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Abstract

Sperm nuclei present a highly organized and condensed chromatin due to the interchange of
histones by protamines during spermiogenesis. This high DNA condensation leads to an almost
inert chromatin, with the impossibility of conducting gene transcription as in most other somatic
cells. The major chromosomal structure responsible for DNA condensation is the formation of
protamine-DNA toroids containing 25 to 50 kilobases of DNA. These toroids are connected by
toroid linker regions (TLR) which attach them to the nuclear matrix, as matrix attachment regions
(MAR) do in somatic cells. Despite this high degree of condensation, evidence shows that sperm
chromatin contains vulnerable elements that can be degraded even in fully condensed chromatin,
which may correspond to chromatin regions that transfer functionality to the zygote at fertilization.
This chapter covers an updated review of our model for sperm chromatin structure and its potential
functional elements that affect embryo development.
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1. Introduction

Spermatozoa are highly differentiated cells whose main function is to carry the paternal
genetic content to the oocyte completely intact. To perform this function, evolution has
provided mammalian sperm highly with specific physiological features, such as the shape,
the presence of the acrosome, the midpiece and the flagellum, all designed to execute the

Jordi Ribas-Maynou, PhD., Biotechnology of Animal and Human Reproduction (TechnoSperm), Faculty of Sciences, University of
Girona, C/Maria Aurélia Campany, 69; ES-17003 Girona, Spain. Contact: jordi.ribasmaynou@udg.edu. Tel.: +34 972 419514; Fax:
+34 972 418150. W. Steven Ward, PhD., Institute for Biogenesis Research, Department of Anatomy, Biochemistry and Physiology,
John A. Burns School of Medicine, University of Hawaii at Manoa. 1960 East West Rd, Honolulu, HI 96822. United States of
America. Contact: wward@hawaii.edu. Tel. +1 808 956 5189; Fax: +1 808 956 7316.

CONFLICTS OF INTEREST DISCLOSURES
All authors declare no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ribas-Maynou et al.

Page 2

proper transport of the paternal genome through the female tract and provide the ability

to penetrate the oocyte. Importantly, the sperm genome is almost completely transformed
during final stages of spermatogenesis, leading to a highly condensed and transcriptionally
inactive chromatin designed to protect the male genetic information during transport [1, 2].

Despite the vital importance of the sperm genome contribution to embryo development,
research of the recent decades has shown that spermatozoa also deliver other components
that may also be equally important for embryo development, presenting a much broader
view of paternal inheritance beyond the genetic sequence of the paternal genome. These
include a complex RNA population contained in the sperm nuclei or acquired through
exosomes present in sperm maturation compartments that may regulate embryo gene
expression [3], a DNA methylation profile that leads contributes to proper embryo
progression [4], sperm proteins that may influence embryo epigenetic markers [5], or even
the sperm centrioles [6]. In a similar manner, it is our view that the structural organization of
sperm chromatin also has certain features that can be inherited by the paternal genome in the
embryo and are required for proper development. In this chapter we describe these structural
elements, how they are known to be moldable despite the highly condensed environment,
and how they contribute to early embryonic evolution.

2. Sperm chromatin structure

2.1 Somatic chromatin

In eukaryotic somatic cells, DNA is associated with histones, which are positively charged
proteins that are involved not only in chromatin condensation and organization, but also

in several nuclear regulatory processes such as the recruitment of DNA polymerases or

the assembly of complexes promoting gene transcription or repression. The first order of
somatic DNA condensation is the nucleosome, in which about 150 bp DNA is wrapped
twice around a histone octamer. Nucleosome formation shortens the chromatin length,

and increases its average diameter to 10 nm. This filament is further coiled by linker
histone H1 to form the 30 nm chromatin fiber. Finally, this 30 nm fiber is attached a
specific sites to the nuclear scaffold, or nuclear matrix, through AT-rich DNA sequences
named matrix attachment regions (MAR) [7, 8]. These attachments lead to the formation

of chromatin loops, between 20 to 400 kilobases that may show an open/decondensed
configuration in active transcription regions, and a more condensed estate in silent genes,
thus generating euchromatin and heterochromatin regions [9, 10]. Somatic cell MARs
perform well-documented transcriptional functions and are the sites of DNA replication
origins [11]. Also, they present highly dynamic properties enabling chromatin to anchor
different domains to the nuclear matrix, thus promoting physical interactions between distant
genomic regions that may be located apart in the genetic sequence, for instance, bringing
to close proximity distant gene promoters and their target genes, or generating gene clusters
with related functions. Distal interactions lead to the generation of active or inactive foci
that are dependent on the cell type and on the cell-cycle dependent manner [12, 13]. These
interactions are important to understand gene expression clusters, and numerous studies are
performed using advanced methods such as Hi-C [14, 15].
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2.2 Sperm chromatin

The nuclear chromatin organization present in somatic cells is also present in early germ
cells, such as spermatogonia through the first haploid cell type, round spermatogonia. As the
round spermatids progress to spermatozoa, the chromatin becomes condensed as histones
are interchanged by protamines at later stages of spermatogenesis [16, 17], through a process
that involve transition proteins in some species such as humans, mouse, rat or sheep [18-20].
This leads to an extremely condensed nucleus that has with absolute transcriptional silence.

2.2.1 Condensing the DNA through protamines—Protamines are about half the
size of histones, containing 50 to 110 amino acids. They also have a higher positive charge
due to their higher content of lysine and arginine, allowing them to efficiently bind to the
major groove of the DNA every 10 to 15 base pairs of DNA in each double helix turn

[17, 21]. In the mammalian genome, two types of protamines (protamine 1 and protamine 2
family) are present. Whilst the first protein is present in all mammalian sperm, protamine 2
is only found in humans, primates, mouse, rabbits and stallions [18, 22—24]. The presence
of protamine 2 in these species is essential for sperm formation, as knockouts for PRM2
resulted in infertility [25, 26], and an excess of protamine 1 expression resulted in sperm
morphology alterations and premature DNA condensation [27, 28]. Thus, while protamine 1
is sufficient to fully condense sperm chromatin in some species, protamine 2 seems only to
augment condensation by protamine 1 [23].

The binding of protamines confers a 44 fold smaller volume of the chromatin compared to
liver cells [1]. This DNA condensation present in sperm cells leads to a strong protection
of genetic content from genotoxic activity, a key feature to enable the delivery of an
uninterrupted genetic information to the embryo, limiting mutations and ensuring the
perpetuation of the species [29, 30]. However, upon fertilization, this highly condensed
chromatin needs to be reestablished as a functionally active chromatin, thus requiring an
interchange of protamines by histones in the male ponucleus, a process in which other
proteins are also thought to be imported to paternal genome [31, 32].

2.2.2 Protamine-DNA Toroids—The binding of protamines to DNA leads to a major
superstructure of DNA, the formation of toroidal DNA-protamine complexes of about

50 kilobases, estimated to measure between 60 and 100 nanometers diameter and 20
nanometers thickness [33—-35]. The biochemical configuration of protamines and their
cysteine content leads to the presence of one major post-translational modification: covalent
disulfide bonds produced between neighbor protamines [22]. This inter-protamine binding
leads to stabilization of toroidal structures rendering them resistant to genotoxic agents as
nucleases [36] and more resistant to oxidative damage [37].

The consecutive toroidal structures remain linked through an uncondensed DNA, the

toroid linker region (TLR). Moreover, toroid linker regions are regions that could remain
condensed by histones, which some investigations have shown might have a role in early
embryos, as they may be the source of epigenetic modifications that influence gene
expression in early development [38, 39]. However, the specific localization of modified
histones along the mature sperm genome is still a controversial topic, as some studies found

Results Probl Cell Differ. Author manuscript; available in PMC 2022 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ribas-Maynou et al.

Page 4

an increased presence in gene-rich regions [38, 40], whilst others have found the presence of
histones in repetitive, intergenic regions [41]. Further experiments that do not rely on the use
of external nucleases are needed in order to clarify these controversial results, as suggested
by Yamaguchi, et al. [42]. Additionally, inter-specific differences may also be influencing
these outcomes, as different histone levels have been found in humans (3% to 15%) [40, 41],
mouse (1% to 15%) [18, 41], and marsupials (50%) [35, 41].

2.2.3 Sperm DNA loop domains—Despite the condensation of DNA into toroids
by protamines, we and others have shown that sperm DNA is also organized into DNA
loop domains that are attached at their bases to proteinaceous nuclear matrix [43-46]. The
organization of the loops domains is altered during spermatogenesis, and may be inherited
by the embryo. We have also provided evidence that the attachment of these loop domains
is the site of DNA replication origins in the zygote, suggesting that the embryo inherits
functional chromatin segments [47].

2.2.4 Tertiary structures of sperm chromatin—Some investigations conducted
through freeze-fracture and atomic force microscopy have shown evidence of tertiary
structures in sperm chromatin. These structures may be composed by parallel stacks of
lamellar sheets parallel to the long axis in bulls, rabbits and men [18, 48]. Other studies
conducted in the late nineties have shown the presence of nucleosome-like particles in the
nuclear periphery [49], which is in accordance to the model of chromosome positioning in
sperm, where telomeres would be condensed in histones and attached to the internal nuclear
membrane towards the periphery of the cell [50-52]. Additionally, different chromosomal
territories have been described in sperm nuclei, being the organization of chromosomes
non-random, as it is also described for somatic nuclei [53-55]. Therefore, both the

sperm chromatin structure and chromosomal organization may have implications for sperm
function before and after fertilization.

3. The Toroid Loop Model for Sperm Chromatin Structure

We have proposed a model for mammalian sperm chromatin structure that incorporates
several different aspects of sperm DNA packaging from many laboratories [56]. Here, we
reiterate this model with an emphasis on which parts of the model have strong experimental
support, and which components are hypotheses based on other considerations. The gist of
the model is that it proposes that each DNA loop domain in the sperm cell is coiled into

one protamine toroid (Figure 1A). However, there are many implications and hypotheses that
remain to be tested that emerged from thinking about the Toroid-Loop model.

3.1. Aspects of the model that are supported by experimental evidence.

Figure 1C, right, lists the parts of the model for which supporting experimental evidence
exists. (@) The depiction of large segments of sperm DNA the remain bound to histones,

and not protamines, is based on the mapping of histones in human sperm by two different
groups [40, 57]. The model therefore predicts that some entire loops are not coiled into
toroids by protamines. (b) As discussed above, it is clear that when protamines bind to DNA,
they form toroids that contain up to 50 kb of DNA [33, 58, 59]. These toroids are very
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similar to toroids formed when DNA is incubated with divalent cations [60], suggesting that
protamines induce a configuration in DNA that naturally forms when the negative charges
on the phosphodiester backbone are neutralized with cations. (c) Evidence also suggests
that protamine bound DNA is very resistant to nuclease digestion [36, 61]. This is not
surprising given the very tight compaction of protamine-DNA toroids which probably does
not allow access of the DNA fibers to enzymatic contact. (d) Our prediction that each
protamine-DNA toroid is one loop is based on the finding that when sperm chromatin is
digested to loop-sized fragments of 25 to 50 kb, the loops are released from the nuclear
matrix [36]. (e) We and others have presented several lines of evidence to support that sperm
DNA is organized into loops of between 25 to 50 kb that are attached at their bases to the
nuclear matrix [43-46].

3.2. Aspects of the model that are proposed for which direct experimental data is yet to
be acquired.

Our Toroid-Loop model for sperm chromatin structure contains several aspects that make
sense to us based on existing data in sperm or other systems, but that have not yet

been validated by experimental results (Figure 1C, left). (a) We have proposed that the
protamine toroids are stacked, arranged as a role of life-saver candies, mainly because

this arrangement makes the most logical sense to us. However, we have not seen electron
microscopic evidence of this, except for one experiment we could not repeat. It is also
important to remember that when considering the entire chromosome, the fully condensed
chromatin fiber needs to bend or coil to fit inside the sperm nucleus, so there must be
some flexibility in the arrangement of the packaged protamine-DNA toroids to do this.

We have not accounted for this in our model. (b) We usually depict the nuclease sensitive
TLRs as being bound to histones because we know that histone bound DNA is distributed
throughout the sperm chromatin, and it is nuclease sensitive. However, we do not have any
direct evidence to support this. (c) Based on the experimental evidence that when TLRs are
digested with nuclease the DNA loop domains are released from the nuclear matrix [36],
we predict that TLRs contain the matrix attachment regions (MARS), but, again, further
experimentation will be required to firmly establish this. (d) Finally, and perhaps most
importantly, we predict that TLRs are located in specific regions of the chromatin, and not
randomly spaced along the DNA. This is based in part by experiments that suggest that
sperm MARs are sequence specific [46, 62, 63]. We are currently attempting to map TLRs
in mouse sperm to test this hypothesis directly.

4. Functional aspects of sperm chromatin structure: Sperm chromatin
retains some active properties

As described above, when protamines replace histones in condensing the DNA, most of

the chromatin is organized into highly condensed toroids. This condensation eliminates

any activity involving gene transcription and translation and protects the protamine-bound
regions from the activity of any protein such as nucleases, turning the DNA into an almost
crystalline estate [56]. The biological significance of this inert status is to protect the

genetic material during the transport towards the oocyte, preventing alterations in the genetic
information.
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Treatments that disrupt chromatin structure in somatic cells, such as dehydration or
sonication, do not prevent the ability of the sperm to fertilize when injected into oocytes
[64, 65]. This suggests that mouse sperm chromatin can retain its genetic, and, presumably,
its structural chromosomal integrity under conditions that would severely degrade most
other cell types, enough to fully participate in embryo fertilization. In fact, it is necessary
to subject rodent sperm to a temperature of 125°C for 20 minutes in order to suppress

its embryo development capacity [66]. Thus, during spermiogenesis, sperm chromatin

is condensed to a state that protects the DNA from external assaults, but retains the

ability to participate in embryogenesis. This is supported by the fact that mouse sperm
nuclear “halos”, from which all histones and protamines have been extracted, retain enough
structural information for the paternal genome to be replicated when injected into an oocyte
[67].

However, the condensation by protamines, while protective, does not render sperm DNA
completely impenetrable to damage. DNA oxidation is a common form of damage that
occurs in mature spermatozoa. When reactive oxygen species damage DNA, the most
common adduct formed is the 8-hydroxy-2’deoxyguanosine (80OHdG). The glycosylase
OGG1 is the first enzyme to excise this DNA adduct, forming single strand DNA breaks.
OGG1 was demonstrated to be present in human sperm [68], enabling this process in

the fully compact chromatin. In a similar way, fully condensed sperm chromatin is also
susceptible to nuclease digestion, but this is limited to those sites that are devoid of
protamines, the TLRs. Degrading TLRs can be accomplished either with external nucleases
or when endogenous nucleases present in the vas deferens luminal fluid are activated. In
these cases, sperm DNA is degraded to loop-sized fragments with an average size of 25 kb,
but no further degradation is observed [61].

4.1 DNA replication of the sperm chromatin

The first DNA replication occurring in mammalian zygote takes place a highly special
environment, since both maternal and paternal genetic information remain contained in two
separate pronuclei (Sirlin & Edwards, 1959). After fertilization, while the female genome
completes metaphase 11, extrudes the second polar body and decondenses to form the female
pronucleus, the sperm genome interchange protamines with histones and decondenses to
form the male pronucleus. Each pronucleus then replicates its DNA separately, then then the
chromosomes condense to form the metaphase plate, when they will meet for the first time.
Different studies have shown that this first DNA replication is asynchronous between both
plonuclei, being delayed up to 2 hours in female pronucleus compared to male pronucleus
[70-72].

In mammalian cells, DNA replication licensing may begin very soon, even after the M/G1
transition [73]. It is orchestrated by the recognition of the replication origins by the ORC
(origin recognition complex) [74], that recruits CDT1 and CDCS6, that finally recruit the
MCM2-7 helicase complex at the S-phase. While growing somatic cells may retain ORC
throughout the cell cycle, it is not clear when the gametes become licensed, and the
differences in their chromosomal structure suggest differences in the timing of licensing.
We previously demonstrated that meiotic maternal chromosomes may already be partially

Results Probl Cell Differ. Author manuscript; available in PMC 2022 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ribas-Maynou et al.

Page 7

licensed at the time of fertilization [75]. Oocytes are arrested at meiotic metaphase II,

which has many structural similarities to mitotic metaphase, in which origins are thought

to be fully licensed. However, due to the fact that the sperm genome needs to interchange
protamines by histones after fertilization, replication licensing is delayed up to 4 hours

after fertilization, and is added de novo to paternal pronuclei [75]. This de novo licensing

is supported by other results from our lab, which showed that the removal of protamines

and associated proteins through incubations with high-salt and DTT, which would remove
any ORC proteins bound to DNA, did not prevent zygotes from replicating paternal DNA
[47, 67], suggesting they were licensed in the oocyte, de novo. However, the presence of
MAR regions attaching sperm chromatin to the nuclear scaffold is necessary to initiate DNA
replication [47], which suggests that regions between toroids may also retain the factors

for male pronucleus progression. In fact, in somatic cells, it is still not clear how DNA
replication origins are identified by the cell, and there is evidence that different DNA sites
can be used as origins in different cell types [76, 77]. In our most updated model of sperm
chromatin, we have proposed that DNA replication origins (licensed sites) are located within
the TLRs in sperm and that these TLRs/replication origins correspond to sperm nuclear
matrix attachment regions (MARS). Our model also proposes that these TLRs also represent
the small portions of DNA that remain bound to histones in fully condensed sperm (Figure
1).

4.2 Sperm chromatin fragmentation

As mentioned above, we have shown that despite its high degree of condensation, sperm
chromatin has the capacity to be partially degraded by a mechanism we have termed sperm
chromatin fragmentation (SCF) in which an endogenous nuclease enters the sperm nucleus
and cleaves the DNA at TLRs [61, 78]. This process is driven by the presence of a luminal
nuclease that enters the sperm when the membrane is damaged [78]. The DNA degradation
is limited to the toroid linker regions, as the presence of toroidal structures condensed with
protamines limited the presence of DSB to non-toroidal regions, leading mostly to toroid-
sized DNA breaks (between 25 kb and 50 kb) [61, 79]. Moreover, further experiments also
showed that these double-stranded DNA breaks may remain attached to the nuclear scaffold
[80], further supporting the idea that TLRs are attached to the matrix. It also provides a
structural rationale for the possible repair of some DSB in the oocyte after fertilization.

Our current model for SCF is that TLRs in fully condensed sperm chromatin provide
vulnerable, nuclease sensitive regions that can be digested by external nucleases. The
luminal fluid of the vas deferens contains a nuclease that is activated, either directly or
indirectly, by Mn2* jons and enters the sperm nuclease when the membranes are damaged.
SCF appears to be a mechanism to prevent damaged spermatozoa from fertilizing an oocyte
with a less than pristine copy of the paternal genome.

5. The impact of sperm organization to human infertility

It is now well established that oxidative stress is a major effector of physiological sperm
perturbations, such as lipid peroxidation or protein modifications, and the main cause of
DNA damage. Oxidative stress is produced by a misbalance of reactive oxygen species and
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sperm antioxidant molecules [81, 82], and may have its origin in endogenous sources, as a
by-product of sperm metabolism where hydroxyl radicals are generated by mitochondria

in the respiratory electron chain [83]. However, exogenous sources such as toxicants,
infections, leucospermia, heat stress or pollution, amongst others, have also been reported to
affect sperm [84-86]. In all cases, due to their nature and size, reactive oxygen radicals may
have much greater access to the DNA in condensed protamine toroids than nuclease. They
are likely, therefore, to cause DNA breaks or DNA adducts in a much wider range of sperm
DNA. Due to the presence of oxidative stress in human sperm, it been extensively studied
as a cause of male infertility. It is well known that oxidative stress during spermatogenesis
causes a reduction of sperm quality, and is a contributing factor to low sperm counts,
reduced sperm motility and impaired morphology or membrane integrity [87]. In fact, in
pathologies like varicocele where high oxidative damage is present, degraded sperm cells
are more prevalent [88]. It is also accepted that these affectations in sperm physiology

and quality by oxidative stress are correlated to a decrease of natural fertility rates both in
humans and animals [89, 90].

This correlation, however, is not as clear for intracytoplasmic sperm injection (ICSI).
Different studies have found controversial results regarding the clinical effects of oxidative
stress in infertile patients, and it is still unclear whether oxidative DNA damage leads

into observable effects in embryo development and pregnancy rates after ICSI [91]. This
disparity suggests that ICSI may be a suitable treatment for patients with high oxidative
damage. This may be due in part to the fact that ICSI includes the selection of the most
motile and morphologically normal sperm which might be associated to less oxidative
damage. In fact, correlations between sperm motility and oxidative DNA damage, and recent
data obtained applying the alkaline Comet assay in ICSI-like selected sperm support the
presence of this bias between sperm samples and ICSl-selected sperm [92].

While there is little correlation with oxidative damage and ICSI outcomes, some studies
show a decrease in pregnancy outcomes in sperm with DSB [93, 94]. Also, the presence
of double-stranded DNA breaks in sperm from men whose couples suffered recurrent
miscarriage [95] have been suggested to be a subtype of DNA damage with major
implication on fertility outcomes. First, the resemblance of human sperm double-stranded
breaks to mouse SCF (activated through Mn2*) when assessed through pulsed-field gel
electrophoresis has suggested that this subtype of breaks in humans have its origin in an
enzymatic mechanism, limiting their presence to the TLRs [96, 97]. In contrast to oxidative-
related DNA damage, these DSBs are thought to be limited to the TLRs and are, therefore,
distributed punctually throughout the genome. In fact, since these double-stranded breaks
may somehow remain attached to the nuclear matrix, which may provide an opportunity
to zygotes to correctly repair the 5’ and 3’ end breaks, thus minimizing chromosomal
alterations in developing embryos. Sperm DSBs that are not repaired may contribute to
miscarriages [98]. In a cohort of recurrent miscarriage couples without a known female
factor, sperm DSBs were correlated to repeated pregnancy loss during the first trimester
of pregnancy [96]. Two other studies demonstrated that embryos produced from males
with increased incidences of double-stranded breaks had lower implantation rates and a
delay in embryo developmental kinetics, both at polar body extrusion and at the morula
stage [93, 94]. The first delays may coincide to those observed in the paternal pronucleus
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of mouse zygotes produced from SCF-induced sperm cells, where an increase of H2AX
phosphorylation was shown [79]. Delays at later preimplantational stages may relate to the
activation of G1/S and G2/M checkpoints [99, 100].

6. Conclusions

Mammalian sperm chromatin structure represents a unique conformation of the DNA, which
has evolved to provide a high level of protection of the male germ cell genetic information,
while retaining small pockets of accessible chromatin that may be involved in both DNA
replication and DNA DSB repair.

FUNDING INFORMATION

This work received funding from the European Union’s Horizon 2020 research and innovation programme under
the Marie Sktodowska-Curie grant agreement No 801342 (Tecniospring INDUSTRY; TECSPR-19-1-0003) to JRM,
and from the NIH, grant number GM123048 to WSW.

REFERENCE LIST

1. Ward WS, Coffey DS (1991) DNA packaging and organization in mammalian spermatozoa:
comparison with somatic cells. Biol Reprod 44:569-74. doi: 10.1095/biolreprod44.4.569. [PubMed:
2043729]

2. Hud NV, Downing KH, Balhorn R (1995) A constant radius of curvature model for the organization
of DNA in toroidal condensates. Proc Natl Acad Sci U S A 92:3581-5 [PubMed: 7724602]

3. Jodar M (2019) Sperm and seminal plasma RNAs: what roles do they play beyond fertilization?
Reproduction 158:R113-R123. doi: 10.1530/REP-18-0639 [PubMed: 31063972]

4. Champroux A, Cocquet J, Henry-Berger J, Drevet JR, Kocer A (2018) A Decade of Exploring the
Mammalian Sperm Epigenome: Paternal Epigenetic and Transgenerational Inheritance. Front cell
Dev Biol 6:50. doi: 10.3389/fcell.2018.00050 [PubMed: 29868581]

5. Castillo J, Jodar M, Oliva R (2018) The contribution of human sperm proteins to the development
and epigenome of the preimplantation embryo. Hum Reprod Update 24:535-555. doi: 10.1093/
humupd/dmy017 [PubMed: 29800303]

6. Avidor-Reiss T, Carr A, Fishman EL (2020) The sperm centrioles. Mol Cell Endocrinol 518:110987.
doi: 10.1016/j.mce.2020.110987 [PubMed: 32810575]

7. van Drunen CM, Sewalt RG, Oosterling RW, Weisbeek PJ, Smeekens SC, van Driel R (1999) A
bipartite sequence element associated with matrix/scaffold attachment regions. Nucleic Acids Res
27:2924-30. doi: 10.1093/nar/27.14.2924 [PubMed: 10390535]

8. Singh GB, Kramer JA, Krawetz SA (1997) Mathematical model to predict regions of chromatin
attachment to the nuclear matrix. Nucleic Acids Res 25:1419-25. doi: 10.1093/nar/25.7.1419
[PubMed: 9060438]

9. Gibson BA, Doolittle LK, Schneider MWG, Jensen LE, Gamarra N, Henry L, Gerlich DW, Redding
S, Rosen MK (2019) Organization of Chromatin by Intrinsic and Regulated Phase Separation. Cell
179:470-484.e21. doi: 10.1016/j.cell.2019.08.037 [PubMed: 31543265]

10. Luger K, Méader AW, Richmond RK, Sargent DF, Richmond TJ (1997) Crystal structure of the
nucleosome core particle at 2.8 A resolution. Nature 389:251-60. doi: 10.1038/38444 [PubMed:
9305837]

11. Rowley MJ, Corces VG (2018) Organizational principles of 3D genome architecture. Nat Rev
Genet 19:789-800. doi: 10.1038/s41576-018-0060-8 [PubMed: 30367165]

12. Narwade N, Patel S, Alam A, Chattopadhyay S, Mittal S, Kulkarni A (2019) Mapping of scaffold/
matrix attachment regions in human genome: a data mining exercise. Nucleic Acids Res 47:7247-
7261. doi: 10.1093/nar/gkz562 [PubMed: 31265077]

Results Probl Cell Differ. Author manuscript; available in PMC 2022 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ribas-Maynou et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Page 10

Linnemann AK, Platts AE, Krawetz SA (2009) Differential nuclear scaffold/matrix attachment
marks expressed genes. Hum Mol Genet 18:645-654. doi: 10.1093/hmg/ddn394 [PubMed:
19017725]

Miko H, Qiu Y, Gaertner B, Sander M, Ohler U (2021) Inferring time series chromatin

states for promoter-enhancer pairs based on Hi-C data. BMC Genomics 22:84. doi: 10.1186/
$12864-021-07373-z [PubMed: 33509077]

Yang L, Chen F, Zhu H, Chen Y, Dong B, Shi M, Wang W, Jiang Q, Zhang L, Huang

X, Zhang MQ, Wu H (2021) 3D genome alterations associated with dysregulated HOXA13
expression in high-risk T-lineage acute lymphoblastic leukemia. Nat Commun 12:3708. doi:
10.1038/s41467-021-24044-5 [PubMed: 34140506]

Marushige K, Marushige Y, Wong TK (1976) Complete displacement of somatic histones during
transformation of spermatid chromatin: a model experiment. Biochemistry 15:2047-53. doi:
10.1021/bi00655a004 [PubMed: 1276124]

Balhorn R (1982) A model for the structure of chromatin in mammalian sperm. J Cell Biol 93:298—
305 [PubMed: 7096440]

Fuentes-Mascorro G, Serrano H, Rosado A (2000) Sperm chromatin. Arch Androl 45:215-25
[PubMed: 11111870]

Kierszenbaum AL (2001) Transition nuclear proteins during spermiogenesis:

unrepaired DNA breaks not allowed. Mol Reprod Dev 58:357-8. doi:
10.1002/1098-2795(20010401)58:4<357::AID-MRD1>3.0.CO;2-T [PubMed: 11241770]

Hao S-L, Ni F-D, Yang W-X (2019) The dynamics and regulation of chromatin remodeling during
spermiogenesis. Gene 706:201-210. doi: 10.1016/j.gene.2019.05.027 [PubMed: 31085275]
Balhorn R (2007) The protamine family of sperm nuclear proteins. Genome Biol 8:227. doi:
10.1186/gbh-2007-8-9-227 [PubMed: 17903313]

Oliva R (2006) Protamines and male infertility. Hum Reprod Update 12:417-35. doi: 10.1093/
humupd/dmI009 [PubMed: 16581810]

Corzett M, Mazrimas J, Balhorn R (2002) Protamine 1: protamine 2 stoichiometry in the sperm of
eutherian mammals. Mol Reprod Dev 61:519-27. doi: 10.1002/mrd.10105 [PubMed: 11891924]
Gosalvez J, Lépez-Fernandez C, Fernandez JL, Gouraud A, Holt WV (2011) Relationships
between the dynamics of iatrogenic DNA damage and genomic design in mammalian spermatozoa
from eleven species. Mol Reprod Dev 78:951-61. doi: 10.1002/mrd.21394 [PubMed: 21919111]
Cho C, Willis WD, Goulding EH, Jung-Ha H, Choi YC, Hecht NB, Eddy EM (2001)
Haploinsufficiency of protamine-1 or —2 causes infertility in mice. Nat Genet 28:82—6. doi:
10.1038/ng0501-82 [PubMed: 11326282]

Oliva R, Dixon GH (1991) Vertebrate protamine genes and the histone-to-protamine replacement
reaction. Prog Nucleic Acid Res Mol Biol 40:25-94. doi: 10.1016/s0079-6603(08)60839-9
[PubMed: 2031084]

Peschon JJ, Behringer RR, Palmiter RD, Brinster RL (1989) Expression of mouse

protamine 1 genes in transgenic mice. Ann N Y Acad Sci 564:186-97. doi: 10.1111/
J.1749-6632.1989.th25897.x [PubMed: 2774416]

Lee K, Haugen HS, Clegg CH, Braun RE (1995) Premature translation of protamine 1 mRNA
causes precocious nuclear condensation and arrests spermatid differentiation in mice. Proc Natl
Acad Sci U S A 92:12451-5. doi: 10.1073/pnas.92.26.12451 [PubMed: 8618919]

Makker K, Agarwal A, Sharma R (2009) Oxidative stress & male infertility. Indian J Med Res
129:357-67 [PubMed: 19535829]

Lewis SEM, Simon L (2010) Clinical implications of sperm DNA damage. Hum Fertil (Camb)
13:201-7. doi: 10.3109/14647273.2010.528823 [PubMed: 21117929]

Ajduk A, Yamauchi Y, Ward MA (2006) Sperm chromatin remodeling after intracytoplasmic
sperm injection differs from that of in vitro fertilization. Biol Reprod 75:442-51. doi: 10.1095/
biolreprod.106.053223 [PubMed: 16775225]

McLay DW, Clarke HJ (2003) Remodelling the paternal chromatin at fertilization in mammals.
Reproduction 125:625-33. doi: 10.1530/rep.0.1250625 [PubMed: 12713425]

Results Probl Cell Differ. Author manuscript; available in PMC 2022 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ribas-Maynou et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Page 11

Brewer LR, Corzett M, Balhorn R (1999) Protamine-induced condensation and decondensation
of the same DNA molecule. Science 286:120-3. doi: 10.1126/science.286.5437.120 [PubMed:
10506559]

Brewer L, Corzett M, Lau EY, Balhorn R (2003) Dynamics of protamine 1 binding to single DNA
molecules. J Biol Chem 278:42403-8. doi: 10.1074/jbc.M303610200 [PubMed: 12912999]

Miller D, Brinkworth M, lles D (2010) Paternal DNA packaging in spermatozoa: more than the
sum of its parts? DNA, histones, protamines and epigenetics. Reproduction 139:287-301. doi:
10.1530/REP-09-0281 [PubMed: 19759174]

Sotolongo B, Lino E, Ward WS (2003) Ability of hamster spermatozoa to digest their own DNA.
Biol Reprod 69:2029-35. doi: 10.1095/biolreprod.103.020594 [PubMed: 12930713]

Enciso M, Johnston SD, Gosalvez J (2011) Differential resistance of mammalian sperm chromatin
to oxidative stress as assessed by a two-tailed comet assay. Reprod Fertil Dev 23:633-7. doi:
10.1071/RD10269 [PubMed: 21635811]

Yoshida K, Muratani M, Araki H, Miura F, Suzuki T, Dohmae N, Katou Y, Shirahige K, Ito T,
Ishii S (2018) Mapping of histone-binding sites in histone replacement-completed spermatozoa.
Nat Commun 9:3885. doi: 10.1038/s41467-018-06243-9 [PubMed: 30250204]

Jung YH, Sauria MEG, Lyu X, Cheema MS, Ausio J, Taylor J, Corces VG (2017) Chromatin
States in Mouse Sperm Correlate with Embryonic and Adult Regulatory Landscapes. Cell Rep
18:1366-1382. doi: 10.1016/j.celrep.2017.01.034 [PubMed: 28178516]

Hammoud SS, Nix DA, Zhang H, Purwar J, Carrell DT, Cairns BR (2009) Distinctive chromatin
in human sperm packages genes for embryo development. Nature 460:473-8. doi: 10.1038/
nature08162 [PubMed: 19525931]

Samans B, Yang Y, Krebs S, Sarode GV, Blum H, Reichenbach M, Wolf E, Steger K,
Dansranjavin T, Schagdarsurengin U (2014) Uniformity of nucleosome preservation pattern in
mammalian sperm and Its connection to repetitive DNA elements. Dev Cell 30:23-35. doi:
10.1016/j.devcel.2014.05.023 [PubMed: 24998597]

Yamaguchi K, Hada M, Fukuda Y, Inoue E, Makino Y, Katou Y, Shirahige K, Okada Y

(2018) Re-evaluating the Localization of Sperm-Retained Histones Revealed the Modification-
Dependent Accumulation in Specific Genome Regions. Cell Rep 23:3920-3932. doi: 10.1016/
j.celrep.2018.05.094 [PubMed: 29949774]

Ward WS, Partin AW, Coffey DS (1989) DNA loop domains in mammalian spermatozoa.
Chromosoma 98:153-9 [PubMed: 2582896]

Choudhary SK, Wykes SM, Kramer JA, Mohamed AN, Koppitch F, Nelson JE, Krawetz SA (1995)
A haploid expressed gene cluster exists as a single chromatin domain in human sperm. J Biol
Chem 270:8755-62. doi: 10.1074/jbc.270.15.8755 [PubMed: 7721781]

Nadel B, de Lara J, Finkernagel SW, Ward WS (1995) Cell-specific organization of the 5S
ribosomal RNA gene cluster DNA loop domains in spermatozoa and somatic cells. Biol Reprod
53:1222-8. doi: 10.1095/biolreprod53.5.1222 [PubMed: 8527528]

Kramer JA, Krawetz SA (1996) Nuclear matrix interactions within the sperm genome. J Biol Chem
271:11619-22. doi: 10.1074/jbc.271.20.11619 [PubMed: 8662749]

Shaman JA, Yamauchi Y, Ward WS (2007) The sperm nuclear matrix is required for paternal DNA
replication. J Cell Biochem 102:680-8. doi: 10.1002/jch.21321 [PubMed: 17415751]

Koehler JK, Wirschmidt U, Larsen MP (1983) Nuclear and chromatin structure in rat
spermatozoa. Gamete Res 8:357-370. doi: 10.1002/mrd.1120080406

Allen MJ, Bradbury EM, Balhorn R (1996) The chromatin structure of well-spread demembranated
sperm nuclei revealed by atomic force microscopy. Scanning Microsc 10:989-996 [PubMed:
9854851]

Zalensky AO, Tomilin NV, Zalenskaya IA, Teplitz RL, Bradbury EM (1997) Telomere-telomere
interactions and candidate telomere binding protein(s) in mammalian sperm cells. Exp Cell Res
232:29-41. doi: 10.1006/excr.1997.3482 [PubMed: 9141618]

Zalensky A, Zalenskaya | (2007) Organization of chromosomes in spermatozoa: an additional layer
of epigenetic information? Biochem Soc Trans 35:609-611. doi: 10.1042/BST0350609 [PubMed:
17511662]

Results Probl Cell Differ. Author manuscript; available in PMC 2022 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ribas-Maynou et al.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Page 12

Mudrak O, Tomilin N, Zalensky A (2005) Chromosome architecture in the decondensing human
sperm nucleus. J Cell Sci 118:4541-50. doi: 10.1242/jcs.02581 [PubMed: 16179611]

Luetjens CM, Payne C, Schatten G (1999) Non-random chromosome positioning in human sperm
and sex chromosome anomalies following intracytoplasmic sperm injection. Lancet (London,
England) 353:1240. doi: 10.1016/S0140-6736(99)80059-2

Zalenskaya 1A, Zalensky AO (2004) Non-random positioning of chromosomes in human sperm
nuclei. Chromosome Res 12:163-73 [PubMed: 15053486]

Foster HA, Abeydeera LR, Griffin DK, Bridger JM (2005) Non-random chromosome positioning
in mammalian sperm nuclei, with migration of the sex chromosomes during late spermatogenesis.
J Cell Sci 118:1811-20. doi: 10.1242/jcs.02301 [PubMed: 15827089]

Ward WS (2010) Function of sperm chromatin structural elements in fertilization and development.
Mol Hum Reprod 16:30-6. doi: 10.1093/molehr/gap080 [PubMed: 19748904]

Wykes SM, Krawetz SA (2003) The structural organization of sperm chromatin. J Biol Chem
278:29471-7. doi: 10.1074/jbc.M304545200 [PubMed: 12775710]

Allen MJ, Hud NV.,, Balooch M, Tench RJ, Siekhaus WJ, Balhorn R (1992) Tip-radius-induced
artifacts in AFM images of protamine-complexed DNA fibers. Ultramicroscopy 42-44:1095-
1100. doi: 10.1016/0304-3991(92)90408-C

Hud NV, Allen MJ, Downing KH, Lee J, Balhorn R (1993) Identification of the elemental packing
unit of DNA in mammalian sperm cells by atomic force microscopy. Biochem Biophys Res
Commun 193:1347-54. doi: 10.1006/bbrc.1993.1773 [PubMed: 8323555]

Gosule LC, Schellman JA (1976) Compact form of DNA induced by spermidine. Nature 259:333—
335. doi: 10.1038/259333a0 [PubMed: 1250371]

Sotolongo B, Huang TTF, Isenberger E, Ward WS (2005) An endogenous nuclease in hamster,
mouse, and human spermatozoa cleaves DNA into loop-sized fragments. J Androl 26:272-80
[PubMed: 15713834]

Kalandadze AG, Bushara SA, Vassetzky YS, Razin SV (1990) Characterization of DNA pattern

in the site of permanent attachment to the nuclear matrix located in the vicinity of replication
origin. Biochem Biophys Res Commun 168:9-15. doi: 10.1016/0006-291x(90)91667-h [PubMed:
2328015]

Ward WS, Coffey DS (1990) Specific organization of genes in relation to the sperm nuclear matrix.
Biochem Biophys Res Commun 173:20-5 [PubMed: 2175176]

Katayose H, Matsuda J, Yanagimachi R (1992) The ability of dehydrated hamster and human
sperm nuclei to develop into pronuclei. Biol Reprod 47:277-84. doi: 10.1095/biolreprod47.2.277
[PubMed: 1391332]

Kuretake S, Kimura Y, Hoshi K, Yanagimachi R (1996) Fertilization and development of

mouse oocytes injected with isolated sperm heads. Biol Reprod 55:789-95. doi: 10.1095/
biolreprod55.4.789 [PubMed: 8879491]

Yanagida K, Yanagimachi R, Perreault SD, Kleinfeld RG (1991) Thermostability of sperm

nuclei assessed by microinjection into hamster oocytes. Biol Reprod 44:440-7. doi: 10.1095/
biolreprod44.3.440 [PubMed: 2015362]

Mohar I, Szczygiel MA, Yanagimachi R, Ward WS (2002) Sperm nuclear halos can transform
into normal chromosomes after injection into oocytes. Mol Reprod Dev 62:416-20. doi: 10.1002/
mrd.10147 [PubMed: 12112607]

Smith TB, Dun MD, Smith ND, Curry BJ, Connaughton HS, Aitken RJ (2013) The presence of a
truncated base excision repair pathway in human spermatozoa that is mediated by OGG1. J Cell
Sci 126:1488-97. doi: 10.1242/jcs.121657 [PubMed: 23378024]

Sirlin JL, Edwards RG (1959) Timing of DNA synthesis in ovarian oocyte nuclei and pronuclei of
the mouse. Exp Cell Res 18:190-4. doi: 10.1016/0014-4827(59)90308-8 [PubMed: 14447187]
Luthardt FW, Donahue RP (1973) Pronuclear DNA synthesis in mouse eggs. An autoradiographic
study. Exp Cell Res 82:143-51. doi: 10.1016/0014-4827(73)90256-5 [PubMed: 4751978]
Bouniol-Baly C, Nguyen E, Besombes D, Debey P (1997) Dynamic organization of DNA
replication in one-cell mouse embryos: relationship to transcriptional activation. Exp Cell Res
236:201-11. doi: 10.1006/excr.1997.3708 [PubMed: 9344600]

Results Probl Cell Differ. Author manuscript; available in PMC 2022 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ribas-Maynou et al.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Page 13

Ferreira J, Carmo-Fonseca M (1997) Genome replication in early mouse embryos follows a
defined temporal and spatial order. J Cell Sci 110:889-897. doi: 10.1242/jcs.110.7.889 [PubMed:
9133676]

Stoeber K, Tlsty TD, Happerfield L, Thomas GA, Romanov S, Bobrow L, Williams ED, Williams
GH (2001) DNA replication licensing and human cell proliferation. J Cell Sci 114:2027-41
[PubMed: 11493639]

Coster G, Frigola J, Beuron F, Morris EP, Diffley JFX (2014) Origin licensing requires ATP
binding and hydrolysis by the MCM replicative helicase. Mol Cell 55:666-77. doi: 10.1016/
j.molcel.2014.06.034 [PubMed: 25087873]

Ortega MA, Marh J, Alarcon VB, Ward WS (2012) Unique pattern of ORC2 and MCM7
localization during DNA replication licensing in the mouse zygote. Biol Reprod 87:62. doi:
10.1095/biolreprod.112.101774 [PubMed: 22674395]

Pope BD, Ryba T, Dileep V, Yue F, Wu W, Denas O, Vera DL, Wang Y, Hansen RS, Canfield

TK, Thurman RE, Cheng Y, Giilsoy G, Dennis JH, Snyder MP, Stamatoyannopoulos JA, Taylor J,
Hardison RC, Kahveci T, Ren B, Gilbert DM (2014) Topologically associating domains are stable
units of replication-timing regulation. Nature 515:402-5. doi: 10.1038/nature13986 [PubMed:
25409831]

Cleary JD, Tomé S, Lopez Castel A, Panigrahi GB, Foiry L, Hagerman KA, Sroka H, Chitayat

D, Gourdon G, Pearson CE (2010) Tissue- and age-specific DNA replication patterns at the CTG/
CAG-expanded human myotonic dystrophy type 1 locus. Nat Struct Mol Biol 17:1079-87. doi:
10.1038/nsmb.1876 [PubMed: 20711191]

Boaz SM, Dominguez K, Shaman JA, Ward WS (2008) Mouse spermatozoa contain a nuclease
that is activated by pretreatment with EGTA and subsequent calcium incubation. J Cell Biochem
103:1636-45. doi: 10.1002/jch.21549 [PubMed: 17879959]

Gawecka JE, Marh J, Ortega M, Yamauchi Y, Ward MA, Ward WS (2013) Mouse zygotes respond
to severe sperm DNA damage by delaying paternal DNA replication and embryonic development.
PL0S One 8:€56385. doi: 10.1371/journal.pone.0056385 [PubMed: 23431372]

Ribas-Maynou J, Gawecka JE, Benet J, Ward WS (2014) Double-stranded DNA breaks hidden in
the neutral Comet assay suggest a role of the sperm nuclear matrix in DNA integrity maintenance.
Mol Hum Reprod 20:330-40. doi: 10.1093/molehr/gat090 [PubMed: 24282283]

Bui AD, Sharma R, Henkel R, Agarwal A (2018) Reactive oxygen species impact on sperm

DNA and its role in male infertility. Andrologia 50:€13012. doi: 10.1111/and.13012 [PubMed:
29644708]

Ribas-Maynou J, Yeste M (2020) Oxidative Stress in Male Infertility: Causes, Effects in

Assisted Reproductive Techniques, and Protective Support of Antioxidants. Biology (Basel) 9.
doi: 10.3390/biology9040077

Camello-Almaraz C, Gomez-Pinilla PJ, Pozo MJ, Camello PJ (2006) Mitochondrial reactive
oxygen species and Ca2+ signaling. Am J Physiol Cell Physiol 291:C1082-8. doi: 10.1152/
ajpcell.00217.2006 [PubMed: 16760264]

Lafuente R, Garcia-Blaquez N, Jacquemin B, Checa M (2016) Outdoor Air Pollution and Sperm
Quality. Fertil Steril 106:880-96. doi: 10.1016/J.FERTNSTERT.2016.08.022 [PubMed: 27565259]
Santos M, Rodriguez-Gonzalez GL, Ibafiez C, Vega CC, Nathanielsz PW, Zambrano E (2015)
Adult exercise effects on oxidative stress and reproductive programming in male offspring of
obese rats. Am J Physiol Integr Comp Physiol 308:R219-R225. doi: 10.1152/ajpregu.00398.2014
Lobascio AM, De Felici M, Anibaldi M, Greco P, Minasi MG, Greco E (2015) Involvement of
seminal leukocytes, reactive oxygen species, and sperm mitochondrial membrane potential in the
DNA damage of the human spermatozoa. Andrology 3:265-70. doi: 10.1111/andr.302 [PubMed:
25598385]

Sakkas D, Alvarez JG (2010) Sperm DNA fragmentation: mechanisms of origin, impact on
reproductive outcome, and analysis. Fertil Steril 93:1027-36. doi: 10.1016/j.fertnstert.2009.10.046
[PubMed: 20080235]

Ribas-Maynou J, Garcia-Peir6 A, Martinez-Heredia J, Fernandez-Encinas A, Abad C, Amengual
MJ, Navarro J, Benet J (2014) Nuclear degraded sperm subpopulation is affected by poor
chromatin compaction and nuclease activity. Andrologia 47. doi: 10.1111/and.12258

Results Probl Cell Differ. Author manuscript; available in PMC 2022 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ribas-Maynou et al.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 14

Pintus E, Ros-Santaella JL (2021) Impact of Oxidative Stress on Male Reproduction in Domestic
and Wild Animals. Antioxidants (Basel, Switzerland) 10. doi: 10.3390/antiox10071154

Lewis SEM, Aitken RJ (2005) DNA damage to spermatozoa has impacts on fertilization and
pregnancy. Cell Tissue Res 322:33-41. doi: 10.1007/s00441-005-1097-5 [PubMed: 15912407]

Ribas-Maynou J, Yeste M, Becerra-Tomas N, Aston Kl, James ER, Salas-Huetos A (2021)
Clinical implications of sperm DNA damage in IVF and ICSI: updated systematic review and
meta-analysis. Biol Rev. doi: 10.1111/brv.12700

Lara-Cerrillo S, Ribas-Maynou J, Rosado-Iglesias C, Lacruz-Ruiz T, Benet J, Garcia-Peir6 A
(2021) Sperm selection during ICSI treatments reduces single- but not double-strand DNA break
values compared to the semen sample. J Assist Reprod Genet. doi: 10.1007/s10815-021-02129-w

Casanovas A, Ribas-Maynou J, Lara-Cerrillo S, Jimenez-Macedo AR, Hortal O, Benet J,

Carrera J, Garcia-Peiré A (2019) Double-stranded sperm DNA damage is a cause of delay

in embryo development and can impair implantation rates. Fertil Steril 111:699-707.e1. doi:
10.1016/j.fertnstert.2018.11.035 [PubMed: 30826116]

Garolla A, Cosci |, Bertoldo A, Sartini B, Boudjema E, Foresta C (2015) DNA double strand
breaks in human spermatozoa can be predictive for assisted reproductive outcome. Reprod Biomed
Online 31:100-107. doi: 10.1016/j.rbomo.2015.03.009 [PubMed: 25985994]

Ribas-Maynou J, Garcia-Peir6 A, Abad C, Amengual MJ, Navarro J, Benet J, Garca-Peiro A, Abad
C, Amengual MJJ, Navarro J, Benet J (2012) Alkaline and neutral Comet assay profiles of sperm
DNA damage in clinical groups. Hum Reprod 27:652-8. doi: 10.1093/humrep/der461 [PubMed:
22252081]

Ribas-Maynou J, Garcia-Peir6 A, Fernandez-Encinas A, Amengual M, Prada E, Cortés P, Navarro
J, Benet J (2012) Double stranded sperm DNA breaks, measured by Comet assay, are associated
with unexplained recurrent miscarriage in couples without a female factor. PLoS One 7:¢44679.
doi: 10.1371/journal.pone.0044679 [PubMed: 23028579]

Agarwal A, Barbarosie C, Ambar R, Finelli R (2020) The Impact of Single- and Double-Strand
DNA Breaks in Human Spermatozoa on Assisted Reproduction. Int J Mol Sci 21. doi: 10.3390/
ijms21113882

Ribas-Maynou J, Benet J (2019) Single and Double Strand Sperm DNA Damage: Different
Reproductive Effects on Male Fertility. Genes (Basel) 10:105. doi: 10.3390/genes10020105
Toyoshima M (2009) Analysis of p53 dependent damage response in sperm-irradiated mouse
embryos. J Radiat Res 50:11-7 [PubMed: 19218778]

100. Adiga SK, Toyoshima M, Shiraishi K, Shimura T, Takeda J, Taga M, Nagai H, Kumar P, Niwa O

(2007) p21 provides stage specific DNA damage control to preimplantation embryos. Oncogene
26:6141-9. doi: 10.1038/sj.0nc.1210444 [PubMed: 17420724]

Results Probl Cell Differ. Author manuscript; available in PMC 2022 November 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Ribas-Maynou et al. Page 15

A. Sperm Loop Domains ) +— DNA Loop
Protamines
Histones
m NaCl + DTT «—— Nuclear
i Matrix

Toroid Linker
Region (TLR)

B. Sperm Chromatin Model

(Side)

Folded Histone

Solenoid Protamine-|

DNA
Toroid

AN
MARs

C. Supported and Hypothesized Aspects of the Model

Aspects of Model Supported
by Evidence

3 a. Large segments of sperm DNA
Hypothesized Aspects remains bound to histones

of Model

b. Protamines bind DNA
to form toroids

a. Toroids are stacked

c. Toroid bound DNA is

b. TLR DNA is bound = || ‘ | ‘ nuclease insensitive

to histones !
= d. 1 Toroid =1 loop

c. TLRs contain MARs
— —J e. Sperm DNA loops are attached

d. TLRs are positioned at specfic chromosome regions to the nuclear matrix

Figure 1.
The Toroid Loop Model for the sperm chromatin condensation. (A). Each DNA loop domain

is coiled into a protamine-condensed toroid, suggesting that both structures are structurally
related; (B). Adjacent toroids are linked by nuclease sensitive toroid linker regions (TLR),
which are attached to the nuclear matrix; (C). Lists the different aspects of the model that
are supported by experimental evidence (right), and the hypothesized aspects yet to be
experimentally shown (left).
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