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he highly condensed chromatin of

mammalian spermatozoa is usually
considered to be biologically inert before
fertilization. However, we have demonstrated
that even in this compacted state, sperm
chromatin is subject to degradation at open
configurations associated with the nuclear
matrix through a process we have termed
sperm chromatin fragmentation (SCF). This
suggests thata mechanism exists to monitor the
health of spermatozoa during transit through
the male reproductive tract and to destroy the
genome of defective sperm cells. The site of
DNA damage in SCF, the matrix attachment
sites, are the same that we hypothesize initiate
DNA synthesis in the zygote. When sperm
that have damaged DNA are injected into the
oocyte, the newly created zygote responds by
delaying DNA synthesis in the male pronucleus
and, if the damage is severe enough, arresting
the embryo’s development. Here we present
a model for paternal DNA regulation by the
nuclear matrix that begins during sperm
maturation and continues through early
embryonic development.

We review evidence based on work from
several laboratories that the sperm nuclear
matrix, a structural element that organizes the
DNA, regulates paternal chromatin function.
As has been described many times before,
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the nuclear matrix is a largely proteinaceous
structure that organizes the DNA into loops of
5 to 100 kb, depending on the cell type and the
chromosomal region by a series of attachments
ofthelinear DNA.!? In somatic cells, the nuclear
matrix has well documented functions in DNA
replication,** transcription,”” transcriptional
regulation related to cell differentiation,'* and
DNA degradation,*'' to name just a few. The
overall function of the nuclear matrix seems
to be to provide a functional scaffold on which
to organize the six feet of DNA that exists
in mammalian cells so that the information
encoded in the DNA can be efficiently accessed
and utilized by the cell. While sperm chromatin
is traditionally viewed as being completely
inert, we have argued that it still needs this
organizing matrix to keep the DNA functional
after fertilization.'>* Work from our laboratory,
described below, suggests that the fully mature
spermatozoon does retain some ability to
manipulate the compact chromatin with help
from the surrounding luminal fluids of the
male reproductive tissues, and this requires the
sperm nuclear matrix. We have also provided
evidence that the sperm nuclear matrix
provides the scaffold for DNA replication in
the paternal pronucleus after fertilization." We
have commented previously on the relationship
between these two seemingly disparate events
in the sperm, both of which seem to occur at
the same chromatin sites in these cells.”® Here,
we consider new data to develop a model to
describe how DNA degradation and DNA
replication are related in the sperm cell.

SPERM CHROMATIN FRAGMENTATION
(SCF)

When mammalian sperm are incubated
with divalent cations, all of the chromatin is
fragmented to about 25 kb, in a process we have
termed sperm chromatin fragmentation (SCF)
(Figure 1, lanes 2, 4 and 6).'° The remarkable

aspect of SCF is that when epididymal sperm
are stimulated to undergo SCEF, subsequent
treatment with EDTA appears to reverse most
of the breaks (Figure 1, lanes 3, 5 and 7). This
is reminiscent of the reversible topoisomerase
II (Top2) - induced breaks that occur in
somatic cells as the first step of DNA
degradation during apoptosis.'*"” Since Top2
is a nuclear matrix associated protein.”'”!®
this first step of apoptotic DNA degradation
occurs on the nuclear matrix, and results in
the chromatin being digested to loop-sized
fragments, about 50 kb in length. As
apoptosis progresses, nucleases interact
with Top2 to irreversibly continue the DNA
degradation.'”? If SCF is allowed to progress
further in epididymal sperm, a similar type
of nonreversible degradation occurs.”’ We
also see this irreversible degradation in
sperm cells as they progress through the
reproductive tract. When vas deferens sperm
are induced to undergo SCEF, the degradation
is more complete and cannot be reversed as
completely (Figure 1, lanes 9, 11 and 13).
These two types of DNA degradation in
the sperm are closely related. It is possible
to induce epididymal sperm to undergo the
complete, irreversible DNA degradation that
occurs in vas deferens sperm SCF by activating
an acidic nuclease in the epididymal lumen.*
In this study, when the complete SCF reaction
was allowed to proceed at room temperature,
the DNA was degraded to fragments much
smaller than the loop-sized 25 kb segments,
and this degradation was not reversible.
However, when the reaction was slowed by
incubation on ice the degradation as limited
to the reversible, 25 kb fragmentation. Samples
incubated on ice then at room temperature
continued to digest the DNA further. This
suggests that DNA degradation in the sperm
cell follows a similar pattern to that of
apoptotic somatic cells. The only difference
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Figure 1: SCF in Epididymal and Vas Deferens Spermatozoa. These data were previously published in
Yamauchi, et al.'® Spermatozoa from the epididymis (lanes 1-7) or the vas deferens (lanes 8-14) were
embedded in agarose plugs, and incubated in mHCZB (modified Hepes-CZB, CZB medium buffered
with HEPES) supplemented with MnCI2 and CaCl2 as described,® for the times indicated, and treated
with or without EDTA to reverse TOP2B-induced breaks. The plugs were then electrophoresed by FIGE.

is that sperm SCF requires the surrounding
fluid to supply the nuclease. It is likely that
the Top2 required for the first, reversible
breaks is already in the sperm chromatin,
but is somehow activated to induce the
double-strand breaks by an as yet unknown
mechanism.

We have recently used the Comet assay to
characterize the DNA breaks in SCF in mice. At
least two reports used the Comet assay to study
DNA breaks in somatic cells with particular
attention to whether these breaks remained
associated with the nuclear matrix.??* Using
amodified Comet assay for the sperm cell, we
were able to demonstrate that SCF induces
both single- and double-stranded DNA
breaks.?* The double-stranded DNA breaks
in epididymal sperm were largely attached to
the sperm nuclear matrix, while those of the
vas deferens were released from the nuclear
matrix. This is consistent with our model for
SCF that double-stranded DNA breaks first
occur on the nuclear matrix and subsequent
nuclease degradation causes the release of the
DNA from this structural scaffold.

The DNA degradation during SCF occurs
in the fully condensed chromatin. This
suggests that even in this highly condensed
state, the sperm cell retains some capability
to manipulate the genome. This principle was
recently elegantly shown for another enzyme,
8-oxoguanine DNA glycosylase 1 (OGG1).”

When sperm DNA is damaged by oxidative
stress, the most common adduct formed is
8-hydroxy-29-deoxyguanosine (8OHdG)
and OGGI is the first enzyme in the normal
DNA repair pathway that repairs this defect.
OGGl is present in the sperm nucleus and
releases SOHAG into the extracellular space
after oxidative stress. This demonstrates
that even in the confined spaces of the
condensed chromatin and with the high
degree of chromatin packaging resulting from
protamine condensation,?** the sperm cell has
some access to chromatin. In fact, the structure
of the highly condensed sperm chromatin may
lend itself to breaks at the nuclear matrix
attachment sites. When protamines condense
sperm chromatin, the DNA is packaged into
highly condensed toroids comprised of 25
to 50 kb of DNA.* This protamine bound
DNA is packaged into a highly organized,
very compact crystalline-like lattice,? and is
much less sensitive to nuclease degradation
than normal chromatin® and may even be
less sensitive to attack by free radicals.*
We, and others, have proposed that these
protamine toroids are stacked together in
the fully condensed chromatin state similar
to a stack of Lifesaver peppermints.’>* We
have also provided evidence that between
each protamine toroid, is a nuclease sensitive
segment of chromatin we term the toroid
linker that is attached to the nuclear matrix.”

According to this model, these toroid linkers
represent small sperm chromatin loci that are
much more open to nuclease attack than the
rest of the protamine bound DNA.

There are two reasons one might consider
why this would be important for the sperm
cell. During its formation* and while in transit
at fertilization®** the sperm cell is susceptible
to several types of DNA damage. In the case of
OGGl, the sperm cell has the ability to initiate
the repair process that may then be completed
in the oocyte.”” SCF may be involved in DNA
repair when the breaks are restricted to a small
number of sites (see below). However, when
larger segments of the genome are involved,
this mechanism may provide an efficient way
to degrade the DNA of dead sperm. SCF
requires the luminal fluid of the epididymis
or the vas deferens to degrade the DNA
fully. Thus, the mechanism to degrade sperm
DNA requires both the unique chromatin
structure of the sperm cell that protects 90%
to 99% of the DNA but leaves a small portion
susceptible to attack by nucleases, and the
external fluid in which the cells are bathed.
This separation of the two components of SCF
suggests that only the DNA heavily damaged
or dead sperm would be completely degraded
when SCF is activated. We hypothesize that
SCF is an efficient mechanism for ensuring
that so many copies of the complete genome
are not floating around either in the male or
female reproductive tract when they are no
longer needed. The fact that the activation
of SCF appears to be outside the cell in
the surrounding luminal fluid could be a
mechanism for ensuring that the genomes
of healthy spermatozoa are protected against
premature activation of DNA degradation.
Aitken and colleagues have recently proposed
that spermatozoa are inherently destined
to undergo cell death and must constantly
demonstrate their health by producing
prosurvival factors.”® SCF may represent the
existence of a mechanism to complete the
process ensuring that the highly compact
DNA of the sperm is not protected when it
no longer needs to be.

REPLICATION OF THE PATERNAL
GENOME

After fertilization the two maternal and
paternal genomes of the zygote replicate
independently in two different pronuclei
in the same cytoplasm.* In the mouse, the
timing of the initiation of replication in both
pronuclei seems to be very similar if not
identical, but this is controversial.>-*' We
found no differences in the initiation of DNA
synthesis in both pronuclei in ICSI-generated
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mouse zygotes.”? However, it is very clear
that it is possible for the zygotic cytoplasm
to support asynchronous DNA replication
of the two pronuclei if artificially induced to
do so. When individual spermatozoa were
injected up to 3 h after oocyte activation, the
paternal pronucleus was delayed in initiating
DNA replication by 2 to 3 h.*”*** This is
because the sperm nucleus must decondense,
and replace all the protamines for histones
before replication can begin. The maternal
chromatin begins to form its pronucleus
as soon as the oocyte is activated. These
two events are normally timed to coincide
in fully formed pronuclei that are capable
of DNA synthesis at the same time. In the
case of the artificially delayed paternal DNA
replication, shortly after fertilization the
zygotic cytoplasm contains two pronuclei in
different phases - the paternal pronucleus
is at G1 while the maternal pronucleus is in
S-phase. The presence of both a G1-phase
pronucleus and an S-phase pronucleus in
the same cytoplasm raises interesting, and
still unanswered, questions about the control
that the cytoplasm has on DNA replication
in general, with implications for somatic
cell DNA synthesis regulation. It also raises
questions about how pronuclei communicate
with each other in the zygote. This suggests that
the pronuclei have independent mechanisms
to regulate DNA replication in response to
cytoplasmic signals.

A few studies have provided some
evidence that the pronuclei do communicate
with each other in response to DNA damage,
but the mechanisms for this are not known.
For example, when the sperm of rats treated
with cyclophosphamide were used to fertilize
oocytes, the female pronuclei had increased
phosphorylation of H2AX, and increased
expression of PARP-1.* When spermatozoa
with damaged DNA were used to fertilize
oocytes by ICSI, the maternal pronuclei
slowed the transition from G2 to M to match
that of the paternal pronuclei.* These studies
suggest that the two pronuclei respond to
signals from each other during the zygote’s
progression through its cell cycle.

We have suggested that certain
components of the sperm nuclear matrix
are inherited by the paternal pronucleus
after fertilization that are required for proper
DNA replication to occur. The sperm nuclear
matrix organizes the DNA into loops that are
about 25 kb in size.””* The loop organization
that is present in the mature sperm cell is
the same as that in the round spermatid,
so this organization is independent of the
protamine condensation that occurs during

spermiogenesis.*” We have demonstrated that
DNA replication in the paternal pronucleus
requires an intact sperm nuclear matrix,"
and have proposed that the origins of paternal
DNA replication are determined in part by the
attachments sites of DNA to this structure.
As described above, this is in keeping with
models for DNA replication in somatic cells.**
Thus, DNA replication initiates at the same
chromosomal sites on which degradation of
the sperm DNA occurs during SCE.

DNA REPLICATION IS REGULATED BY
DNA BREAKS IN THE EMBRYO
If DNA degradation in the sperm cell and
DNA replication in the paternal pronucleus
are both related to DNA loop attachment sites
on the nuclear matrix, it would be reasonable
to suggest that these two functions are related.
Several laboratories have studied the effects
of fertilizing oocytes with spermatozoa that
had damaged DNA****? a]l demonstrating
some degree of response to the sperm DNA
damage in the zygote. We examined the direct
relationship between DNA replication of the
paternal pronucleus and damaged sperm DNA.
We first reported that when sperm induced
to undergo SCF by divalent cations were
subsequently used to fertilize oocytes, that the
paternal pronuclei failed to replicate in the large
majority of zygotes.”> However, when we later
followed the zygotes overnight, we noticed that
rather than being inhibited, the replication of
the paternal pronuclei was severely delayed,
even though the maternal pronucleus initiated
DNA replication at the normal time.* As had
been noticed previously by other laboratories,
we found that sperm with damaged DNA
elicited an increased phosphorylation of
histone H2AX in the paternal pronucleus.*>>!
The response of the embryo was related
to the level of double-stranded DNA damage
in the sperm cell. As mentioned above,
epididymal sperm induced to undergo SCF
have only reversible double-stranded DNA
breaks that remain associated with the nuclear
matrix,'®* and contain a significant amount of
single-stranded DNA breaks.” SCF induced
vas deferens sperm also have single-stranded
DNA breaks, but the double-stranded breaks
are not reversible and are released from
the nuclear matrix. We found that when
SCEF-induced vas deferens sperm were used
to fertilize oocytes by ICSI, the paternal
DNA replication was severely delayed, but
not when SCF-induced epididymal sperm
were used.*® In both cases, the formation of
the paternal pronucleus was not delayed,
so this was not the cause of DNA synthesis
delay. Since both types of sperm had similar
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levels of single-stranded DNA breaks, but
different types of double-stranded breaks, it is
likely that the delay in DNA replication was a
response to the double-stranded breaks being
released from the nuclear matrix.

Injection of both epididymal and vas
deferens SCF-induced sperm into oocytes
resulted in chromosomal aberrations at
mitosis.*® As for DNA replication, the severity
of the aberrations was also correlated with the
degree of DNA damage. Most of the embryos
created with SCF-induced epididymal sperm
had analyzable chromosome preparations with
an average of 5.82 recognizable aberrations
per karyotype. However, most (73%) of
the embryos created with vas deferens
SCF-induced sperm had precondensed
chromosomes (PCC) and could not be
analyzed. This is characteristic of cells that are
forced into mitosis before DNA replication
is completed,*** and may result because
the maternal pronucleus, having completed
DNA synthesis, stimulates the zygote to
enter M-phase. Finally, the development of
the embryos was delayed in both types of
embryos, again correlate with the degree of
DNA damage. It is likely that if it were possible
to measure the initiation of DNA synthesis
in both pronuclei more accurately, we would
find that even with the lower levels of DNA
damage, paternal pronuclei do exhibit some
delays.

REGULATION OF PATERNAL CHROMATIN
BY THE SPERM NUCLEAR MATRIX

These data demonstrate that paternal pronuclei
in zygotes fertilized with sperm that have
double-stranded breaks on the sperm nuclear
matrix delay the replication of their DNA
while maternal DNA in the same cytoplasm
replicates normally. There is a clear connection
between the presence of DNA breaks in sperm
and the regulation of DNA synthesis in the
embryo. This is not surprising given that
somatic cells contain different mechanisms
for handling DNA replication in the presence
of double-stranded DNA breaks.**8 In
developing a model to hypothesize what our
experimentally induced SCF can tell us about
true chromatin function it is important to
remember that in SCF the entire genome is
fragmented to 25 kb or less. SCF-induced
spermatozoa are not motile and would not
normally fertilize an oocyte. The fact that the
zygote can progress through the first cell cycle
even with such severely damaged DNA, but
that it is delayed, suggests that the zygote does
respond to DNA breaks and that it contains a
mechanism (s) for progressing through S-phase
with the damage. As described above, when the



DNA damage is less severe, as in SCF-induced
epididymal sperm, there is no detectable
delay in DNA synthesis but chromosomal
breaks are detected at mitosis demonstrating
that DNA synthesis is possible in the zygote
with some breaks. Thus, this mechanism does
not require the full repair of the DNA breaks
because most of the zygotes fertilized with
SCF-induced sperm contained broken paternal
chromosomes at metaphase even though the
maternal chromosomes were intact.*

We hypothesize that the sperm nuclear
matrix serves as a checkpoint at multiple stages
for chromatin integrity. The unique structure
of sperm chromatin results in 90% to 99%
of the chromatin being inert and protected
against nuclease and physical degradation.
The small amount of chromatin that remains
susceptible to external influences is made
up of the attachment regions to the nuclear
matrix. It is not surprising, therefore, that the
matrix attachment regions (MARs) regulate the
chromatin structure of the mature spermatozoa
because this is the only part of the sperm
chromatin that is susceptible to any type of
manipulation. The sperm MARs appear to
contain Top2, an enzyme that is involved in both
DNA degradation'"” and DNA replication,**-
and therefore represent potentially active sites of
chromatin modification in mature spermatozoa.
As stated above, we hypothesize that these active
sites of the sperm chromatin are inherited by the
paternal pronucleus after fertilization. We have
also suggested that sperm MARSs are the sites
of initiation of DNA synthesis in the paternal
pronucleus. This would structurally link the
DNA degradation that occurs in SCF with DNA
replication in the zygote.

In this model, the sperm nuclear matrix
functions to regulate aspects of the paternal
genome related to chromatin integrity.
As mentioned above, we propose that
SCF functions to deactivate the paternal
genome in defective spermatozoa during
maturation. There are two factors involved,
one in the surrounding fluid and the other
the components of the sperm nuclear matrix
at the sites of DNA attachment. We have
previously suggested that a similar type of
chromatin surveillance might function to
eliminate sperm that are damaged or infected
with pathogens during fertilization.®* SCF,
however, is the most severe form of sperm
chromatin degradation, and is probably
activated only upon sperm death. Even though
embryos injected with SCF-induced sperm
do eventually progress through the first cell
cycle, they do not develop to the blastocyst
stage in vitro.*® Therefore, it is not likely
that SCF as we have described it is directly
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related to normal physiological function after
fertilization. Our data indicate that when
SCF is activated genome-wide, embryos
that are injected with the DNA-damaged
sperm exhibit some delay of paternal DNA
replication initiation in the pronuclei,
suggesting that there is a mechanism that
halts replication forks in the presence of
double-stranded breaks at or near the MARs.
This suggests that the same mechanism that
deactivates the genome in sperm cell death
also signals a zygotic response to the DNA
damage. We propose that when a limited
number of double-stranded breaks occur in
the sperm genome below a certain threshold
during spermiogenesis or fertilization due
to mechanical stress, the nuclear matrix
mediated double-strand breaks are activated
at these loci only Figure 2. It is possible, for
example, that when spermatozoa undergo
single-stranded breaks from exposure to
reactive oxygen species (ROS) that the OGG1
repair mechanism also signals the nuclear
matrix to induce double-stranded breaks to
slow DNA replication enough to allow the

Normal Chromatin

Induced

Toroid Linker Nuclear Matrix

Protamine Toroid

!

Minor Damage

Naturally
QOcurring
Damage

Few reversible DNA breaks still
associated with the nuclear matrix

DNA damage may be repaired before
DNA synthesis begins

DNA to be repaired. After fertilization, these
breaks might be repaired following replication
delay. Somatic cells have a DNA damage
tolerance (DDT) mechanism that allows
DNA replication to continue in the presence
of double-strand DNA breaks so that the
entire cell cycle is not stalled.®*** We would
not expect DDT to be activated in zygotes
because this might propagate mutations in
the template genome of the embryo. Rather,
we would expect the DNA to be repaired.®®
It is important to note that the zygote
responds to this particular type of DNA
damage, double-stranded breaks on the
nuclear matrix, more than others. As we have
noted before, SCF-induced sperm from both
the epididymis and vas deferens have a large
amount of single-stranded DNA breaks,* but
only embryos from SCF-induced vas deferens
sperm have significant developmental delays.*
Furthermore, when sperm that have significant
levels of double-stranded breaks distal from
the nuclear matrix but with intact MARs are
injected into oocytes, there is no significant
replication delay in either pronucleus.™ It

SCF Reversible

E Reversible dsDNA breaks with DNA
remaining associated with the nuclear matrix
DNA replication is possible, but development
is arrested before the blastocyst stage

\

SCF Irreversible

Irreversible dsDNA breaks with DNA
not bound to the nuclear matrix
DNA replication delayed, development
m arrested at 2 to 4 cell stage

Figure 2: A Model for the nuclear matrix as a regulator for the paternal genome. (a) In normal sperm
chromatin most of the DNA is protected by protamines that condense the DNA into tightly compacted
toroids. Nuclease sensitive “toroid linkers” connect the toroids to each other, and these are bound to the
nuclear matrix. (b) When SCF is induced by treating the sperm with divalent cations, double-stranded
DNA breaks are induced at all matrix attachment sites, and the DNA remains bound to the matrix. At
this stage, the DNA can still be reversed with EDTA. Zygotes created by injecting sperm at this stage
into oocytes can support DNA replication with no evidence for DNA replication delays, but they do not
develop to the blastocyst stage. (c) As SCF progresses, the breaks are no longer associated with the
nuclear matrix. Zygotes created with these sperm have severe replication and developmental delays.
(d) We hypothesize that this signaling mechanism helps the zygote repair minor DNA damage by slowing

DNA replication at damaged sites to allow for repair.
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appears that the zygote is particularly sensitive
to DNA damage associated with the nuclear
matrix.

In conclusion, our work on SCF suggests

that the sperm nuclear matrix regulates
chromatin structure by alerting the zygote to
the presence of DNA damage. Strand breaks
associated with the nuclear matrix delay
DNA replication until either the damage
can be repaired, or until development with
damaged DNA is no longer possible. We
propose that the sperm nuclear matrix is
a checkpoint for the integrity of the sperm
chromatin.
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