weight 1.40 1.7 123 [66]
Preeclampsia 1/62 1.8 1/34 [67]
Diabetes type 1 1/415 1.5 1273 [68]
Epilepsy 1/100 1.3 1/77 [69]
Cognitive or developmental

Autism 1/1,000 5.75 1/174 [70, 71]
Schizophrenia 1/100 4.6 1/22 [71,72]
Autism spectrum disorder 1/200 1.52 1/131 [71, 73]
Dyslexia 1/20 ? [71,74,75]
Bipolar disorder 1/38 ? [71,76]
Alzheimer’s disease 1/100 ? [77]

#Variable incidence observed for different ethnic groups and countries. For illustration purposes, the highest

incidence is shown

genes associated with specific diseases (Fig. 1). Among the 117
genes exhibiting age-associated hyper- or hypomethylation, 3
or more genes were associated with the following diseases:
schizophrenia, bipolar disorder, diabetes mellitus, and hyper-
tension. However, only bipolar disorder was more frequently
associated with our identified genes (compared to background
controls) and schizophrenia trended toward increased frequen-
cy in the methylated-associated gene set. This suggests that
sperm DNA methylation changes observed with paternal age
are not randomly distributed within the genome, but could oc-
cur more frequently in neurodevelopmental gene sets.

In summary, there is clear evidence of increases in both single
gene mutations and DNA methylation changes in sperm with
advanced paternal age. However, the exact relationship between
paternal age-associated DNA methylation and de novo point
mutation changes is unknown. It is theorized that age-
associated alterations in DNA methylation might be (1) indepen-
dent of single nucleotide variations, (2) a consequence of muta-
tional events, or (3) able to influence mutation rates in certain
regions [79].
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Sperm from older men are known to have higher rates of
DNA fragmentation, a condition known to be associated with
impaired reproductive outcomes [82]. In fact, the effect of age on
sperm DNA fragmentation is well modeled and appears to have
no age threshold, maintaining a gradual upward trend beginning
in the early reproductive years. Sperm DNA fragmentation rates
double between 20 and 60 years of age and increase 5-fold in
men between 20 and 80 years of age [83]. A relationship between
sperm DNA fragmentation and induced point mutations is cer-
tainly possible given that postmeiotic spermatogenic cells have
impaired DNA repair capabilities with age that could lead to an
increased risk of mutation conversion [84].

Effect of paternal age on offspring

Effects on prenatal outcomes

Advanced paternal age has been correlated with several prenatal
outcomes. Two prospective epidemiological studies of women
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Fig. 1 Study of human sperm DNA methylation with age. a Schematic of
study design and epigenetic investigations on sperm. The average
difference in subject age between sperm samples was 12.6 years. b
Schematic of study findings. Among the diseased associations with
paternal age-related DNA methylation changes, only bipolar disorder
reached statistical significance. Derived from [78]

in California (n=5121) and in the Danish Birth cohort (n=
23,000 women) suggest that the risk of miscarriage, defined as
pregnancy loss between 6 and 20 weeks gestation, increases by
27% in fathers > 35 years of age and doubles when fathers over
50 years of age are compared to younger fathers [65, 85]. Both
studies controlled for lifestyle issues and maternal confounders.
Preterm births, occurring before 32 weeks of gestation, have
also been correlated with paternal age in several countries. In
Italian and Danish studies of women aged 2029 years followed
over 10-year periods in the 1990s, the odds ratio of preterm birth
ranged from 1.7 to 2.1 when fathers older than 45 years of age
were compared with younger fathers [85-88]. However, a con-
temporary US study of women 20-35 years of age failed to
show a similar correlation [85, 87]. Finally, a Danish study on
fetal deaths undertaken in 23,831 births compared fetal death
rates in couples in whom fathers were > 50 years old (n =124
births) to those younger and calculated a hazard ratio of 1.88 (CI
0.93, 3.82) for fetal deaths among older fathers [85]. Thus, the
preponderance of epidemiological evidence suggests that pater-
nal age influences prenatal outcomes.

Effects on birth defects

Two large, US population-based, retrospective cohort studies
have examined the occurrence of 22 birth defects in offspring

fathered by men of different ages [3, 57]. A list of included
birth defects is provided in Table 2. Both studies used the US
birth registry to assess birth defects. The overall rate of birth
defects was estimated at between 1.5-2% in the studies. In
addition, 0.5% of all birth defects were attributable to ad-
vanced paternal age. More specifically, there was an additional
4% risk of birth defects associated with fathers aged 30—
35 years compared to those in their twenties. This risk in-
creased to 15% when fathers aged > 50 years were compared
to 20-year-old fathers. Other research have estimated that there
is a 20% increased risk of congenital anomalies (n = 86) with
older paternal age, with the incidence increasing from 2% at
baseline to 2.4% of births [57, 58]. In addition, the shape of the
risk curve with paternal age has been postulated to be similar
to that observed for aneuploid conceptions with female age
[20]. Thus, US population-based data suggests that birth de-
fect rates in offspring correlate with advanced paternal age.

There has been speculation about potential genetic mecha-
nisms that could underlie a relationship between paternal age
and birth defects in offspring. As reviewed earlier, the relation-
ship between advanced paternal age and sperm chromosomal
abnormalities is well defined. Sperm sex chromosomal diploidy
(XX, XY, or YY) increases with paternal age and may be linked
to Klinefelter syndrome in offspring [15, 16, 89]. Similarly, an
increase in chromosome 21 aneuploidy may lead to Down syn-
drome in offspring [ 14, 89]. However, with the exception of these
two disorders, no consistent patterns of paternal, chromosomally-
based birth defects in offspring have been reported. In addition,
although sperm chromosomal structural abnormalities increase
with male age, this again appears not to be associated with birth
defects in offspring [8, 11, 14]. Thus, no consistent correlation
has been described between paternal age-related sperm chromo-
somal genetics and birth defects in offspring.

Importantly, when single gene mutations are examined,
there is a strong correlation between paternal age and birth
defects in offspring [8, 18, 19]. Classic “sentinel phenotypes”
in offspring are well described and consist of rare but highly
penetrant diseases transmitted by point mutations (Table 1).
Many of these 40 known disorders have associated birth de-
fects or have significant debilitation and the need for lifelong
care. These diseases occur approximately 10-fold more fre-
quently in fathers >50 years old compared to those 20 to
30 years old. Consequently, at least some of the increased risk
of birth defects in offspring associated with paternal age can
be attributed to single gene mutations.

Effects on adult disease in offspring

There is a large, emerging literature that implicates advanced
paternal age as a cause of adult disease in offspring. A genetic
mechanism involving the paternal transmission of de novo
point mutations has been implicated in disease transmission
in many cases [20]. A landmark study by Malaspina et al.
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(2001) surmised that increased DNA mutation rates in sperm
associated with paternal age may lead to an increase in
neurodevelopmental disease in offspring [90]. In a study of
the Israeli national psychiatric disease registry of 87,907
births, they observed a 2.96-fold relative risk of schizophrenia
among offspring of fathers > 50 years of age compared to
those 20-24 years of age. In addition, the relative risk in-
creased almost linearly above a paternal age of 30 years.
These findings have subsequently been confirmed in studies
of national disease registries in Sweden and the USA [80, 91].

In what may be a rare collusion of evidence, molecular
genetics has validated epidemiological findings on the corre-
lation between paternal age and schizophrenia in offspring. In
a rigorous study of 78 Icelandic families that were genetically
extremely well characterized, Kong and colleagues compared
the whole-genome sequences of trios of a mother, father, and
child [23]. Importantly, the children in the trios were diag-
nosed with either schizophrenia or autism spectrum disorder,
but neither disorder was observed in parents. The authors ex-
amined de novo mutations in children that were not present in
either parent’s DNA. They observed that fathers passed on
nearly 4-fold as many new mutations to offspring as mothers:
on average, 55 vs. 14, a finding consistent with the literature
and within the limits of known variability among examined foci
[92]. Father’s age also accounted for nearly all of the new muta-
tions (97%) in the child’s genome, and the number of new mu-
tations passed on rose exponentially with paternal age [23]. The
research estimated that a 36-year-old father passes on twice as
many mutations to his child as a man 20 years of age, and a 70-
year-old man produces eight times as many. Given that most de
novo mutations in offspring are neurodevelopmental in nature
[90], it is probable that these mutations account for a large pro-
portion of schizophrenia and autism among children in the study.

In addition to schizophrenia, the risk of other
neurodevelopmental diseases in offspring such as autism and
psychosis has been studied with respect to paternal age. A re-
cent study by D’Onoftio et al. [80] from the Swedish National
Birth Registry examined the entire population of Swedish births
(n =2,615,081) between 1973 and 2010 to assess the link be-
tween offspring with autism and father’s age at conception.
They observed that compared with offspring born to fathers
20-24 years old, offspring of fathers >45 years old were
3.45-fold (CI 1.6, 4.7) more likely to develop autism, 13.1-fold
(CT 6.8, 25.2) more likely to develop attention deficit hyperac-
tivity disorder, and 2.07-fold (CI 1.5, 3.2) more likely to devel-
op psychosis. In summary, evidences from both molecular-
genetic and epidemiologic studies support a strong association
between advanced paternal age and the occurrence of what is
termed “psychiatric morbidity” in offspring [80].

Most of the research describing new mutation rates in off-
spring with paternal age compares fathers > 45 years of age to
those 20-30 years of age and show linear increases that be-
come exponential as paternal age further increases. Based on
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such modeling, one might anticipate that younger fathers
would exhibit the lowest mutation rates and that the mutation
rates among young fathers might be similar to that of young
mothers. However, recent research suggests that even very
young fathers contribute a significant load of point mutations
to offspring [92]. In a study of 24,097 parental and validated
proband DNA samples from Europe, the Middle East, and
Africa, Forster et al. evaluated microsatellite repeats to study
new mutation rates between generations. The youngest father
in the cohort was 12.1 years old and the oldest was 70.1 years
at conception. Even among the youngest cohort of teenage
fathers, the relative mutation rates in offspring were observed
to be 5-fold higher than those of teenage mothers.
Evolutionarily, this suggests that the mutational burden
inherited by human offspring is derived mainly from paternal
germ cells across the spectrum of parental ages.

Summary

» Advanced paternal age is associated with significantly in-
creased genetic risk to offspring. However, the precise age
at which risk develops and the magnitude of the risk are
poorly understood or may have complex and/or gradual
effects.

* Observed increased rates of sperm DNA fragmentation
and altered epigenetic profiles of sperm are associated
with advanced paternal age.

» Increased risk to offspring of fathers with advance paternal
age may occur in the form of miscarriage, fetal loss, rare
single gene disorders, and congenital anomalies.

» Risk rates of autism, schizophrenia, and other forms of
“psychiatric morbidity” are substantially increased in off-
spring with advanced paternal age.

*  Currently, there are no screening or diagnostic panels that
target disorders and conditions associated with advanced
paternal age.

» Concerned couples or care providers should pursue or
recommend genetic counseling and prenatal testing re-
garding specific genetic disorders [1].
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