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The paternal epigenome and embryogenesis: poising
mechanisms for development
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The scope of paternal contributions during early embryonic development has long been considered limited. Dramatic changes in

chromatin structure throughout spermatogenesis have been thought to leave the sperm void of complex layers of epigenetic regulation

over the DNA blueprint, thus leaving the balance of that regulation to the oocyte. However, recent work in the fields of epigenetics and

male factor infertility has placed this long-held, and now controversial dogma, in a new light. Elegant studies investigating chromatin

and epigenetic modifications in the developing sperm cell have provided new insights that may establish a more critical role for the

paternal epigenome in the developing embryo. DNA methylation, histone tail modifications, targeted histone retention and protamine

incorporation into the chromatin have great influence in the developing sperm cell. Perturbations in the establishment and/or

maintenance of any of these epigenetic marks have been demonstrated to affect fertility status, ranging in severity from mild to

catastrophic. Sperm require this myriad of chromatin structural changes not only to serve a protective role to DNA throughout

spermatogenesis and future delivery to the egg, but also, it appears, to contribute to the developmental program of the future embryo.

This review will focus on our current understanding of the epigenetics of sperm. We will discuss sperm-specific chromatin

modifications that result in genes essential to development being poised for activation early in embryonic development, the disruption

of which may result in reduced fecundity.
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INTRODUCTION

Mature mammalian spermatozoa are unique and highly specialized

cells. The utility of this specialization is to facilitate the safe delivery of

competent paternal DNA to the oocyte by providing protection from

damage and ensuring that the DNA is informative to the future

embryo. Any perturbations in epigenetic modifications or in mechan-

isms protecting DNA from fragmentation will result in either high

levels of DNA damage or in a chromatin structure that is incapable

of eliciting targeted gene activation in the embryo on its own. The

result of either scenario is a germ cell with reduced fertilization capa-

city and/or decreased overall viability. If these perturbations are com-

mon among an entire sperm population, then the affected individual

will likely have reduced fertility.1–8 These mechanisms, as well as

others, result in the high numbers of male factor infertility cases that

we see today. Although most cases are left defined as idiopathic, we are

beginning to gain a better understanding of how epigenetic changes in

the sperm may have a causative role in the etiology of infertility.

Robust paternal epigenetic contribution to embryogenesis requires

that DNA, and chromatin structure as a whole, contain layers of reg-

ulatory elements that are sufficient to drive genes towards activation or

silencing upon delivery to the egg. These epigenetic marks can include

selective histone retention, histone tail modifications and DNA

methylation.

Mature sperm contain a transcriptionally silent chromatin that is

susceptible to DNA damage from outside agents. This damage can be

catastrophic to the mature sperm as it lacks sufficient repair mechan-

isms. To avoid this damage, DNA undergoes dramatic chromatin

structural rearrangements during the late stages of spermatogenesis,

facilitated by different classes of nuclear proteins including histones,

transition proteins, and protamines 1 and 2 (P1 and P2). The once

‘loose’ (nucleosome-bound) chromatin becomes tightly compacted

via the stepwise replacement of histones with protamines. First, trans-

ition proteins replace the majority of canonical histones. Then, trans-

ition proteins are exchanged for protamines, which form tight toroid

structures once integrated in the DNA. The resulting compacted chro-

matin structure protects against DNA damage and also silences tran-

scription, as no polymerase machinery is able to gain sufficient access

to the DNA.9–11

The level of DNA protection that chromatin compaction provides

to the sperm seems to be in direct opposition to the cell’s role in

facilitating the delivery of competent DNA that is poised for activation

at key genes essential in early embryonic development. The transition

of nucleosome-bound DNA to protamine-bound DNA effectively

removes a layer of epigenetic regulation from chromatin, as most

histones are replaced by protamines, which induce a quiescent tran-

scriptional status. The loss of this layer of regulation was thought to

leave paternal DNA with little to contribute to the developing embryo

1Andrology and IVF Laboratories, Department of Surgery, University of Utah, Salt Lake City, UT 84108, USA; 2Department of Obstetrics and Gynecology, University of Utah School
of Medicine, Salt Lake City, UT 84108, USA and 3Department of Physiology, University of Utah School of Medicine, Salt Lake City, UT 84108, USA
Correspondence: Dr D T Carrell (douglas.carrell@hsc.utah.edu)

Received: 21 July 2010; Revised: 18 August 2010; Accepted: 23 August 2010; Published online: 25 October 2010

Asian Journal of Andrology (2011) 13, 76–80
� 2011 AJA, SIMM & SJTU. All rights reserved 1008-682X/11 $32.00

www.nature.com/aja

www.nature.com&sol;aja


aside from the genome itself. However, studies are beginning to dem-

onstrate how highly specialized and unique modifications retained in

sperm chromatin may actually provide significant influence in the

early embryo.

This review will focus on recent studies that have increased our

understanding of how the mature sperm are able to facilitate the

delivery of competent DNA to the oocyte and what the implications

of this delivery may be in the developing embryo. We will also discuss

the role of aberrant epigenetic profiles and their possible involvement

in many cases of idiopathic male factor infertility.

DNA METHYLATION

DNA methylation is uniquely regulated in the germ cell to have

important roles in the development of gametes as well as in the devel-

oping embryo. This epigenetic regulation is found directly on the

DNA at cytosine residues, generally within cytosine-phosphate-guan-

ine dinucleotides, and is regulated by the DNA methyltransferase

(DNMT) family of proteins.12 The regulatory effect of DNA methyla-

tion is to decrease access of polymerase machinery to hypermethylated

promoter regions at specific genes. Lack of methylation marks (hypo-

methylation) effectively places the gene in an inducible state for activa-

tion, thus promoting transcription.

The DNMT protein family includes both catalytic members

responsible for laying down new methylation marks, as well as pro-

teins responsible for the maintenance of those marks. DNMT3a,

DNMT3b and DNMT3l work in concert to mediate de novo methyla-

tion in mammalian sperm, with DNMT3a and DNMT3b being

responsible for catalyzing the methylation reaction. DNMT3l lacks a

catalytic domain, yet is still essential in methylation establishment, as

it facilitates DNMT3a and DNMT3b’s actions and coordinates proper

placement of marks.13 DNMT1 is the most predominate methyltrans-

ferase seen in somatic tissues and also lacks catalytic capabilities.

Instead, it primarily facilitates proper maintenance of previously

established methylation patterns during DNA replication before cell

division.14 Without the establishment and maintenance of DNA

methylation, fertilization can occur, but the embryo is unable to

develop properly and, depending on the severity, will often result in

arrest.15

DNA methylation has proven to be of great importance in the

regulation of gene expression in somatic cells, but what is its role in

embryonic development? Many studies have demonstrated the essen-

tial role of DNA methylation in the developing embryo at the single

gene, chromosome and whole genome level. One of the most well-

studied examples of this is genomic imprinting, which is primarily

regulated by DNA methylation and is essential in ensuring a parent of

origin gene expression pattern at imprinted loci. The embryo requires

this type of gene silencing for normal development.16 Other important

regulatory processes in the embryo require DNA methylation, includ-

ing X chromosomal inactivation and retrotransposon silencing. These

mechanisms ensure silencing of portions of the genome that, if

expressed, could result in inappropriate regulation of transcription

and in abnormal cell function.17–19 Whole-genome methylation status

in the embryo has also proven to be of great importance to proper

development17,20,21 and may be indicative of proper development

and overall viability, although more work must be done to establish

this. The most striking evidence for the role of DNA methylation

in the developing embryo is that of targeted studies involving the

perturbation of DNMT protein family members and the resulting

phenotypes.

DNA METHYLATION ABNORMALITIES, EMBRYOGENESIS

AND INFERTILITY

All members of the DNMT family are important for proper establish-

ment and maintenance of methylation marks in developing cells.

Disruption of these proteins clearly results in aberrant DNA methyla-

tion profiles globally as well as at specific genes. Utilizing targeted

genetic knockout models as a technique for studying DNA methyla-

tion has afforded us insight into how methylation status can confer

great influence over gene regulation and embryo viability.

DNMT1 knockouts and loss of function mutations in mice result in

embryos with less than 5% of their normal methylation marks glob-

ally. This lack of methylation over the whole genome results in specific

defects: imprinted genes show biallelic expression due to lack of silen-

cing at imprinted loci, expression of retrotransposons and chro-

mosome inactivation is halted. These embryos show retarded

gestational growth and do not result in viable offspring.15,18,19

Disruption of de novo DNMTs (DNMT3a and DNMT3b) and the

supporting DNMT3l proteins have also been demonstrated to affect

fertility. Gene targeting by conditional knockout in the germ cell line

(somatic cells were unaffected) of both DNMT3a and DNMT3l indi-

vidually resulted in a marked hypomethylation at imprinted loci.22

The resultant mice were infertile and demonstrated a significant

decrease in spermatogenesis. DNMT3l knockouts were also found to

have global hypomethylation, ultimately resulting in decreased sper-

matogenesis and reduced fertility status.1,22 The disruption of

DNMT3b did not result in the same phenotype; in fact, no unique

phenotype was observed. However, the loss of DNMT3b did result in

the loss of methylation at a single, specific locus (Rasgrf1) that was not

seen in the DNMT3a conditional knockouts.22,23 These results suggest

that there is likely much redundancy for DNMT3b function, but that

there are likely specific genomic regions in which it may work inde-

pendently.23

Alterations of DNA methylation patterns on the paternal genome

have been investigated in multiple studies utilizing 5-azacytidine and

5-aza-29-deoxycytidine. Both these drugs inhibit DNA methylation

and are commonly used in methylation studies.24 Treatment of both

rats and mice with these DNA methylation inhibitors gave rise to

multiple disease states in the affected animals. A marked reduction

in overall fertility was seen in animals that were treated with short-

term exposure.25 In animals that underwent long-term exposure,

more severe phenotypes were seen and correlates were established

between DNA methylation status and embryo lethality. In addition,

administration of 5-aza-29-deoxycytidine in mice resulted in

decreased fertilization rates as well as an increased incidence of pre-

implantation loss.26–28 The use of these drugs has proven to reduce

methylation status globally in germ cells, but the mechanism of effect

on embryo lethality may also be a result of cytotoxic effects of the drug

itself.26 To verify the role of germ cell DNA methylation status and its

effects on embryogenesis, more work with genetic knockout studies

observing alterations in liter size, post-implantation loss and recurrent

miscarriage as end points could be utilized.

Taken together, these data suggest that aberrant methylation in the

male germ cell results in abnormal embryogenesis, decreased fertiliza-

tion ability and an overall decrease in fertility status of affected indi-

viduals. For DNA methylation to facilitate gene regulation in the

embryo, there must be differential methylation throughout the pater-

nal genome, with hypomethylation at the promoter regions of import-

ant early embryonic developmental genes. This idea is supported by

recent data, suggesting that methylation marks help to ensure that

proper genes are poised for activation in the early embryo.29 Adding
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strength to this argument is a recent study evaluating sperm DNA

methylation status in in vitro fertilization patients, which demon-

strated that global hypomethylation was significantly correlated with

poor pregnancy outcomes.30 However, further analysis and additional

studies are required to draw clear correlates to embryogenesis.

HISTONE TO PROTAMINE TRANSITION

The chromatin structure of the mature sperm is tightly compacted as a

result of dramatic structural rearrangements that occur during sper-

matogenesis. As mentioned earlier, the original histone-bound chro-

matin structure is replaced with protamine proteins through a

stepwise process. First, canonical histones are replaced by transition

proteins, which are then replaced by protamines (P1 and P2). The

incorporation of these proteins into the DNA is tightly regulated

and results in an approximately 1 : 1 ratio of P1 to P2.2,9–11 This trans-

ition creates a chromatin structure that is between 6 and 20 times more

compact than histone-bound DNA.31,32 The result is transcriptionally

silent paternal DNA that is effectively protected against DNA damage.

Throughout the structural changes seen in spermatogenesis, there

still remain a small portion of histones that are not replaced, including

testes-specific histone variants and canonical histones.31 The retention

of these histones could be either a result of inefficient machinery or

because of some regulatory mechanism. Interestingly, recent studies

have found this histone retention to be programmatic in nature.

Nucleosome-bound DNA is retained at regions of high genetic

importance for the early embryo: developmental gene promoters,

imprinted loci and microRNA clusters.29 As one would expect, any

alteration in DNA packaging in sperm has the potential to affect the

cell’s ability to effectively deliver the paternal genome to the egg, and

could likely also cause epigenetic regulatory problems in the devel-

oping embryo.

PROTAMINE INCORPORATION, HISTONE RETENTION

AND INFERTILITY

Male factor infertility has been linked to aberrant protamination in a

number of different studies, all of which have demonstrated anomalies

either at the single-cell level or as an entire population. Numerous

analytical tools have been developed to determine whether proper

chromatin compaction has occurred during spermatogenesis: P1/P2

ratio analysis, histone to protamine ratio analysis and various anti-

body-staining techniques.33,34 Indirect assessment of DNA fragmenta-

tion has also proven to correlate strongly with incomplete protamine

incorporation.35

Studies focusing on P1/P2 ratio analysis have demonstrated the

important role of protamine incorporation into the chromatin and

have shown a strong correlation between nuclear proteins and general

infertility.33 In patients undergoing in vitro fertilization treatment, P1/

P2 ratios were shown to correlate significantly with fertilization abil-

ity.4 This finding was thought to possibly be indicative of other over-

arching abnormalities in the sperm population as a whole. Low

protamine levels and abnormal P1/P2 ratios in both fertile and infer-

tile men were tightly correlated with DNA fragmentation, demonstrat-

ing that aberrant protamination results in a chromatin structure that is

more susceptible to DNA damage.35–37 Histone to protamine ratios

can directly detect aberrations in histone retention and have been

found to correlate with infertility in humans. Some classes of infertile

men have higher histone to protamine ratios than do fertile men, again

suggesting problems in the histone to protamine transitional proces-

sing.34,38 DNA damage in murine sperm was also correlated with low

P2 concentrations. Interestingly, these researchers also observed

effects on the embryo by utilizing intra-cytoplasmic sperm injection

to fertilize the eggs and found that sperm DNA fragmentation result-

ant from low P2 concentrations was lethal for the embryo.39

These studies demonstrate that the chromatin structure of the

paternal genome is vital, although the mechanism for regulatory con-

trol in the early embryo has remained unclear until recently.

Hammoud et al.29,40 recently demonstrated that histone retention

occurs at specific developmental sites in the early embryo, which has

the potential to poise genes for activation. This provides yet another

regulatory mechanism in which paternal DNA is poised for activation

at specific sites required for normal embryogenesis, establishing fur-

ther evidence for its role in developmental regulation.

HISTONE MODIFICATIONS

Chromatin packaging and structural modifications require the integ-

ration and cooperation of multiple different types of nuclear proteins.

Of great interest in the field of cell biology, genetics and epigenetics is

the role of these proteins not only in structural stabilization/modifica-

tion in the nucleus, but also in gene regulation. Histone proteins are

the most abundant nuclear protein in somatic cells and have the dis-

tinct ability to facilitate both gene activation and silencing via modi-

fication of lysine (K) and serine (S) residues on tail regions, making

them potent epigenetic regulators. In the mature sperm, there is a

marked decrease in histone protein concentration as a result of dra-

matic chromatin structural changes, lending credence to previously

held beliefs that sperm lack the ability to drive epigenetic changes in

the embryo. Importantly, the structural changes throughout sper-

matogenesis do not leave the sperm entirely void of nucleosome-

bound DNA; in fact the small amount of histones retained are likely

of great influence in the developing embryo.29,40,41

The mammalian histone protein family has essential roles in

gametes. Histone 2A and 2B (H2A and H2B), histone 3 (H3), histone

4 (H4) and testes-specific histone variant (tH2B) all are vital to guide

the maturing sperm through spermatogenesis.8,42–46 Each of these

proteins can influence activation or inhibition of gene transcription

based on histone tail modifications including: phosphorylation,

methylation, acetylation and ubiquitination. Histone modifications

are capable of eliciting different genetic responses individually, or

may act in concert with other nearby modified proteins to ensure a

proper transcriptional state at specific genes. Activation of genes is

facilitated by many different modifications, including acetylation of

H3 and H4, methylation of H3K4 and ubiquitination of H2B. Genes

are driven towards inactivation by methylation of H3K9 and H3K27,

deacetylation of H3 and H4, and ubiquitination of H2A.42,44,45,47

Various families of enzymes regulate these modifications. The estab-

lishment and removal of acetylation is accomplished by histone acetyl-

transferases and deacetylases, respectively.42 Methylation is regulated

by histone methyl-transferase and demethylase families, which exhibit

strong specificity toward various histone proteins.47

HISTONE TAIL ACETYLATION AND METHYLATION,

INFERTILITY AND EMBRYOGENESIS

Histone tail modifications are an essential component in the epige-

netic regulation of transcription in the developing sperm cell as well as

in the embryo. To ensure proper progression through the various

stages of spermatogenesis, histones undergo transitions in their modi-

fication states. This allows for the transient transcription patterns seen

at many genes during development. To establish mechanisms of action

of histone tail modifications, researchers have observed phenotypes

resulting from targeted manipulations.
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Recent literature has demonstrated the importance of the regulation

of methylation and acetylation in the developing sperm cell.

Disruptions in normal methylation status on histones resulted in

varying degrees of fertility loss. These induced abnormalities produced

animals with germ cells that have a complete lack of transition protein

1 and P1 production and a resultant decrease in fertility.8 Various

degrees of fertility loss, including sterility, were seen with many dif-

ferent treatments, all involving the perturbation of methylation marks

on histones.48,49 Mice treated with deacetylase inhibitors had signifi-

cant decreases in the number of mature sperm produced and an over-

all loss of fertility.46,50 These results, taken together, demonstrate the

importance of various histone modifications and their influence on

spermatogenesis and male fertility.

The ability of histones to drive genes toward active or inactive states

provides yet another mechanism by which sperm may have epigenetic

effects on the embryo. Any histone incorporation into the paternal

genome upon delivery to the egg could provide a degree of regulation

during embryogenesis. For this to be true, histone retention would

have to be localized at regions important in embryonic development.

As mentioned earlier, the areas in which we find nucleosomal reten-

tion in the mature sperm are regions of great influence to the embryo:

developmental promoters, microRNA clusters and imprinted

genes.29,40 For these genes to be truly poised for activation, it would

require that histone modifications within the nucleosome are those

that turn genes toward activation (that is, H3/H4 acetylation,

H3K4me and H2Bub). This is precisely what is seen at many import-

ant developmental gene promoters with increased amounts of

H3K4me.29,41 Many of these regions of retained activation marks also

demonstrate bivalency by containing histone modifications that, if

acting alone, inhibit activation (H3K27me). This bivalent expression

of histone modifications is a hallmark of totipotency and likely con-

tributes to the totipotent state of embryonic stem cells.51 These data

suggest that mature spermatozoa are poised epigenetically to contrib-

ute to the epigenetic state of the embryo.

THE ROLE OF RNA

In addition to previously mentioned mechanisms of epigenetic regu-

lation found in sperm, recent studies have suggested a role for RNA

transcripts found in mature spermatozoa.52,53 Although the contribu-

tions of RNA to the epigenetic state of sperm still remain somewhat

controversial, some possible mechanisms of action are beginning to take

shape. It has been proposed that spermatozoal RNA is likely capable of

maintaining nuleosome-bound DNA and preventing protamination in

specific chromatin regions.54 Retained histones are found in chromatin

that lies near the nuclear envelope, the same region in which RNAs are

found. This regional association allows for interactions that result in

inhibition of the histone to protamine transition. The IGF-2 gene,

which is essential in embryonic development, provides an excellent

model for RNA involvement in maintenance of nucleosome-retained

regions of the chromatin. The specific portion of chromatin that con-

tains the IGF-2 gene and its promoter is located near the nuclear envel-

ope and is a major region of histone retention54,55 This localization

supports the idea that RNA may facilitate, at least in part, structural

maintenance of an open chromatin state in specifically localized regions

of DNA. The ability of RNA to affect chromatin structure gives it the

distinct capability to directly influence eventual gene activation.

CONCLUSION AND FUTURE DIRECTIONS

In order for the mature mammalian spermatozoa to provide some

degree of regulatory control in the developing embryo requires that

important genes are epigenetically poised for activation upon delivery

to the oocyte. Poising mechanisms in the male germ cell utilize

dynamic chromatin structural changes to confer epigenetic regulation

of gene transcription in the embryo, which is of vital importance in the

creation of healthy and viable offspring. Three major factors work

individually or in concert in the sperm chromatin to elicit targeted

gene activation or silencing: DNA methylation (or lack of methyla-

tion), nucleosome retention and histone tail modifications.

Perturbations in any of these mechanisms will likely result in varying

degrees of infertility.

Although much has been discovered in recent years regarding the

sperm and its ability to influence embryonic development, we still lack

well-defined mechanisms of action. Limited work is available, dem-

onstrating direct links between an abnormal epigenetic state in the

sperm and altered embryogenesis; most studies have focused on altera-

tions in spermatogenesis and fertility status. This lack of direct study

has left us with questions regarding the sperm’s ability to facilitate the

safe delivery of paternal DNA to the oocyte that is competent to induce

transcriptional activation and inhibition at genes important in

embryogenesis. Targeted studies involving abnormal epigenetic states

in sperm with correlations in abnormal embryogenesis are required to

solidify our understanding of the importance of the epigenetic state of

spermatozoa on embryonic development.
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