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Producing competent gametes is essential for transmitting
genetic information throughout generations. Spermato-
genesis is a unique example of rearrangements of genome
packaging to ensure fertilization. After meiosis, sper-
matids undergo drastic morphological changes, perhaps
the most dramatic ones occurring in their nuclei, in-
cluding the transition into a protamine-packaged ge-
nome. In this issue of Genes & Development, Montellier
and colleagues (pp. 1680-1692) shed new light on the
molecular mechanisms regulating this transition by as-
cribing for the first time a function to a histone variant,
TH2B, in the regulation of this process.

The formation of the germline is a tightly regulated
process that starts with germ cell specification and in-
cludes subsequent reprogramming, meiosis, and differen-
tiation. Out of the 200 different cell types in an adult
mammal, sperm packages its genome in the most unique
way. The process of spermatogenesis entails global
changes in the chromatin structure of the germ cells.
During spermatid elongation and condensation, the DNA
is stripped of most of its nucleosomal packaging and first
becomes wrapped around so-called transition proteins
(TPs), which are later replaced by protamines. Protamines
are small, highly basic proteins that bind DNA with high
affinity and wrap it in a toroidal structure, which is
necessary for the high condensation of the genome in the
mature sperm (Balhorn 2007). This transition is essential,
and defects in this process can lead to infertility. It is also
worth noting that although the nucleosome-to-protamine
exchange is global, it is not complete. Some regions of the
genome remain packaged with histones, with the extent of
nucleosome retention differing between species (Wykes
and Krawetz 2003; Hammoud et al. 2009; Brykczynska
et al. 2010; Erkek et al. 2013). Nucleosomes are partic-
ularly enriched in the regulatory regions of genes that are
important for the earliest developmental stages post-
fertilization (Hammoud et al. 2009). Likewise, some het-
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erochromatic regions, such as centromeres and telomeres,
preserve their histones, while the rest of the sperm genome
becomes highly compacted (Govin et al. 2007). Despite
being at the center of intense research, the molecular
mechanisms behind histone-to-protamine replacement
remain obscure, making it one of the lasting questions in
reproductive and chromatin biology.

Histone variants and subnucleosomal structures

Apart from the canonical histones, which are incorpo-
rated into chromatin during DNA synthesis, a number of
histone variants have been described in recent decades,
providing an additional layer for the regulation of chro-
matin function. Expression of many histone variants in
a highly regulated manner is one of the hallmarks of
spermatogenesis (Kimmins and Sassone-Corsi 2005).
Many of the variants have been identified in the testis,
and some are almost exclusively expressed during male
gametogenesis. For instance, H2A.Lapl (lack of acidic
patch) is highly abundant in late pachytene and round
spermatids during the time of intensive transcription
(Soboleva et al. 2012). During this time, H2A.Lap1 sits
on the transcription start site (TSS) of active genes and
was suggested to facilitate transcription, probably owing
to its biochemical properties, which lead to the formation
of less stable nucleosomes in vitro. Together with H2A.Z,
another histone variant present at the —2 nucleosome of
active genes in round spermatides, H2A.Lapl creates
a unique chromatin environment that is important for
activation of late spermatid genes (Soboleva et al. 2012).
Furthermore, two other H2A variants—H2ALI and H2AL2
(Govin et al. 2007 )—were identified in the testis and were
shown to form structures that protect shorter, subnu-
cleosomal DNA fragments in condensing spermatids.
These variants preferentially dimerize with yet another
specific germline histone variant, TH2B. When ectopi-
cally expressed in somatic cells, H2AL2 and TH2B are
able to form canonical nucleosomes, but these are less
stable compared with H2A-H2B-containing nucleosomes.
However, the role of TH2B in vivo had not been addressed
before this study.

TH2B was one of the earliest histone variants identified
(Kumaroo et al. 1975; Meistrich et al. 1985), but its
physiological role during spermatid maturation has not
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been investigated. Now, in this issue of Genes & Devel-
opment, Montellier et al. (2013) document that TH2B is
expressed in spermatocytes and spermatids, and its
presence inversely correlates with the presence of canon-
ical H2B, suggesting that TH2B gradually replaces H2B on
chromatin, making it the first histone variant to be
deposited on a genome-wide scale during spermiogenesis.

The investigators used two different approaches to
address TH2B function using mouse models. In the first
one, the addition of a C-terminal tag resulted in a dom-
inant-negative phenotype whereby TH2B remained ab-
normally bound to the chromatin until later stages of
spermatogenesis in elongating spermatids. Second, the
investigators generated a phenotypically null TH2B
allele. Counterintuitively, the tagged model leads to
complete male sterility, whereas the TH2B-null model
seems to be compensated through alterations in the post-
translational histone modifications of H2B, H3, and H4
(Fig. 1). The molecular and physiological characterization
of the two models allowed the investigators to pinpoint
the essential role of TH2B in restructuring nucleosomal
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organization to allow for subsequent replacement by
TPs, which are essential for male fertility.

Adding a His/Flag/HA C-terminal tag on TH2B inter-
feres with the late stages of spermiogenesis, with severe
defects first observed at the time when TPs accumulate
in elongating spermatids. The presence of tagged TH2B
caused complete male sterility despite proper incorpora-
tion of the histone. However, while tagged TH2B in-
corporation was not affected, it seems that the displace-
ment of tagged TH2B from chromatin was impaired
during the transitional stages, when nucleosomes are
replaced by TPs and subsequently by protamines. The
same group had previously identified the presence of
subnucleosomal particles in spermatids, which contain
TH2B and H2AL2 but lack H3-H4 tetramers (Govin et al.
2007). The study at hand reports that the presence of a tag
on TH2B specifically affects the nature of these particles,
as they become more resistant to MNase treatment.
Furthermore, the investigators report that TH2B and
TPs/protamines, which are not usually present in chro-
matin at the same time, colocalize in these mutant mice.
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Figure 1. Changes in histone variant composition allow a smooth transition from a nucleosome-based toward a protamine-packed
DNA during spermatogenesis. In elongating spermatids, histone variants are enriched in the sperm chromatin. Among them, TH2B
becomes incorporated into chromatin on a global scale, and this precedes histone replacement in condensing spermatids. The addition
of a His/Flag/HA tag in the C terminus of TH2B disturbs its replacement and results instead in defective protamine incorporation,
which leads to male sterility. In the TH2B-null mouse model, the process of protamine incorporation occurs normally, and TH2B
absence is suggested to be balanced through the acquisition of compensatory histone modifications on the core histones H2B, H3, and

H4.
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These findings, together with electron microscopy obser-
vations, demonstrate that tagged TH2B germ cells show
impaired chromatin compaction. The question remains
whether the tag effect is specific for TH2B or could confer
similar effects if present on the canonical H2B histone or
other histones in general.

On the contrary, analysis of the TH2B-null model
shows that TH2B depletion does not cause any defect in
producing competent sperm cells, and mice are fully
fertile. However, the levels of H2B are significantly
increased in the absence of TH2B, suggesting that H2B
in surplus can compensate for the lack of TH2B. Strik-
ingly, the “compensatory” H2B is accompanied by the
occurrence of differentially post-translationally modified
nucleosomes, with different modifications appearing not
only in the canonical H2B but also on H3 and H4. This
implies that the absence of TH2B leads to a cross-talk
of modifications on other histones. In a very simplistic
manner of speaking, it seems that in the absence of TH2B,
the germline tries to mimic its functional output by
modifying histones in a way that will be disruptive to
nucleosomal stability. Previous studies of chromatin
fibers containing the H2A variant H2A.Lap1 showed that
these fibers display folding and sedimentation properties
essentially identical to those containing acetylated H3
and H4 nucleosomes (Soboleva et al. 2012). The striking
accordance of the H2A.Lap1 and TH2B data in spermatids
in regards to destabilizing chromatin structure makes it
easy to imagine that histone variant incorporation, now
at a global level, directly orchestrates the transitions from
nucleosome to protamine genome packaging by regulat-
ing chromatin structure.

Chromatin post-translational modifications (PTMs)
in post-meiotic germ cells

Core histone acetylation is present at different stages of
spermatogenesis, with high levels both preceding and
following meiosis and lower levels during the reductive
division itself. Histone H4 acetylation patterns in mouse
spermiogenesis show a stage-specific pattern, differing
between round and elongating spermatids and disappear-
ing in condensing spermatids prior to protamine incor-
poration (Hazzouri et al. 2000). Interestingly, transcrip-
tion does not occur during the elongation process of
spermatid maturation, suggesting that core histone acet-
ylation in these cells is not related to gene expression.
Indeed, histone hyperacetylation is often observed before
histone replacement in a number of species, including
flies, roosters, and rats (Grimes and Smart 1985; Oliva
et al. 1987; Jayaramaiah Raja and Renkawitz-Pohl 2005).
These findings led to the idea that global chromatin
hyperacetylation functions as a signal for the eviction of
histones to allow for tight genome packaging by prot-
amines. Furthermore, indirect evidence of the impor-
tance of hyperacetylation in the process of chromatin
remodeling in elongating and condensing spermatids
emerged from the observation that species that retain
their histones throughout spermiogenesis also keep them
in a hypoacetylated state (Kennedy and Davies 1981).

Chromatin-to-nucleoprotamine transition

The presence of acetylated histones in late stages of
spermatogenesis led to the discovery of the double bro-
modomain-containing protein BRDT, which subsequently
proved to be an important regulatory player in both pre-
meiotic and post-meiotic stages of germ cell development.
BRDT specifically recognizes acetylated H4 and is able to
induce acetylation-dependent chromatin compaction in
somatic cells and in vitro (Pivot-Pajot et al. 2003). Further
investigation of BRDT function in post-meiotic germ
cells showed that its first bromodomain (BD1) binds
double-acetylated H4 (K5ac and K8ac) and directs ge-
nome-wide histone replacement (Moriniere et al. 2009;
Gaucher et al. 2012). The mechanism of BRDT action
seems to entail recognition of acetylated chromatin
via BD1 in elongating spermatids, followed by a process
the investigators termed “chromatin squeezing” through
interaction of two (or more) BRDT molecules, which
would facilitate histone eviction. A similar observation
was also reported in rat spermatids (Dhar et al. 2012), but
an indirect effect of Brdt on histone eviction cannot be
excluded.

In their present study, Montellier et al. (2013) report
that in the absence of TH2B, core histones exhibit
differential PTMs. Namely, histone H3K122 and H4K77
crotonylation were more abundant, and the position of
these residues relative to the DNA backbone suggests
a potential disruptive effect on nucleosomal structure.
Crotonylation, like acetylation, confers a negative charge
to the lysine; however, crotonyl groups are bulkier than
acetyl groups and potentially cause even more steric
hindrance between histones and DNA (Tan et al. 2011).
How this modification exhibits its function during sper-
miogenesis and whether there are specific readers of
histone crotonylation present in maturing germ cells
remain to be investigated. Also, whether BRDT can read
crotonylated residues in the absence of TH2B and whether
this compensates for histone replacement remain to be
addressed. Importantly, the present study also underlines
the importance of both the PTM charge and its position
on nucleosomal properties, with the attention shifting
from protruding histone tails to their buried globular
domains (Tropberger et al. 2013).

Although acetylation is the most widely investigated
histone PTM in spermiogenesis, the importance of other
regulatory pathways, such as histone ubiquitylation, is
now coming to light. The RING domain-containing E3
ubiquitin ligase RNF8 was discovered to be an important
regulator of spermiogenesis. RNF8-deficient mice showed
problems in DNA condensation and histone eviction
during spermatid maturation without defects in TP and
protamine expression (Lu et al. 2010). Dissection of the
molecular mechanism of RNF8 action revealed that
RNEF8 ubiquitylates H2A and H2B, which in turn stabi-
lizes MOF association with chromatin. MOF is a major
H4K16 acetyltransferase, and H4K16ac is one of the first
triggers of global histone eviction in elongating sperma-
tids. Likewise, male mice lacking the ubiquitin-conjugat-
ing enzyme HR6B (homolog of yeast RAD6) are infertile
and show defects at later stages of spermatogenesis. How-
ever, spermiogenesis in Hré6b~/~ mice is not completely
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blocked. Instead, defective spermatid elongation results in
a high rate of apoptosis in germ cells. It is possible to
imagine that in the absence of ubiquitin-conjugating en-
zymes, histones are not efficiently degraded upon replace-
ment, leading to phenotypic abnormalities in subsequent
steps of spermiogenesis (Roest et al. 1996). Whether the
absence of TH2B promotes compensatory mechanisms
through ubiquitylation remains to be addressed.

Unexpectedly maternal: testis-specific variant
on maternal chromatin

The epigenetic contribution of the sperm after fertiliza-
tion has been highly debated due to the rapid protamine-
to-nucleosome exchange in the earliest zygotic stages and
the relatively low levels of histones that remain on the
mature sperm. Indeed, most of the histones that assemble
into the paternal pronucleus are of maternal origin. Here,
the Kochbin team (Montellier et al. 2013). demonstrates
that TH2B, previously thought to be testis-specific, is also
present in the maternal chromatin prior to fertilization
and that it is incorporated into the male pronucleus of the
zygote rapidly thereafter. It is known that the embryonic
genome undergoes extensive reprogramming during the
earliest developmental stages, which presumably entails
a great deal of chromatin plasticity. Taken together with
the putative role of TH2B in creating a dynamic and
plastic chromatin, an attractive hypothesis for the analo-
gous function of TH2B during the remodeling process in
the zygote arises. Indeed, it is possible to envisage that
TH2B in the embryo serves to facilitate the opening and
resetting of embryonic chromatin for subsequent devel-
opment. Undoubtedly, future investigations of the TH2B
histone variant in early embryogenesis will shed more
light into the molecular mechanisms of its function
during genome-wide epigenetic reprogramming.

Concluding remarks

Fine-tuned regulation of gametogenesis seems to involve
a variety of functional interactions between different
histone variants. The work of Montellier et al. (2013)
shows that TH2B is depleted in the two nucleosomes that
surround TSSs and are known to be enriched in another
testis-specific variant, H2A.Lapl (Soboleva et al. 2012).
Similarly, the sex chromosome-specific replacement of
H3 for H3.3 provides another example of regulated
chromatin structure in spermatogenesis (van der Heijden
et al. 2007). Thus, it seems that the process of spermato-
genesis uses an increasing number of histone variants to
impose the functionality of the genome at each stage of
gametogenesis, which perhaps could explain why there
are so many testis-specific variants described to date
(Boussouar et al. 2008). Mammalian spermatogenesis is
an example of orchestration of myriad cellular processes
all directed toward creating cells that are able to leave the
host organism to create a new life. The morphological
changes after the formation of spermatids and their elon-
gation, cytoplasmic eviction, and acrosome formation are
paralleled by remarkable nuclear rearrangements resulting
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in a genome packaging unlike any other. It is perhaps due
to such exquisite timing and variety of players—from
chromatin remodelers to histone modifications—govern-
ing spermiogenesis that this process still evokes many
open questions. Now, the work by Montellier et al. (2013)
contributes significantly to our understanding of the highly
precise molecular events necessary for the formation of
competent spermatozoa. Most interestingly, this study
underscores the plasticity and resourcefulness of germ
cells, which employ available backup mechanisms such
as programmed nucleosome disruption by histone PTMs
in the absence of the factor of choice. As the formation of
mature and competent sperm cells is essential for species
propagation, perhaps it should not come as a surprise that
evolution installed fail-safe checkpoints to ensure that
spermatogenesis reaches completion with the highest
efficiency possible.
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