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Foreword

One of the great challenges for assessing male fertility is that with the microscope
we can see the outside of a sperm and generally how it swims but that arguably the
most important aspects of how it works to fertilize the egg and ultimately make a
baby are hidden from view inside its head. One of the earliest ways of trying to
crack that puzzle was to assess how deoxyribonucleic acid is packaged within the
sperm and whether alterations in that packaging cause problems with male repro-
duction. Scientific and clinical studies abound, but the conclusions are varied and
challenging to interpret. The editors and authors of this book have done a masterful
job in assembling the most complete compendium to date on the subject of sperm
DNA packaging and most importantly its clinical relevance. It’s a reference work
that will mark the era of sperm DNA assessment in the evaluation of male fertility
and guide the clinician in what to order and how to interpret the results.

Craig Niederberger, MD, FACS

Department of Urology, UIC College of Medicine
Department of Bioengineering, UIC College of Engineering
Fertility and Sterility

Chicago, IL, USA



Preface

The essential role and pathophysiology of sperm DNA integrity in human reproduc-
tion has been increasingly recognized and extensively studied in the last few
decades. Sperm DNA fragmentation (SDF) has emerged as a valuable tool for male
infertility evaluation. Defects in sperm DNA integrity are associated with modifica-
tions during spermatogenesis, inflammatory processes, varicocele, and elevated
post-testicular oxidative stress. Consequently, it has great potential as a functional
diagnostic test that could complement the conventional sperm analysis. Clinical
evidence is accumulating to show that the integrity of sperm DNA may also be
linked with suboptimal embryo development, implantation failure, and recurrent
miscarriage.

The focus on sperm DNA damage continues to generate enormous interest
among reproductive health specialists and basic medical scientists, and this in part
is fueled by the growing awareness that ICSI is not a panacea for all couples diag-
nosed with male infertility. Moreover, with the success rates of ICSI capping at
50-60%, the pursuit for a reliable test of sperm function which can accurately pre-
dict fertility in assisted reproduction has taken on a renewed sense of urgency.

Our book A Clinician’s Guide to Sperm DNA and Chromatin Damage summa-
rizes the role of SDF in male infertility. Firstly, the normal sperm chromatin struc-
ture and causative mechanisms of SDF are briefly introduced. Currently available
SDF assays are also described. Secondly, the etiology of SDF and its implications
on natural pregnancy and ART outcomes are presented. Finally, treatment options
for high SDF and the clinical application of SDF tests are proposed.

The book is written by internationally recognized experts from 15 countries and
is organized into five sections and 32 chapters. Part I contains three chapters on the
basic aspects of sperm chromatin structure, whereas the various tests used to evalu-
ate sperm DNA fragmentation are discussed in seven chapters under Part II. In Part
III, the etiology of this enigmatic test is described within eight chapters, while the
clinical usage of SDF tests, a must read, is well-elaborated in six chapters within the
penultimate Part I'V. The treatment options for men with clinically significant SDF
are the subject of Part V which is highlighted in eight impressive chapters.

vii



viii Preface

We are deeply grateful to our distinguished group of contributors for sharing
their research and clinical knowledge and experience. Our book is an excellent and
timely product of effective collaboration with members of the Springer Publishing
House. The outstanding support of developmental editors Barbara Lopez-Lucio and
Sarah Simeziane and editor Kristopher Spring was highly commendable. The edi-
tors are tremendously grateful to their families for their unwavering love and
support.

Montreal, QC, Canada Armand Zini, MD, FRCSC
Cleveland, OH, USA Ashok Agarwal, PhD
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Part I
Human Sperm Chromatin Structure



Chapter 1
Sperm Chromatin: An Overview

Rod Balhorn

1.1 Sperm Chromatin: The First 50 Years

Sperm chromatin research began with the discovery of the two primary molecular
components that fill the head of mature sperm cells—DNA and protamine. Only a
year after Gregor Mendel reported his work on the laws of heredity in 1865 [1],
Ernst Haeckel suggested that the nuclei of cells must contain the material respon-
sible for the transmission of genetic traits [2]. Friedrich Miescher, working in Felix
Hoppe Seyler’s laboratory in Germany, had become intrigued by cells and began
conducting experiments to determine their chemical composition. Working initially
with lymphocytes obtained from blood and later enriched populations of leukocytes
he obtained from hospital bandages, Miescher noticed a precipitate that formed
when he added acid to the cell extracts he was using to isolate proteins [3]. While he
and the rest of the scientific community were unaware that this material, which he
called nuclein, was the genetic material Mendel and Haeckel had referred to, he
became fascinated by this acid-insoluble component of cells and continued to study
its properties [4]. Walther Flemming’s work over the next decade introduced the
scientific community to the cellular substructures called chromosomes and the con-
cept of mitosis, and Flemming was the first to introduce the term chromatin [5]. It
took another 30 years, however, before cellular biologists began to realize the
importance of individual chromosomes as the carriers of genetic information.
Miescher, who began his research career isolating and characterizing proteins,
spent the majority of his later efforts investigating nuclein (DNA). When he dis-
covered he could not obtain enough of the nuclein from human cells to properly
examine its properties, he turned to working with fish sperm. Salmon provided an
abundance of sperm, and the sperm cells were considered ideal because they had
almost no cytoplasm to contaminate his nuclear preparations with other proteins.

R. Balhorn (P<)
SHAL Technologies, Inc., Livermore, CA, USA
e-mail: rod @shaltech.com; rodbalhorn @hughes.net
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4 R. Balhorn

In addition to being the first to isolate DNA, Miescher was also the first to isolate
protamine, which he called protamin, and to discover its highly basic nature [6].
He discovered that nuclein and protamin made up the majority of the mass of the
sperm head, and he also provided the first insight into the fundamental interaction
that bound these two components together inside the sperm nucleus—that nuclein
was bound in a salt-like state to protamin. As the interest in DNA and protamine
grew, other researchers began to examine the molecules present in sperm. The
majority of the initial work characterizing the composition of protamine molecules
was carried out by Kossel and his group, not Miescher, over several decades span-
ning from about 1890 to the 1920s [7-10]. The proteins bound to DNA in sperm
were distinguished from those found in other cells very early on, but the real sig-
nificance of this difference was not appreciated until almost half a century later
when more detailed studies of spermatogenesis and spermiogenesis revealed sig-
nificant differences in DNA packaging and sperm chromatin compaction. Up until
this time, sperm chromatin was considered by many to be similar to the chromatin
found in somatic cells.

1.2 Spermatogenesis: Terminal Differentiation
and Reprogramming of the Testicular Cell Genome

The testicular cells of men and other mammals undergo a radical morphological
transformation as they progress through a process of differentiation called sper-
matogenesis. Undifferentiated spermatogonia begin the process when they differen-
tiate into primary spermatocytes. Diploid spermatocytes containing two
complements of the genome divide in meiosis to produce haploid spermatids that
retain only a single copy of each chromosome. In addition to dramatic changes that
subsequently occur in the structure of the spermatid at the cellular level (the shape
of its nucleus and the development of the flagellum), the chromatin inside these
cells also undergoes a series of structural and functional changes. In humans and
other mammals, specific genes within the male genome are imprinted to identify
their “parent of origin” [11-15], epigenetic modifications in the DNA and proteins
packaging the genome prepare the chromatin for early embryonic development
[16], and the chromatin is transformed from a highly functional, genetically active
state characteristic of somatic cells (spermatogonia and spermatocytes) to a quies-
cent or completely inactive state found in the fully mature sperm cell.

One might think of this transformation as the testicular cell embarking on a path
of terminal differentiation similar to the process that occurs when a stem cell begins
to differentiate into a liver, kidney, or brain cell. The final cell not only differs struc-
turally from the stem cell, but it also performs very different functions. Unlike the
genome in most stem cells, however, the genome of these spermatids undergoes an
additional step in the process, a transient stage in which the entire genome is depro-
grammed and shut down. This genome-wide inactivation bears some similarity to
processes of heterochromatinization that have been observed to occur with one X
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chromosome in vertebrates [17, 18], the entire genome in avian erythrocytes [19],
and one set of chromosomes in mealy bugs [20]. These changes, which are brought
about by modifying or replacing the proteins that bind to and package DNA, enable
the activity of the spermatid genome to be silenced, subsets of the genes to be
marked for expression following fertilization, and the chromatin sequestered in a
quiescent and protected state until the sperm enters the oocyte and its DNA is ready
to be combined with the genome provided by the female to initiate embryogenesis.
The process also provides a mechanism by which the genes contributed by the male
can be reactivated in the proper temporal sequence and combinations to ensure the
first cells function as embryonic stem cells, subpopulations of which later differenti-
ate further into the other types of cells that are required for the development of a
fully functional organism.

1.3 Chromatin Reorganization in Maturing Spermatids

Following the second meiotic division of mammalian spermatocytes, the chromatin
of the haploid spermatids and their repertoire of functioning genes begin to change
over a period of several days [21]. The entire genome of the early spermatid is ini-
tially packaged by histones in a manner that is identical to the structure of chromatin
(Fig. 1.1) present in all other somatic cells [22]. Variants of histone H2B are

Fig. 1.1 The structure of
chromatin (From Ou et al.
[215]. Reprinted with (2.5 nm)
permission from AAAS)

‘beads on
a string’
(11 nm)

30 nm
fiber

120 nm
chromonema

300-700 nm
chromatid

1,400 nm
mitotic
chromosome
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incorporated into the chromatin replacing a subset of their somatic counterparts
prior to meiosis [23]. Other histones are posttranslationally modified by acetylation
and methylation to modulate the interaction of the histone with DNA [24-29].
Acetylation of H3 has been observed to occur throughout spermatogenesis and is
considered to relax the interaction of H3 with DNA. H4 acetylation appears to
increase specifically during spermatid elongation [30, 31]. While the function of H4
acetylation has not been confirmed, it is thought to play a role in making it easier to
displace the histone from DNA during spermiogenesis and also loosen the structure
of the histone bound to regulatory regions of genes important for early embryonic
development. H4 is increasingly methylated throughout spermatogenesis as sper-
matogonia differentiate into spermatids [24, 27, 32] and then this methylation is
reduced during spermatid elongation [31]. H3 methylation, which occurs predomi-
nantly in round spermatids, has been reported to mark regulatory sites [26, 27, 33]
on developmentally repressed genes [34] that play a role both in gamete differentia-
tion and early embryonic development.

Only a small fraction of the chromatin in mature sperm retains its histone
packaging [33—41]. This histone-containing subset of the genome appears to be
present in the sperm of all mammals and is small, comprising not more than
1-2% of the sperm genome in mice and bulls. In human sperm, however, the
fraction of DNA bound by histones is significantly larger, possibly as high as
10-15% [41-45]. The H2A, H2B, H3, and H4 histones and their variants that
remain associated with DNA in the chromatin of fully mature sperm [43, 46],
which will be described in more detail in Chap. 2, have been reported to be asso-
ciated with centromeric and telomeric DNA [47, 48], matrix-associated regions
[49], genes for epsilon and gamma globin [38], paternally imprinted genes [34,
50], retroposons [40], microRNA clusters [34], regulatory sequences [33, 51],
genes that produce rRNA [52] and transcription factors such as those in the Hox
family [34], genes known to be transcribed in the final stages of spermatogenesis
[52], and the transcription initiation sites of a number of genes expressing sig-
naling proteins important for early embryonic development [34, 35, 37, 38, 53].
Some studies suggest the retained histones may be associated with the transcrip-
tion sites of all genes in sperm [54, 55], preserving the epigenetics of the pater-
nal genome and providing markers to guide their expression in the early embryo
[33, 34, 54, 56].

Although the incorporation of the histone variants and the acetylation and
methylation of H3 and H4 do not visibly alter the structure of chromatin, a struc-
tural change is observed when two small basic transition proteins, TP1 and TP2,
are expressed and incorporated into the spermatid chromatin (in human, step 1 for
TP2 and step 3 for TP1) [57]. Coincident with the binding of TP1 and TP2 to
DNA, the majority of the somatic histones are replaced, and the chromatin becomes
more compact. The TP1 protein, which is half the size of a histone, appears to
loosen the structure of the nucleosome and facilitate the displacement/replacement
of the histones [58]. The larger protein TP2 has two bound zinc atoms and has
been reported to stabilize and compact the DNA showing a preference for CG-rich
sequences [59, 60].
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During their short period of residence in spermatid chromatin, both TP1 and TP2
are posttranslationally modified at multiple sites by phosphorylation, acetylation,
and methylation [61, 62]. In contrast to the methylation sites in histone, which occur
on lysine residues, both lysine and arginine residues are methylated in the TPs. The
presence of these modifications in the protein is likely to have a significant impact
on the protein’s ability to bind to DNA. Phosphorylation of the serine residues in the
C-terminal domain of TP2, which has been shown to be the region of the protein
that condenses DNA when it binds, reduces the ability of TP2 to condense DNA
[63]. Since TP2 was found to be a poor substrate for phosphorylation when bound
to DNA, it has been hypothesized that the phosphorylation of TP2 is more likely to
occur prior to DNA binding. Lysine residues in this same region of TP2 have also
been shown to be acetylated. In addition to reducing TP2 ability to condense DNA,
the acetylation of TP2 has been shown to block the protein’s ability to interact with
NPM3, a histone chaperone similar to nucleoplasmin [64].

While the binding of TP1 and TP2 affect DNA differently and the two proteins
appear to perform different functions, gene knockout studies have suggested the
TP1 and TP2 proteins may work together with each being capable of compensating
for the other in effecting the displacement of the majority of the somatic histones
from the spermatid’s DNA [65, 66]. As TP1 and TP2 displace the histones, both
proteins also appear to facilitate the repair of DNA damage incurred as the genome
is repackaged [67, 68]. Exactly how the TPs remove the histones and whether they
work directly or indirectly to induce or initiate DNA repair are not yet known.

HMGB4 and the rat variant HMGB4L1 (previously identified as TP4 [69]), two
members of the high mobility group box protein family, have also been observed to
be synthesized and deposited in chromatin near the basal pole in elongating sperma-
tids [70] around the same time as TP1 and TP2. Rat spermatids produce both pro-
teins, while neither the HMGB4L1 gene nor the HMGBA4L1 protein have been
observed in the spermatids of mice or men. HMGB4 has also been detected in sper-
matocytes and in brain and neuronal cells [71]. RNA profiling and histological
analyses in human and mouse testes suggest HMGB4 may play a role in the organi-
zation of chromatin in X and Y chromosomes [72]. Other studies have suggested it
may also participate in regulating the transcription of genes through the posttransla-
tional modification of histones [71].

The final proteins to be synthesized and deposited in late-stage spermatid chromatin
are the protamines. In the mouse, synthesis of protamine P1 begins in step 12 spermatids
approximately 24-30 h earlier than protamine P2 [73]. Unlike most mRNAs, those for
protamines P1 and P2 are transcribed several days earlier [74—77], their translation is
delayed, and protamine synthesis and its deposition into spermatid chromatin only begin
after TP1 and TP2 have successfully replaced the majority of the histones. This delay
has been shown to be essential for the proper completion of the histone-TP-protamine
transition [78]. Without it, the synthesis of the protamines causes early condensation of
the spermatid DNA, incomplete processing of the protamine P2 precursor, and induces
the formation of abnormally shaped sperm heads. The binding of these protamines to
DNA during the final steps of spermatid maturation completes the process of chromatin
reorganization, packaging the male’s haploid genome into a highly compact, genetically
inactive state programmed for reactivation once the sperm head enters an oocyte.
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1.4 Protamines P1 and P2

Two different types of protamines have been isolated from mammalian sperm.
Protamine P1, the smaller of the two proteins, is found in the late-step spermatids
and mature sperm of all mammals [79]. The P1 protamine of placental mammals is
a small protein containing only 46—51 amino acids [80]. In marsupials and mono-
tremes, the protamine Pls are slightly larger (typically 57-70 residues). Protamine
P2, which is almost twice the size of P1 (typically 100-107 residues), is expressed
at significant levels only in the spermatids and sperm of a subset of placental mam-
mals. These include primates, most rodents, lagomorphs, and perissodactyls [79].

Protamine P1 and P2 are similar to the protamines isolated from the sperm of
salmon, tuna, and many other fish in that they all contain a series of (Arg)n sequences
that wrap around the phosphodiester backbone and bind the protein to duplex
DNA. In protamine P1, these anchoring sequences, which are typically separated by
one or two uncharged amino acids, make up a central DNA-binding domain that is
very similar to the entire sequence of the fish protamines. In contrast to fish prot-
amines, protamine P1 sequences from placental mammals also contain two N- and
C-terminal peptide domains that do not bind to DNA [80, 81]. Both of these domains
contain serine, threonine, or tyrosine residues that are phosphorylated shortly after
the protein is synthesized [82—-84]. These domains also contain multiple cysteine
residues that form a series of inter- and intraprotamine disulfide bonds and link each
protamine molecule to its neighbor as the spermatid matures and passes through the
epididymis [81]. The formation of these disulfide cross-links occurs sequentially
with the intraprotamine disulfides forming first, beginning in late-step spermatids
and nearing completion by the time the sperm enter the caput epididymis [81, 85].
Once formed, the intraprotamine disulfides do not prevent the protein from being
dissociated from DNA. As the sperm traverse the epididymis, a series of inter-
protamine disulfides are formed, cross-linking all the protamines to each other in
such a manner that the protamines cannot be removed from the DNA. The resulting
network of disulfide cross-links [81, 86] stabilize the structure of the completed
sperm chromatin complex making it more difficult for other proteins (e.g., tran-
scription factors and other enzymes) to gain access to the DNA until the protamines
are removed following fertilization. With one exception, monotreme (platypus and
echidna) [87] and marsupial [88-91] protamines differ from the P1 protamines of
placental mammals in that they do not contain any cysteine residues. A shrewlike
marsupial in the genus Planigales has been found to produce protamines that con-
tain five to six cysteines [90, 92], a number similar to the number of cysteines that
are typically found in the P1 protamines of placental mammals.

Unlike protamine P1, P2 is synthesized as a larger precursor protein (101 resi-
dues in human, 106 residues in mouse) that is deposited onto DNA and subsequently
shortened over a several-day period [93]. Processing of the P2 precursor, which
does not begin until several hours after its synthesis and deposition onto DNA,
occurs by progressive and sequential cleavage (Fig. 1.2) and removal of a series of
short peptide fragments from the amino-terminus of the precursor [93-97]. Each
intermediate processed form of the protein persists for several hours before being
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Fig. 1.2 Processing of the P2 precursor, which does not begin until several hours after its synthe-
sis and deposition onto DNA, occurs by the sequential cleavage and removal of a series of short
peptide fragments (black arrows) from the amino-terminal domain of the protamine P2 precursor.
The intact P2 precursor (1, black) and partially processed forms of P2 (2, blue; 3, red; 4, green)
migrate more slowly than P1 and P2 in acid-urea gels. Changes in tritium labeling of the intact P2
precursor and its partially processed forms isolated from the spermatids of mice injected with
3H-arginine show the radiolabel appears first in the intact precursor (1, black; highest *H-arginine
content at 2 h). As the labeling decreases in the intact precursor over time, the label moves next into
processed form 2 (blue), followed by processed form 3 (red), and then processed form 4 (green)

processed further [81]. The final processing step occurs approximately 24-30 h
after the intact precursor is synthesized and deposited onto DNA. While the func-
tion of this processing remains unknown, the sequential nature of segment removal
and the observed delay in each step suggest the amino-terminal sequence being
removed may have some time-dependent function that facilitates P2’s integration
into chromatin or modulates the protein’s interaction with DNA or other prot-
amines. P2 is also posttranslationally modified by phosphorylation [81, 98] on
serine and threonine residues. Both the unprocessed precursor and the fully pro-
cessed P2 are phosphorylated [98]. The P1 and P2 protamines appear to be phos-
phorylated prior to their binding to DNA and then repeatedly dephosphorylated
and re-phosphorylated until they are properly bound to DNA. The level of phos-
phorylation progressively declines as the spermatids traverse the epididymis [98].
Once the sperm reach the vas deferens, the majority of the phosphorylation has
been removed [83].
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Precisely how the final processed form of P2 interacts with DNA has not yet been
determined, but analyses of the protamines packaging sperm chromatin in several
species suggest the majority of the length of the P2 molecule binds to DNA [42].
The “footprint” of P1 when bound to DNA has been estimated to be 10-11 base
pairs, or one full turn of DNA, while the “footprint” of P2 appears to be larger (15
base pairs) [42]. Similar to protamine P1, the final processed form of P2 also con-
tains a series of (Arg)n anchoring sequences that are used to bind the protein to
DNA. These segments are shorter than those found in the DNA-binding domain of
P1, and they are distributed throughout much of the length of the P2 sequence. P2
also contains multiple cysteine residues that participate in the formation of the
disulfide bonds that interconnect all the protamines (both P1 and P2) late in
spermiogenesis.

In addition to phosphorylation, mouse protamines P1 and P2 are posttranslation-
ally modified by acetylation on lysine and serine residues and by methylation on
lysine residues [99]. All three types of modifications change the charge state of the
affected amino acid side chain in such a way that their presence could impact the
conformation of the region of the protein containing the modification or disrupt its
binding to DNA. In contrast to the acetylated and methylated sites, which can be
found in the same protein molecule, phosphorylated and acetylated residues were
not found in the same protamine molecule, suggesting they may have separate and
possibly exclusive functions.

Protamine P2 also differs from protamine P1 in that it binds zinc [100-102].
Particle-induced X-ray emission (PIXE) analyses of individual mouse and hamster
caudal sperm and ejaculated human and stallion sperm have shown the amount of
zinc present in the sperm chromatin of each of these species is consistent with a
single zinc atom being bound to each P2 molecule [101]. This zinc is already bound
to hamster protamine P2 in late-step spermatids isolated from testes, and the stoichi-
ometry (1 Zn/1 P2 protamine) remains constant as hamster sperm traverse the epi-
didymis (Table 1.1). Nuclear zinc has been reported to increase once the sperm
enters the zinc-rich seminal fluid [103, 104], but what role this zinc plays in sperm
chromatin is currently unclear.

While analyses of zinc bound to protamine P2 in solution have suggested the
coordination of zinc by histidine and cysteine residues may bear some similarity to
zinc finger proteins [102, 105], other studies conducted with DNA-bound protamine
P2 peptides and with intact hamster spermatid and sperm heads indicate zinc is

Table 1.1 Zinc is bound to hamster protamine P2 in late-step spermatids, and the stoichiometry
(1 Zn/1 P2 protamine) remains constant as hamster sperm traverse the epididymis

Sperm source DNA (pg) P2 (10 mol) Zn (107" mol) Zn:P2

Cauda epididymis 3.3+0.1 0.131 £ 0.007 0.16 £ 0.04 1.2+0.3
Caput epididymis 34+0.1 0.132 £ 0.008 0.15+0.04 1.1+03
Testis 34+0.1 0.142 £ 0.008 0.15+£0.04 1.0+0.3

DNA, protamine P2, and zinc contents were determined by PIXE analysis of individual spermatids
and sperm using the nuclear microprobe at Lawrence Livermore National Laboratory as described
previously [102]
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coordinated differently when the protein is bound to DNA. Two potential zinc-
binding sites were identified in the human protamine P2 peptide [100], one located
near the amino-terminus of P2 and a second site near the carboxy-terminus. Only
one zinc-binding site near the carboxy-terminus of hamster protamine P2 fits the
hamster spermatid and sperm results [106]. What the analyses of P2-bound zinc in
hamster sperm and spermatids also showed is that the amino acids in protamine P2
coordinating the zinc change during epididymal transit [106]. Extended X-ray
absorption fine structure analyses of sonication-resistant (late-step) hamster sper-
matids have shown that, prior to the formation of the intraprotamine disulfides, the
zinc is coordinated by three cysteines and one histidine or carboxyl group in prot-
amine P2 (Table 1.2). Only one site located near the carboxy-terminal end of P2
(Fig. 1.3, structure A) has three cysteine residues and a histidine in close enough
proximity to each other to coordinate zinc [106]. Once all the protamines have been
deposited in sperm chromatin and the sperm pass through the epididymis, the coor-
dination of zinc changes with two of the three cysteine residues coordinating zinc in
late-step spermatids being replaced by two histidines or carboxyl groups (Fig. 1.3,
structure B) in mature sperm. Following treatment of mature sperm chromatin with
a reducing agent in vitro, the amino acids coordinating zinc change back to the
arrangement observed in late-step spermatids. This change in amino acids coordi-
nating zinc, which occurs as the inter-protamine disulfide bonds are being formed,
may reflect the initial protection and sequestration of specific cysteine residues until
they are needed late in spermiogenesis for inter-protamine disulfide bond
formation.

One interesting alternative theory proposed by Bjorndahl et al. [107] suggests
that inter-protamine disulfides may not cross-link protamines together during the
final stage of sperm chromatin maturation, but that the final step in the stabilization
of the DNA-protamine complex is instead brought about by zinc forming inter-
protamine zinc-dithiolate cross-links between neighboring protamine molecules
[103, 107]. While this is unlikely to happen in the sperm of species whose DNA is
packaged only by protamine P1 (all current studies indicate P1 does not bind zinc),
zinc-mediated cross-linking of neighboring protamine P2 molecules (on same
strand of DNA or neighboring strands in coiled toroid) could occur (Fig. 1.3, struc-
tures C and D) and might explain why the sperm chromatin containing protamine P2
is more easily decondensed in species that use protamine P2 to package their DNA
[108]. Other cases have been reported in which tetrahedral zinc coordination by two
different protein subunits or partners is used to stabilize an interaction [109, 110].
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Fig. 1.3 Proposed mode of zinc coordination by protamine P2 in the Syrian hamster and changes
that occur during the final stages of sperm chromatin maturation as the sperm traverse the epididy-
mis. The site located near the carboxy-terminal end of Syrian hamster P2 has three cysteine and
three histidine residues in close enough proximity to each other to coordinate zinc. The proposed
zinc coordination shown in A is consistent with XAFS data obtained from analyses of Syrian
hamster late-step spermatids (Table 1.2) which show the zinc bound to protamine P2 is coordinated
by three cysteines and a histidine. By the time the sperm pass through the epididymis and reach the
cauda, the amino acids coordinating the zinc in mature sperm have changed to a structure consis-
tent with that shown in B where the zinc is coordinated by a single cysteine, two histidine residues,
and a water molecule. Possible inter-protamine P2 zinc-mediated cross-links that could form
between C the carboxy-terminal domain of one P2 and the amino-terminal domain of a different
P2 or D the carboxy-terminal domain of one P2 and the carboxy-terminal domain of a different P2.
Such zinc-coordinated cross-links could form between adjacent P2 molecules bound to the same
DNA or between P2 molecules on different strands of DNA (such as those packed together during
the coiling of the DNA-protamine complex into a toroid)

Artificial complexes with similar structures have also been generated to test the
feasibility of using zinc coordination by a pair of partners to create novel peptide
assemblies [111].

1.5 Protamine-DNA Interactions and Structure
of the Complex

Differences in P1 and P2 protamine sequence, the synthesis of P2 as a precursor and
its subsequent processing, the binding of zinc to P2 but not P1, the observation that
sperm chromatins containing P2 are less stable than those containing only P1 [108],
and the fact that no species has been identified that produces sperm with its DNA
packaged only by protamine P2 suggest there are likely to be important differences
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in the way the P1 and P2 protamines bind to and “package” DNA. The observation
that many species of mammals produce sperm with their DNA packaged only by
protamine P1, while none are known to use only protamine P2, also suggests that P1
may be sufficient for the final packaging and that P2 contributes to the process but
cannot be substituted entirely for P1. In those species whose sperm contain both
protamines P1 and P2, the relative amounts of the P1 and P2 protamines found in
the sperm chromatin of mammals varies widely between mammalian genera, but
the relative proportion of the two proteins packaging the DNA appears to be con-
served among the species within a genus [79].

Beyond the knowledge that both protamines P1 and P2 bind to DNA in some
manner that allows the two proteins to be cross-linked together by disulfide bridges
during the final stage of sperm maturation, we know very little about how protamines
P1 and P2 are distributed along a segment of DNA. Experiments analyzing chemi-
cally cross-linked protamines and the disulfide bonds that are formed within and
between protamine molecules in rodents, taken together with the variability in pro-
portion of P2 present in the sperm of different mammalian species, have suggested
protamine P2 molecules are likely to be clustered together along the DNA as dimers
[112, 113]. This would be consistent with the observed conservation of cysteine resi-
dues (numbers and locations) in protamine sequences, and it could also explain how
a similar pattern of disulfide bond formation could be used to interlink all the prot-
amines together irrespective of the relative proportion of P1 and P2 [112, 113].

Protamines are unusual in that they are unstructured in solution [114] and only
adopt a specific conformation when they bind to DNA. At the molecular level, prot-
amines bind to duplex DNA in a manner that has been shown to be independent of
base sequence [115, 116]. The primary interactions are electrostatic and involve the
binding of the positively charged guanidinium groups in the arginine residues pres-
ent in the DNA anchoring domains of protamine to the negatively charged phos-
phates that comprise phosphodiester backbone of DNA. The high affinity of binding
is derived from two aspects of these interactions, the formation of a salt bridge and
hydrogen bond between the guanidinium group and the phosphate and the multiva-
lency achieved through the binding of multiple arginine residues in the DNA-
binding domain of protamine to an equivalent number of phosphate groups in
DNA. Computer modeling, X-ray scattering, and other experimental studies [114,
117-119] have provided evidence to suggest that the DNA-binding domain of prot-
amine P1 wraps in an extended conformation around the DNA helix (Fig. 1.4),
positioned above and stretching across the major groove. Adjacent arginine residues
in the (Arg)n anchoring domains bind to phosphates on opposite strands of the
duplex DNA molecule, interlocking the relative positions of the bases together and
preventing strand separation or changes in DNA conformation throughout the
period that the protamines remain bound to DNA. In order for alternating arginine
residues in the (Arg)n anchoring sequences to bind to phosphates in opposing
strands of the DNA helix, the amide backbone of the DNA-binding domain is forced
into a unique conformation similar to a gamma-turn [114]. Following the binding of
the protamines to DNA, a neutral, highly insoluble chromatin complex is produced
that enables DNA strands to be packed tightly together without charge repulsion.
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Fig. 1.4 A computer-generated molecular model of a DNA-protamine P1 complex shows how the
DNA-binding domain of protamine P1 wraps in an extended conformation around the DNA helix,
positioned above and stretching across the major groove. The structure contains four turns of DNA
(white) and two bull protamine DNA-binding domains (blue)

Low-angle X-ray scattering experiments performed on intact sperm heads have
confirmed the close packing of the DNA within sperm chromatin, showing the
center-to-center distance between adjacent DNA molecules is approximately
2.7-3nm [117, 120, 121]. To achieve this tight packing, the protamine-bound mol-
ecules must be organized in a hexagonal arrangement [86] with only 0.7 nm dis-
tance of separation between the surfaces of adjacent molecules. This is achieved by
coiling the DNA into toroidal structures approximately 100 nm in diameter that
contain ~50,000 bp of DNA. High-resolution EM studies of individual toroidal sub-
units [122] have confirmed the individual DNA molecules are tightly packed in a
hexagonal arrangement, consistent with what has been observed by low-angle X-ray
scattering.

1.6 Higher-Ordered Organization of Chromatin in Mature
Sperm

Electron microscopy (EM) images of the chromatin in differentiating spermatids
have shown that the DNA is initially organized similar to somatic chromatin (~11 nm
nodules/nucleosomes and 30 nm fibers [22, 123]), which subsequently transforms
into nodular structures or fibers in late-step spermatids with diameters (50—100 nm)
much larger than individual nucleosomes. As the protamines are deposited in the
chromatin, dephosphorylated and their disulfide bonds begin forming, these nodules
coalesce into increasingly larger masses or fibers that eventually become so tightly
packed and electron dense that the individual structures can no longer be resolved.
Both the extreme degree of compaction of the DNA into the toroidal subunits and
the insolubility of the DNA-protamine complex have made it difficult to obtain more
detailed information about the higher-ordered arrangement of toroids and nucleo-
somes packed inside the nucleus by direct analyses of mature sperm.

Additional information has been obtained, however, by partially disrupting sperm
chromatin using polyanions, reducing agents, high ionic strength, or following par-
tial digestion by nucleases [112, 124-130]. EM and scanning probe microscopy
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images of decondensed human sperm (Fig. 1.5) have revealed the presence of two
types of structures, small subunits similar in diameter (~10 nm) and thickness
(~5 nm) to somatic nucleosomes and larger globular lifesaver-shaped structures
approximately 100 nm in diameter and 20 nm thick with a hole or depression in the
center [112]. Toroidal structures with lifesaver-like features and similar dimensions
(100 nm) are also spontaneously generated in vitro when protamine (Fig. 1.5) [112,
116], viral proteins involved in DNA encapsulation [131, 132], and other polyca-
tions are added to dilute solutions of DNA or to individual DNA molecules [133—
135]. The size of the toroids, which have been generated using a wide variety of
lengths of DNA and condensing agents, appears to represent a minimal energy state
for DNA condensed by protamines and other polycations [122, 134, 136]. The
toroids formed by protamine binding to DNA contain approximately 50,000 bp of
DNA [112, 116]. Closely packed structures with diameters similar to these toroids
were found by Koehler to comprise the lamellar sheets of chromatin packed inside
rat, rabbit, bull, and human sperm [127, 128, 137]. Such a packing arrangement for
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Fig. 1.6 Model showing arrangement of protamine-packaged DNA toroids (red) stacked side by
side in sperm chromatin with interspersed regions of DNA packaged by histones (purple) as pro-
posed by Ward et al. [49] (See Chap. 3, Fig. 3.2, for the complete model)

DNA would be consistent with the microscopy data obtained from stallion sperm
heads [138] if the toroidal structures are stacked tightly together as lifesavers
(Fig. 1.6 and see Chap. 3, Fig. 3.2) similar to the models presented by Ward [49] and
Vilfan et al. [86]. While areas of less densely packed DNA similar to nucleosomal
containing somatic chromatin were not observed by Koehler, images obtained from
scanning probe microscopy studies of human and mouse sperm chromatin do show
clusters of nucleosome-sized structures interspersed between much larger toroidal
chromatin domains packaged by protamines [112].

1.7 Preservation of DNA Domains and Nuclear Matrix
Associations

Following the multitude of nuclear protein transitions and the final compaction of
the spermatid genome by protamines into a densely packed chromatin “particle,”
several aspects of somatic chromatin architecture still appear to be retained inside
the sperm head. Confocal microscopy of somatic cells has shown in a number of
cases that the DNA molecules that comprise individual chromosomes are not ran-
domly distributed throughout the nucleus, but each appears to be confined to a spe-
cificdomain or territory inside the interphase nucleus [ 139—143]. Similar observations
have been made regarding the distribution of chromosomal DNA inside the heads of
human, bull, mouse, echidna, and platypus sperm [47, 144—147]. While studies con-
ducted with sperm from placental mammals have not provided strong evidence that
the chromosomes are arranged in any particular order relative to each other, there is
some evidence for a specific arrangement in echidna and platypus sperm.

Two other organizational features retained in sperm cell nuclei are the chroma-
tin loop domains and the attachment of the chromatin to a nuclear protein scaffold
or nuclear matrix [124, 148—151]. While protein content of the nuclear matrix
changes as the spermatid differentiates [148], the DNA remains bound to the
matrix at a very large number of sites (~50,000). This matrix appears in EM
images as a network of dense protein filaments filling the interior of the head of
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the spermatid and sperm bounded by a peripheral structure, the lamina. The DNA
in between the sites of attachment to the matrix retain the loop organization pres-
ent in somatic cells [152, 153]. These loops, which contain ~40,000-50,000 bp of
DNA in both the somatic and sperm nucleus, are anchored to the matrix through
specific chromatin domains, called nuclear scaffold attachment regions/matrix
attachment regions (SARs/MARs). The retention of the matrix and its associations
with DNA in sperm are important to maintain because their presence would facili-
tate and speed up the process of genome reactivation following fertilization and
the initiation of the first cycle of DNA replication in the male pronucleus [154,
155]. The loop domains play important roles in transcriptional regulation, DNA
replication, and chromosome organization both prior to spermiogenesis and after
fertilization. In sperm these loops may also aid in the packing of the DNA by prot-
amines into toroids which also contain ~50,000 bp of DNA ([49, 112, 116] and
(Fig. 1.6 and Chap. 3, Fig. 3.2).

1.8 Reactivation of Paternal Chromatin Following Sperm-
Oocyte Fusion

Fertilization and the entrance of the haploid male genome into the oocyte trigger a
cascade of events [156] that rapidly convert the genome back to nucleosome-
organized chromatin and activate sets of genes within the male genome required for
the first steps in embryonic development. Removal of the protamines and paternal
histones and deposition of the histones provided by the oocyte onto DNA appears to
be accomplished by a histone chaperone [157-165] similar to the nucleoplasmin
first identified in frogs [162, 166, 167]. Sequence analyses of the frog and related
mammalian nucleoplasmins have shown these proteins contain a series of polyglu-
tamic acid sequences that may facilitate the removal of the protamines from the
DNA prior to loading it with histones [168] by forming a series of salt bridges with
the (Arg)n DNA-binding domains of the protamines [160, 164, 165]. The (Arg)n
segments in the protamines, which have a higher affinity for polyglutamic acid than
the phosphodiester backbone of DNA, would then release from the DNA and allow
the chaperone to deposit the histones and regenerate the nucleosomal organization
required to reactivate the new embryo’s genome.

Another early event associated with the unpacking of the sperm chromatin that
occurs almost immediately after removing the protamines is the initiation of a
period of DNA synthesis associated with DNA damage repair [169—172]. This
repair synthesis is required to repair DNA strand breaks and remove DNA adducts
or other damage that is acquired during spermiogenesis and epididymal transit and
storage when repair activities could not be performed due to the packaging of the
genome by protamines. Studies have shown that the majority of the damage brought
into the oocyte by the sperm is repaired during this period of DNA synthesis, and
this process is considered to be critical for maintaining the integrity of the male
genome and for ensuring normal embryonic development.
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1.9 Consequences of Disrupting Sperm Chromatin
Remodeling

A number of the chromatin protein-related changes associated with the repackaging
of spermatid genome have been shown to be important for male fertility. These
include the removal of the majority of the somatic histones by transition proteins
TP1 and TP2, the deposition and posttranslational marking of a subset of paternal
histones, and the replacement of the TP proteins by protamine. Numerous studies
have suggested there is a positive correlation between male subfertility or infertility
and elevated levels of histone in mature human sperm [95, 120, 173—-178]. Alterations
in the expression and/or translation of the protamine genes leading to a change in
the proportion of the P1 or P2 proteins present in sperm chromatin have been shown
to not only be linked to infertility [179—189] abnormal sperm head morphology and
high levels of DNA fragmentation [186, 190] but to also adversely impact IVF (in
vitro fertilization) outcome and early embryonic development [191-195]. The
observed differences in protamine content of sperm obtained from infertile males
ranged from sperm chromatin containing very little protamine to having too little
protamine P1 or too little protamine P2. Defects in protamine P2 precursor process-
ing, which have also been observed in infertile males [196, 197] and a male experi-
encing a high fever during an episode of influenza [198], may indirectly contribute
to the reduction in the amount of P2 (the fully processed form of the P2
precursor).

Other studies have shown that the timely formation of the protamine disulfide
cross-links that occur during the final stages of sperm maturation are also impor-
tant for fertility. In mammals, both protamines P1 and P2 contain multiple cysteine
residues. The thiol groups of these cysteines are in the reduced form (free thiols)
when the protamines are synthesized and deposited onto DNA, and they remain
reduced until the final stage of spermiogenesis when they participate in the forma-
tion of both intra-and intermolecular protamine disulfides as the spermatids elon-
gate and the sperm pass through the epididymis [81, 199-202]. A number of cases
of human, stallion, and bull infertility have been associated with what appear to be
errors in disulfide cross-linking among the protamines. In the sperm of fertile males,
the formation of the disulfide bonds is believed to stabilize the chromatin and pro-
tect it from physical damage. An equally feasible possibility is that these disulfide
bonds not only stabilize the chromatin, but they also prevent the thiol groups from
being oxidized or alkylated during the long period of time required for spermatid
maturation and sperm storage prior to fertilization. This might be important if the
cysteine residues in mammalian protamine also participate in the process of prot-
amine removal from DNA after fertilization. Cysteine-free thiols are excellent free
radical scavengers and are susceptible to oxidation to cysteic acid. If functional free
thiols are required for efficient protamine removal, the oxidation or alkylation of
even a few cysteines could potentially complicate or prevent the efficient removal of
the modified protamine from the male genome, and its retention would block the
gene it was bound to from being transcribed or replicated later in development.
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Mice exposed to alkylating agents prior to protamine disulfide bond formation have
been shown to produce sperm with alkylated protamine thiols [203-205]. Matings
conducted with the treated males resulted in the production of embryos that died
early in development from dominant lethal mutations [204]. The sperm containing
the protamines with alkylated protamines succeeded in fertilizing oocytes and
inducing embryonic development, but at some point the embryo died when a key
gene could not be turned on.

Male infertility has also been linked to deficiencies in sperm chromatin-associated
zinc. Zinc is known to be essential for several aspects of sperm development, rang-
ing from contributions to structural elements in the tail to roles in chromatin organi-
zation and protamine structure and function [107]. A deficiency in zinc can affect
the developing sperm directly, or it can impact the function of other testicular cells
that contribute to or play a role in spermatid maturation, such as Sertoli cells.
Because zinc plays multiple roles in spermatogenesis and testicular function, it has
been difficult to decipher how sperm chromatin-bound zinc impacts the functional-
ity of the sperm cell. Since sperm chromatin-associated zinc is almost exclusively
bound to protamine P2 in mammals [101], it has been suggested that the coordina-
tion of the zinc by protamine P2 may influence the binding of the protamine to DNA
[102, 105] or to other protamines [107].

An alternative possibility is that zinc coordination by cysteine residues in prot-
amine might also protect the thiol groups and prevent their oxidation [206, 207]
until it is time for the cysteines to form inter- and intramolecular disulfide bonds.
Several studies have also suggested that exposures to other metals, such as copper
and lead, may result in these metals binding to the cysteines in protamine in place
of zinc (or prior to disulfide bond formation) and their being transported into the
oocyte upon fertilization [201, 208-210]. In addition to potentially disrupting the
function of sperm by altering chromatin decondensation or protamine P2 function,
the delivery of these and other toxic metals into the oocyte would also be expected
to have an adverse impact on early embryonic development.

DNA damage incurred during spermatid chromatin reorganization, deficiencies in
transition protein synthesis and posttranslational modification, and defects in a num-
ber of epigenetic processes that contribute to imprinting [211, 212] and the repro-
gramming of the haploid genome during spermatogenesis have also been shown to
adversely impact male fertility and the postfertilization function of the male genome
[213]. Because sperm histones provide epigenetic information that regulates the tran-
scription of genes in the two-cell embryo, environmental perturbations have the
potential to change the pattern of gene expression in embryos via changes/differ-
ences in sperm chromatin composition during the reactivation of the male genome.
Several of these processes will be described in the chapters that follow. A number of
excellent reviews have been published describing others [14, 15, 30, 214].
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Chapter 2
Sperm Nucleoproteins
(Histones and Protamines)

Ferran Barrachina, Ada Soler-Ventura, Rafael Oliva, and Meritxell Jodar

2.1 Introduction

Diploid spermatogonial stem cells differentiate into haploid spermatozoa by an
accurately controlled process termed spermatogenesis (Fig. 2.1). Spermatogenesis
comprises three distinct phases: a mitotic proliferation phase, a meiotic phase, and
the differentiation/maturation phase also known as spermiogenesis [1]. During this
last phase, the round spermatids undergo significant nuclear, morphological, and
cytoplasmic changes to end up becoming motile, haploid, and highly condensed
spermatozoa.

One of the most remarkable features of spermatogenesis is the chromatin
dynamics along the different phases (Fig. 2.1) [2-5]. Similarly to somatic cells, the
DNA in differentiating spermatogonia is packaged by nucleosomes. Spermatogonia
replicate by mitosis to ensure the maintenance of germinal stem cell population.
However, certain spermatogonia will enter into meiosis to halve its chromosome
content and give rise to haploid germ cells. In the prophase of the first meiotic divi-
sion, the homologous chromosome recombination occurs. One prerequisite for the
homologous recombination is the introduction of DNA double-strand breaks
(DSB) and its subsequent repair. A high number of DSB are induced in meiotic
cells, and only few of them will be resolved as chromosome crossovers, therefore
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Fig. 2.1 Cellular and chromatin changes during spermatogenesis and fertilization. The main
cellular changes (left) are represented together with the concomitant main chromatin changes
(right). Spermatogonia replicate and differentiate into primary spermatocytes, which undergo
crossing over at meiosis and genetic recombination, and give rise to the secondary spermatocytes
after division. Secondary spermatocytes will then divide and give rise to the haploid round sperma-
tids. The round spermatids possess a chromatin structure similar to that of the preceding cells and
somatic cells formed by nucleosomes. However, a differentiation process called spermiogenesis is
then initiated where the nucleosomal chromatin structure is disassembled and replaced by a highly
compact nucleoprotamine complex. The disassembly of nucleosomes changes the superhelicity of
the DNA and requires the action of topoisomerases. In the human sperm, about 92% of the chro-
matin DNA is condensed by protamines forming highly compact toroidal structures each packag-
ing about 50 KB of DNA, and about 8% of the chromatin is formed by nucleosomes. The genes
and repetitive sequences are specifically distributed in the nucleohistone and nucleoprotamine
structure, and this peculiar chromatin structure is transferred to the oocyte at fertilization. After
fertilization, the paternal chromatin must undergo the nucleoprotamine disassembly and the
de novo assembly of nucleosomes before paternal gene expression starts
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ensuring the genetic variability of the resulting germ cells [6]. In the meiotic and
postmeiotic germ cells, the canonical histones are replaced sequentially, first by
histone variants [7], subsequently, during spermiogenesis, by transition proteins
(TNPs), and, finally, by protamines, following a precise and well-established tim-
ing (see Chap. 1) [2, 3, 5, 8]. This process results in a dramatic reorganization of
the chromatin exchanging the nucleosomal histone-based structure in the diploid
spermatogonia to a nuclear structure tightly packaged by protamines in the haploid
spermatozoa, with a potential function in the sperm DNA protection [2, 3]. The
multistep procedure of histone exchange requires the contribution of histone vari-
ants, as well as histone posttranslational modifications (PTMs); chromatin readers,
for example, BRDT [9]; and the transient induction of DSB by topoisomerases to
probably eliminate DNA supercoils formed during histone removal [10]. Of rele-
vance, topoisomerases or topoisomerase activity also seems to be present in the
final sperm chromatin and may be related to sperm DNA integrity (see Chap. 3)
[11]. However, the underlying mechanisms of chromatin reorganization in devel-
oping spermatozoa are still poorly understood. Although most of the histones are
replaced by protamines during spermatogenesis, the human sperm retains approxi-
mately 5-15% of its genome packaged by histones [12]. After fertilization, when
the sperm nucleus enters into the oocyte cytoplasm, protamines are quickly
replaced by maternal histones, although this process is also poorly understood
[13]. However, it has been suggested that the sperm chromatin bound to histones
could act as an epigenetic signature with a pivotal role during the activation of
zygote genome in early embryogenesis, as well as on transgenerational epigenetic
inheritance [14-16].

In this chapter, we highlight the most relevant proteins present in mature sperma-
tozoa, the protamines, and histones, including their variants, their PTMs distribu-
tion in the sperm chromatin, and their potential correlation with male infertility.

2.2 Nucleoprotamine Complex in Sperm

Protamines are the most abundant sperm nuclear proteins in many species and in
human are packing approximately the 85-95% of the paternal DNA [2, 3, 17-19].
Protamines are small basic proteins rich in positively charged arginine residues,
allowing the formation of a highly condensed complex with the negatively charged
paternal DNA. Additionally, protamines are rich in cysteine residues, which allow
the formation of disulfide bonds and zinc bridges among intra- and inter-protamine
molecules resulting in the compact toroidal nucleoprotamine complex [20, 21]. In
mammals, two types of protamines have been described, the protamine 1 (P1) and
the protamine 2 (P2) family. All mammal species harbor P1 in spermatozoa, but the
P2 family, composed by the P2, P3, and P4 components, is solely expressed by
some mammal species, such as humans and mice [18, 22]. Typically, the genes
encoding protamines (PRM 1 and PRM?2) are clustered together. In human, the prot-
amine gene cluster is located in chromosome 16 together with the transition nuclear
protein 2 (TNP2) gene [23]. Whereas P1 is synthesized as a mature form, P2 family
is generated from the proteolysis of the protamine 2 precursor resulting in the
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different components of P2 family (P2, P3, P4), which differ among them only by
one to four amino acid residues on the N-terminal extension, being the P2 the most
abundant [17, 18].

Although several hypotheses of the P1 and P2 family functions have been pro-
posed [2, 3, 18], the most accepted protamine functions are:

(i) To tightly package the paternal genome in a more compact and hydrodynamic

nucleus required for a proper sperm motility

(ii) To protect the paternal genome from exogenous or endogenous mutagens or
nucleases potentially present in the male and/or female tracts

(iii) To compete with and remove transcriptional factors and other nuclear proteins
from the spermatid chromatin, leaving the paternal genome in a “blank state”
so that the paternal genome could be reprogrammed by the oocyte

(iv) To be involved in the imprinting of the paternal genome during spermatogen-
esis and to confer new epigenetic marks in certain areas of the sperm genome,
leading to gene reactivation or repression in the first steps of early embryo
development [3, 18]

2.2.1 Protamine Post-translational Modifications

In contrast to the well-known roles of histone PTMs, such as acetylation, methyla-
tion, and phosphorylation (see Sect. 3.2), relatively little is known about protamine
PTMs. The most well-studied protamine PTM has been phosphorylation (Fig. 2.1,
Table 2.1) [2, 3]. Protamines are quickly phosphorylated after their synthesis in
elongated spermatids, as a requisite for the proper protamine binding to sperm DNA
[17]. However, after the protamine-DNA binding, protamines are extensively
dephosphorylated except in some residues whose phosphorylation can still be
observed in the mature sperm (Fig. 2.2, Table 2.1) [24, 27-29]. Another type of
protamine PTM is the differential processing of protamine 2 precursors. In fact,
protamine 2 is synthesized as a long precursor protein which is then proteolytically
processed to give rise to the mature P2, P3, and P4 components [30]. More recently,
the use of mass spectrometry has allowed to identify additional PTMs in both prot-
amines, suggesting the existence of a protamine code similar to the histone code
[31, 32] that could be relevant for zygote epigenetic reprogramming [26, 33, 34]. In
mature human sperm, the analysis of the extracted intact protamines by mass spec-
trometry has enabled to identify mono-, di-, and tri-phosphorylations, di-acetylations,
and a mono-methylation for P1 [25]. Using the same strategy, only the intact P3
component could be identified from the P2 family with two potential PTMs (one
acetylation and one methylation) [25]. However, further studies are required in
humans including the amino acid sequencing by mass spectrometry in order to iden-
tify new protamine PTMs and localize the modified residues, as has been recently
described in mouse (Fig. 2.2, Table 2.1) [26].
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Table 2.1 Posttranslational modifications (PTMs) detected in human and mouse protamine amino

acid sequences

Amino Post-
acid translational
Specie | Protamine | residue modification Methodology Reference
Human | Protamine 1 | S8 Phosphorylation | Electrospray mass | Chirat et al. [24]
spectrometry
Phosphoserine Pirhonen et al. [29]
conversion and
protein sequencing
S10 Phosphorylation | Electrospray mass | Chirat et al. [24]
spectrometry
Phosphoserine Pirhonen et al. [29]
conversion and
protein sequencing
S28 Phosphorylation | Phosphoserine Pirhonen et al. [29]
conversion and
protein sequencing
ND Phosphorylation | Mass spectrometry | Castillo et al. [25]
ND Acetylation Mass spectrometry | Castillo et al. [25]
Protamine 2 | S50 Phosphorylation | Phosphoserine Pirhonen et al. [29]
conversion and
protein sequencing
S58 Phosphorylation | Electrospray mass | Chirat et al. [24]
spectrometry
Phosphoserine Pirhonen et al. [29]
conversion and
protein sequencing
S72 Phosphorylation | Phosphoserine Pirhonen et al. [29]
conversion and
protein sequencing
Mouse | Protamine 1 | S8 Phosphorylation | Mass spectrometry | Brunner et al. [26]
S42 Phosphorylation | Mass spectrometry | Brunner et al. [26]
542 Acetylation Mass spectrometry | Brunner et al. [26]
T44 Phosphorylation | Mass spectrometry | Brunner et al. [26]
K49 Methylation Mass spectrometry | Brunner et al. [26]
K49 Acetylation Mass spectrometry | Brunner et al. [26]
N-terminal | Acetylation Mass spectrometry | Brunner et al. [26]
Protamine 2 | S55 Phosphorylation | Mass spectrometry | Brunner et al. [26]
S55 Acetylation Mass spectrometry | Brunner et al. [26]
K57 Acetylation Mass spectrometry | Brunner et al. [26]
K64 Acetylation Mass spectrometry | Brunner et al. [26]

The table shows the PTMs identified in human and mouse protamine 1 or protamine 2 amino acid
residues and the methodology performed

ND Not determined



F. Barrachina et al.

36

Qouanbas oy ur pajesIpul are saNs AFeArd[d q7dd PUe ‘DTdd ‘dcdd ASnow YL, “SINLd PAqLI9sAp Ay s aouanbas proe ourwe ¢ surwejord
pue | ourwejoxd 9snoJA (q) 2ouenbas oy} U pajedIpur oIk SIS 95eALd dH PUt ‘CdH ‘TdH Uewny YL SINLJ PRqLIOsap Y YiIm saouanbaes proe ourwe
7 sutweold pue | surwejold uewiny () "OUIUOIYIOW PIALRI[D Y} J9)Je patoquinu dre sanpisay uonejAioydsoyd 10J 4 pue ‘uone[Ayloul 10j A ‘Uone[A1aoe I0J
oV Aq pajesrpur a1e S|ALLd “eozojewrads asnow pue uewny ur pajodlep (SALLJ) suonesyrpow [euone[suessod pue soouanbas proe ourwe surwelold g7 "8

B0 GOL ¥OL £0L Z0L LOLOOL 66 26 L6 95 G5 6 €5 I5 L6 05 62 82 LB OF 6% ¥2 BB Z2 IS OB 6L BL LL BL 6L WL EL ZL ML OL GU 50 L9 O0 0 O ©0 20 19 00 6F S5 U5

IIIﬂ_mozmomommmmmmmmoommIw_mmIEOmImmmmmowmmm&I_w_Igm&

82dd OZdd Jtdd
RRRRH_nonm.,n.;q?#:??:222583&2%_msﬂmuhnﬁnuamﬁwnon_m_m_hu.vn.:m_n_:—sm .l N

N_MUN_W_IEIIIIOW_I._.Mmu}n_m_bmwmm._GOOOOOm_m_w_wI DOdODHAdY|IASdSHNHANYHA
” Z aulwelolg

©5 6% 8% Lb OF S by €9 Iy Ib OF 6C S LC OC ST YE CE 20 LCOC EZ ST LZ GZ ST MT ET ZZ IZOZGL SH LN GL L ML EL T ML OL G 8 L O 6 b E T
AANDY I > xw_N_w_OOmmmmmmoommmmmmommmmmﬂ_oamm_wv_wxoox..fmd.o

O]

| aulwelolg
w asnop (g

LOLOOL B8 88 15 6 §6 ME £5 26 16 0f €9 90 I8 62 G2 #E €8 Z9 12 08 BL 8L AL RL GL WL BL ZI LL OL B0 B0 L0 00 60 KO E0 20 19 00 GG 85 5

HYHHO LY MY LYOOYYHYYYHEYOSHY MY YOSHHODYYH I HHTHHYESO

€dH  ZdH tdH @ @
nnnnwnmnﬂn—nnnmnm%voc Fr|Eh 2% IP OF 6 BT L€ OC G #E €€ 28 I8 OC 62 82 LZ QZ GT PT ET ZZ IZ OZ 6L 81 L0 QL 61 #1 €L 20 L0 0L &6 8 £ @ § ¢ £ 2 1

HYYHYAHSDO9HLY3AASAHIHdSTIODIIDOHHODIDOHITODHAATIHSHISTSHAHAYA

Z aulwelolg

©5 6% 8% Lk OF Gb by TF ¥ 4P OF 6F S5 LC BE SC VE CE ZE IC CE B2 SZ LZ QZ SZ KZEZ ZZ T OZ 6L B LM EL S PN T T ML OB B 8 L 8 S P f T 4
HYHYOHdHAYdYOOHNYHYY LDOSHYYHYYHYSHOHDHAAYSHSDSHOOHANYY

@ ®e

| sulwelold

uewnH (v



2 Sperm Nucleoproteins (Histones and Protamines) 37
2.2.2 Protamine Alterations in Infertile Patients

The relative ratio of the abundance of the protamine 1 (P1) and the protamine 2 (P2)
has been widely studied as a measure of sperm chromatin maturity and normality/
abnormality [18]. A prospective study in the general population proposed the pres-
ence of a wide range for P1/P2 ratio that can oscillate between 0.5 and 1.5 [35].
However, from a reproductive view, several groups proposed a P1/P2 ratio around 1
(0.8-1.2) for fertile males [36, 37]. An altered P1/P2 ratio (below 0.8 or above 1.2)
has been correlated among seminal parameter alterations, DNA damage, and low
success rate of assisted reproduction techniques (Table 2.2). A recent meta-analysis
comparing infertile and fertile patients, including data from nine different studies,
has demonstrated a significantly increased P1/P2 ratio in subfertile patients [57].

P2 deregulation occurs more frequently than P1 deregulation, indicating that a
P2 deregulation is normally responsible for the P1/P2 ratio alteration. Lower sperm
count and sperm motility and/or abnormal sperm morphology have been correlated
with abnormal P1/P2 ratio (Table 2.2) [38-45, 47, 48, 58, 59]. Furthermore, some
studies have shown that the total absence of P2 or the incomplete processing of the
P2 precursors reflected by a decreased pre-P2/P2 ratio is also linked to a lower
sperm count, a lower sperm motility, and an abnormal sperm morphology (Table 2.2)
[41, 44-46]. Additionally, an altered P1/P2 ratio or a decreased pre-P2/P2 ratio was
also linked to an increased sperm DNA damage or to an augmented reactive oxygen
species levels (Table 2.2) [41, 49-54, 58]. These studies suggest that an altered P1/
P2 ratio results in a sperm DNA more accessible to nuclease activity and, therefore,
DNA damage increases. A correct protamination, as a measure of a correct P1/P2
ratio, could be crucial for the DNA protection [49]. However, the meta-analysis
performed by Ni et al. could not establish an association between an altered P1/P2
ratio and DNA damage [57]. Otherwise, several studies have also correlated an
altered P1/P2 ratio with a low fertilization rate, a low implantation rate, a low
embryo quality score, and a low pregnancy outcome using in vitro fertilization
(IVF) with or without intracytoplasmic sperm injection (ICSI) treatments (Table 2.2)
[40, 43, 45, 52, 55, 59]. Likewise, a decreased pre-P2/P2 ratio has been correlated
to a low implantation rate and a poor pregnancy outcome [45], and the total absence
of P2 has been correlated to a low sperm penetration ability in IVF [46]. Taken
together, these results suggest that protamine deregulation could be involved in fer-
tilization and early embryo development processes. Other parameters such as men’s
age and smoking have been proposed to alter the protamine P1/P2 ratio (Table 2.2)
[38, 39, 54]. In addition, it has been reported that a mutation in the PRMI gene
promoter (—191AA genotype) causes an increased P1/P2 ratio suggesting that
genetic mutations could be the cause of a defective protamination [56]. All these
studies suggest that a correct P1/P2 ratio is important for men’s fertility and for
proper embryo development.
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Table 2.2 Altered P1/P2 ratio in infertile patients

Study

| P1/P2 ratio

Outcome

Correlation with seminal parameters

Simon et al. [38] Altered P1/P2 Lower sperm count; lower semen volume
Hamad et al. [39] Increased P1/P2 | Lower sperm count; lower sperm vitality
Aoki et al. [40] Altered P1/P2 Lower sperm count; lower sperm motility;
abnormal sperm morphology
Torregrosa et al. [41] Decreased Lower sperm count; lower sperm motility;
pre-P2/P2 abnormal sperm morphology
Aoki et al. [58] Altered P1/P2 Lower sperm count; lower sperm motility;
abnormal sperm morphology
Mengual et al. [42] Increased P1/P2 | Lower sperm count
Khara et al. [43] Altered P1/P2 Lower sperm count; lower sperm motility;
abnormal sperm morphology
de Yebra et al. [44] Altered P1/P2 Lower sperm count
No P2 Lower sperm count; lower sperm motility;
abnormal sperm morphology
De Mateo et al. [45] Decreased P1/P2 | Lower sperm motility
Decreased Lower sperm count; lower sperm motility
pre-P2/P2
Aoki et al. [59] Altered P1/P2 Lower sperm count; lower sperm motility;
abnormal sperm morphology
Decreased P1/P2 | Abnormal sperm head morphology
Carrell and Liu [46] No P2 Lower sperm motility; abnormal sperm
morphology
Bach et al. [47] Altered P1/P2 Altered seminal parameters
Lescoat et al. [48] Altered P1/P2 Altered seminal parameters

Correlation with DNA damage

Ribas-Maynou et al. [49] | Increased P1/P2 | Increased DNA damage (SCD assay)

Garcia-Peir6 et al. [50] | Increased P1/P2 | Increased DNA damage (SCD assay)

Castillo et al. [51] Decreased P1/P2 | Increased DNA damage (alkaline comet assay)

Simon et al. [52] Increased P1/P2 | Increased DNA damage (alkaline comet assay)

Aoki et al. [53] Altered P1/P2 Increased DNA damage (TUNEL assay)

Torregrosa et al. [41] Decreased Increased DNA damage (TUNEL assay)
pre-P2/P2

Aoki et al. [58] Decreased P1/P2 | Increased DNA damage (SCSA assay)

Hammadeh et al. [54] Increased P1/P2 | Increased reactive oxygen species (ELISA assay)

Correlation with assisted reproduction techni

ques

Simon et al. [52] Decreased P1/P2 | Low fertilization rate (IVF)
De Mateo et al. [45] Decreased P1/P2 | Low fertilization rate (IVF); low implantation
rate (IVF and/or ICSI); low pregnancy outcome
(IVF and/or ICSI)
Decreased Low implantation rate (IVF and/or ICSI); low
pre-P2/P2 pregnancy outcome (IVF and/or ICSI)
Aoki et al. [40] Altered P1/P2 Low fertilization rate (IVF)
Decreased P1/P2 | Low chemical-pregnancy and clinical-pregnancy

rates (IVF and/or ICSI)

(continued)
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Table 2.2 (continued)

Study P1/P2 ratio Outcome
Aoki et al. [59] Decreased P1/P2 | Low fertilization rate (IVF and ICSI)
Nasr-Esfahani et al. [55] | Increased P1/P2 | Low fertilization rate (ICSI); low embryo quality
score in day 3 (ICSI)
Khara et al. [43] Altered P1/P2 Low fertilization rate (IVF)
Carrell and Liu [46] No P2 Low sperm penetration ability (IVF)
Correlation with other parameters
Simon et al. [38] Altered P1/P2 Men’s age
Hamad et al. [39] Increased P1/P2 | Smokers
Hammadeh et al. [54] Increased P1/P2 | Smokers
Decreased P2 Smokers
Jodar et al. [56] Increased P1/P2 | Mutation in the PRM1 gene promoter (—191AA
genotype)

Correlation of protamine P1/P2 ratio with seminal parameters, DNA damage, assisted reproduc-
tion techniques outcome, and other parameters

SCD sperm chromatin dispersion, TUNEL terminal deoxynucleotidyl transferase dUTP nick end
labeling, SCSA sperm chromatin structure assay, ELISA enzyme-linked immunosorbent assay, /VF
in vitro fertilization, /CSI intracytoplasmic sperm injection

2.3 Nucleohistone Complex in Sperm

As mentioned before, the human spermatozoon retains approximately a 5—-15% of
its chromatin packaged in nucleosomes [18]. The nucleosome structure in sperm
seems to be similar to that from somatic cells and consists on 147 base pairs of DNA
wrapped around an octameric histone core including two of each H2A, H2B, H3,
and H4 histones [60, 61]. Adjacent nucleosomes are interconnected by a linker
DNA that can be up to 80 bp long. Members of histone H1 family (linker histones)
are situated at the site of DNA entry and exit from the core particle binding around
20 nt of linker DNA. Apart from acting as a linker, histone H1 plays an important
role in the chromatin folding modulation. The final result is a constrained DNA that
approximately achieves a fivefold compaction. Despite the high degree of compac-
tion that nucleosomes confer, histone-packaged chromatin sperm is more open and
dynamic than the protamine-packaged chromatin and could be modulated and regu-
lated by the incorporation of histone variants [7, 62], histone PTMs [31], and nuclear
factors that modulate the DNA and histone interactions [3, 63].

2.3.1 Histone Variants

During spermatogenesis, some canonical histones are replaced by histone variants,
and a subset of those remains in the nucleus of mature spermatozoa. Several histone
variants have been identified in mature sperm by mass spectrometry, including the
histone H4, which is less diversified compared with the most diverse H2A and H2B
histones (Table 2.3). Despite the fact that histone variants have only small changes



Table 2.3 Human sperm histone variants identified in mature sperm

3KO effect on
reproduction and
Protein name Gene name Localization | embryogenesis References
Histone HI family
Histone H1t HISTIHIT Testis Normal phenotype Lin et al. [64],
Fantz et al. [65]
Testis-specific H1 | HIFNT Testis Oligozoospermia, Martianov et al.
histone (H1t2) asthenozoospermia, [66], Tanaka
teratozoospermia, et al. [67]
abnormal spermiogenesis,
reduced male fertility, and
impaired fertilization
Histone H1x HIFX All tissues | ND -
Histone H1.2 HISTIHIC All tissues | Normal phenotype Fan et al. [68]
Histone H1.3 HISTIHID All tissues | Normal phenotype
Histone H1.4 HISTIHIE All tissues | Normal phenotype
Histone H1.5 HIST1HIB All tissues | ND -
Histone H2 family
Histone H2A HISTIH2AG | Testis ND -
type 1
Histone H2A HISTIH2AA | Testis ND -
type 1-A (TH2A)
Histone H2B HIST1IH2BA | Testis ND -
type 1-A (TH2B)
Histone H2AFBI1 Testis ND -
H2A-Bbd type 1
Histone H2AFB2 Testis ND -
H2A-Bbd type
2/3
Histone H2A HIST1IH2AB |Enrichedin |ND -
type 1-B/E testis
Histone H2A HISTIH2AH |Enriched in |ND -
type 1-H testis
Histone H2B HIST1H2BB | Enriched in |ND -
type 1-B testis
Histone H2B HISTIH2BJ | Enriched in | ND -
type 1-J testis
Core histone H2AFY All tissues | Normal phenotype Changolkar et al.
macro-H2A.1 [69], Boulard
(mH2A1) etal. [70]
Histone H2A HISTIH2AC | All tissues | ND -
type 1-C
Histone H2A HIST2H2AA3 | All tissues | NP -
type 2-A
Histone H2A HIST2H2AC | All tissues | ND -
type 2-C
Histone H2A.V | H2AFV All tissues | ND -
Histone H2AX H2AFX All tissues | Seminiferous tubules Celeste et al.

reduced diameter, small
testes, male meiosis
arrest, and male infertility

[71]

(continued)



Table 2.3 (continued)

3KO effect on
reproduction and
Protein name Gene name Localization K embryogenesis References
Histone H2A.Z H2AFZ All tissues | Not viable Faast et al. [72]
Histone H2B HISTIH2BC | All tissues | ND -
type 1-C/E/F/G/1
Histone H2B HISTIH2BD | All tissues | NP -
type 1-D
Histone H2B HISTIH2BH | All tissues | ND -
type 1-H
Histone H2B HISTIH2BK | All tissues | ND -
type 1-K
Histone H2B HISTIH2BL | All tissues |ND -
type 1-L
Histone H2B HISTIH2BM | All tissues | ND -
type 1-M
Histone H2B HISTIH2BN | All tissues | ND -
type 1-N
Histone H2B HISTIH2BO | All tissues | NP -
type 1-O
Histone H2B HIST2H2BE | All tissues | KO not fertility related Santoro et al.
type 2-E [73]
Histone H2B HIST2H2BF | All tissues | NP -
type 2-F
Histone H2B HIST3H2BB | All tissues | ND -
type 3-B
Histone H2B H2BFS All tissues | NP -
type F-S
Histone H2A HISTIH2AD |- ND -
type 1-D
Histone H2A HIST2H2AB |- ND -
type 2-B
Histone H3 family
Histone H3.1 HIST1H3A Testis ND -
Histone H3.1 t HIST3H3 Testis NP -
(H3t)
Histone H3.3C H3F3C Testis NP -
Histone H3.2 HIST2H3A All tissues | ND -
Histone H3.3 H3F3A All tissues | Reduced male fertility Tang et al. [74]
Histone H3-like | CENPA All tissues | Not viable Howman et al.
centromeric [75], Kalitsis
protein A et al. [76]
(CENP-A)
Histone H4 family
Histone H4 HIST1H4L All tissues | ND -
Histone H4 HIST1H4A All tissues | ND -
Histone H4-like | HIST1H4G ND NP -
protein type G

Integrative table of the human sperm histone families combining the protein/gene name, GTEx
localization, and the knockout effect on reproduction/embryogenesis using Mouse Genome
Informatics database
ND no data, NP not present in mouse
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in their primary structure compared with the canonical histones, those little
differences can lead to major changes in the nucleosome structure, stability, and
function [62]. The destabilization of DNA-protein interaction by incorporation of
histone variants during spermatogenesis allows the transition from the nucleohis-
tone complex to the nucleoprotamine complex [7, 18, 62, 77].

Although there are histone variants widely expressed in all tissues, there are
some testis-specific variants that are essentially expressed in spermatocytes [78].
Targeting the individual histone variants in mouse models (knockouts) has revealed
which histone variants are crucial for male fertility and reproduction (Table 2.3).
Unfortunately, there is a lack of information about a set of histone variants that are
not present or have not been detected in mouse (NP) or the corresponding knockout
model has not been generated yet (ND). In addition, it is not possible to assess the
effect on male reproduction of some histone variants because the knockouts have
resulted in embryonic lethality [72, 75, 76], pointing out the need to generate con-
ditional knockout models to assess their importance in testes function (Table 2.3).

Knockouts of some histone variants display a normal phenotype without nega-
tive impact on fertility, for example, histone H1t, mH2A1, H2B type 2-E, H1.2,
H1.3, and H1.4, suggesting that they are not essential for male fertility (Table 2.3)
[64, 65, 68-70, 73]. However, it could be expected that different testis-specific his-
tone variants should have a major importance for proper fertility. As observed in
Table 2.3, the knockout models of some testis-specific histones or widely expressed
histone variants seem to result in reproductive failure. This is the case of a testis-
specific histone, the H1t2, and the widely expressed histones H2AX and H3.3. Each
knockout of these three different histone variants displayed male infertility although
due to different reasons. For example, H1t2 knockout displays an abnormal sper-
matogenesis, sperm defects, and impaired fertilization, because this histone is nec-
essary for DNA condensation and nuclear modulation during the last steps of
spermatogenesis [66, 67]. In contrast, the disruption of H2AX and H3.3 in mice
results in male meiosis arrest, since H2AX is crucial for meiosis because it facili-
tates the repair of induced DSBs [62, 71] and H3.3 is essential for chromosome
segregation that takes place during meiosis (Table 2.3) [74].

2.3.2 Histone Post-translational Modifications

The early events during the transition of histones to protamines throughout spermio-
genesis involve the incorporation of histone variants and histone PTMs, which
enable the chromatin remodeling and trigger the protamination. Both histones and
histone variants are modified by different PTMs [79]. The most known histone
PTMs are acetylation, methylation, phosphorylation, ubiquitination, sumoylation,
and ribosylation, among other forms [79]. The different combinatorial patterns of
the huge number of histone PTMs create a complex histone code that contributes to
chromatin organization and dynamics, as well as to gene expression [7, 60]. For
example, the massive increase of histone acetylation is one of the first signs that the
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protamine replacement during spermiogenesis will start [3, 18, 80-82]. Histone
hyperacetylation relaxes the chromatin and decreases the affinity of the sperm his-
tones to the DNA, allowing the removal and replacement of histones, firstly, by
TNPs and, finally, by protamines [3, 18, 63, 83]. Actually, histone H4 hyperacety-
lation in elongating spermatids is a prerequisite for the histone-to-protamine
replacement [84], and an aberrant H4 hyperacetylation pattern results in impaired
spermatogenesis [3, 18, 81, 85]. Apart from histone acetylation, there are other his-
tone modifications throughout spermatogenesis such as methylation, which could
also be associated with nucleosome dismantlement and histone eviction. Histone
methylation seems to modulate epigenetic signals necessary for spermatogenesis
[14, 60]. This is the case of H3K4me, a methylation mark that is necessary to turn
spermatogonia into spermatocytes [86, 87], and H3K9me and H3K27me, marks
that regulate gene expression during spermatogenesis [88].

Although histone variants and histone PTMs allow chromatin remodeling and
most of them are replaced by protamines during late spermatogenesis, some of the
modified nucleosomes are not replaced and are retained in the mature sperm. More
than 100 histone post-translational modifications have been identified in the remain-
ing histones present in human sperm, including acetylation, methylation, phosphor-
ylation, butyrylation, and crotonylation [31, 89, 90]. Surprisingly, some histone
PTMs found in human mature sperm showed a high degree of conservation with
mouse sperm, which further supports an evolutionary conserved role of histone
PTMs [31]. Those modified paternal histones maintained in the sperm are inherited
by the zygote, and they have been proposed to play a role in the epigenetic control
of embryogenesis [34]. For example, alterations in the histone methylation
(H3K4me?2) pattern in mice sperm impair the development and survivability of the
offspring, indicating the importance of the sperm epigenome in the health of the
progeny [91].

2.3.3 Histone-Bound Sperm Chromatin

Many studies suggest that the 5—15% retained nucleosomes in mature sperm are not
randomly distributed through the sperm genome but occupy specific loci [12, 14, 15, 19,
32, 89, 92, 93]. This is supported by recent sperm chromatin high-throughput genome-
wide dissection studies indicating that there is a differential distribution of genes and
repetitive sequences between nucleohistone and nucleoprotamine complexes.

The first studies using human sperm chromatin fractionation followed by micro-
arrays or high-throughput sequencing concluded that mature sperm histones are
associated with DNA enriched at gene regulatory regions and genes involved in
developmental processes, including promoters of embryonic transcription factors
and signaling pathway proteins, as well as miRNA clusters and imprinted genes
(Table 2.4) [19, 89, 92]. In contrast, protamines seemed to be enriched at olfactory
receptors genes and ZNF genes [92]. Interestingly, the use of sperm chromatin
immunoprecipitation (ChIP) of specific histone PTMs followed either by microarray
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Table 2.4 Sperm nucleosomal DNA distribution in healthy men

Study Methodology Main outcomes

Arpanahi Sperm salt extraction and Endonuclease-sensitive DNA regions are

etal. [92] endonuclease digestion or enriched in gene regulatory regions including
micrococcal nuclease (MNase) | promoter sequences involved in the
digestion followed by a development and CTCF-recognized sequences
microarray-based genome-
wide analysis. Additionally,
after digestion, ChIP-chip for
acH4 was also used

Hammoud Sperm MNase digestion Sperm nucleosomes are enriched at loci of

et al. [89] followed by either array developmental importance including imprinted
analysis or high-throughput gene clusters, miRNA clusters, HOX gene
sequencing. Additionally, clusters, and promoters of embryo
ChIP-chip and ChIP-seq for developmental transcription and signaling
H3K9me3, H3K27me3, factors. Histone modifications (H3K4me2/3 and
H3K4me2/me3, TH2B, and H3K27me3) localize to particular
H2A.Z were performed developmental loci

Brykczynska | Sperm MNase digestion Sperm nucleosomes are slightly enriched at

etal. [32] followed by mononucleosomal | TSS. H3K27me3 and H3K4me?2 are retained at

DNA isolation and ChIP for
H3K4me?2 and H3K27me3
combined with microarray
analysis or high-throughput
sequencing

regulatory sequences in mature human
spermatozoa and marks promoters of genes
related with spermatogenesis and early
embryonic development

Vavouri et al.
[15]

Reanalysis of the data from
Arpanahi et al. [92],
Hammoud et al. [89], and
Brykczynska et al. [32]

Nucleosome retention, which is determined by
the base composition, occurs in both genic and
nongenic regions of the genome. Nucleosomes
at GC-rich sequences with high nucleosome
affinity are retained at TSSs and at
developmental regulatory genes, particularly
TSSs of most housekeeping genes. Also, there is
a link between nucleosome retention in sperm
and DNA unmethylated regions in the early
embryo

Samans et al.
[93]

Sperm cell fractionation by
micrococcal nuclease followed
by DNA high-throughput
sequencing of the nucleosomal
fraction

Sperm chromatin nucleosomes are enriched in
certain repetitive DNA elements, as centromere
repeats and retrotransposons (LINE1 and
SINEs), and the majority of nucleosomal
binding sites are enriched in distal intergenic
regions. Nucleosome depletion was observed
within exons, the majority of promoters,
5’-UTRs, 3’-UTRs, TSS, and TTS. Function of
paternally derived nucleosomes in
postfertilization processes

Castillo et al.
[19]

Sperm chromatin fractionation
using salt extraction followed
by restriction enzyme
digestion or MNase digestion,
followed by high-throughput
sequencing and proteomic
analyses (LC-MS/MS)

Nucleosomal and subnucleosomal DNA regions
are highly enriched at gene promoters, CpG
island promoters, and linked to genes involved
in embryo development

TSS Transcription start site, 77S Transcription termination site
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(ChIP-chip) or DNA sequencing (ChIP-seq) has revealed that H3K4me2 and
H3K4me3 are enriched at developmental promoters expressed in the four- to eight-
cell stage embryos, suggesting a potential epigenetic function of those modified
sperm histones in early embryogenesis [89]. The specific study of sperm mononu-
cleosomal DNA has shown slight differences, for example, H3K4me2 marks genes
involved in spermatogenesis and cellular homeostasis, while H3K27me3 marks
developmental regulators and HOX genes [32]. These differences could be attrib-
uted to different technical issues in the preparation of the human sperm mononu-
cleosomal DNA in contrast to all nucleohistone complex [32]. In silico analysis
from the studies mentioned above revealed that spermatozoal nucleosomes are
retained at GC-rich loci and that nucleosome retention in the sperm cell is linked to
demethylated DNA in the early embryo [15].

In contrast to the mentioned findings above, one study claimed that retained
nucleosomes in sperm are enriched in certain repetitive DNA sequences, such as
centromere repeats and retrotransposons (LINE1 and SINE), and the majority of
nucleosomal binding sites were enriched at distal intergenic regions [93]. However,
these contradictory observations are probably due to technical issues or differences
in the computational methodology used [94].

As a summary, there is huge evidence suggesting the existence of a differential
distribution between histone-packaged and protamine-packaged sperm chromatin,
which is involved in a potential sperm epigenetic signature transferred into the
oocyte. The sperm nucleosome enrichment at developmental regulatory genes and
gene regulatory sequences suggest that it could regulate the gene expression in early
embryogenesis when zygote genome activation occurs and indicate that sperm chro-
matin is much more complex than it was previously thought.

2.3.4 Histone Alterations and Male Infertility

In contrast to the vast number of studies assessing the potential correlation between
protamines (P1/P2 ratio) and male infertility (see Sect. 2.2), very few studies have
evaluated sperm histones in infertile patients. Early obervations already indicated
that a large proportion of the sperm samples with an altered P1/P2 ratio also had
increased levels of histones [3, 18, 44]. Focusing on specific histones, it has been
described that YH2AX levels are higher in the sperm of infertile patients than in
fertile men, and it has been correlated to an increased number of sperm DSBs [95].
It has also been reported that semen samples from infertile men have a significant
higher H2B/(P1+P2) ratio than do fertile men, suggesting that an alteration of H2B/
(P1+P2) ratio could reflect an abnormal chromatin structure that results in male
infertility [96-98]. Moreover, it has also been found an increased H2B/(P1+P2)
ratio in smokers [39], implying a negative effect between smoking cigarettes and
male fertility. Finally, a correlation has been found between alterations of a testis-
specific histone variant (TH2B) and male fertility, which indicates that TH2B is
involved in sperm chromatin compaction and male pronucleus development [99].
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Apart from the abovementioned alterations in histone content, the sperm of
infertile men has also shown an altered histone localization pattern [100]. The study
of these infertile men revealed a randomly distributed pattern of nucleosome
retention in the sperm chromatin [100]. This alteration in nucleohistone-bound
genome could be attributed to a disrupted chromatin remodeling machinery or due
to an improper histone hyperacetylation signaling during the histone exchange by
protamines [100]. On a different line of experiments, evidence for a substantial
deregulation of histones has been detected in normozoospermic sperm cells from
male infertile patients with failed assisted reproduction outcomes after ICSI [101].
Overall, these studies demonstrate the importance of an appropriate distribution of
genes in the sperm chromatin structure. Therefore, the potential side effects in the
embryo associated to an improper histone retention in the sperm are an aspect that
deserves further investigation in the future.

2.4 Concluding Remarks

Protamines have been largely studied and correlated with male infertility, specifi-
cally by P1/P2 ratio measurement. Similarly, alterations of specific histones have
also been associated with sperm defects. Recent studies support the idea that the
distribution of the nucleohistone and nucleoprotamine complexes in the sperm
chromatin is not random. The intracytoplasmic sperm injection (ICSI) of mouse
round spermatids, that did not complete the histone replacement yet, into mature
oocytes, derived in embryos with aberrant patterns of gene expression, thereby sug-
gesting that the paternal chromatin structure is important for the first steps of early
embryo development [5]. The complexity of sperm chromatin highlights the need to
perform further studies in sperm nucleoproteins content and distribution, including
the assessment of their variants and PTMs, in order to clarify the significance of the
sperm chromatin in male infertility and early embryo development as well as to
shed light into the possible effects across generations. Furthermore, it will be par-
ticularly interesting to determine the specific role of the hundreds of chromatin-
associated proteins present in the normal sperm chromatin, in addition to histones
and protamines, as derived from recent high-throughput proteomic studies
[102-104].
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Chapter 3
Sperm Nuclear Architecture

W. Steven Ward

3.1 Introduction

We know a lot about sperm architecture in general, particularly the tail region, but
in many ways the architecture of the sperm nucleus remains a mystery. The genetic
material in the human sperm cell is condensed into a much smaller volume than in
any other cell types [1-3]. When we try to examine the sperm nucleus by electron
microscopy, we are often frustrated by the appearance of a solidly, electron dense
mass that is impenetrable to visual assessment [4] (Fig. 3.1). Volume calculations of
the sperm nucleus (mouse, in this case) have clearly shown that if the mouse sperm
genome were packaged as mitotic chromosomes, the most tightly packaged form of
DNA in a somatic cell cycle, it would not fit into the sperm nucleus [1-3]. As the
first chapter discussed, the crystallization of sperm DNA into this very small vol-
ume is largely accomplished by the protamines. These protamines condense DNA
into toroids with about 50 kb of DNA [5], suggesting that there would be at least
60,000 in the sperm nucleus. How these 60,000 protamine toroids are compacted so
tightly that even transmission electron micrographs cannot resolve such chromatin
structure in the fully condensed nucleus is the question that we will ponder in this
chapter. There are many more questions than answers, but there are several impor-
tant studies that point the way to a model for how it might be accomplished, reveal-
ing some insights into sperm chromatin function.

Sperm nuclear architecture remains an interesting mystery. The DNA that makes
up the 23 human chromosomes is a little over 1 m in length. It is essentially crystal-
lized and then efficiently folded into a volume barely larger than the DNA itself. It
cannot be crystallized randomly. The process must be compliant with the needs of
the embryo, which will unpackage this DNA into the active genome. However, this
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Fig. 3.1 Thin section
transmission electron
micrograph of a human
sperm head (Courtesy of
Dr. Ryuzo Yanagimachi)

crystallized DNA must still be viable. Moreover, there are epigenetic signals that
must be incorporated into this compact chromatin that contribute to the instructions
for the developing embryo’s use of the paternal genome. Epigenetic signals are any
chromatin-associated molecular change that does not change the DNA sequence.
These include, but are not limited to, histone modifications, DNA methylation, and
DNA attachment sites on the sperm nuclear matrix. Understanding how the 23 chro-
mosomes are packaged in this “dark matter” requires a delicate unpackaging of this
tightly wound knot of DNA strands, and several studies, discussed below, have
made important contributions to our current models for sperm chromatin structure.
However, they all suffer from the potential criticism that the original chromosome
packaging was somewhat disrupted by the partial extraction procedures needed to
visualize the structures. When it is unpackaged in the oocyte, it successfully trans-
mits more than just the genetic information encoded in the base-pair sequences of
the DNA but also epigenetic instructions for its use.

The first two chapters of this volume covered the best-known aspects of sperm
chromatin structure, the protamines and histones that bind directly to the DNA and
condense it at the molecular level. In this chapter, we will explore what is known
about how the protamine/histone-bound chromosomes are folded into higher-order
structures so that they can fit into the sperm nucleus and how these larger organizing
features of sperm chromatin contribute to sperm function. Much of what is said in
this chapter is our speculation based on the data we have so far. The difficult fact is
that we do not yet have a strong model for how chromosomes are folded in the
sperm nucleus. However, we do know many pieces of the puzzle, and some of these
have important clinical applications.
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3.2 A Model

We will start the discussion of this seemingly impregnable subject with a model for
how chromosomes are folded into the human sperm nucleus. This is only a model,
with many question marks still in place, and the evidence that supports various
aspects of it will be discussed below (or, in some cases, has been mentioned in the
previous two chapters of this volume). This model helps us to visualize the ques-
tions that remain to be answered in the context of what is known. To visualize the
problem, let us start with a single chromosome which contains one strand of double
helix DNA that is roughly 50,000 times as long as the sperm nucleus (remember,
too, that the sperm nucleus accommodates 23 of these). Imagine that we were put-
ting together the elements that fold this chromosome from a double helix into the
condensed form that actually occupies in the sperm nucleus (in reality, of course,
this is not the way chromosomes are folded during spermiogenesis, but this model-
ing helps to understand how it is condensed). The first step in this imaginary process
would be to attach the DNA onto a structural component of the sperm nucleus
termed the nuclear matrix [6-8] (Fig. 3.2). This compacts the DNA considerably,
but not enough to make it fit into the sperm nucleus. The next step would be to con-
dense each loop domain into a single protamine toroid [9] (Fig. 3.2¢ and discussed
in Chap. 1). This is actually the most important step in “crystallizing” the sperm
DNA. Protamines render the sperm DNA resistant to external assaults from nucle-
ases [10] and mechanical shearing [11]. We do not really know, however, how these
toroids are packaged together. We and others [12, 13] have proposed that the prot-
amine toroids are stacked together like lifesavers, and this seems to be the most
likely method of compacting toroids into the densest configuration possible. But
this has not yet been demonstrated conclusively, and this part of the model remains
a big question. It is also clear that some tracks of the DNA remain associated with
histones. If all the DNA were packaged into toroids that were stacked together as
shown in Fig. 3.2¢, we have calculated that the 23 chromosomes would still be 700
times as long as the sperm nucleus. Thus, there must be a higher-order chromosome
structure that folds these stacks of protamine toroids, but we do not yet have the
information to propose a model for this. Lastly, several excellent publications from
the Zalensky laboratory have shown that chromosomes from several mammalian
species are configured so that their centromeres are positioned together in a chro-
mocenter and their telomeres are together at the periphery of the nucleus (Fig. 3.2¢).
This orders the chromosomes themselves within the nucleus and can be considered
the highest order of packaging of the entire genome.

3.3 Sperm Nuclear Matrix

The first step in reconstructing a sperm chromosome from the DNA strand would be
to attach it to the sperm nuclear matrix in loop domains, as depicted in Fig. 3.2b.
This has the practical effect of isolating the looped segments of DNA into topologi-
cal domains. That means that because the DNA is tethered at either end on the
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Fig. 3.2 Model for sperm chromatin packaging. This is a theoretical diagram of packaging chro-
matin into a sperm nucleus. (a) Each chromosome is made up of one long DNA double helix. (b)
The DNA is organized into loop domains attached at their bases to the nuclear matrix (green). (c)
Each DNA loop domain is condensed into a crystalline like toroid by protamines. These protamine
toroids are probably stacked side by side. Some of the loop domains are packaged by the bulkier
histones (purple loops). (d) A major unanswered question is how the stacked protamines are fur-
ther coiled to fit into the sperm nucleus. (e) Evidence suggests that chromosomes occupy distinct
domains in the sperm nucleus with the telomeres of each chromosome paired at the periphery and
the centromeres all located in a chromocenter in the middle
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nuclear matrix, if it is twisted or coiled in some way, it does not directly affect the
neighboring loops. The first demonstration that vertebrate sperm DNA was actually
arranged in topological domains came from the work of Risley and colleagues in
1986 [14] who showed that Xenopus sperm DNA could be supercoiled by ethidium
bromide if the histones and protamines were removed. Three years later, we visual-
ized these loop domains, directly, by using a technique which prepares sperm
nuclear matrices with the DNA still attached as loop domains [6]. Since that time,
several laboratories have verified that mammalian sperm DNA is organized into
loop domains by the nuclear matrix [7, 15-17].

There are many questions about this particular level of sperm DNA organization.
In somatic cells, the attachment sites for the loop domains, the so-called matrix
attachment regions or MARS, are probably the sites where DNA replication begins
in each replicon [18-21] and are probably the sites where DNA is transcribed into
RNA [22-25]. Evidence supports the model that DNA is bound to the sperm nuclear
matrix at specific sites [8, 26, 27], suggesting that there may be a physiological
reason for this organization. Two possibilities exist: (i) that organization of sperm
DNA by the nuclear matrix reflects chromatin functions that occur during spermio-
genesis or (ii) that they provide epigenetic information for the embryo after fertil-
ization. These two possibilities are, of course, not mutually exclusive, and neither
has been definitively shown to be the case. We have provided evidence that the
mouse sperm nuclear matrix is required for proper embryogenesis [28, 29] and,
more specifically, that it is required for DNA replication of the paternal genome
after fertilization [30] (Fig. 3.3b), supporting the second hypothesis. However, for
the purposes of this discussion, either function of the sperm nuclear matrix organi-
zation, whether it be for proper spermiogenesis to form functional spermatozoa or
to provide a matrix on which to replicate the DNA after fertilization, would impact
clinical fertilization.

One important example of a sperm nuclear matrix function that may directly
affect human fertility is its possible role in DNA integrity. We have shown that
mouse [31], hamster [10], and human [32] sperm can be induced to digest their own
DNA. This appears to be mediated by topoisomerase 2 at the bases of the DNA loop
domains [33] (Fig. 3.3). This type of digestion of the chromatin is similar to apop-
totic degradation of DNA in somatic cells, which begins with a reversible DNA
double-stranded break at the base of the loop domains on the nuclear matrix and
proceeds with an irreversible nuclease digestion of the chromatin. We have shown
that there are two stages in sperm DNA digestion that mirror the two steps in somatic
cell apoptosis [34, 35]. Using this mouse model for sperm DNA breaks, we have
shown that in mouse sperm, this first, reversible double-stranded DNA breaks can
be hidden by traditional methods that identify DNA breaks because the DNA
remains attached to the nuclear matrix [36]. We have also shown that the single-
stranded DNA breaks that occur in the second step are clearly identified by the
SCSA assay and less efficiently by the TUNEL assay [34]. Though we are still in
the process of linking the various DNA damage assays to the structural aberrations
that each assay is thought to identify, it is already apparent that the different assays
may detect particular types of chromosomal damage and that the different types of
damage have different clinical implications [34].
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Fig. 3.3 Two functions of sperm DNA loop domain organization by the nuclear matrix. (a) Sperm
DNA is organized into loop domains that serve two functions. (b) After fertilization, the paternal
DNA is replicated on the sperm nuclear matrix. (¢) In mature sperm cells, the nuclear matrix can
be induced to cleave the DNA at the base of the loop domains. This suggests that the nuclear matrix
may play a role as a checkpoint for sperm DNA integrity

3.4 Sperm Chromosomes

One question that has been difficult to answer is how the chromosomes are arranged
in the nucleus as a whole. In somatic cells, numerous studies have shown that indi-
vidual chromosomes occupy discrete domains that do not overlap [37], and similar
studies in human sperm point to the same conclusion [38]. This suggests that in the
compact human sperm nucleus, the chromosomes are packaged into discrete units—
that is they are not wound around each other in a random fashion. In monotremes,
the chromosomes appear to be ordered in a specific sequence indicating that there
are clear rules for the packaging of sperm chromosomes [39]. There is also very
good evidence for how the chromosomes are arranged spatially. The telomeres of
each chromosome pair appear to be attached to each other in at least six different
mammalian species, and they are located toward the periphery of the sperm nucleus
[40—42]. The centromeres of all the chromosomes are located together in a chromo-
center in the middle of the sperm nucleus [43—45]. This suggests a model diagramed
in Fig. 3.2e showing an ordered packaging of the chromosomes with the telomeres
pointed outward and the centromeres organized together in the center. This model is
diagrammatic, only, as one would expect that many of the chromosomes would be
stacked on top of each other in the thickest parts of the nucleus and not arranged
side by side in a flat plane as shown.
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3.5 Conclusions

We understand a lot about sperm chromatin structure, but there are still many more
questions than answers at this point. One major unsolved riddle is the composition
of the nuclear matrix, which remains a mystery because it is so complicated. At least
one group has published a proteome of the rat sperm nuclear matrix showing 290
proteins [46]. Thus, we still do not know the major proteins that are responsible for
organizing the sperm DNA into loop domains (Fig. 3.2b). Another complication is
the mapping of the matrix attachment regions (MARSs) and the chromosome points
at which the DNA binds to the nuclear matrix. One group has made significant
progress in this area [47, 48] and has concluded that there are sequences that appear
to be enriched on the nuclear matrix. This suggests that either the attachment points
are not rigidly defined or that our methods for identifying them have not yet been
developed well enough. Finally, there is one level of sperm chromatin structure
about which we have no idea. It is pretty clear that the protamine toroids must be
stacked on top of each other as shown in Fig. 3.2c. But how these chromosomes are
further folded or coiled to fit into the short space between the center of the nucleus
and the periphery is still not known (Fig. 3.2d). We do not have any reasonable
models for this level of sperm chromatin folding.

What is clear is that understanding sperm chromatin structure is crucial to our
interpretations of what our various sperm DNA assays are telling us about the stabil-
ity of the paternal genome. Different types of sperm DNA damage will have different
effects on the outcome of ART, and a clearer understanding of how sperm is pack-
aged will be important for fully understanding the clinical implications of these tests.
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Chapter 4
Sperm Chromatin Structure Assay (SCSA®):
Evolution from Origin to Clinical Utility

Donald P. Evenson

4.1 Origin, Standardization, and Verification of the SCSA
Test as Marker of Male Sub-/Infertility

4.1.1 Origin of the SCSA Test

Thin section electron microscopy of ejaculated human sperm shows significant het-
erogeneity of nuclear chromatin structure between different men and within indi-
viduals [1]. Since sperm nuclear morphology is related to chromatin condensation
and other nuclear phenomena occurring during spermatogenesis, it was hypothe-
sized, as have others [2], that misshaped sperm nuclei have an altered chromatin
structure. Furthermore, since the resistance of in situ DNA to thermal denaturation
is related to counter ion and protein interactions with DNA [2, 3], it was further
hypothesized that an altered chromatin structure would reflect in an abnormal DNA
denaturation profile.

The hypothesis was introduced that if isolated and purified sperm nuclei were
heated at 100 °C for 5 min, the denaturation of nuclear DNA would be heteroge-
neous between samples from high and low fertility humans and animals. Semen
samples were obtained from three sources: (a) men of known fertility and men
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attending an infertility clinic, (b) bull semen from known fertile bulls and subfertile
bulls, and (c) sperm from mice on a normal diet and diet of Zn*? deficiency, a known
factor required for intact sperm nuclear chromatin structure. Human and bull sperm
from known subfertile donors as well as mice on a Zn*-deficient diet had two to
four times greater red fluorescence (broken and denatured DNA) as seen by light
microscopy (Fig. 4.1) and precisely quantitated by flow cytometry [4].

This new concept and solid data were the origin of the first publication [4] of
flow cytometry-measured in situ sperm DNA denaturation as related to fertility both
by men at an infertility clinic and bulls of known levels of high and low fertility. The
ranking of the five bulls by their degree of sperm DNA denaturation was inversely
the same as their ranking of field fertility by the Eastern Artificial Insemination
Cooperative (Ithaca, NY).

Importantly, not only did the in situ DNA of misshaped sperm nuclei have sig-
nificantly decreased resistance to thermal denaturation, but many morphologically
normal nuclei derived from subfertile donors had abnormal susceptibility to in situ
thermal denaturation of their DNA. This important point has been confirmed in vari-
ous human clinical studies. For example, Avendafio et al. [5] found that in infertile
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men with moderate and severe teratozoospermia, the sperm with apparently normal
morphology present in the motile fractions after swim-up may have broken DNA.

Studies by Wyrobek et al. [6] showed that sperm from genotoxin-exposed mice
had high dose-response correlations with sperm head morphology. Studies, shown
below, also demonstrated a very high dose-response correlation between abnor-
mal sperm head morphology and SCSA data on sperm from genotoxin-exposed
mice [7].

4.1.2 Standardization of the SCSA Test: Changes
to the Finalized and Federal Registered Protocol

4.1.2.1 Problems with the Heated Sperm Nuclei Protocol

A high percentage of the nuclei stuck to the heated containers including surfaces of
glass, plastic, polypropylene, siliconized surfaces, and others. Also, measuring
whole sperm was equivalent to data on isolated nuclei [7]; thus, the time to prepare
the samples was long and very technician unfriendly.

4.1.2.2 Low pH to Denature DNA at DNA Break Sites

Fortunately the two-step acid procedure used for somatic cells [3] gave the same
results as the heat protocol [4, 7]. Technician time and effort were dramatically
reduced. This procedure, as well as specific steps for preparation, measurement, and
data processing, has been the FIXED SCSA® protocol for over three decades.
Table 4.1 briefly outlines the protocol. Extensive details are published elsewhere
[8-10].

Table 4.1 SCSA® Protocol

1. Prepare and measure one semen sample at a time

2. Transfer vial of frozen semen in LN2 tank near FCM to a 37° C water bath and immediately
dilute with TNE buffer to ~1-2 x 10¢ sperm/ml

3. Acid (pH 1.20 for 30 s) denaturation (open up) DNA double helix at sites of ss or ds DNA
breaks

4. AO staining of ss (red) and ds (green) DNA

5. Immediately place in flow cytometer and run sample/sheath for 1-2 min to establish fluidic
equilibrium

6. Measure 5000 sperm by flow cytometry at rates <250/s

7. Computer calculations of data for clinical report

8. Send report to clinic by secure WEB site

Detailed protocol: ask for PDF (don@scsatest.com)
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4.1.3 Biochemistry of Acridine Orange (AO) and Sperm DNA
Interactions of the SCSA Test

Figure 4.2 illustrates AO intercalated into dSDNA and stacked on ssDNA. At sites
with ss or ds DNA strand breaks, the heat or acid locally denatures or “opens” the
ds to ss DNA. AO stacks on the ssDNA that then collapses into a crystal and when
exposed to blue laser light has a metachromatic shift to red fluorescence [3]. With
an increasing number of DNA breaks, there is a concomitant decrease of green fluo-
rescence and an increase of red fluorescence.

A very significant advantage of the SCSA test is that its marker for DNA strand
breaks is the very small (MW 265), flat planer acridine orange (AO) molecule.
Thus, AO likely penetrates the entire highly compact nuclear chromatin structure
[11, 12]. In contrast, the TUNEL assay requires the large terminal deoxynucleotidyl
transferase enzyme to label at sites of DNA strand breaks, except those breaks with-
out a 3'0OH end, and it is likely that the protamine toroid is not penetrable by this
enzyme, thus reducing the efficiency of flow cytometric TUNEL testing by about
1/3 [11, 12]. Research from the lab of J Aitken [13] shows that the TUNEL assay
consistently underestimates DNA damage in human spermatozoa and is influenced
by DNA compaction and cell vitality. Efforts are described in using a S-S reducing
agent (DTT: dithiothreitol) to open up the S-S compacted chromatin.

The light microscope TUNEL further reduces the %DFI from that measured by
flow cytometry (FCM). Figure 4.3 illustrates the different potential staining sites by
the SCSA and TUNEL tests.
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Fig. 4.3 SCSA vs. TUNEL accessibility to sperm chromatin for detection of DNA strand breaks.
(A) Model of sperm chromatin, (B) TUNEL assay accessible sites, (C) SCSA accessible sites.
SCSA = AO; TUNEL = TdTA + fluorochrome; TUNEL % DFI values 1/3 less than SCSA values
[10, 11] (From Gawecka [11]; used with permission).

4.1.4 Does the SCSA Test Measure Potential or Existing
Sperm DNA Strand Breaks?

Early publications of SCSA data stated that AO stained sites of decreased resistance
to in situ denaturation leaving open any interpretation of mechanism [4]. The term
“resistance to in situ denaturation” was later spoken of as sites of “sperm DNA
fragmentation” leading to the expression “DNA fragmentation index” or % DFI, as
adopted by users of other sperm DNA fragmentation (SDF) assays. A current
expression is “sites of ss or ds DNA strand breaks” [12]. Previous literature often
stated the concept that the TUNEL assay was a “direct” measure of DNA strand
breaks, while the SCSA test was an “indirect test” measuring “potential DNA
breaks.” A recent review [14] stated that the “SCSA starts with an acid denaturation
step and depends on the principle that abnormal DNA is more prone to further frag-
mentation by acid denaturation than intact DNA.” Does that imply that the acid
causes fragmentation, i.e., DNA strand breaks? No, all data to date strongly suggest
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that the function of the heat or pH 1.20 treatment for 30 s is to denature (open) the
two DNA strands at the sites of existing single or double DNA strand breaks, i.e.,
“normal DNA” with single- or double-strand breaks.

Since neither heat (100 °C, 5 min) nor acid (pH 1.20/30 s) breaks the DNA phos-
phodiester backbone, both the TUNEL (listed as a “direct test”) and the SCSA
(listed as an “indirect test””) are measuring existing DNA breaks available to each
specific molecular probe. This view is supported by the following:

1. The first and likely foremost evidence needs to come from the co-founder,
Z. Darzynkiewicz, of both the SCSA test [4] and TUNEL test [15]. These two
tests, most importantly done by an expert in the same laboratory using the same
flow cytometer, showed a correlation of r = 0.87; P < 0.05. This is a strong evi-
dence suggesting that these two tests measure the same sites available to each
specific probe.

2. Studies using bull semen samples showed a remarkably high correlation (0.99)
between the TUNEL and SCSA tests for consecutive collections from a single
bull [16]. However, the data suggest a one-third (60/90) less efficiency in label-
ing sites of DNA strand breaks using the TUNEL assay. Figure 4.4 shows data
[16] on 38 bull semen samples measured by the SCSA and TUNEL tests
(r=0.78, P <0.001). These data confirm the observations from Aitken’s lab [13]
that the TUNEL test underestimates DNA strand breaks.

4.1.5 Change in SCSA Terminology

The Sperm Chromatin Structure Assay (SCSA®) was named as such since it mea-
sures both sperm DNA fragmentation and abnormal chromatin structure. The major
use of the SCSA test has been to determine the percentage of sperm with frag-
mented DNA. The original term for describing the percentage of sperm in a semen
sample with fragmented DNA was cells outside the main population (COMP «,).
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Due to suggestions from human medical andrology interests that the acronym
COMP ¢, did not explain well what this meant, the COMP o, terminology was
changed to %DFI (DNA fragmentation index) [9]. Thus, the three equivalent values
[(original): (new)] that describe the extent of DNA fragmentation are [%9COMP
o, ]:(%DFD); [X o]:(X DFI); and [SD o,]:(SD DFI). All of the other current sperm
DNA fragmentation tests have now adopted the concept of %DFI expression of the
percentage of sperm with fragmented DNA. However, in the animal andrology field,
the original SCSA terms have been kept by most authors.

4.1.6 Clinical Report

Figure 4.5 shows typical SCSA clinical data on ejaculated sperm from men attend-
ing an infertility clinic. These raw and computer converted data are inserted into a
clinical report that includes suggestions for clinical intervention.
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Fig. 4.5 SCSA test data. Top Box. Left panel. Raw data from a flow cytometer showing each of
5000 sperm as a single dot on a scattergram. Y axis = green fluorescence with 1024 gradations
(channels) of DNA stainability. X axis = red fluorescence with 1024 gradations of red fluorescence
(ss DNA). Axes shown are 1024/10. Dotted line at Y = 75 marks the upper boundary of DNA stain-
ing of normal sperm chromatin; above that line are sperm (dots) with uncondensed chromatin
allowing more DNA stainability. Three levels of sperm DNA integrity: normal, moderate, and high
levels of DNA fragmentation. Bottom left corner shows gating out of seminal debris. Middle panel.
Raw data from left panels are converted by SCSAsoft® software (or equivalent) to red/red + green
fluorescence. This transforms the angled normal sperm display in left panel to a vertical pattern
that is often critical for accurately delineating the % of sperm with fragmented DNA. Y axis = total
DNA stainability vs. X axis = red/red + green fluorescence (DFI). Right panel: Frequency histo-
gram of data from middle panel showing computer gating into three categories: normal, moderate,
and high DFI (moderate DFI + high DFI = total %DFI). Bottom box. SCSAsoft calculations of
mean of two independent measures of mean and SD of DFI, SD DFI, and % DFI and %HDS
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4.1.7 Relationship Between Sperm DNA Fragmentation Data
and Classical Semen Parameters

Investigation of the male partner of infertile couples is traditionally based on the
conventional WHO semen analysis, which includes an assessment of sperm count,
motility, and normal sperm morphology. This analysis has, however, a limited value
both as a diagnostic tool and as a guide to selection of the therapeutic procedure
[17]. In numerous studies using the SCSA test, many investigators have recorded
correlations between %DFI and the standard semen parameters. These stated cor-
relations vary widely; however, the consensus is that the correlations are weak
enough to conclude that the SCSA %DFI is a relatively independent parameter. The
most highly correlated parameter is usually with motility. The rationale is that reac-
tive oxygen species (ROS) activity breaks DNA and damages cellular membranes,
including the mitochondrial membranes, likely inhibiting motility.

4.2 Biochemical Characteristics of SCSA-Defined Sperm
Populations

Some investigators using other DNA fragmentation techniques that employ light
microscopy have stated that their method advantageously analyzes single cells,
while the SCSA measures groups of cells but not single cells. No, the very essence
of flow cytometry is that every single cell is measured one at a time at a fast rate.
Any single cell or cluster of cells can be characterized on a 1024 x 1024 grid on the
computer monitor as seen in Fig. 4.5. As an example, a single cell, or cluster, may
have a characteristic Y value of 540 nm green fluorescence (native DNA) and X
value of 650 red fluorescence (broken DNA). Sperm with such values can be flow
cytometry (FCM) sorted out for further morphological and biochemical
characterization.

4.2.1 FCM Sorted SCSA Populations to Analyze Sperm
Nuclear Morphology

A FACsort flow cytometer (Becton Dickenson, San Jose, CA) was used to separate
four (normal, moderate DFI, high DFI, and HDS) SCSA populations [18]. Using
the computer gates seen in Fig. 4.5, the sorted sperm were collected in tubes, spun
down, resuspended, and then forced onto a glass microscope slide using a cytocen-
triftuge (Shandon Cytospin II, Minneapolis, MN) that concentrates the sperm into a
small region of the glass slide.

For the first experiment, Feulgen-stained nuclei were photographed with a Nikon
800 light microscope interfaced to computer image analysis software. Three
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measured slides/population for a total of 600 nuclei were analyzed for each sorted
population. Of interest, both the SCSA normal population AND the moderate DFI
population had nearly identical nuclear morphology images. Of clinical interest,
these sperm may be picked up for ICSI due to their normal morphology, but they
likely contain fragmented (broken) DNA.

In the second experiment [18], each of the four populations that was sorted onto
glass slides was subjected to pH 10 (neutral) comet assay that identifies (a) sperm
without dsDNA breaks and (b) sperm with dsDNA breaks having a pattern of an
astrological comet. The main population and HDS population had few (background
noise) comets. As seen in Fig. 4.6, about 75% of the sperm with moderate and high
DNA fragmentation also had positive pH 10 comets indicative of dsDNA breaks,
thus confirming the presence of dsDNA breaks measured by the SCSA test.

An alkaline comet assay was not run; it is hypothesized that both moderate and
high %DFI fractions would show 100% alkaline comets, thus confirming SCSA
measurements of both ds and ssDNA breaks, 1.e., breaks in the phosphodiester back-
bone of one or both of the DNA strands. This has also been described as DNA frag-
mentation (Latin: fragmentum—a broken piece—thus, DNA with pieces of broken
ss or ds DNA).

4.2.2 Characteristics of HDS Population: New Emphasis
Jor the ART Lab

HDS sperm have abnormal nuclear proteins and/or other factors that prevent normal
chromatin condensation thereby exposing more DNA to AO staining of ds DNA;
this includes excess histones and other proteins such as unprocessed protamines
[19]. Histone-complexed DNA has a 2.3 X greater AO staining than protamine-
complexed DNA [20].



74 D.P. Evenson

In a study by Zini et al. [21], samples from men (n = 87) attending an infertility
clinic showed a significant relationship between sperm morphology defects accord-
ing to strict criteria and SCSA parameters (%DFI and %HDS), i.e., normal sperm
forms and both %HDS (r = —0.40) and sperm motility (» = 0.32). The observed
relationship between sperm head defects and %HDS suggests that sperm head
abnormalities may, in part, be due to incomplete sperm chromatin condensation.

Of importance, it is becoming clearer that a high %HDS is correlated with
increased probability of early embryo-grown cessation and miscarriage [22-25].
The laboratory of Menezo [22] has been at the forefront in providing evidence on
the importance of the decondensed chromatin population. Menezo’s lab has called
the %HDS fraction “DNA decondensation state index” (SDI) measured by aniline
blue (AB) or by SCSA, which fortunately can simultaneously measure both DFI
and HDS. Some gene families that are highly important for early embryo develop-
ment are associated with histones in human spermatozoa [24]. “While it is well
known that the oocyte can repair limited sperm DNA breaks, its capacity to improve
tertiary structure is rather limited.” Menezo’s lab/clinical data [26] suggest that
defective methylation linked to methylenetetrahydrofolate reductase (MTHFR)
may contribute to sperm pathogenesis via increased %HDS (%SDI) [26].

The negative impact of high sperm chromatin decondensation (high HDS) may
occur at the time of early developmental arrests up to miscarriages [23-25].

In a study of 1417 ART patients [26] where the man had an SCSA test, 77% had
less than 20% HDS, 10% had 20 to <25% HDS, and 12% had >25% HDS. High
9%HDS values result in a large embryo loss at an approximate eight-cell stage. A
very preliminary study at our SCSA diagnostic lab has seen ~80% embryo failure
when HDS >35%, while the %DFI values were at acceptable levels.

It is of great interest that the negative influence of HDS on pregnancy outcomes
follows closely to the curve shown in Fig. 4.7 for %DFI. Specifically, all is well with
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Fig. 4.7 0Odds for in vivo/IUI/IFV pregnancy vs. % DFI. The curve was estimated from data from
intercourse [8, 27], IUI [54] and IVF/ICSI [28] data. Below 15-20% DFI is without a known prob-
lem. Threshold for in vivo and IUI fertilization is 25%, and at that level ICSI should be considered.
At ~40% DFI presents a high risk for no pregnancy and increased probability for miscarriage
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<20% HDS. However, the outcomes become poorer from 20 % to 30% HDS, and at
>30% HDS there is a high level of cessation of early embryo growth [25, 26].

Menezo’s group have described how defective methylation linked to MTHFR
may contribute to sperm pathogenesis via increased SDI (HDS). While the egg has
repair capacity for broken sperm DNA, it has no capacity to fix the lack of organiza-
tion found in the uncondensed chromatin (HDS) that may be critical to synthesizing
the specific needed proteins for growth of the embryo.

4.3 Validation of SCSA Clinical Thresholds

4.3.1 Humans

The early SCSA human experiments suggested that the threshold for male factor
subfertility via intercourse was ~25-27% DFI [8, 27]. Spano et al. [27] showed that
pregnancy rate via intercourse begins to drop with >20% DFI [27]. Note that this
represents TWO different statistical thresholds, namely, 20%DFI for the beginning
level for fall off reproductive outcomes and 25% as a statistical threshold for in vivo
success. Furthermore, a third threshold is at >40%DF]I for very low success by any
fertilization method and an increased level of miscarriages [27, 28]. The most com-
mon question asked by patients is “If 25% of my sperm have fragmented DNA, why
can’t the other 75% be sufficient for attaining a pregnancy?” More dramatically, the
threshold for boars has repeatedly been shown to be 6%DFI [29]. An answer to this
question is described as the “iceberg phenomena” [9]. The human threshold at 25%
is equivalent to an iceberg with 25% of its mass above the water line. However, the
75% of the iceberg under the water line likely have sperm with negative factors such
as pre-apoptotic sperm.

4.3.2 Animals

As stated by Barratt and De Jong [30], validation of sperm DNA fragmentation tests
needs to include animal models where the breeding can be controlled to a much
greater degree than for humans. To achieve this recommendation, known fertility
data from bulls and boars were correlated with SCSA data.

4.3.2.1 Bulls

Perhaps the best way to eliminate many of the variables in potential female factor
assessment of male fertility is to conduct heterospermic inseminations that are pos-
sible only in animal studies. Thus, e.g., if equal numbers of motile sperm from a
black bull and a white bull are inseminated into 100 females, the ratio of black and
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Table 4.2 Pearson FR APB
correlation coefficients (r) of

SCSA variables and fertility %eDFI —0.55° —0.54
for 18 boars bred to 1867 SDDFI |-0.67"  |-0.54
females ip <0.01

°p < 0.003

p<0.02

white calves shows which bull has the greater fertility potential. SCSA test data [31]
on sperm from nine bulls showed a very high correlation with a known fertility
competitive index, measured by heterospermic performance (%DFI, —0.74,
P < 0.05; SD DFI, —0.94, P < 0.01).

4.3.2.2 Boars

Heterospermic trial. Encouraged by the field [32] and heterospermic bull data [31],
similar heterospermic experiments were done with boars [33]. Semen from six phe-
notypically different boars was mixed in equal motile sperm numbers in six three-
way combinations and inseminated into at least three Duroc gilts per combination.
The SCSA correctly predicted both the high and low fertility boars based on a ratio
of offspring as deviated from the theoretical percentage. The “low fertility boars”
had 3.0 times higher %DFI values than for the high fertility boars. The offspring of
the high fertility boars were 4.8 times more than from the low fertility boars.

Multiparous animals. A great advantage for investigating not only fertility data
on single-birth animals is to use multiparous animals that can help detect embryo
loss in vivo as related to male factor.

Didion et al. [29] evaluated 18 sexually mature boars having fertility informa-
tion. Boar fertility was defined by farrow rate (FR) and average total number of pigs
born (ANB) per litter of gilts and sows mated to individual boars. Fertility data were
compiled for 1867 matings across the 18 boars (Table 4.2).

The boar fertility rate had a high correlation with the %DFI (r = —0.60, P < 0.01)
and SD DFI (r = —0.68, P < 0.003) [29]. It is of great interest to note the significant
correlations between %DFI and SD DFI values and average number of piglets born
(APB)/liter. Since oocytes do not discriminate against sperm with damaged DNA
[34], these sperm with damaged DNA likely fertilize and the resulting embryo
implants in the female only to be lost later when likely needed proteins are lacking
due to a break in the DNA/gene required to supply that vital protein. Human data
have clearly shown that DFI >30% are related to increased miscarriage rate [8, 27].
As stated by Borini et al. [35], high %DFI can compromise “embryo viability,”
resulting in pregnancy loss.
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4.4 Validation of the SCSA Test for Precision and Accuracy

4.4.1 Invaluable Use of Flow Cytometry

Of critical importance for validation of any test is its precision and accuracy. Without
a doubt flow cytometry is invaluable to achieve this requirement for the SCSA test.
Flow cytometry (FCM) measuring of cells is highly rapid with exceptional mechan-
ical precision that avoids human eye biases. Both TUNEL and SCSA tests are ame-
nable for use with flow cytometry; SCSA has a significant advantage of being a dual
parameter measurement. Thus, each sperm is characterized by 1024 x 1024 units
(channels) of green vs. red fluorescence seen as a dot plot on the FCM monitor
(Fig. 4.5). And for accuracy, i.e., the extent to which a given measurement agrees
with the standard value for that measurement, it is near perfect for the SCSA test.
Thus, EVERY SINGLE SPERM in a SCSA measurement can be characterized by
the exact extent of DNA damage.

Figure 4.8 provides evidence for two important features of the SCSA test [36]:
(1) lack of difference of %DFI between fresh and frozen samples and (2) the ability
of setting up the flow cytometer for exact repeat measurements by the use of refer-
ence samples consisting of numerous frozen aliquots of a semen sample with about
10-15% DFI [9, 10]. These reference samples are used to set the mean green and
red fluorescence values to the same exact (+ 5 channels) X and Y coordinates each
time the FCM is set up for measuring samples.

100 1 D Fresh samples 100 E Frozen samples
80 . =—a 0 mg/kg 80 4 u—a 0 mg/kg
o—e 1 mg/kg e—e 1 mg/kg
ic 60 4 60 -
9
S~ 40 - 40 -
20 20
0 0
0 10 20 30 40 50 0 10 20 30 40 50
WEEKS AFTER TEM EXPOSURE WEEKS AFTER TEM EXPOSURE

Fig. 4.8 Epididymal sperm from mice treated with triethylenemelamine (TEM) and over 45 weeks
harvested with one fresh set measured by the SCSA test and a frozen aliquot measured months
later by the SCSA test [36]
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4.4.2 Repeatability of SCSA Data
4.4.2.1 Within Human Donors Over Time

It is well known that semen parameters such as count, motility, and morphology can
vary widely over short periods of time [17]. For this reason, it is often recommended
that a man has at least two classical semen tests over some weeks of time. In con-
trast, the evidence is strong that the SCSA test data are highly stable over months of
time for healthy men [37] as seen in Fig. 4.9.

Note the consistent, unique cytogram patterns from month to month within indi-
viduals. Left column, excellent DNA integrity; middle column, poor DNA integrity
with high % DFI; and right column, high %HDS and near absence of DNA break-
age. Note that if the clinical report on the latter only listed %DFI, this would score
as a very normal sample; however, the very high %HDS changes the clinical report
to an increased probability of early embryo cessation of growth [22-26]. The CV of
intra-individual eight monthly samples of 45 men was 10% [37].

Some studies have stated that the intra-individual CV for SCSA measures is as
high as 30% [38]. This was a retrospective study of 282 consecutive patients referred
for ART with repeated (2-5) SCSA measurements. The mean CV of DFI for
repeated SCSA measurements was 29%. Thirty-seven percent of patients with DFI
>30.0% in the first test had DFI <30.0% in the second test. Also, 27% of patients
with 21-30% DFI values in the first test had DFI >30% in the second test. The
authors concluded that with this high intra-individual variability in %DFI of
repeated SCSA measurements, repeat SCSA measurements are recommended.
However, a problem with this conclusion is that patients with an initial value of,
e.g.,29.9% and a follow-up value of 30.1% would be scored as changing categories,
while it is obvious that these two numbers are statistically the same.

To help resolve this problem, a new study [39] was done in which SCSA analy-
ses were performed on 616 samples from men between 18 and 66 years of age. A
calculation was performed using an interval of 29-31% instead of the 30.0% cutoff
value (switch from <29 to >31% or vice versa). “When the DFI interval 29-31%
was used instead of the 30% cut-off level, 12% of the subjects switched categories.
Thus, in the clear majority of the subjects, repeated SCSA testing does not result in
a switch in DFI category, in relation to the clinical cut-off level of 30%. This repeat-
ability adds to the utility of the SCSA %DFI as a valuable tool in the investigation
of men from infertile couples.” There is a highly likely reason why the CV of %
DFI is greater in patients than what is seen in non-patient donors. When a man at
an infertility clinic has a high % DFI with the realization that pregnancy would be
more easily obtained with a lower % DFI, the patient is often encouraged to ingest
antioxidants [40], keep the testes cool [41], lower BMI values, avoid some medica-
tions (e.g., selective serotonin reuptake inhibitors (SSRIs) [42], reduce stress, fix
large varicoceles [43, 44], and overall move to a healthier lifestyle. Many of the
changes are known to reduce %DFI by a significant amount. And consequently,
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e N

Native DNA Stainability

Fragmented DNA

Fig. 4.9 Repeatability of SCSA measures of donor sperm over time. Shown here are semen sam-
ples from three donors obtained for eight consecutive months. Note the highly consistent patterns
for each man despite a significant difference between the men shown [37] (From Evenson et al.
[37]; used with permission)
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there is often a greater CV for repeat measurements due to the patient and not the
SCSA test.

Data on repeatability of %DFI in a single non-smoking fertile donor over
10 years (age 40-50) showed that semen parameters and sperm DNA integrity
remained normal, and no trend was observed over the study period. Of interest, the
%DFI was less than 20% [45].

4.4.2.2 SCSA Data Using Different Flow Cytometers Internationally
on Sperm from Eight Different Mammalian Species

Now that flow cytometers are available in numerous laboratories and medical insti-
tutions around the world, it is very important to know whether multiple types of
flow cytometers are compatible to measure with exacting results for the two sperm
DNA fragmentation assays that use flow cytometry, namely, the SCSA and TUNEL
tests. For the SCSA test, it has long been known that measurements on different
flow cytometers produce the same results when using the SCSAsoft®, or equiva-
lent, software for clinical output. In 1995, Evenson and ten collaborators in seven
centers on two continents made comparative SCSA %DFI measurements of ali-
quots of the same frozen semen aliquots from human, mouse, rat, turkey, bull, ram,
boar, and stallion [46]. Both epi-illumination and orthogonal optic flow cytometers
were compared. Even with the great difference in the shape of the cytograms
between FCMs with orthogonal vs. epi-illumination optics, using software equiva-
lent to SCSAsoft showed the near exact same level of %DFI (26% and 25% DFI)
(Table 4.3).

Of great importance, the overall %DFI values for the total 132 samples had cor-
relations of 0.9886 (P < 0.001). This number solidly demonstrates that the crucial
SCSA measurements around the world on very different flow cytometers produced
with SCSAsoft (or equivalent red/red + green fluorescence) the near exact same
results.

Table 4.3 Correlations between the same SCSA variables measured on the PCP22A and
Cytofluorograf 30 FCM

Species
Bull Rams Boars Stallions Mice Humans Overall
n=23) (n=18) |(n=28) (n=39) (n=14) |(n=10) (n=132)
%DFI 0.9788 0.9816 0.9952 0.9864 0.9961 0.9833 0.9871
SD DFI | 0.9902 0.9934 0.9983 0.9909 0.9998 0.9241 0.9886
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4.4.2.3 Comparisons Between Measurements of Aliquots of Human
Patient Semen Samples on Three Continents

A near exact level of reproducibility is seen (Fig. 4.10) with aliquots of human
semen samples shared between SCSA Diagnostics, Inc. and SCSA certified labora-
tories in Denmark and India. Similar correlations between international labs using
the same FCM and the TUNEL assay have been reported [47].
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Fig. 4.10 Correlations between SCSA data obtained on three continents. Upper box. Correlation
between SCSA %DFI on ten frozen/thawed human samples on two different brands of flow cytom-
eters (Cytofluorograf 30; Ortho Diagnostics) at SCSA Diagnostics, Inc. in South Dakota. USA and
(FACScan, Beckton Dickenson) at the University of Copenhagen, Denmark. (Correlation:
R2 =0.961). Lower box. Correlation between SCSA %DFI on 57 frozen/thawed human samples
on two different brands of flow cytometers (Cytofluorograf 30; Ortho Diagnostics) at SCSA
Diagnostics, Inc. in South Dakota and a Beckman Coulter flow cytometer in the Andrology Lab,
Coimbatore, India. (Correlation: R2 = 0.9812)
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4.5 SCSA Data as Related to Male Age, a Very Important
Infertility Issue

While the age of females seeking pregnancy has received vast amounts of coverage
in medical and laymen publications, very little has been said about the effects of the
man’s age on male factor infertility. Data in Fig. 4.11 show that above age 45, the
man’s sperm DNA integrity deteriorates more rapidly with increasing %DFI.

Both healthy donors [48] and men attending infertility clinics (n = 3026) [49]
show a significant increase of %DFI at about age >45 and a decreasing %HDS. These
data have been hypothesized to relate to the data in a Swedish study that followed
the consequences on offspring of fathers conceiving a child after the age of 40 [49].
Sperm DNA fragmentation becoming significantly elevated at >40 age is consistent
with the significantly elevated psychiatric birth defects of offspring [50].
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Fig. 4.11 Data on 3026 men attending fertility clinics and sending semen samples to SCSA
Diagnostics showing %DFI and %HDS
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4.6 SCSA Data Are Predictive of Male Infertility
Via Intercourse, IUI, IVF, and ICSI

4.6.1 Pioneer In Vivo Male Factor Study

The 1980 Science paper [4] showed the first flow cytometric comparison of sperm
DNA fragmentation between known fertile men and men attending an infertility
clinic. The mean sperm DNA fragmentation score for men seeking their fertility
status was nearly twice as high as the score for men of known fertility [4]. These
human data were complemented with clear results (as seen above) of data on bulls
and boars of known varying fertility.

The first well-executed in vivo study correlating sperm DNA integrity with preg-
nancy outcome was done in collaboration with Mike Zinaman at Georgetown
University [8]. The SCSA test was used to measure human semen samples from 165
presumably fertile couples wishing to achieve pregnancy over 12 menstrual cycles.
Any woman with female infertility factors was excluded. SCSA data from the male
partners of 73 couples (group 1) achieved pregnancy during months 1-3 were com-
patible with “high fertility.” These SCSA values were significantly different from
those of 40 couples (group 3) achieving pregnancy in months 4-12 (P < 0.01) and
of those male partners of 31 couples (group 4) not achieving pregnancy (P < 0.001).
Group 2 contained couples who had a miscarriage. “Based on logistic regression,
the level of %DFI was the best predictor for whether a couple would not achieve
pregnancy.” Some 84% of males in Group 1 had <15% DFI; no couples achieved
pregnancy in Group 1 with >30% DFI. Using selected cutoff values for chromatin
integrity, the SCSA data predicted 7 of 18 miscarriages (39%).

Shortly after the above publication, Spano et al. [27] published a time to natural
pregnancy on 215 “Danish first pregnancy planners” with no previous knowledge of
their fertility status. Data was obtained on 1301 cycles (838 cycles, months 1-6; 463
cycles, months 7-24). The probability of pregnancy in a menstrual cycle across the
entire range of SCSA values obtained from the initial semen samples is incorpo-
rated into the drawing in Fig. 4.7 that also includes pregnancy estimates from IUI
and IVF/ICSI studies [8, 27, 28, 51-54].

At 20% DFI, fecundability started dropping and became very small for values of
30—40%. Thus, the probability of producing a healthy pregnancy via intercourse
sharply declined beginning at 20% DFI and was negligible when this fraction added
up to 40%. As stated by the authors, “this level ‘makes this individual a good candi-
date’ not to conceive.” The results of both above studies [8, 27] are consistent with
the finding that sperm chromatin structure is reflective of fertility potential, which
significantly deteriorates when %DFI is >30%. As stated, SCSA data is highly
indicative of male subfertility, regardless of the number, the motility, and the mor-
phology of the spermatozoa [27].

The publications of the two above studies remained for many years as the only two
papers showing odds ratios (ORs) via intercourse on semen samples measured by the
SCSA. These ORs of 7-8 were confirmed by independent meta-analysis [51, 52].
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In contrast to the data presented in these two above studies, the 2006 (and subsequent
years) American Society for Reproductive Medicine Compendium of Practice Report
found no significant effects of elevated sperm DNA fragmentation by using a 30%
DNA fragmentation index (DFI) threshold for natural fertilization and SCSA data
(odds ratio, 1.07; 95% confidence interval, 0.39-2.93) [51]. In an independent meta-
analysis [51, 52], it was shown that these two in vivo studies showed significant odds
ratios of 6.54 (95% confidence interval, 1.71, 24.91) and 7.58 (95% confidence inter-
val, 2.54, 22.67), which resulted in the conclusion that the pregnancy rates are statisti-
cally significantly higher for the group with DFI below the thresholds of 30% and
40%, respectively.

4.6.2 ART Clinic
4.6.2.1 IUI

A SCSA study including IUI couples was done by Bungum et al. [54] in 2007. Of
great interest was the observation that when the SCSA %DFI value was greater than
30%, the pregnancy rate was a dramatically low 1.5% in contrast to those with
<30% that had a successful pregnancy rate of 19.0%. These data strongly suggested
that men with a DFI of >30% had a very low chance with both natural and IUI con-
ception and should move to ICSI. These IUI data are also incorporated into the
clinical interventions as seen in Fig. 4.7.

Figure 4.7 shows the very significant drop in successful pregnancies as the % DFI
falls from the 20 % to 30%. The threshold for IUT and natural fertility has been set
at ~25% DFI [8, 27, 54].

4.6.2.2 IVF/ICSI

Bungum et al. [54] analyzed a total of 998 cycles (387 IUI, 388 IVF, and 223 ICSI).
No statistical difference between the outcomes of IVF versus ICSI was observed in
the group with DFI <27%. In the DFI >27% group, however, the results of ICSI
were significantly better than those of IVF. Comparing ICSI with IVF, the OR (95%
CI) for BP was 26 (1.9-350). The IVF and ICSI fertilization rates were not statisti-
cally different between high- and low-DFI groups. More men with >15% HDS had
lower (<25% and <50%) IVF fertilization rates. Men with >30% DFI were at risk
for low blastocyst rates (<30%) and no ongoing pregnancies. Thus, the authors pro-
posed that “all infertile men should be tested with SCSA as a supplement to the
standard semen analysis. When DFI exceeds 30%, ICSI should be the method of
choice.”

A recent study by Oleszczuk et al. [28] was based on 1633 IVF or ICSI cycles.
DFI values were categorized into four intervals: DFI < 10% (reference group),
10% < DFI < 20%, 20% < DFI < 30%, and DFI > 30%. For the three latter intervals,
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the following outcomes of IVF/ICSI procedures were analyzed in relation to the
reference group: fertilization, good quality embryo, pregnancy, miscarriage, and
live births. In the standard IVF group, a significant negative association between
DFI and fertilization rate was found. When calculated per ovum pickup (OPU),
odds ratios (ORs) for at least one good quality embryo (GQE) were significantly
lower in the standard IVF group if DFI >20%. OR for live birth calculated per OPU
was significantly lower in standard IVF group if DFI > 20% (OR 0.61; 95% CI:
0.38-0.97; p = 0.04). No such associations were seen in the ICSI group. OR for live
birth by ICSI compared to IVF was statistically significantly higher for DFI > 20%
(OR 1.7;95% CI: 1.0-2.9; p = 0.05). OR for miscarriage was significantly increased
for DFI > 40% (OR 3.8; 95% CI: 1.2-12; p = 0.02). The results suggest that ICSI
might be a preferred method of in vitro treatment in cases with high DFI.

4.7 Conclusions

Now after nearly four decades of basic and clinical research with an estimated >
~150,000 animal and human sperm samples measured by the SCSA, it can be stated
with confidence that the SCSA test is well suited for testing in the human clinic.
Specifically:

* A 0-20% DFlI is considered excellent DNA integrity. However, for the man with
one or more abnormal WHO semen parameters, the OR significantly decreases
for a successful pregnancy.

e From 20% to 30% DFI, a continuous falling off odds for a successful pregnancy
by in vivo and IUL

e HDS >25% [22-26] and certainly >35% leads to very poor embryo development,
few blastocysts, and embryos arresting at about eight-cell stage.

* When SCSA %DFI is above 20-30%, there are data to support moving from
standard IVF treatment to ICSI.

* Above 40-50% DFI, the odds for pregnancy are very low by any means of fertil-
ization and with increased odds for miscarriages. Consideration may be made to
use testicular sperm/ICSI (TESE) [55].

* Men above the age of 45 seeking to father a child should have sperm analyzed by
SCSA since these men are at increased risk of sperm DNA damage and this is the
point of age at which the mean %DFI is indicative of poorer pregnancy
outcomes.

e It is a small cost, relative to many other male and female infertility tests, to take
a SCSA test that may indicate the male as the prime factor in lack of a pregnancy.
Such SCSA reports become highly valuable to both the patient and the clinic’s
interests.

* A recent review by Agarwal et al. [56] outlined the evolution of sperm DNA
fragmentation (SDF] tests from their origin to current utility in the urology and
infertility clinics and recognize that SDF has been generally acknowledged as a
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valuable tool for male fertility evaluation. These authors [56] note that the latest
American Urological Association (AUA) and the European Association of
Urology (EWAU) have acknowledged the importance of DNA fragmentation in
sperm as guidelines on male infertility. The authors conclude their review with
the statement: “SDF testing should be included in the evaluation of male factor
fertility along with the standard semen analysis. Any couple that fails to obtain a
pregnancy within a year would gain a valuable insight into the potential that
couple infertility may be due to sperm DNA fragmentation and, if so, to proceed
with the recommendation to reduce SDF by lifestyle changes or select an ART
procedure in part determined by the results of a SDF test.”

SCSA testing can be done at any lab that follows the precise published protocol
on all known flow cytometers when using SCSAsoft, or equivalent, software for
clinical reports; alternatively, most continents have labs with commercial SCSA
testing, including North America (www.scsatest.com), London (www.tdlpathol-
ogy.com), India (www.andrologycenter.in), Brazil (www.androscience.com),
and Sweden (www.med.lu.se), and other sites may become available.
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Chapter 5
TUNEL Assay

Monica Muratori and Elisabetta Baldi

5.1 Introduction

Routine semen parameter evaluation is the cornerstone analysis in a male fertility
workup and helps the clinician in choosing the suitable assisted reproductive tech-
nique (ART) treatment of infertile couples. However, routine semen analysis cannot
reveal many sperm traits necessary to successfully fertilize the oocyte and deliver an
intact paternal genome [1] and thus shows a limited value for diagnosis of male
infertility. The poor predictive ability of routine semen analysis is further worsened
by the high technical (intra- and interassay [2, 3]) variability and the poor individual
stability over time of semen parameters [4, 5]. Several sperm markers have been
investigated in the last decades to discriminate between fertile and infertile subjects,
and DNA integrity appears to be one of the most promising sperm traits. High levels
of sperm DNA damage negatively impact human reproduction by delaying natural
pregnancy [6-8] and increasing the miscarriage rate [9, 10]. Many studies also
report a negative impact on ART outcomes, even if other investigations have failed
to establish a clear relationship between sperm DNA damage and the success of
fertilization, embryo development, and achievement of pregnancy in couples treated
by in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) [11, 12]. Such
controversy derives likely from a great heterogeneousness of the characteristics of
the studies [13], including couple selection criteria and the different techniques used
to assess sperm DNA integrity. Regarding the latter point, among the available tech-
niques, the most popular are sperm chromatin structure assay (SCSA), single-cell
gel electrophoresis assay (known as comet), terminal deoxynucleotidyl transferase
(TdT) dUTP nick-end labeling (TUNEL), and the sperm chromatin dispersion
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(SCD, also known as Halosperm) test. These techniques largely differ in many fea-
tures including the type, the amount, and the manner of expressing the detected
DNA damage, the degree of access into the compacted sperm nuclei, and the speci-
ficity and sensitivity of the measurements. Given all these aspects, it is not surpris-
ing that also the clinical correlates of sperm DNA damage can be different depending
on the technique used [9, 12].

The variability of the measurements of sperm DNA damage occurs also within
the same method, since most procedures lack the necessary standardization to mini-
mize the technical variation of sperm DNA damage assessment and to compare the
results among different laboratories.

Two recent studies employed different techniques to reveal sDF and its impact on
reproduction in the same patient cohort, thus blunting the variability due to the
study design and couple recruitment. Ribas-Maynou et al. [14] employed TUNEL,
SCSA, SCD, and alkaline and neutral comet assays, to compare the ability to dif-
ferentiate between fertile and infertile subjects, and reported that all techniques,
except neutral comet, successfully predicted male fertility. TUNEL and alkaline
comet assay showed the best performance, confirmed by a recent meta-analysis
[15]. In addition, Simon et al. [16] reported that both TUNEL and comet, but not
FCCE (flow cytometric chromatin evaluation, a method similar to SCSA), success-
fully predicted pregnancy in couples treated with IVF/ICSI. However, only large,
multicenter standardized studies would be able to solve the old-standing problem of
establishing, if any, the gold standard method of revealing sDF in the clinical setting
[9, 12].

Here, we will revise briefly the main differences among the available versions of
the TUNEL technique used to detect sDF and introduce the TUNEL/PI assay cur-
rently used in our laboratory.

5.2 Versions of TUNEL Assay

TUNEL is one of the most popular techniques used to detect sperm DNA breakage,
since it is rapid and easy to perform as it can be revealed also by fluorescence micro-
scope besides flow cytometry. The TUNEL assay detects sperm DNA fragmentation
(sDF) as it labels single- and double-DNA strand breaks using modified dUTP
nucleotides (dUTPs) that are incorporated into DNA by the TdT enzyme. The modi-
fied dUTPs can be directly fluorescent or revealed by secondary detection (indirect
system). The TdT enzyme possesses the unusual property of incorporating nucleo-
tides in a primer and template-independent manner; thus, it is able to label double-
stranded fragments at the 3’OH ends (i.e., blunt-ended or 5’ recessed DNA
fragments), as well as single-stranded fragments [17]. The access of TUNEL
reagents into sperm chromatin appears to be limited by the high degree of compact-
ness of sperm nuclei. Indeed, TUNEL measures increase in samples treated with
dithiothreitol, which breaks the disulfide bridges between adjacent protamine mol-
ecules and thus relaxes sperm chromatin [18, 19]. The sensitivity of TUNEL appears
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further reduced when indirect revealing systems are used, such as that incorporating
5-bromo-2'-deoxyuridine-5'-triphosphate (BrdUTP) into DNA fragments subse-
quently revealed with a fluorescent antibody anti-BrdUTP (Forte et al., unpublished
results).

As mentioned, fluorescent dUTPs can be revealed by both a fluorescence micro-
scope and a flow cytometer [20]. Flow cytometry is an objective, highly reproduc-
ible technology and guarantees measurements based on large numbers of cells,
unlike procedures using a microscope. On the other hand, flow cytometry requires
skilled operators and appropriate strategies to recognize and separate spermatozoa
from signals of other cells/elements present in the sample which, conversely, can be
easily recognized using fluorescence microscopy.

Since the first studies employing TUNEL to label DNA breaks [21, 22], many
versions of the assay have been developed, differing in one or more steps of the
procedure, all affecting the measurements of sDF [23]. One of the major sources of
variability is represented by the use of two types of instrumentation to measure the
percentage of TUNEL-positive spermatozoa, i.e., flow cytometry and fluorescence
microscopy [24]. With flow cytometry, the percentage of TUNEL-positive sperma-
tozoa is usually determined in a test sample (labeled in the presence of TdT), using
anegative (TdT omitted) or, less frequently, a positive (DNA fragmentation induced
by treatment with DNase) control [25] as a reference. The measurements taken with
a microscope rely on scoring brilliant spermatozoa [20] and result in about half of
those obtained by flow cytometry [24] suggesting limited sensitivity for the micro-
scopic evaluation.

An often neglected and poorly standardized feature of the TUNEL technique
regards storing after the fixing procedure and before processing the semen samples.
We found that fixation with paraformaldehyde modified the amount of sDF during
prolonged storage at 4 °C [23]; thus, in the procedure currently used in our labora-
tory, labeling of DNA breaks immediately follows the fixation step. At our knowl-
edge, no data have been reported about the effect of storing conditions in samples
fixed with other reagents.

As a result of the employment of many versions of the TUNEL assay, average
percentages of DNA-fragmented spermatozoa in semen of subfertile men can vary
from a few points (for instance, in [26]) to more than 40% (for instance, in [27]). In
the absence of a standardized procedure to which adheres to measuring sDF by
TUNEL assay, each laboratory must build up its own threshold value to be used in
the diagnosis of male infertility.

One advantage of TUNEL is the possibility to detect simultaneously, by flow
cytometry, DNA fragmentation and other cell parameters, thus allowing us to quan-
titatively study several characteristics of sperm with DNA fragmentation. TUNEL-
positive sperm can also be recovered by cell sorting and further analyzed for features
nondetectable by flow cytometry [19]. Other available tests detecting sDF do not
use flow cytometry and/or rely on partial or complete cell destruction, preventing
the simultaneous detection of other cell traits. Recently, our group has used TUNEL
to study, at a single-cell level, the association between sDF and (i) caspase activity
and cleaved poly ADP-ribose polymerase, (ii) creatine phosphokinase, and (iii)
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8-hydroxy-2'-deoxyguanosine and malondialdehyde, in order to investigate the role
of apoptosis, defects in maturation, and oxidative attack in the origin of sperm DNA
breakage [19]. The role of incomplete maturation was further investigated in sorted
TUNEL-positive sperm by staining with aniline blue, a dye revealing the excess of
residual histones [19]. Another interesting example of simultaneous detection of
TUNEL with other cell characteristics is the dual staining procedure for sDF and
sperm vitality, the latter revealed by a fluorescent reagent that binds to dead cells in
the fresh sample in a stable manner, hence remaining after the washing and fixation
steps required by the TUNEL procedure. With this novel version of TUNEL assay,
Mitchell et al. [18] showed that a great amount of DNA-fragmented sperm in the
ejaculate is nonviable. In addition, the same authors later investigated whether sDF
in the viable sperm fraction (the one taking part to the oocyte fertilization) improved
the ability of the assay to discriminate between fertile and infertile men, failing
however to increase the diagnostic performance with this novel version of TUNEL
[27]. Finally, coupling TUNEL to sperm nuclear staining as in TUNEL/PI assay
(see below) allowed us to ameliorate the accuracy of flow cytometric measures of
sDF and unveiled the existence of two different sperm populations [28].

5.2.1 TUNEL/PI Assay

Our group has been long using TUNEL assay coupled to flow cytometry for sDF
detection. As mentioned before, flow cytometric analysis of fluorescent cells needs
a strategy to identify the cell population of interest, and this is particularly true when
analyzing human semen which is a very complex biological matrix. For flow cytom-
etry identification of spermatozoa, the usual gating strategy based on size and inter-
nal complexity properties is not sufficient, due to the presence in semen of apoptotic
bodies that partially locate in the same FSC/SSC region (FR) of spermatozoa [29,
30] (Fig. 5.1a). Semen apoptotic bodies (Fig. 5.1b) were first described in our labo-
ratory as round anucleate elements massively occurring in poor-quality semen sam-
ples [29, 30] and provoking a heavy underestimation of TUNEL measures of sDF if
they are not excluded from the flow cytometric analysis [28] (Fig. 5.2). Since apop-
totic bodies do not or poorly contain chromatin, staining semen samples with a
nuclear dye (such as propidium iodide (PI)) and gating the events that simultane-
ously locate in the FR region and stain with PI guarantee the exclusion of every
non-sperm element (somatic and immature germ cells and apoptotic bodies) present
in semen (Fig. 5.1). Recently, it has been demonstrated that this gating strategy
includes all spermatozoa present in the sample, as the sperm number obtained by
scoring Pl-stained events in the FR region overlaps with the number of sperm
counted in the analyzed sample by routine methods, indicating that the gated sper-
matozoa are representative of the entire ejaculate [31]. The TUNEL/PI version of
TUNEL shows good precision (intra-assay coefficient of variation <5%, [23]) and
is currently used for the clinical service of sDF determination and for research pur-
poses in our laboratory. A scheme of TUNEL/PI assay is shown in Fig. 5.3.
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Fig. 5.1 (a) Image of a semen sample after smearing and staining with May-Grunwald Giemsa.
Note that apoptotic bodies (»>) can have a similar size to sperm heads. (b) FSC/SSC dot plot of a
semen sample. FR region excludes debris and large cells and includes apoptotic bodies and sper-
matozoa. (¢, d) TUNEL/PI dot plots depicting the events of FR region in the negative control (c)
and in the test sample (d). After exclusion of apoptotic bodies, a vertical marker is set in the nega-
tive control and then translated to the test sample for determination of the percentage of sDF. Note
that PI staining separates apoptotic bodies from spermatozoa and brighter and dimmer populations
within spermatozoa

The clinical usefulness of a biological parameter also depends on its stability
over time in one individual. SDF shows an average intraindividual coefficient of
variation (i-i CV) around 10-30%, when assessed by both SCSA [32, 33] and
TUNEL [34]. By using TUNEL/PI assay, when sDF determination was repeated
within 90 days or 1 year, we found an average i-i CV of, respectively, 9.2 + 8.6%
(n=25)and 12.9 + 12.7% (n=53) which resulted lower than that of any conventional
semen parameter [35]. The lower intraindividual variability of sDF found in our
study with respect to previous ones could be explained by the exclusion of patients
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presenting any conditions known to affect sDF (for instance, treatment with antibi-
otics or high fever [36, 37]). In addition, the exclusion of semen apoptotic bodies,
highly correlating to poor semen parameters, might render sDF values more inde-
pendent from semen quality, thus decreasing the variability of the percentages of

DNA-fragmented sperm.

5.2.2 Brighter and Dimmer Sperm Populations

Staining semen samples after fixation for TUNEL/PI assay unveiled the occurrence
of two sperm populations, differing for the intensity of PI staining and thus indi-
cated as PI dimmer and PI brighter populations [28]. These two sperm populations
show many other differences, and, from the beginning, we suspected that they could
have also a different clinical meaning. PI dimmer sperm are all dead [38] and DNA
fragmented [28], whereas the brighter population contains both live and dead [38]
and both fragmented and not fragmented sperm [28]. Recently, we also found that
the origin of sDF can be different in the two populations [19]. Indeed, DNA
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Fig. 5.3 Scheme of the procedure of TUNEL/PI assay. HTF human tubal fluid, PFA paraformal-
dehyde, PI propidium iodide

breakage in the dimmer and in the dead brighter sperm appears to derive mainly
from apoptotic processes occurring in the testis [19]. Conversely, the fraction of live
DNA-fragmented sperm in the brighter population can be attributed to oxidative
attack, possibly occurring during the transit through the male genital tracts [19].
This finding suggests that the brighter fraction is a more focused target than total
sDF for testing the ability of antioxidant therapies to decrease the amount of DNA
damage in infertile patients [19]. Originally, the lower staining of PI-dimmer sperm
seemed to be caused by the loss of chromatin fragments following the apoptotic
DNA cleavage [31]; however, the two sperm populations cannot be more distin-
guished after a sharp nuclear decondensation, indicating that a similar DNA content
occurs in dimmer and brighter spermatozoa (Forte et al., unpublished results). A
super compacted status of chromatin, possibly due to the apoptotic process
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generating sDF in this population [19, 39], appears to be responsible for the ham-
pered access of nuclear dyes into the nuclei of these spermatozoa (Forte et al.,
unpublished results). Another interesting difference between the two sperm popula-
tions regards the relationship with conventional semen parameters. Indeed, whereas
dimmer sDF sharply correlates with abnormal morphology and reduced motility
and sperm count, brighter sDF is completely independent from semen quality [28].
This finding suggests that the weak association between sperm DNA damage and
conventional semen parameters reported by many studies [40—42] is driven by dim-
mer sDF and that the brighter fraction of sDF is the one that could provide addi-
tional information on male fertility status in addition to routine semen analysis.

Recently, we evaluated sDF in the brighter, dimmer, and total (i.e., brighter +
dimmer) sperm population in 86 subjects of proven fertility and 348 male partners
of infertile couples attending our clinic to perform routine semen analysis [35].
Since this type of patient cohort could include up to 40% of fertile men [43], we
could not establish a true sDF threshold for discrimination between fertile and infer-
tile men; however, we could compare the ability to predict male fertility status in the
three fractions of sDF. We found that all the fractions of sDF showed greater median
values in patients (total, 43.9[33.0-55.7]%; brighter, 24.4[17.7-32.4]%; dimmer,
15.4[10.0-25.4]%) than in fertile men (total, 28.9[23.1-39.6]%; brighter, 17.0
[12.3-23.3]%; dimmer, 10.8[7.1-17.0]%) and discriminated the two groups of sub-
jects [35]. However, after matching fertile men and patients for conventional semen
parameters and age, dimmer fraction completely lost its predictive ability, unlike the
brighter fraction [35]. This finding indicates that the predictive ability of dimmer
sDF depends on the poorer semen quality and older age of patients, whereas the
predictive power of brighter sDF is independent from these confounding variables
[35]. After matching, it was observed that, at high values of total sDF, the brighter
fraction is a better predictor of male fertility status than total SDF [35]. Such finding
can be explained by the different contribution of brighter and dimmer populations
to total sDF, in patients and fertile men. Whereas in the latter, the high values of sDF
were mainly due to the dimmer spermatozoa (i.e., those ones that do not participate
in the fertilization process as they are all dead), in the former, brighter and dimmer
spermatozoa contributed equally to the total sDF (Fig. 5.4). As a consequence, the
brighter sDF is able to still discriminate between fertile men and patients with simi-
lar age and semen parameters, even in the case that they exhibited equal amounts of
total sDF [35].

TUNEL/PI assay was recently used to investigate the effect of sperm selection
with density gradient centrifugation (DGC) on DNA damage and on pregnancy rate
in infertile couples treated by IVF/ICSI [44]. We found that in about 45% of patients,
DGC is associated with an increased level of DNA damage and subsequently
reduced probability of pregnancy (50% lower than those subjects where DNA dam-
age induction does not occur following DGC) (OR = 3.12; 95% CI, 1.05-9.27;
p =0.041, after adjustment for female factor, female and male age, and female BMI)
[44]. In this study, we used brighter sDF to evaluate the variation of DNA damage
during DGC as the results are more sensitive than the total fraction in detecting the
increases of sDF when it occurs [44]. Indeed, brighter sDF is not affected by the
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Fig. 5.4 Contribution of brighter and dimmer fractions to total values of sDF in fertile men and
patients. Percentage of total sDF levels in (a) unmatched and (b) age- and semen parameter-

matched fertile men (bottom) and patients (top) are expressed as deciles (With permission from
Muratori et al. [35])

decrease of sDF due to elimination of dead and DNA-fragmented sperm of the dim-
mer population during sperm selection [28, 38, 44].

5.3 Concluding Remarks

TUNEL is a popular method used to detect sDF, as it is rapid and easy to execute.
However, many variants of this assay make TUNEL results difficult to compare
among studies. One major advantage of TUNEL is the possibility to be detected by
flow cytometry, adding statistical robustness to the measurements, and to be cou-
pled with the detection of other cell features. In particular, the TUNEL/PI version
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improves the accuracy of the sDF measurements with flow cytometry and distin-
guishes sDF in two fractions, brighter and dimmer. Detecting sDF in the brighter
fraction appears more accurate and sensitive in identifying fertile/infertile subjects
and in revealing those patients undergoing an increase of DNA damage during
sperm selection by DGC with respect to the evaluation of the total TUNEL-positive
sperm population.
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Chapter 6
TUNEL Assay by Benchtop Flow Cytometer

in Clinical Laboratories

Rakesh Sharma, Zeynep Cakar, and Ashok Agarwal

6.1 Introduction

Infertility is described as the inability of a sexually active couple to get pregnant
within a year of unprotected sex. Up to 12—15% of couples are considered infertile,
of which approximately 35% is due to female factors, 30% due to male factors, 20%
due to a combination of both male and female factors, and 15% unexplained [1].
When encountering male infertility, routine semen analysis is the first step for labo-
ratory evaluations. Almost 15% of infertile men who undergo this test display semen
parameters that are within normal reference range [2]. Thus, assessing an individu-
al’s fertility not only depends on physical parameters of spermatozoa but also on
their functional capability. Numerous studies have reported that sperm DNA frag-
mentation (SDF) is linked to reduced fertilization rate. Several hypotheses have
been proposed in order to understand the origin of sperm DNA fragmentation [3].
The first is characterized by endonuclease-mediated DNA cleavage, also called
abortive apoptosis. This occurs when sperm with damaged DNA escape from nor-
mal programmed cell death [4]. The second hypothesis is DNA strand breaks
induced by oxidative stress [5]. The third hypothesis is that during spermiogenesis,
the increase in torsional stress can increase the activity of endogenous endonucle-
ases, which may stimulate DNA fragmentation [4].
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6.2 DNA Fragmentation and Male Infertility

Infertile males have more sperm DNA fragmentation compared to males of proven
fertility [6, 7]. As the male contributes to half the genetic material of the embryo,
increased DNA damage in human spermatozoa may compromise embryonic devel-
opment [8].

Many intrinsic and extrinsic factors can cause sperm DNA damage, specifically
via DNA fragmentation such as single-strand and double-strand DNA breaks. Some
of these intrinsic factors include oxidative stress [9], endogenous endonuclease and
caspase activation [10], alterations to chromatin remodeling during spermiogenesis,
[11] and apoptosis of germ cells at the beginning of meiosis [12]. Extrinsic factors
include radiotherapy, chemotherapy, and environmental toxicants [13—16].

A number of sperm function tests have been introduced to assess sperm DNA
integrity. It is becoming increasingly important to define which DNA damage test is
the most appropriate for clinical screening purposes. Sperm chromatin structure
assay (SCSA), comet assay, sperm chromatin dispersion (halo) test (SCD), and ter-
minal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay are the
main tests that are currently used to measure sperm DNA fragmentation (Table 6.1).
SCSA measures the susceptibility of sperm DNA to acid-induced DNA denatur-
ation in situ [17, 18]. The comet assay can detect either single- or both double-
strand breaks. The principle of this assay is based on the concept that DNA fragments
have different mobility in the electrophoretic field depending on their size [16],
whereas the SCD test detects sperm with fragmented DNA based on the fact that
they do not produce the characteristic halos of DNA strands after acid denaturation
and removal of nuclear proteins [19]. The TUNEL assay is used for identifying
DNA fragmentation that results from apoptotic signaling cascades. Mechanism of
TUNEL assay depends on the presence of nicks in the DNA that can be recognized
by terminal deoxynucleotidyl transferase or TdT, an enzyme that catalyzes the addi-
tion of dUTPs secondarily labeled with a marker [18].

TUNEL assay can be further analyzed either with flow cytometry or fluorescence
microscopy. Flow cytometry is a robust and widely used technique to analyze mul-
tiple parameters of individual cells within heterogeneous populations [20]. Currently
SCSA is considered the gold standard; however, there is a lack of standardized
protocols for other tests [21]. TUNEL assay is an efficient tool that provides objec-
tive and reproducible analysis for andrology lab and male infertility [22].

Two earlier studies reported TUNEL cutoff values in an attempt to quantify the
amount of DNA fragmentation that can appropriately distinguish fertile and infer-
tile male populations. A study by Sergerie et al. reported a cutoff value of 20% [23],
whereas, Sharma et al. reported a cutoff of 19.25% obtained by comparing male
infertility patients and controls with proven and unproven fertility [24]. Recently,
these authors described a detailed protocol and quality control steps for measure-
ment of TUNEL assay using benchtop flow cytometry on a large cohort of patient
and controls with proven and unproven fertility. A reference value of 16.8% was



Table 6.1 Tests for measurement of DNA fragmentation

Assay Advantages Disadvantages

SCSA

For single-stranded DNA 1. Direct and objective 1. Proprietary method
1. Mild acid treatment 2. Established clinical 2. Not available in

denatures DNA with
single-strand (SS) or
double-strand (DS) breaks

2. Acridine orange binds to
DNA

3. Double-stranded DNA
(non-denatured) fluoresces
green, single-stranded DNA
(denatured) fluoresces red

4. Flow cytometry counts
10,000 cells

5. DNA fragmentation index
(DFI)—the percentage of
sperm with a ratio of red to
(red+green) fluorescence
greater than the main cell
population

thresholds
3. Many cells rapidly
examined
4. High repeatability
Fresh or frozen samples
6. Most published studies
and is reproducible

b

commercial kits

Expensive equipment

Acid-induced denaturation

5. Small variations in lab
conditions affect results

6. Calculations involve
qualitative decisions

7. Very few labs conduct this
assay

B

COMET

For single- and double-stranded
DNA

1. Electrophoresis of single
sperm cells

2. DNA fragments form tail

3. Intact DNA stays in head

Alkaline COMET

1. Alkaline conditions,
denatures all DNA

2. Identifies both DS and SS
breaks

Neutral COMET

1. Does not denature DNA

2. Identifies DS breaks

1. Indirect assay, subjective

2. Poor repeatability

3. High sensitivity

4. Fresh samples only

5. Correlates with seminal
parameters

6. Small number of cells
required

7. Versatile (alkaline or
neutral)

—

Variable protocols

2. Unclear thresholds

3. Not available in
commercial kits

4. Time and labor intensive

5. Small number of cells
assayed

6. Subjective

7. Lacks correlation with
fertility

8. Requires special imaging

software

SCD test

1. Individual cells immersed | 1. Easy 1. Thresholds for SCD are
in agarose 2. Can use bright-field not clearly established for

2. Denatured with acid then microscopy men with unexplained
lysed infertility

3. Normal sperm produce halo

2. Low-density nucleoids are
faint and produce less
contrasting images

3. Few studies have shown
correlation between sperm
DNA damage and ART
outcome

4. Cannot discriminate the
type of DNA fragmentation
or quantify the amount of
DNA damage at the
spermatozoa level

(continued)
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Table 6.1 (continued)

Assay ‘ Advantages ‘ Disadvantages
TUNEL
1. Adds labeled nucleotides to | 1. Direct objective 1. Thresholds not
free DNA ends 2. Performed on few sperm standardized
2. Individual template (10,000) 2. Variable assay protocols
3. Labels SS and DS breaks 3. High repeatability 3. Not designed specifically
4. Measures percent cells with | 4. Objective, high sensitivity for spermatozoa
labeled DNA (flow cytometry) 4. Need for special
5. Fresh or frozen samples equipment (flow
6. Indicative of apoptosis cytometer)
7. Correlates with semen 5. Template independent
parameters 6. Requires proper controls
8. Associated with fertility
9. Available in commercial
kits

identified [2]. In this chapter, we describe the protocol for the measurement of DNA
fragmentation using the TUNEL assay in conjunction with Accuri C6 benchtop flow
cytometer (Fig. 6.1a).

6.3 Principle of the TUNEL Assay

DNA fragmentation occurs when endonucleases are activated during apoptosis.
These nucleases degrade the higher order sperm chromatin structure into fragments
~30 kb in length and then subsequently into smaller DNA pieces. This fragmented
DNA can be detected by the TUNEL (terminal deoxynucleotidyl transferase dUTP
nick end labeling) assay. It is a single-step staining method that labels DNA breaks
with FITC-dUTP; flow cytometry is then used to identify the sites of the strand
breaks. TUNEL utilizes a template-independent DNA polymerase called terminal
deoxynucleotidyl transferase (TdT) that non-preferentially adds deoxyribonucleo-
tides to 3" hydroxyl (OH) single- and double-stranded DNA. Deoxyuridine triphos-
phate (dUTP) is the substrate that is added by the TdT enzyme to the free 3'-OH
break-ends of DNA (Fig. 6.1b). The more DNA strand break sites are present, the
more labels are incorporated within a cell. The assay kit used in this protocol is the
APO-DIRECT™ Kit (BD Pharmingen, Catalog #556381). It consists of the follow-
ing components:

e Negative control cells
¢ Positive control cells
¢ Rinse buffer

e Wash buffer

¢ Reaction buffer

e FITC-dUTP
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- \Sperm DNA

>TUNEL
assay

Flow cytometry

Fig. 6.1 (a) Schematic of the TUNEL assay; (b) benchtop flow cytometer
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e TdT enzyme
* PI/RNase staining buffer

6.3.1 Preparation of Semen Sample for TUNEL Assay
6.3.1.1 Specimen Collection

1. Ideally, the sample will be collected after a minimum of 2-3 days of sexual
abstinence.

2. Following liquefaction, evaluate semen specimens for volume, round cell con-
centration, sperm concentration, total cell count, motility, and morphology.

3. Adjust the sperm concentration to 2.5x 10%/mL.

Label each tube with the following information:

¢ TUNEL

e Patient name

e Medical record number
e Date

6.3.2 Preparation of Test and Negative Control

1. Label two tubes as “test sample” and two as “negative sample.”

2. Add the required amount of seminal ejaculate into the tube. Centrifuge the sam-
ple at 400 g for 7 min and remove seminal plasma. Resuspend the pellet in 1 mL
of phosphate buffer saline (PBS).

6.3.3 Preparation of Positive Control

1. Prepare a 2% hydrogen peroxide solution (1:14 dilution) from the 30% stock
solution.

. Resuspend the spermatozoa in 1 mL of the diluted H,O, solution.

. Place the tube in heating block at 50 °C for 1 h.

. Centrifuge for 7 min at 400 g.

. Remove the supernatant and replace with 1 mL of PBS.

. Centrifuge for 7 min at 400 g.

. Remove the supernatant and replace with 1 mL of PBS.

. Together with the test and the negative samples, centrifuge for 7 min at 400 g.

. Remove the supernatant and proceed to fixation and permeabilization.

O 0 1 O\ KW
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6.3.4 Fixation and Permeabilization

W

. Prepare paraformaldehyde 3.7% solution by diluting the 10 mL stock formalde-

hyde 37% solution in 90 mL of PBS.

. After removing the supernatant from the samples and spermatozoa controls, add

1 mL of 3.7% paraformaldehyde solution. Incubate at room temperature for 15 min.

. Centrifuge for 4 min at 400 g.
. Remove the paraformaldehyde and add 1 mL of PBS.
. Centrifuge for 4 min at 400 g, remove the supernatant, and replace with 1 mL of

ice cold ethanol (70%).

6.3.5 Preparation for TUNEL Staining

6.3.5.1 Preparation of Kit Controls and Test Samples

Vortex the negative (Cat# 6553L.Z; White cap) and positive (Cat# 6552L.Z; Brown
cap) samples provided in the kit.

Note Verify the catalog numbers and the cap color to match each vial.

1.

Mix the contents of each vial by vortexing. Remove 2 mL aliquots of the control
cell suspensions (approximately 1x 10 cells/mL), and place in 12x75 mm cen-
trifuge tubes.

. Return the vials to —20 °C.
. Include three to four samples with known DNA damage along with the kit

controls.

. Centrifuge at 400 g for 7 min and discard the supernatant.
. Centrifuge the control cell suspensions for 5 min at 400 g, and remove the 70%

(v/v) ethanol by aspiration, being careful to not disturb the cell pellet.

. To the control and test samples, add 1.0 mL of “wash buffer” (6548AZ) (blue

cap) and vortex. Centrifuge as before and discard the supernatant.

. Repeat the “wash buffer” treatment. Centrifuge and discard the supernatant.
. Number the tubes consecutively beginning with “negative” and *“positive kit con-

9 <

trols,” “test samples,” and negative and positive test controls.

6.3.5.2 Staining for TUNEL Assay

. Check the number of tubes that will be required for the TUNEL assay. It is help-

ful to prepare the stain for an additional three to five tubes.

. Remove the reaction buffer from 4 °C and the TdT and FITC-dUTP from —-20 °C,

and place them at 37 °C for 20 min to warm.

. Prepare the stain and calculate the required volumes.
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Note The preparation of the stain and all subsequent steps must be carried out in
the dark.

4. For the negative controls, omit the TdT enzyme from the staining solution.
5. Return the stains to appropriate storage temperature.

Note The staining solution is active for approximately 24 h at 4 °C.
6. Resuspend the pellet in each tube in 50 pL of the staining solution.

Note The same tip can be used to add the stain as long as the stain is added on the
side of the tube and the tip does not come in contact with the solution.

7. Incubate the sperm in the staining solution for 60 min at 37 °C. Cover the tubes
with aluminum foil.

Note Record the incubation time on the aluminum foil.

8. Atthe end of the incubation time, add 1.0 mL of “rinse buffer” to each tube, and
centrifuge at 400 g for 7 min. Discard the supernatant.
9. Repeat the cell rinsing with 1.0 mL of the “rinse buffer,” repeat centrifugation,
and discard the supernatant.
10. Resuspend the cell pellet in 0.5 mL of the “PI/RNase staining buffer.”
11. Incubate the cells in the dark for 30 min at room temperature.
12. Number the tubes according to the sample list. Cap the tubes and carefully
cover the tubes with aluminum foil. The tubes are now ready for analysis.

Note The cells must be analyzed within 3 h of staining. Cells may begin to deterio-
rate if left overnight before analysis.

6.3.5.3 General Setup

All boxes are deselected or “unchecked” before selecting the box as “checked.”

1. Open the software by double-clicking the “BD Accuri C6 software” icon on
desktop.

2. Check the fluid levels in all bottles. The waste bottle must be empty and the
sheath, cleaner, and decontamination bottles full.

3. Pull the sample stage forward underneath the Sheath Injection Port (SIP).

Note The sample stage accommodates any brand of 12x75 mm tube and most
microcentrifuge tubes. Be careful not to bend or catch the SIP when inserting tubes.
4. Place a tube with 0.22 um-filtered deionized water.

Note A tube of 0.22 um-filtered deionized (DI) water is placed on the SIP at all

times to keep the SIP from drying out—before use, during use, and even after the
machine is shut down.
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5. Firmly press the power button on the front of the cytometer unit.

6. While starting up the BD Accuri software, “traffic light” will turn yellow and
the pumps will start to run.

7. Wait 5 min for the machine to flush the fluidics line with sheath fluid.

Warning Do not open the lid of the cytometer during this time. This will disrupt
the laser warm-up process.

8. The BD Accuri software “traffic light” will turn green and displays “C6 is con-
nected and ready” when complete.
9. To remove bubbles from the system, place a tube of 0.22 um-filtered DI water
on the SIP.
10. Select “run with limits” and set to 15 min.
11. Select “fluidics” speed to “fast” and click the “RUN” button.
12. Leave tube on SIP.

Note Validate the performance of the cytometer using the 8-Peak Validation Beads
for FL1-FL3 (Spherotech, Catalog # 653144) and 6-Peak Validation Beads for FL4
(Spherotech, Catalog # 653145, BD Bioscience) according to the manufacturer’s
instructions before processing any samples.

6.3.6 Shutting Down and Ending the Run

1. Place a tube with 2 mL of bleach (diluted decontamination solution) on the SIP,
and select an empty “data well” in the collect tab of the BD Accuri software.

2. Set a time limit of “2 min” and set fluidics speed to “fast” and click the “RUN”
button.

3. Once the run is finished, remove the tube from the SIP, and place a new tube with
0.22 um-filtered DI water on the SIP.

4. Select another empty “data well” in the BD Accuri software and repeat #2 and #3.

5. Press the power button to start the shutdown cycle. The cycle will take 15 min to
complete then the cytometer will automatically shut down.

Note The automatic shutdown cycle can be bypassed by pressing down the power
button for 5 s. However, the cytometer will take additional time to recover and return
to the steady state if it is shut down in this manner. The BD Accuri software will
display the following message if the machine is shut down using this method. It is
unnecessary to shut down the software or computer during the shutdown process.

6. Maintenance and Troubleshooting: Follow the instructions provided in the BD
Accuri C6 Flow Cytometer Instrument Manual.

7. Instrument validation is done by using 8-peak and 6-peak beads provided by the
company, BD.

8. Running Kit Controls

Note Kit controls are run under the “collect” tab.
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18.
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Double-click “Kit Control Template.”

All data will be saved in folder.

Save the workspace.

Select well “A1” (move to adjacent cell if occupied).
In field “A1” type “kit negative-date-tech initials.”
Set the run parameters as follows:

e “Run with limits”: 10,000 events; in ungated samples

e “Fluidics” speed: slow

e Threshold: 80,000 on FSC-H. If it does not show, click Threshold and enter
the number 80,000.

Remove tube of DI water from the SIP.
Vortex and place negative control on the SIP.
Click “RUN” button.

Run will finish after collecting 10,000 events.
Data will populate in plots 1-4.

e Plot 1: FSC-A/SSC-A
e Plot 2: FSC-A/FL2-A
e Plot 3: FL2-A/FL2-H
e Plot4: FL1-A/FL2-A

Select well “A2” and repeat steps #4 — #9.

Remove negative kit control from SIP/stage.

Clean the SIP with a lint-free wipe.

Put a positive control tube on the SIP.

Click well “A3.”

Name “A03” as “kit positive-date-tech initials.”

Repeat steps #4 — #9.

Select well “A4” and repeat steps for positive control run (steps #15 and #16).

6.3.7 Data Acquisition

6.3.7.1 Running Kit Controls (Kit Control Template)

Note Maintain a written record of all results.

1.

Under the collect tab, click on well A1 for the first negative kit control.

. Observe the graph for the negative control.
. The last plot is a quadrant: lower left (Q-LL), lower right (Q-LR), upper left

(Q-UL), and upper right (Q-UR).

. Observe only the percent positive (FITC+) value in the upper right quadrant

(Q-UR).

. Click on well A2 and follow steps #2 — #4 for the second negative kit control.
. Click on well A3 and A4 for the positive kit controls.
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6.3.7.2 Running Patient Samples

Note Samples are run under the “collect” tab. All data should be saved in folder.

Double-click on the “Assay template” under folder.
Wait for the software to load.

Check each well to ensure no data already exists inside.
Select well “A5.”

Begin with tube #5 (first test sample).

Remove DI water from the SIP.

Vortex the tube (test sample) and place on the SIP.

Set the run parameters as follows:

NN R D=

e “Run with limits”: 10,000 events
e “Fluidics” speed: slow

¢ Gate P1inP3

e Threshold: 80,000 on FSC-H

9. Click the “RUN” button to start the collection.
10. After 10,000 events the run will finish.
11. Remove tube from SIP and clean the SIP with a lint-free.
12. Vortex and place the subsequent tube on the SIP.
13. Select the next well (A6 and so on) for the new sample.
14. Repeat steps #5—#13 until all samples have been processed.
15. Remove final tube and place the “bleach tube” on the SIP.
16. Set the parameters as follows:

e “Run with limits”: 2 min
e “Fluidics” speed: fast
e Threshold: 80,000 on FSC-H

17. Click the “RUN” tab.

18. When the run is finished, wipe SIP.

19. Remove tube and replace with DI water tube.
20. Repeat steps steps #17—#19 with DI water.
21. Proceed to shutdown step.

6.3.8 Data Analysis

The following strategies will be used for data analysis.

1. Alignment strategy and data analysis in “Collect tab”: use a standard acquisition
file of a sperm sample that is tested negative for DNA fragmentation to align all
the samples. This strategy is done in the “Collect tab.”

2. Data analysis in the “Analyze tab”: align each sample, to its respective “Negative
control.” This strategy is used in the “Analyze tab.”
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6.3.8.1 Alignment Strategy and Data Analysis in “Collect Tab”

1. Click on File, open Workspace or template (Fig. 6.2).

2. Click on the well where the standard is to be imported. It is important to have
an internal standard with a known amount of DNA damage. In the analyze tab,
the quadrant will be adjusted to coincide with this DNA damage.

Go to the standard template and select it and click on the file import.

Click on the workspace.

Go to the Results folder, click on your recent TUNEL results.

Select the negative peak of the standard sample as the standard to be applied to
all samples.

Click on F1 well.

Click on the histogram.

Change the X-axis parameter from FSC-A to FL2-A (Fig. 6.2).

Change the gate to P3 in P1 for plot 5. This gate is the same as plot 4, which is
a quadrant gate (Fig. 6.2).

11. Select the vertical line icon at the bottom left of the histogram plot (Fig. 6.3A).

SNk W
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i. Align the selected red line to the center of the histogram to obtain 50% cell
population on either side

ii. Note: Zoom on the histogram for easy alignment of the red bar in the middle
of the peak.

12. Right click on the X-axis and click on virtual gain (Fig. 6.3A).

13. Align the blue line to the center of the peak of the histogram plot (Fig. 6.3B).
14. Next pick the sample to be aligned, for example, A5 (Fig. 6.3C).

15. Align the blue line to the center of the peak of the sample (Fig. 6.3D).

16. Click on the “Preview,” “Apply” (Fig. 6.3E).

17. Chose option “Apply” to this sample only and close.

Note Do not change any of the settings in the four plots.

18. The plots in which Virtual Gain applied will appear with an asterisk in the FL1 axis.
19. Go to file and save the changes (save workspace as a result and analysis file).

6.3.8.2 Data Analysis in Analyze Tab

It is necessary to create a new set of three plots for each sample.

1. The analysis of the data acquired is done using the Accuri C6 Software in the
Analyze tab.
2. When the Analyze tab is opened for the first time, the workspace is empty.

Note The plots are automatically selected from the original template. Make sure
the original gates are used.

To close the plot, do not click on the X at the corner but click in the box with a hori-
zontal line.
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Fig. 6.2 Template for the analysis of sperm for TUNEL assay showing gating of the spermatozoa
with expected size
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Fig. 6.3 Steps showing application of the virtual gain selection for the histogram plot and align-
ment of test sample to the standard sample
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Fig. 6.4 Representative plot in the analyzed mode showing the percentage of DNA damage

3. Plots need to be copied from the Collect tab.

4. Gating strategies that were set up in the collect tab are applied in Analyze tab
as well.

5. Select the samples acquired and create a three plot group for each sample:

i. FSC-A/SSC-A
ii. FSC-A/FL2-A
iii. FL1-A/FL2-A

6. The first plot has no gating and the cell population is P9.
7. The gate in the second plot will be P9 in all events. The population is P8.
8. The gate in the third plot will be P8 in P9 (in all events) (Fig. 6.4).
9. The adjustment is recorded only in the BD Accuri C6 Software file.
10. The percentage damage is recorded from the FL1-A/FL2-A PLOT (Fig. 6.4).
11. For more information about how to apply virtual gain, consult the BD Accuri
C6 Software User Guide.
12. Write the preliminary results of the analysis in the TUNEL Laboratory Report
Form.
13. Go to file and save the changes (save workspace as a result and analysis file).

6.3.9 Final Sperm DNA Fragmentation Result Calculation

1. Calculate the average negative sample value for each sample.

2. The average value of the negative samples of each sample has to be subtracted
from the average value obtained from the data analysis. This is done to subtract
the autofluorescence in the sample.
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6.3.10 Validation of TUNEL Test

To confirm that the TUNEL test was correctly performed and that the DNA frag-
mentation was accurately detected, two conditions have to be fulfilled:

i. The percentage of spermatozoa positive for TUNEL in the spermatozoa-positive
control sample has to be higher than the percentage for the non-control sperma-
tozoa samples.

ii. The percentage of cells positive for TUNEL in the kit positive control cells has
to be higher than 30%.

If both these conditions are verified, the assay is considered correct.

6.3.11 Reference Values

A cutoff of 17% with >95% specificity can differentiate infertile men with DNA dam-
age from healthy men. The high sensitivity and specificity makes this an ideal test.

6.3.12 Factors Affecting the Assay Results

Several factors are important to consider when performing this assay:

. Accessibility of the DNA

. Sperm preparation

. Presence of dead cells

. Number of cells examined

. Interobserver and intraobserver as well as inter-assay and intra-assay variations.

W AW N =

6.4 Conclusion

The TUNEL assay is an efficient protocol that allows for objective analysis of sperm
DNA fragmentation with validated thresholds for the evaluation of male infertility.
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Chapter 7
The Comet Assay

Elva L. Cortés-Gutiérrez, Martha I. Davila-Rodriguez,
and Carmen Loépez-Fernandez

7.1 Introduction

The main difference between a damaged DNA molecule in somatic and germ line
cells is that while in somatic cells the DNA damage can be partially repaired, the
DNA damage present in the germ line cells (this is true especially in spermatozoa,
cells that possess a nonorthodox DNA molecule) cannot be repaired due to the
absence of DNA repair mechanisms and a highly condensed chromatin structure.
Repair of sperm DNA damage occurs within the oocyte after fertilization. There are
four possible mechanisms that have been identified to play a role in the pathophysi-
ology of sperm DNA damage: (i) abortive apoptosis: spermatozoa with defective
DNA escape the physiological apoptotic pathway during meiosis I resulting in the
ejaculate [1]; (ii) defective chromatin condensation during spermatogenesis: DNA
breaks occur as a result of inappropriate protamination and insufficient chromatin
packaging [2]; (iii) oxidative stress resulting from an imbalance between reactive
oxygen species (ROS) production and antioxidant capacity [3]; and (iv) the exis-
tence of endogenous sperm nucleases that cleave the DNA into loop-sized frag-
ments of about 50 kB [4]. This activity, in fact, resembles that of several nucleases
in somatic cells that cleave the DNA into similar sizes during the activation of apop-
tosis [5-9]. The function of these nucleases in the mature spermatozoa is to carry
the DNA to the oocyte without any damage. In humans, the nature of damaged DNA
that occurs within certain patient populations is still poorly understood [10, 11].
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One of the key aspects that needs to be investigated concerning the problem of
cellular DNA damage is the discrimination between the presence of single-strand
DNA breaks (SSBs) and double-strand DNA breaks (DSBs) or both affecting the
same DNA thread. This is mainly related to the origin of the DNA damage. The
causes of sperm DNA damage resulting in SSBs or DSBs are extremely variable
and include exposure to adverse environmental factors such as pesticides, radiation,
smoking, or pathological conditions such as cancer, varicocele, and infection (bac-
terial, viral) [12]. These and presumably other causes of sperm DNA breakage are
mediated through one or a combination of the mechanisms mentioned above. With
respect to the putative origin of DNA fragmentation in the sperm cells, we might
also expect different types of DNA lesion that could possibly be predictive or diag-
nostic in nature. For example, nucleases, either endogenous or exogenous, usually
produce SSBs and/or DSBs, whereas DNA breaks produced by chromatin remodel-
ing during spermiogenesis appear to correspond to DSBs produced by topoisomer-
ase II and SSBs produced by topoisomerase I [13]. On the other hand, we have ROS
and other radical molecules such as those derived from nitric oxide which generate
SSBs associated with the creation of abasic sites or the presence of 8-hydroxyguanine
[14, 15]. It has been reported that more than 20 damaged DNA base lesions can be
present in a cell exposed to oxidative stress [16].

The comet assay, also known as single-cell gel electrophoresis (SCGE), was
developed in 1984 [17] and is known for its ability to detect DNA damage at a
single-cell level. The rationale of the technique is very simple. The assay requires
detergents to first lyse the cells embedded in an inert agarose matrix on a slide. A
high salt concentration results in deproteinized nuclei recognized as nucleoids.
Following this, DNA is electrophoresed. The idea of the technique is that nuclei
containing DNA segments that are detached from the original chromosome migrate
toward the anodes, resulting in an image resembling a comet that can be observed
under the microscope. The comet is formed by a part of the original nucleoid retain-
ing a large part of undamaged DNA and an emerging tail that putatively accumu-
lates a large part of the DNA that presented DNA breaks (Fig. 7.1a, original image,
and 7.1b, digitally enhanced images). Most of the DNA retained in the head consists
of intact DNA that is not recognized by the technique, whereas the tail is made up
of broken DNA or strands with heterogeneous molecular weights. The intensity of
the comet represents the proportion of DNA that has been broken off, and the dis-
tance traveled by the comet relates to the relative size of the DNA fragments.

The comet assay commonly utilizes commercially available software programs
to evaluate the extent of DNA damage at the single-cell level. These programs pro-
vide a large number of measurement outcomes, i.e., tail length (the length of the tail
measured from the leading edge of the head), tail DNA percentage (the percentage
of DNA in the tail compared to the percentage in the “head” or unfragmented DNA),
and olive tail moment (OTM). OTM is the percentage of tail DNA x tail moment
length (tail DNA percentage = 100 x tail DNA intensity/cell; the tail moment length
is measured from the center of the head to the center of the tail). The OTM is
expressed in arbitrary units. Each of these parameters describes endogenous DNA
damage corresponding to DNA strand breakage and/or alkali-labile sites (ALSs). In
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Fig. 7.1 Original (a) and image after application of a common electronic filter showing the comet
head (consists of intact DNA) and emerging tail which possesses DNA breaks (b), features that are
important for comet assay analysis (¢)

the optimization of the alkaline comet for use with sperm, tail DNA was found to be
the most reproducible parameter [18]; therefore, sperm DNA damage is expressed
as tail DNA (Fig. 7.1c, digitally enhanced images).

The formation of a tail provides information on two important issues related to
DNA damage concerning (i) the amount of DNA damage present in the original
nucleoid and (ii) the type of DNA damage affecting the orthodox double-strand
DNA conformation. For (i), it is generally assumed that the l