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Abstract: Male germ cells experience a drastic chromatin remodeling through the nucleo-histone to
nucleo-protamine (NH-NP) transition necessary for proper sperm functionality. Post-translational
modifications (PTMs) of H4 Lys5, such as acetylation (H4K5ac), play a crucial role in epigenetic
control of nucleosome disassembly facilitating protamine incorporation into paternal DNA. It has
been shown that butyrylation on the same residue (H4K5bu) participates in temporal regulation
of NH-NP transition in mice, delaying the bromodomain testis specific protein (BRDT)-dependent
nucleosome disassembly and potentially marking retained nucleosomes. However, no information
was available so far on this modification in human sperm. Here, we report a dual behavior of
H4K5bu and H4K5ac in human normal spermatogenesis, suggesting a specific role of H4K5bu during
spermatid elongation, coexisting with H4K5ac although with different starting points. This pattern
is stable under different testicular pathologies, suggesting a highly conserved function of these
modifications. Despite a drastic decrease of both PTMs in condensed spermatids, they are retained in
ejaculated sperm, with 30% of non-colocalizing nucleosome clusters, which could reflect differential
paternal genome retention. Whereas no apparent effect of these PTMs was observed associated with
sperm quality, their presence in mature sperm could entail a potential role in the zygote.

Keywords: butyrylation; acetylation; H4K5; spermatogenesis; sperm; sperm chromatin; epigenetic
regulation

1. Introduction

Histone post-translational modifications (PTMs) play an essential role in epigenetic
regulation of spermiogenesis, the last phase of spermatogenesis, marked by a unique
process of chromatin remodeling of male germ cell’s nucleus that is necessary for proper
sperm function [1–8]. In mammals, a histone hyperacetylation wave concomitant to nucleo-
some disassembly is necessary for gradual protamine incorporation into paternal genome
through the process of nucleo-histone to nucleo-protamine (NH-NP) transition [9–14].

Int. J. Mol. Sci. 2022, 23, 12398. https://doi.org/10.3390/ijms232012398 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms232012398
https://doi.org/10.3390/ijms232012398
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-3475-2086
https://orcid.org/0000-0002-3272-0163
https://orcid.org/0000-0003-3138-4142
https://orcid.org/0000-0003-1053-4025
https://orcid.org/0000-0002-6837-2148
https://orcid.org/0000-0002-9407-2675
https://orcid.org/0000-0003-4876-2410
https://doi.org/10.3390/ijms232012398
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms232012398?type=check_update&version=1


Int. J. Mol. Sci. 2022, 23, 12398 2 of 18

Acetylation of histone tails contributes to loosen both histone-DNA and nucleosome-
nucleosome interactions [12,15], allowing the incorporation of histone variants and transi-
tion proteins, that also contribute to chromatin relaxation for protamine recruitment and
processing [13,16–21]. The residues Lys5 and Lys8 of histone H4 (H4K5 and H4K8) are
of special importance in the regulation of NH-NP transition since acetylation on these
amino acids (H4K5ac and H4K8ac, respectively) is recognized by the first bromodomain of
the bromodomain-containing testis specific protein BRDT, which entails the first step for
nucleosome instability and genome-wide histone eviction [22–28].

Acetylation of H4 has been widely studied in normal and pathogenic testes within the
context of NH-NP transition and has been recently found altered in the testis of patients
affected by testicular tumors [29–32]. Of note, the presence of additional H4 PTMs also
belonging to the group of histone acylations, with similar physicochemical properties as
acetylation, have also been identified in the testis. However, their potential role during
human spermatogenesis is not well characterized yet [33–35]. Among them, histone
butyrylation arises as an interesting epigenetic regulator of NH-NP transition. Contrary to
what could be expected from the general role of histone acylations stimulating transcription
and, therefore, inducing open chromatin states, BRDT seems to be blind to butyrylated
H4K5 (H4K5bu), making H4K5bu-bearing nucleosomes able to escape histone eviction at
the time of the hyperacetylation wave in mice [36]. Moreover, this behavior takes place
regardless of the presence of butyrylation or acetylation on H4K8, which points out H4K5
as the main specific residue of this mechanism. Therefore, it has been suggested a temporal
regulation of delayed histone replacement of nucleosomes marked by H4K5bu, which
could also underlie a specific mechanism of nucleosome retention in mature sperm [36].
During mouse spermatogenesis, H4K5 acetylation and butyrylation also coexist in different
spermatogenic stages, being enriched at regions surrounding transcription start sites of
active genes in a transcription-dependent manner [36].

The importance of histone PTMs in male germ cells is not limited to their regula-
tory role during chromatin remodeling. Sperm cells contain many layers of epigenetic
information, with modified histones contributing to the non-random distribution of the
nucleo-histone genomic domain along specific regions of the paternal genome and marking
differential sperm DNA accessibility [2,5,37–40]. In addition, infertile men evidence alter-
ations of histone PTM profile and impaired nucleosome retention in mature sperm [2,4,41].
Sperm epigenetic marks are susceptible to be transmitted to the zygote during fecunda-
tion, potentially contributing to early stages of embryo development and future offspring
health [42–45].

One of the current challenges of assisted reproduction techniques (ART) relies on
selecting the best spermatozoa for intracytoplasmic sperm injection (ICSI), overcoming the
intrinsic high heterogeneity of the human sperm sample. Current methods for sperm selec-
tion are based on multilayer density gradient centrifugation, often followed by swim-up.
However, these techniques mainly rely on the quality of sperm motility and morphology
not accounting on the rest of sperm molecular features that could affect the ART success
rate (around 30–35% per cycle in Europe) [46]. In terms of sperm chromatin, sperm popu-
lations selected through density gradient centrifugation seem to show different retention
of histone PTMs and histone variants compared to the corresponding neat sample [47].
However, the effect of density gradient centrifugation on other sperm quality parameters,
such as DNA integrity as a direct indicator of sperm chromatin maturity, is unclear, with
some articles reporting subgroups of patients with increased DNA damage after sperm
preparation [48–50]. Therefore, there is unmet need for markers of sperm quality.

Despite the relevance of the H4K5 residue in the regulation of mouse NH-NP tran-
sition, there is a lack of information about the significance and distribution of acetylated
and butyrylated forms in normal human spermatogenesis and testicular pathologies, as
well as about their possible retention in the mature human spermatozoon. Therefore, the
aim of our work was to increase the current knowledge about these specific-residue PTMs
in human male germ cells, as well as to try to decipher whether they could be markers
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of human sperm quality. We report a different behavior of H4K5bu and H4K5ac during
human spermatogenesis, which would indicate a highly specific role of H4K5bu during
round spermatid (rSPD) elongation, coexisting with H4K5ac during spermiogenesis. Re-
sults in patients with testicular cancer evidence that H4K5ac and H4K5bu remain stable
under pathological conditions, supporting the important role of these residue-specific
modifications towards spermatogenic development. Of note, both H4K5bu and H4K5ac are
retained in ejaculated sperm showing differential location in 30% of nucleosome clusters.
Their role as sperm chromatin maturity markers after sperm selection through density
gradient centrifugation has also been explored.

2. Results
2.1. H4K5 Butyrylation Show Different Spermatogenic Pattern to Acetylation on the Same Residue
in Patients with Normal Spermatogenesis

After strict anatomopathological evaluation of the testicular biopsies, testicular sec-
tions from patients displaying normal spermatogenesis (control group, N) were subjected to
immunohistochemistry (IHC) analysis to detect H4K5 butyrylation and acetylation (Table 1
and Figure 1). The H4K5ac H-Score (expressed as mean value ± SD), which combines
the number of positive cells and signal intensity, evidenced mild levels in spermatogonia
(SPG, H-Score = 245.3 ± 59.8) that significantly decreased in spermatocytes (SPC, H-Score
= 46.8 ± 29.1, p < 0.001) to finally recover intermediate levels as spermiogenesis started.
Specifically, early-stage (I to V) round spermatids (rSPD I–V) restored the H-Score to
282.7 ± 66.2 (p < 0.0001), which increased to 415.8 ± 80.8 (p < 0.05) in late-stage rSPD (rSPD
VI–VIII) maintaining similar levels in elongated spermatids (eSPD). H4K5ac levels finally
decreased to the minimum in condensed spermatids (cSPD, H-Score = 0.9 ± 2.1, p < 0.0001).
Somatic Sertoli-cells (SC) displayed low levels of H4K5ac (Table 1 and Figure 1). In turn,
H4K5bu evidenced minimum H-Scores during initial stages of spermatogenesis up to rSPD
VI–VIII (33 ± 35.4 in SPG, 0.0 ± 0.0 in SPC, and 30.8 ± 46.9 in rSPD I–V). A striking rise
of the H4K5bu H-Score was observed in rSPD VI–VIII (319.1 ± 128.0, p < 0.01), reaching
maximum levels in eSPD (as of stage IX spermatids, 478.4± 40.7, p < 0.05). Finally, H4K5bu
levels decreased in cSPD (0.9 ± 2.1, p < 0.0001). SC showed an H4K5bu H-Score close
to zero (2.5 ± 6.1) (Table 1 and Figure 1). Individual H4K5ac and H4K5bu H-Scores per
patient are shown in Tables S1 and S2, respectively. Representative IHC images in testicular
sections corresponding to patients with normal spermatogenesis are shown in Figure 1B
(H4K5bu) and 1C (H4K5ac).

2.2. H4K5 Butyrylation Spermatogenic Levels Are Not Impaired under Different Testicular Defects

After observing the predominant detection of H4K5bu in the late stages of spermato-
genesis, we explored the characteristic behavior of this modification in patients displaying
different primary testicular failures, such as hypospermatogenesis (HP), spermatogenic
arrest (SA), and Sertoli-cell only syndrome (SCOS), aiming to identify potential atypical
H4K5bu signals in meiotic or mitotic phases, or in supporting somatic SC. H4K5bu H-
Scores were analyzed and are shown in Figure 2 and gathered in Table 1 (see Table S2
for detailed information per individual patient). No significant changes in the normal
H4K5bu spermatogenic pattern were detected associated with spermatogenic alterations.
Notably, a decrease in H4K5bu in rSPD I–V of patients with hypospermatogenesis and an
increase in rSPD I–V and cSPD in patients with SA seems to occur. However, due to the
limited number of samples in these two groups, we could not perform statistical analyses.
Interestingly, the altered levels observed in the SA group are due to the contribution of a
single patient with partial rSPD arrest (Table S2).
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Table 1. IHC H-Scores detected in the different cells from the seminiferous tubules according to the group of patients. H-Scores (mean ± SD) correspond to
H4K5ac and H4K5bu in control and testicular cancer patients and H4K5bu in patients with altered spermatogenesis.

H-Scores (Mean ± SD)

SC SPG SPC rSPD (I–V) rSPD (VI–VIII) eSPD cSPD

H4K5bu

Infertile patients with
normal spermatogenesis N (n = 6) 2.5 ± 6.1 33 ± 35.4 # 0.0 ± 0.0 30.8 ± 46.9 319.1 ± 128.0 # 478.4 ± 40.7 # 0.9 ± 2.1 #

Infertile patients with altered
spermatogenesis

SCOS (n = 3) 8.9 ± 15.4 - - - - - -

HP (n = 2) 0.0 ± 0.0 41.3 ± 58.4 0.0 ± 0.0 10.0 ± 14.14 358.9 ± 118.7 455.6 ± 110.0 0.0 ± 0.0

SA (n = 3) 0.0 ± 0.0 12.8 ± 13.2 1.7 ± 3.3 192.3 460.0 ± 242.5 439.4 ± 27.4 225.0

Testicular cancer patients
SEM (n = 4) 0.0 ± 0.0 51.2 ± 46.3 0.0 ± 0.0 0.0 ± 0.0 219.0 ± 22.9 330.1 ± 69.9 * 0.0 ± 0.0

TER (n = 3) 18.7 ± 23.8 135.9 ± 64.3 * 0.0 ± 0.0 106.2 ± 57.3 411.1 ± 120.6 480.2 ± 98.7 0.0 ± 0.0

H4K5ac

Infertile patients with
normal spermatogenesis N (n = 6) 101.1 ± 59.5 245.3 ± 59.8 46.8 ± 29.1# 282.7 ± 66.2# 415.8 ± 80.8# 494.9 ± 59.4 0.9 ± 2.1#

Testicular cancer patients
SEM (n = 4) 228.5 ± 74.8 * 259.2 ± 108.2 149.4 ± 107.9 320.7 ± 88.4 396.5 ± 135.9 473.4 ± 102.8 5.7 ± 7.86

TER (n = 3) 282.5 ± 39.2 * 304.3 ± 40.2 165.5 ± 60.4 * 342.9 ± 51.5 447.2 ± 93.7 513.1 ± 81.7 0.0 ± 0.0
#: p < 0.05 after comparison of H-Scores between consecutive spermatogenic cell types in normal patients (N). *: p < 0.05 after comparison of each testicular cell type between H-Scores of
patients with testicular pathologies and the control group. For H4K5bu comparisons, Student t-test was performed in rSPD (VI–VIII) and eSPD, while Mann–Whitney U test was
applied in the rest of the cell types. H4K5ac comparisons were performed through Student t-test in all cell types except SPC and cSPD, in which Mann–Whitney U test was applied.
Note that HP was not considered for statistical analysis due to the limited sample availability. The same applies to SA from the spermatogenic stage of rSPD (I–V), due to low number
of replicates. Abbreviations: cSPD, condensed spermatids; eSPD, elongating spermatids; rSPD I–V, early-stages (I–V) round spermatids; rSPD VI–VIII, late-stages (VI–VIII) round
spermatids; SC, Sertoli cells; SPC, spermatocytes; SPG, spermatogonia; N, normal spermatogenesis; SCOS, Sertoli-cell only syndrome; HP, hypospermatogenesis; SA, spermatogenic
arrest; SEM, seminoma; TER, teratoma.
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Figure 1. Spermatogenic patterns of H4K5 acetylation and butyrylation during normal spermato-
genesis. (A) H4K5ac and H4K5bu H-scores represented as mean value ± SD per testicular cell type.
*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001. Results for H4K5ac represented in dark grey
and for H4K5bu in green. (B) IHC images of H4K5ac and H4K5bu detection (brown-green color) in
patients with normal spermatogenesis. Tissues were counterstained with PAS-haematoxylin. Scale
bars = 10 µm. SPG: spermatogonia; SPC: spermatocytes; rSPD I–V: early-stage (I–V) round spermatids;
rSPD VI–VIII: late-stage (VI–VIII) round spermatids; eSPD: elongating spermatids; cSPD: condensed
spermatids; SC: Sertoli cells.
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Figure 2. Detection of H4K5 butyrylation levels in testicular biopsies of patients with altered
spermatogenesis. (A) H4K5bu H-scores of the normal spermatogenesis group (N), hypospermatoge-
nesis (HP), spermatogenic arrest (SA), and Sertoli-cell only syndrome (SCOS), represented as mean
value ± SD per testicular cell type. (B) Microscopy images showing H4K5bu detection in testicular
section of patients affected with different spermatogenic alterations, compared to normal spermatoge-
nesis. Tissues were counterstained with PAS-haematoxylin. Scale bars = 10 µm. SPG: spermatogonia;
SPC: spermatocytes; rSPD: round spermatids; eSPD: elongating spermatids; SC: Sertoli cells.

2.3. Testicular Cancers Do Not Affect the Spermatogenic Pattern of Butyrylation on H4K5, but
Neither Acetylation on the Same Residue, in Healthy Seminiferous Tubules with
Complete Spermatogenesis

H4K5bu spermatogenic pattern was also evaluated in patients affected by testicular
cancers, such as seminoma (SEM) and teratoma (TER), to identify potential epigenetic alter-
ations. TER patients showed a slight increase of the H4K5bu H-score in SPG (135.9 ± 64.3,
p < 0.05) (Table 1, Figure 3A). In turn, SEM patients did not evidence significant changes in
the H4K5bu spermatogenic pattern apart from a decrease in rSPD (330.1 ± 69.9, p < 0.05)
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(Table 1, Figure 3A). Despite these significant changes, the behavior of the H4K5bu sper-
matogenic pattern found in males with normal spermatogenesis, consisting in low levels
at the beginning of the process, an increase from rSPD to eSPD, and a decrease in cSPD,
is maintained in the testicular cancer patients included in this study (Figure 3A). Data
corresponding to each individual patient and the IHC representative images are shown in
Table S2 and Figure 3B, respectively.
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Figure 3. Spermatogenic pattern of H4K5 butyrylation in seminiferous tubules of testicular can-
cer patients. (A) H4K5bu H-scores (mean value ± SD) per testicular cell type corresponding to the
normal spermatogenesis group (N), and patients with complete spermatogenesis but affected by
seminoma (SEM) or teratoma (TER). (B) Microscopy images showing H4K5bu detection in testicu-
lar sections of SEM and TER patients, compared to healthy controls with normal spermatogenesis
(N). Tissues were counterstained with PAS-hematoxylin. Scale bars = 10µm. SPG: spermatogonia;
SPC: spermatocytes; SPD: spermatids; SC: Sertoli cells. *: p < 0.05.

Considering the relevance of global spermatogenic H4 acetylation in testicular cancer
patients, which is completely disturbed in the seminiferous tubules adjacent to the tumor,
we proceeded to evaluate specific acetylation of H4K5 in SEM and TER patients. Of note,
significant changes to the normal pattern were only identified in SPC from TER patients,
evidencing a discreet increase of H4K5ac H-score (165.5± 60.4, p < 0.05) (Table 1, Figure 4A).
Despite that SEM patients displayed similar H4K5ac spermatocytic levels, the increase
was not significant. Moreover, the H4K5ac normal spermatogenic pattern in which mild
SPG levels decrease to SPC, to rise up to a maximum level in late round/early condensing
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spermatids followed by a final decrease in cSPD, is maintained in testicular sections of SEM
and TER patients (Figure 4A). Somatic Sertoli cells showed higher H4K5ac levels in both
groups (SEM: 228.5 ± 74.8, p < 0.05; TER: 282.5 ± 39.2, p < 0.05) Representative IHC images
are shown in Figure 4B, and data corresponding to each individual patient are included in
Table S2.
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Figure 4. Spermatogenic H4K5 acetylation levels in seminiferous tubules of testicular cancer
patients. (A) H4K5ac H-scores (mean value ± SD) per testicular cell type corresponding to the
normal spermatogenesis group (N), and patients with complete spermatogenesis but affected by
seminoma (SEM) or teratoma (TER). (B) IHC images corresponding to H4K5bu detection in testicular
sections of SEM and TER patients, compared to healthy controls with normal spermatogenesis
(N). Tissues were counterstained with PAS-hematoxylin. Scale bars = 10µm. SPG: spermatogonia;
SPC: spermatocytes; SPD: spermatids; SC: Sertoli cells. *: p < 0.05.

2.4. Butyrylation and Acetylation on H4K5 Are Retained in Ejaculated Human Sperm from
Normozoospermic Patients

To further investigate H4K5 butyrylation in male germ cells, we examined its presence
and that of the acetylation on the same residue in mature human sperm from patients with
normal semen parameters. Both H4K5bu and H4K5ac were detected in all ejaculated sperm
cells evaluated from the patients included in the analysis (Figure 5A). To deepen into the
interplay among the two PTMs, nucleosome clusters marked by either H4K5bu or H4K5ac
were colocalized using confocal imaging (Figure 5B). Mander’s colocalization coefficient
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M1, representing detection of H4K5bu (red staining) over H4K5ac (green staining), cor-
responded to 0.74 ± 0.18, while M2 coefficient (H4K5ac over H4K5bu) was 0.65 ± 0.17
(mean value ± SD, Figure 4B). These results evidenced that around 70% of the nucleosome
clusters marked by H4K5bu colocalized with those containing H4K5ac in the mature sperm
head. The remaining 30% of the nucleosome clusters were exclusively marked by one of the
epigenetic marks. Pearson’s coefficient was 0.78 ± 0.12, indicating a high direct correlation
between the intensities of both PTMs.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW  8  of  18 
 

 

Figure 4. Spermatogenic H4K5 acetylation levels in seminiferous tubules of testicular cancer pa‐

tients. (A) H4K5ac H‐scores (mean value ± SD) per testicular cell type corresponding to the normal 

spermatogenesis group (N), and patients with complete spermatogenesis but affected by seminoma 

(SEM) or teratoma (TER). (B) IHC images corresponding to H4K5bu detection in testicular sections 

of SEM and TER patients, compared to healthy controls with normal spermatogenesis (N). Tissues 

were counterstained with PAS‐hematoxylin. Scale bars = 10 μm. SPG: spermatogonia; SPC: sper‐

matocytes; SPD: spermatids; SC: Sertoli cells. *: p  <  0.05 

2.4. Butyrylation and Acetylation on H4K5 Are Retained in Ejaculated Human Sperm from 

Normozoospermic Patients 

To further investigate H4K5 butyrylation in male germ cells, we examined its pres‐

ence and that of the acetylation on the same residue in mature human sperm from patients 

with normal semen parameters. Both H4K5bu and H4K5ac were detected in all ejaculated 

sperm cells evaluated from the patients included in the analysis (Figure 5A). To deepen 

into the interplay among the two PTMs, nucleosome clusters marked by either H4K5bu 

or H4K5ac were colocalized using confocal imaging (Figure 5B). Mander’s colocalization 

coefficient M1, representing detection of H4K5bu (red staining) over H4K5ac (green stain‐

ing), corresponded to 0.74 ± 0.18, while M2 coefficient (H4K5ac over H4K5bu) was 0.65 ± 

0.17 (mean value ± SD, Figure 4B). These results evidenced that around 70% of the nucle‐

osome clusters marked by H4K5bu colocalized with those containing H4K5ac in the ma‐

ture sperm head. The remaining 30% of the nucleosome clusters were exclusively marked 

by one of  the epigenetic marks. Pearson’s coefficient was 0.78 ± 0.12,  indicating a high 

direct correlation between the intensities of both PTMs. 

 

Figure 5. Detection and colocalization of H4K5bu and H4K5ac in human mature sperm by im-
munofluorescence. (A) Representative confocal microscopy images of H4K5bu (Alexa Fluor 633, red
channel) and H4K5ac (Alexa Fluor 488, green channel) of the analyzed mature sperm nuclei under
decondensed chromatin conditions. Scale bars = 5 µm. Sperm DNA is marked with DAPI (blue) and
shown in Merge. NC indicates negative control. (B) Raincloud plot of the different colocalization
coefficient parameters (“M1” and “M2” correspond to Mander’s colocalization coefficients M1 and
M2, respectively, and “Pearson” to Pearson’s coefficient). Dots indicate individual sperm cells, and
colors differentiates between biological replicates (n = 3).

2.5. The Proportion of H4K5bu over H4K5ac Remains Constant within Different Sperm
Populations Selected According to Sperm Quality

A 50% density gradient centrifugation, which allows obtaining purified sperm repre-
senting the total sperm population of a semen sample without the presence of non-sperm
contaminating cells (G50), was performed in order to define the relative abundance of both
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marks in normozoospermic samples (represented as H4K5bu/H4K5ac ratio). Moreover,
a 3-layered (50–70–90%) density gradient centrifugation was performed to compare cell
populations according to sperm quality (P50, P70, and P90, respectively). The presence of
H4K5bu and H4K5ac was detected in all cell populations evaluated in our experimental
set up. When considering the whole semen sample (G50), the relation H4K5bu/H4K5ac
was established as 1.02 ± 0.1 (Figure 6). This ratio seems to increase in selected sperm
populations, being 1.18 ± 0.32 in P50, 1.36 ± 0.36 in P70, and 1.27 ± 0.37 in P90. However,
these differences were not significant among groups (p > 0.05), which might be due to the
high dispersion of the results observed after the multi-layer gradient preparation, compared
to the 50% gradients.
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Figure 6. H4K5bu/H4K5ac ratios based on signal intensity from fluorescent WB analysis. (A) WB
images. Sperm populations are indicated on top of the figure, and sample number is shown below
to identify the different patients analyzed. Cell populations positive for leukocyte contamination
(PTPRC cDNA, Ct < 35) or not fitting linearity threshold in both antibodies were discarded from the
analysis. (B) Boxplot of the ratios according to the sperm population after density gradient separation.

3. Discussion

Despite that H4 acetylation has been largely described during mammalian spermato-
genesis and has shown to be directly involved in chromatin remodeling during spermio-
genesis [9,10,13,29,31,32], similar description of other H4 acylations, such as butyrylation,
is still scarce, especially in humans. The present study provides the first characterization of
H4K5 butyrylation during human spermatogenesis and in mature sperm, in comparison
with the functionally close-related acetylation of the same residue (H4K5ac). We report
a different behavior among both PTMs suggesting a highly specific role of H4K5bu in
spermatid elongation, temporarily coexisting with the process of histone to protamine
transition, that is not altered in patients with testicular conditions. Strikingly, while global
H4ac levels are fully disturbed in the presence of testicular cancer [32], neither H4K5bu nor
H4K5ac were found altered in seminiferous tubules adjacent to the tumoral tissue in this
study. Therefore, this residue may be somehow resistant against testicular perturbations,
compatible with a proper NH-NP transition. Furthermore, both H4K5 PTMs are retained
in normal human mature spermatozoa, which opens a window to study the potential of
this residue as an epigenetic mark delivered into the zygote.

The spermatogenic pattern of H4K5ac found in this study was consistent to that of
global H4ac previously described [29–32]. SPG displayed intermediate levels of H4K5ac,
which decrease in SPC and are restored in rSPD I–V. During rSPD development, H4K5ac
levels gradually increased to reach a maximum value in eSPD. Strikingly, the H4K5bu
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spermatogenic pattern showed a different behavior, with basal butyrylation levels during
the first phases of spermatogenesis and initial stages of round spermatid. Additionally, the
drastic increase in H4K5bu levels starts in a more advanced stage of rSPD than H4K5ac does,
temporarily coexisting with spermatid elongation when NH-NP transition occurs. Thus,
H4K5bu seems to show a highly specific role during the latest steps of human spermatoge-
nesis, coherent with previous reports in mouse models suggesting a temporal regulation of
nucleosome disassembly and histone retention based on histone butyrylation [36]. Despite
the low immunohistochemical levels of H4K5bu in early spermatogenesis (null in SPC)
reported herein, we do not discard that H4K5bu in SPC could be better characterized
using more sensitive techniques, as previously reported through western blot and mass
spectrometry in sorted mouse spermatogenic germ cells [36].

Due to the apparent highly specific role of H4K5bu during spermiogenesis, we ex-
plored whether butyrylation levels were altered under different primary testicular failures.
No relevant changes were observed in patients with hypospermatogenesis, SCOS, or sper-
matogenic arrest, as previously reported for H4ac [32]. Despite that, a patient with partial
rSPD arrest displayed increased H4K5bu levels in rSPD I–V and cSPD. This could suggest
that even though H4K5bu is not altered nor has a role in meiotic arrest, its alteration could
either be involved in the spermatid arrest or be its consequence, which would be coherent
with the potential specific role of this PTM observed in normal spermiogenesis. The lack
of statistical analysis due to sample number availability limits the interpretation of this
finding, but the spermatogenic arrest in post meiotic stages seems to be an interesting phe-
notype to study H4K5 PTMs in subsequent studies. We were interested in exploring H4K5
PTMs in cancer patients since a drastic dysregulation of the H4ac levels has been recently
reported in patients with different types of testicular tumors [32]. However, H4K5bu does
not seems to undergo such drastic global increase in patients with testicular cancer, since
only TER patients evidence a discrete increase of H4K5bu H-scores in SPG. Nevertheless,
in the present work, only butyrylation in a single residue of H4 has been studied, which
does not discard different results when analyzing global H4bu or lysine butyrylation, as
observed for H4ac [32]. It is interesting to remark that spermatogenic H4K5ac levels were
not found altered in cancer patients, except from a slight increase in SPC from TER patients.
These results contrast with the globally altered H4ac levels in testicular cancer patients
reported elsewhere [32], which might be due to altered acetylation on other H4 residues.
The stable levels regardless of testicular alterations point out a highly conserved role of
H4K5bu and H4K5ac towards a proper regulation of spermiogenesis and could explain
why testicular cancer patients, although having global H4ac disruption, display complete
spermatogenesis. These data represent the first joint characterization in human subjects of
acetylation and butyrylation on H4K5 during spermatogenesis. Although the number of
individuals analyzed could limit the interpretation of the significant differences reported
herein, our results are consistent with previous studies in mouse spermatogenesis [36].

Growing evidence highlights the impact of sperm chromatin state in sperm function-
ality, fertilization events, and beyond, including sperm modified histones as epigenetic
marks inducing differential DNA accessibilities [2,4,5,37–45]. Despite the observed drastic
drop of the IHC H4K5bu and H4K5ac levels in cSPD, both were found retained in ma-
ture sperm from normozoospermic patients, colocalizing in around 70% of nucleosome
clusters. This high colocalization percentage might be due to the rapid acetylation and
butyrylation turnover taking place in H4K5 during spermatogenesis [36], resulting in such
“photo-finish” in the transcriptionally and translationally silent sperm cell. Since two H4s
are present in the histone octamer conferring the nucleosome, two different scenarios arise
from this co-localization: (1) the presence of single nucleosomes containing one H4 marked
by butyrylation on K5 and the other by acetylation on the same residue, or (2) nucleosomes
with both histones H4 marked by either butyrylation or acetylation on K5, that are spatially
close to nucleosomes with the alternative mark, making the signals coexist. Since single
nucleosomes are not resolved at this confocal imaging resolution, both possibilities are
equally feasible, again supported by the rapid H4K5ac and H4K5bu turnover in the testis.
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Interestingly, the remaining proportion of non-colocalizing pixels detected in this study
also suggest the presence of a group of nucleosome clusters exclusively marked by either
H4K5bu or H4K5ac. This data might point to a functional involvement of the differential
wrapping of paternal DNA into H4K5ac or H4K5bu nucleosomes.

While colocalization results might suggest a role of H4K5ac and H4K5bu in sperm
function, no variations were observed associated with sperm quality. The study of different
sperm populations isolated from neat sample following procedures routinely used in the
reproductive clinics to select the best spermatozoon for ICSI sheds light on the molecular
cargo of the fertile sperm giving rise to a new individual. In that case, the observed results
would discard an impact of H4K5bu and H4K5ac relative levels in sperm fertilizing ability.
Further work should focus on determining quantitative H4K5bu and H4K5ac levels in
selected sperm populations by complementary techniques, which would help disentangle
their individual potential as an indicator of chromatin maturity. Due to the known role
of sperm histone marks as epigenetic regulators in early embryo, it will be worthy to
know whether they could have an impact beyond fertilization, such as in the formation of
preimplantation embryo and transmission of epigenetic information.

4. Materials and Methods
4.1. Biological Material
4.1.1. Testicular Biopsies

Testicular biopsies (n = 23, mean age 37 ± 7, ranging from 21 to 52 years old) were pro-
vided by the Departments of Pathology from the Hospital Clínic de Barcelona (Barcelona,
Spain) and the Hospital Universitari de Vic (Vic, Spain). The samples were grouped into
three main groups: control group, spermatogenic alterations, and testicular cancer. The
control group (N) comprised azoospermic infertile patients corresponding to male partners
of couples undergoing assisted reproduction studies, displaying normal spermatogenesis
at the histological level, and showing all germ cell types and spermatogenic stages. The
origin of the azoospermia was classified as post-vasectomy (n = 1), obstructive azoospermia
due to CFTR genotypes (n = 1), and azoospermia of unknown cause when obstructive
azoospermia, karyotype alterations, CTCF pathogenic variants, and chromosome Y mi-
crodeletions were discarded (n = 4). H4K5ac and H4K5bu levels were assessed in 6 N
samples, from which 5 were common to both evaluations, and 1 patient was exclusively
subjected to either H4K5bu or H4K5ac assessment. The group of infertile patients with
spermatogenic alterations (n = 8) included patients stratified according to the type of
spermatogenic impairment into patients with Sertoli-cell only syndrome (SCOS; n = 3),
hypospermatogenesis (HP; n = 2), and spermatogenic arrest (SA; n = 3). Among the SA
patients, two of them presented spermatocyte arrest (one complete arrest and other partial
arrest), and the third one evidenced a partial arrest at round spermatid level. The last
group of patients with testicular cancer (n = 7) included patients affected by seminoma
(SEM; n = 4) and teratoma (TER; n = 3). In addition to the groups above, one sample
corresponding to a patient with normal spermatogenesis was used as technical internal
control in all evaluations. Karyotype, AZF status, and CFTR status per individual patient
are indicated in Tables S1 and S2.

4.1.2. Semen samples

Human normozoospermic semen samples (n = 9) from patients undergoing routine
semen analysis were obtained at the Assisted Reproduction Unit from the Clinic Institute
of Gynecology, Obstetrics and Neonatology, at the Hospital Clínic de Barcelona, Spain.
The ejaculates were collected by masturbation into sterile containers after 3–5 days of
sexual abstinence. Evaluation of the seminal parameters was performed using the auto-
matic semen analysis system CASA (Proiser, Paterna, Spain) and samples were classified
according to the World Health Organization guidelines [51]. Sperm cells were purified
through density gradient centrifugation, depending on the purpose of the analysis. A 50%
Puresperm density gradient separation (NidaCon International AB, Gothenburg, Sweden),
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following manufacturer’s instructions, was used to analyze purified sperm representing the
heterogeneity of the native sample and avoiding contamination by cells other than sperm.
Three-layered 50–70–90% Puresperm density gradient separation (NidaCon International
AB), was used to separate different sperm populations according to sperm quality for
subsequent comparative studies. To discard the presence of somatic contamination that
could alter the results, RNA expression analysis of the leukocyte marker receptor-type
tyrosin-protein phosphatase C (PTPRC) through RT-PCR was performed to verify the
absence of leukocytes according to Jodar et al., 2012 [52] (forward primer: CCTTGAACCC-
GAACATGAGT, reverse primer: ATCTTTGAGGGGGATTCCAG, corresponding to exons
12–13 of PTPRC).

4.2. Processing and Paraffin-Embedding of the Testicular Material

According to the hospital’s routine procedures, samples were fixed prior to paraffin-
embedding in either Bouin’s fixative for 3–4 h or 4% Formol for 24–48 h, depending
on sample size (biopsies or orchiectomy specimens, respectively), for histopathologic
evaluation or other procedures. Samples from infertile patients, either from the control or
spermatogenic alteration groups, were biopsied. Orchiectomy specimens were obtained
from testicular cancer patients. After fixation, the specimens were processed in a fluid-
transfer advanced automatic tissue processor and paraffin-embedded to make the blocks.
The tissue was covered in molten paraffin in a mold and paraffin cooled down until
solidifying. The block was cut through microtome into 4 µm-sections.

4.3. Testicular Histopathological Evaluation

An experienced anatomopathologist exhaustively performed the histopathological
evaluation of the hematoxylin-eosin-stained testicular sections from each patient to identify
spermatogenic defects [53] and/or testicular tumors, following the World Health Orga-
nization (WHO) guidelines [54,55]. Tumor diagnosis was confirmed in case of need by
checking expression of appropriate biomarkers. Ultrasound evaluation was monitored
to discard the presence of testicular microlithiasis [56]. In the group of testicular cancer
patients, the presence of either complete or partial spermatogenic activity in seminiferous
tubules adjacent to the neoplastic area was a strict inclusion criterion. After histopatho-
logical confirmation, additional testicular sections from each patient were used for further
immunohistochemical analyses.

4.4. Immunohistochemistry

Immunohistochemistry (IHC) was performed on paraffin-embedded testicular sec-
tions, as described previously [32]. Testicular tissue samples were randomly grouped in
different runs, and an internal positive control was included in each of them to check the
different runs’ overall intensity. Due to the use of different fixation methods, effect of the
fixative was discarded by checking that no changes in the spermatogenic pattern with
the antibodies of interest were detected between an orchiectomy specimen fixed with 4%
Formol and a biopsy fixed with Bouin, both showing normal spermatogenesis and no
presence of testicular tumor (Figure S1).

Sections were dewaxed in toluene and rehydrated through graded series of ethanol
to water with 0.3% hydrogen peroxide incubation. Subsequently, antigen retrieval was
performed with 10 mM sodium citrate (pH 6.0) at 99.5 ◦C for 20 min. Slides were then
blocked with PBS-5% skim milk for 30 min at room temperature (RT) and incubated with
the Avidin/Biotin Blocking Kit (Vector Laboratories, Burlingame, CA, USA). Sections were
incubated overnight at 4 ◦C with primary antibodies (dil 1:100, Table 2). Negative controls
without primary antibody were included. Sections were incubated with biotinylated sec-
ondary antibody (Table 2) and an avidin-biotin-peroxidase detection kit (Vectastain ABC
Elite Kit, Vector Laboratories). Signal color was developed by reaction with diaminobenzi-
dine (DAB, 3,3′-diaminobenzidine tetrahydrochloride) and sections were counterstained
with hematoxylin and Periodic Acid-Schiff’s (PAS) reagent (Sigma-Aldrich, St. Louis, MO,
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USA). Sections were dehydrated in ethanol, cleared in toluene, and mounted in Eukitt
Mounting Medium (Sigma-Aldrich) to be analyzed in a transmission light microscope
(Olympus BX50, Olympus, Tokyo, Japan).

Table 2. Antibodies used in the study.

Antibodies Company Reference

Primary antibodies

Rabbit monoclonal anti-H4K5bu PTM BIO LLC, Chicago, IL, USA #PTM-313

Mouse monoclonal anti-H4K5ac PTM BIO LLC, Chicago, IL, USA #PTM-163

Secondary antibodies (IHC)

Goat Anti-Rabbit IgG Antibody (H + L),
Biotinylated

Vector Laboratories,
Burlingame, CA, USA BA-1000

Goat Anti-Mouse IgG Antibody (H + L),
Biotinylated

Vector Laboratories,
Burlingame, CA, USA BA-9200

Secondary antibodies (IF)

Goat anti-mouse IgG Alexa Fluor 488 Invitrogen, Waltham, MA, USA A28175

Goat anti-rabbit IgG Alexa Fluor 633 Invitrogen, Waltham, MA, USA A21070

Secondary antibodies (Odyssey® Fluorescent WB)

Anti-Mouse IgG (IRDye-700) LI-COR, Inc., Lincoln, NE, USA P/N
925-68070

Anti-Rabbit IgG (IRDye-800) LI-COR, Inc., Lincoln, NE, USA P/N
925-32211

4.5. Spermatogenic Stage Classification and IHC Evaluation

Classification of testicular cells and spermatogenic stages of the seminiferous tubules
sections was based on current classification of human spermatogenesis described by Muci-
accia et al. 2013 [57]. For each patient, at least 30 seminiferous tubule sections at different
spermatogenic stages were analyzed. IHC was assessed by two independent operators using
PAS–Haematoxylin staining, blinded to the experimental procedures. H-score was selected as
the scoring system [32]. Specifically, the H-score was determined by adding the proportion of
cells presenting each level of intensity (expressed in percentage) multiplied by the intensity
(expressed in ordinal values) as follows: H-score = (%intensity 0 × 0) + (%intensity 1 × 1) +
(%intensity 2 × 2) + [ . . . ], presenting a dynamic range from 0 to 600. Since the intensity of
the signal within cells belonging to the same specific cell type per spermatogenic stage
was homogeneous along the seminiferous tubule section, the mean intensity of each cell
type was considered. Thus, H-score for each testicular cell type analyzed per seminiferous
tubule section was provided for each individual patient.

4.6. Immunofluorescence on Mature Sperm Cells

Extensions consisting in 1 million sperm (Mz) per slide were incubated in decondens-
ing solution (2,5 mM DTT, 0,2% Triton X-100, 100 UI/mL heparine in PBS) to facilitate
antibody accessibility, monitoring decondensation in optic microscope. Sperm cells were
fixed 10 min in 2% paraformaldehyde and washed with PBS and H2O before permeabiliza-
tion for 20 min in 0.05% Triton X-100 in PBS. After washings in PBS, slides were incubated
for 1h at RT in blocking solution (5% bovine serum albumin in PBS). Primary antibody
incubation (Table 2, dil 1:100) was performed overnight (O/N) at 4 ◦C. After washes, slides
were incubated with secondary antibody (Table 2) at dil 1:500 for 2h at RT. After washings,
slides were incubated with DAPI 1:10,000 for 5 min protected from light and mounted
with ProLongTM Gold (#P36930, Invitrogen, Waltham, MA, USA). Images were acquired
by confocal microscopy (LSM880, ZEISS, Jena, Germany) at the Advanced Optical Mi-
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croscopy Unit (Campus Clínic) from Scientific and Technological Centers from University
of Barcelona.

4.7. Colocalization Analyses

Colocalization was quantified using ImageJ software distribution FIJI [58]. A custom
macro was developed to automatize colocalization analysis with JACOP [59] for every set of
images. Briefly, Red and Green Channel Images were background-subtracted with Rolling
Ball Radius of 50 and colocalization was quantified from a region of interest delimiting the
cell contour, considering a colocalized point if its respective intensities are strictly higher
than the threshold determined for its channels (auto threshold method). Pearson correlation
and Manders coefficients were analyzed from each image using JACOP plugin.

4.8. Odyssey® Western Blot

Sperm soluble protein extraction was conducted by incubating purified sperm cells in
lysis buffer (2% SDS, 1 mM PMSF in PBS, ratio 40 Mz:100 µL) for 15 min on ice followed by
centrifugation 17,000× g for 10 min at 4 ◦C. Quantification was done using Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL, USA), following the manufac-
turers’ recommendation. Replicates with Ct < 35 for the leukocyte marker PTPRC were
discarded. A total of 10 µg of soluble protein lysate were loaded into 16% acrylamide gels
by SDS-PAGE [5]. Proteins were transferred to PVDF 0.2 µm pore size membranes (BioRad,
Hercules, CA, USA), activated with methanol, in transference buffer (200 mM glycine,
25 mM Tris, 15% methanol). Membranes were shortly washed with 100% ethanol prior
blocking with Intercept® (TBS) blocking buffer (LI-COR Inc., Lincoln, Nebraska) for 1 h at
RT to incubate O/N with primary antibodies at 4 ◦C (1:1000, Table 2). After washes with
TBT (0.242% Tris, 0.8% NaCl, 0.1% Tween-20), membranes were incubated with secondary
antibodies (Table 2) at 1:12,000 dilution for 1h at RT. Subsequent washes with TBT and TBS
(20 mM Tris, 150 mM NaCl, pH 7.6) and fixation with pure methanol were conducted and
the membrane was air-dried. Imaging was performed using Odyssey® infrared analysis
system, with laser intensities 700 = 2.0, 800 = 3.0, according to the best fit for antibodies’
linearity (R2 > 0.98). Signal intensities were determined on the raw scanned data using
Image Studio Lite v5.2 software (LI-COR Inc.). Intensities below the minimum linear cutoff
were discarded from the analysis. Therefore, after exclusion criteria, from the 6 patients
analyzed, n = 5 in G50, P70, and P90 and n = 3 in P70 were considered for subsequent
statistical analysis.

4.9. Statistical Analysis

Data analysis was conducted in RStudio software version 2022.02.2 [60] and the car
package [61], and using GraphPad Prism version 7.0 for Windows (GraphPad Software, La
Jolla, CA, USA, www.graphpad.com). Normal distribution was assessed by Shapiro–Wilk
normality test followed by Levene’s homoscedasticity test. According to the distribution,
either Student t-test or Mann–Whitney U test was performed for the analysis of H-Score
levels. Only groups formed by at least three patients were included in the statistical analysis.
Paired Student t-test was applied for the analysis of H4K5bu/ac ratios. p-values < 0.05
were considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232012398/s1.

Author Contributions: Conceptualization, A.d.l.I., J.C. and R.O.; methodology, A.d.l.I., P.J., M.J., F.B.,
L.D., C.M., L.R.-C., J.C. and R.O.; formal analysis, A.d.l.I., M.J., J.C. and R.O.; investigation, A.d.l.I.,
P.J., M.J., F.B., J.C. and R.O.; resources, C.M., L.R.-C., J.M.C., J.L.B. and R.O.; writing—original draft
preparation, A.d.l.I., J.C. and R.O.; writing—review and editing, A.d.l.I., P.J., M.J., F.B., L.D., C.M.,
L.R.-C., J.M.C., J.L.B., K.K., J.C. and R.O; supervision, K.K., J.C. and R.O.; funding acquisition, R.O.
All authors have read and agreed to the published version of the manuscript.

www.graphpad.com
https://www.mdpi.com/article/10.3390/ijms232012398/s1
https://www.mdpi.com/article/10.3390/ijms232012398/s1


Int. J. Mol. Sci. 2022, 23, 12398 16 of 18

Funding: This research was funded by grants PI16/00346 and PI20/00936 to R.O. from the ‘Minis-
terio de Economía y Competividad’ (Spain, ‘fondos FEDER, una manera de hacer Europa’). This
publication is also based upon work from COST Action CA20119 (ANDRONET) supported by
COST ((European Cooperation in Science and Technology) www.cost.eu, accessed on 6 September
2022). J.C. was supported by the Sara Borrell Postdoctoral Fellowship, ‘Acción Estratégica en Salud’,
CD17/00109. J.C. is a Serra Húnter fellow (Universitat de Barcelona, Generalitat de Catalunya). A.I.
is supported by a fellowship from the ‘Ministerio de Economía, Industria y Competitividad’ (Spain),
‘Acción Estratégica en Salud, contrato Predoctoral de Formación en Investigación en Salud’ (PFIS,
FI17/00224). F.B. received a grant from the Ministerio de Educación, Cultura y Deporte para la For-
mación de Profesorado Universitario (Spain) (FPU15/02306). M.J. was supported by the Government
of Catalonia (Generalitat de Catalunya, pla estratègic de recerca i innovació en salut, PERIS 2016-2020,
SLT002/16/00337). L.D. and K.K. were supported by Czech Science Foundation (GACR GJ20-17403Y)
to L.D. and GC20-20217J to K.K., project BIOCEV (CZ.1.05/1.1.00/02/0109) from the ERDF and the
Institute of Biotechnology RVO:86652036 to L.D. and K.K.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki. Samples were used following the appropriate ethical guidelines and internal review
board, and the clinical research ethics committee of the corresponding hospitals approved the
biological material storing and processing.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Maria Calvo, Gemma Martín, and Elisenda Coll from the
Advanced Optical Microscopy Unit (Campus Clínic) from the Scientific and Technological Cen-
ters from the University of Barcelona for their support and advice with confocal microscopy and
image analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. De Mateo, S.; Castillo, J.; Estanyol, J.M.; Ballescà, J.L.; Oliva, R. Proteomic Characterization of the Human Sperm Nucleus.

Proteomics 2011, 11, 2714–2726. [CrossRef] [PubMed]
2. Hammoud, S.; Nix, D.A.; Hammoud, A.O.; Gibson, M.; Cairns, B.R.; Carrell, D. Genome-Wide Analysis Identifies Changes in

Histone Retention and Epigenetic Modifications at Developmental and Imprinted Gene Loci in the Sperm of Infertile Men. Hum.
Reprod. 2011, 26, 2558–2569. [CrossRef] [PubMed]

3. Oliva, R.; Luís Ballescà, J. Altered Histone Retention and Epigenetic Modifications in the Sperm of Infertile Men. Asian J. Androl.
2012, 14, 239–240. [CrossRef] [PubMed]

4. Azpiazu, R.; Amaral, A.; Castillo, J.; Estanyol, J.M.; Guimerà, M.; Ballescà, J.L.; Balasch, J.; Oliva, R. High-Throughput Sperm
Differential Proteomics Suggests That Epigenetic Alterations Contribute to Failed Assisted Reproduction. Hum. Reprod. 2014, 29,
1225–1237. [CrossRef]

5. Castillo, J.; Amaral, A.; Azpiazu, R.; Vavouri, T.; Estanyol, J.M.; Ballesca, J.L.; Oliva, R. Genomic and Proteomic Dissection and
Characterization of the Human Sperm Chromatin. Mol. Hum. Reprod. 2014, 20, 1041–1053. [CrossRef]

6. Castillo, J.; Estanyol, J.; Ballescà, J.; Oliva, R. Human Sperm Chromatin Epigenetic Potential: Genomics, Proteomics, and Male
Infertility. Asian J. Androl. 2015, 17, 601. [CrossRef]

7. Barrachina, F.; Soler-Ventura, A.; Oliva, R.; Jodar, M. Sperm Nucleoproteins (Histones and Protamines). In A Clinician’s Guide
to Sperm DNA and Chromatin Damage; Zini, A., Agarwal, A., Eds.; Springer International Publishing: Cham, Switzerland, 2018;
pp. 31–51.

8. Oliva, R.; Dixon, G.H. Vertebrate Protamine Genes and the Histone-to-Protamine Replacement Reaction. Prog. Nucleic Acid Res.
Mol. Biol. 1991, 40, 25–94. [CrossRef]

9. Christensen, M.E.; Dixon, G.H. Hyperacetylation of Histone H4 Correlates with the Terminal, Transcriptionally Inactive Stages of
Spermatogenesis in Rainbow Trout. Dev. Biol. 1982, 93, 404–415. [CrossRef]

10. Oliva, R.; Mezquita, C. Histone H4 Hyperacetylation and Rapid Turnover of Its Acetyl Groups in Transcriptionally Inactive
Rooster Testis Spermatids. Nucleic Acids Res. 1982, 10, 8049–8059. [CrossRef]

11. Grimes, S.R.; Henderson, N. Hyperacetylation of Histone H4 in Rat Testis Spermatids. Exp. Cell Res. 1984, 152, 91–97. [CrossRef]
12. Oliva, R.; Bazett-Jones, D.; Mezquita, C.; Dixon, G.H. Factors Affecting Nucleosome Disassembly by Protamines in Vitro. Histone

Hyperacetylation and Chromatin Structure, Time Dependence, and the Size of the Sperm Nuclear Proteins. J. Biol. Chem. 1987,
262, 17016–17025. [CrossRef]

www.cost.eu
http://doi.org/10.1002/pmic.201000799
http://www.ncbi.nlm.nih.gov/pubmed/21630459
http://doi.org/10.1093/humrep/der192
http://www.ncbi.nlm.nih.gov/pubmed/21685136
http://doi.org/10.1038/aja.2011.159
http://www.ncbi.nlm.nih.gov/pubmed/22057381
http://doi.org/10.1093/humrep/deu073
http://doi.org/10.1093/molehr/gau079
http://doi.org/10.4103/1008-682X.153302
http://doi.org/10.1016/S0079-6603(08)60839-9
http://doi.org/10.1016/0012-1606(82)90127-0
http://doi.org/10.1093/nar/10.24.8049
http://doi.org/10.1016/0014-4827(84)90232-5
http://doi.org/10.1016/S0021-9258(18)45485-3


Int. J. Mol. Sci. 2022, 23, 12398 17 of 18

13. Hazzouri, M.; Pivot-Pajot, C.; Faure, A.-K.; Usson, Y.; Pelletier, R.; Sèle, B.; Khochbin, S.; Rousseaux, S. Regulated Hyperacetylation
of Core Histones during Mouse Spermatogenesis: Involvement of Histone-Deacetylases. Eur. J. Cell Biol. 2000, 79, 950–960.
[CrossRef]

14. Oliva, R.; Castillo, J. Proteomics and the Genetics of Sperm Chromatin Condensation. Asian J. Androl. 2011, 13, 24–30. [CrossRef]
15. Oliva, R.; Bazett-Jones, D.P.; Locklear, L.; Dixon, G.H. Histone Hyperacetylation Can Induce Unfolding of the Nucleosome Core

Particle. Nucleic Acids Res. 1990, 18, 2739–2747. [CrossRef]
16. Singh, I.; Parte, P. Heterogeneity in the Epigenetic Landscape of Murine Testis-Specific Histone Variants TH2A and TH2B Sharing

the Same Bi-Directional Promoter. Front. Cell. Dev. Biol. 2021, 9, 755751. [CrossRef]
17. Pentakota, S.K.; Sandhya, S.; Sikarwar, A.P.; Chandra, N.; Satyanarayana Rao, M.R. Mapping Post-Translational Modifications

of Mammalian Testicular Specific Histone Variant TH2B in Tetraploid and Haploid Germ Cells and Their Implications on the
Dynamics of Nucleosome Structure. J. Proteome Res. 2014, 13, 5603–5617. [CrossRef]

18. Ding, D.; Nguyen, T.T.; Pang, M.Y.H.; Ishibashi, T. Primate-Specific Histone Variants. Genome 2021, 64, 337–346. [CrossRef]
19. Hoghoughi, N.; Barral, S.; Vargas, A.; Rousseaux, S.; Khochbin, S. Histone Variants: Essential Actors in Male Genome Program-

ming. J. Biochem. 2018, 163, 97–103. [CrossRef]
20. Barral, S.; Morozumi, Y.; Tanaka, H.; Montellier, E.; Govin, J.; de Dieuleveult, M.; Charbonnier, G.; Couté, Y.; Puthier, D.;

Buchou, T.; et al. Histone Variant H2A.L.2 Guides Transition Protein-Dependent Protamine Assembly in Male Germ Cells. Mol
Cell 2017, 66, 89–101.e8. [CrossRef]

21. Rezaei-Gazik, M.; Vargas, A.; Amiri-Yekta, A.; Vitte, A.-L.; Akbari, A.; Barral, S.; Esmaeili, V.; Chuffart, F.; Sadighi-Gilani, M.A.;
Couté, Y.; et al. Direct Visualization of Pre-Protamine 2 Detects Protamine Assembly Failures and Predicts ICSI Success. Mol.
Hum. Reprod 2022, 28, gaac004. [CrossRef]

22. Dhar, S.; Thota, A.; Rao, M.R.S. Insights into Role of Bromodomain, Testis-Specific (Brdt) in Acetylated Histone H4-Dependent
Chromatin Remodeling in Mammalian Spermiogenesis. J. Biol. Chem. 2012, 287, 6387–6405. [CrossRef] [PubMed]

23. Goudarzi, A.; Shiota, H.; Rousseaux, S.; Khochbin, S. Genome-Scale Acetylation-Dependent Histone Eviction during Spermatoge-
nesis. J. Mol. Biol. 2014, 426, 3342–3349. [CrossRef] [PubMed]

24. Her, Y.R.; Wang, L.; Chepelev, I.; Manterola, M.; Berkovits, B.; Cui, K.; Zhao, K.; Wolgemuth, D.J. Genome-Wide Chromatin
Occupancy of BRDT and Gene Expression Analysis Suggest Transcriptional Partners and Specific Epigenetic Landscapes That
Regulate Gene Expression during Spermatogenesis. Mol. Reprod. Dev. 2021, 88, 141–157. [CrossRef] [PubMed]

25. Manterola, M.; Brown, T.M.; Oh, M.Y.; Garyn, C.; Gonzalez, B.J.; Wolgemuth, D.J. BRDT Is an Essential Epigenetic Regulator for
Proper Chromatin Organization, Silencing of Sex Chromosomes and Crossover Formation in Male Meiosis. PLoS Genet. 2018,
14, e1007209. [CrossRef]

26. Morinière, J.; Rousseaux, S.; Steuerwald, U.; Soler-López, M.; Curtet, S.; Vitte, A.-L.; Govin, J.; Gaucher, J.; Sadoul, K.; Hart, D.J.; et al.
Cooperative Binding of Two Acetylation Marks on a Histone Tail by a Single Bromodomain. Nature 2009, 461, 664–668. [CrossRef]

27. Pivot-Pajot, C.; Caron, C.; Govin, J.; Vion, A.; Rousseaux, S.; Khochbin, S. Acetylation-Dependent Chromatin Reorganization by
BRDT, a Testis-Specific Bromodomain-Containing Protein. Mol. Cell. Biol. 2003, 23, 5354–5365. [CrossRef]

28. Shang, E.; Nickerson, H.D.; Wen, D.; Wang, X.; Wolgemuth, D.J. The First Bromodomain of Brdt, a Testis-Specific Member of the
BET Sub-Family of Double-Bromodomain-Containing Proteins, Is Essential for Male Germ Cell Differentiation. Development 2007,
134, 3507–3515. [CrossRef]

29. Sonnack, V.; Failing, K.; Bergmann, M.; Steger, K. Expression of Hyperacetylated Histone H4 during Normal and Impaired
Human Spermatogenesis. Andrologia 2002, 34, 384–390. [CrossRef]

30. Faure, A.K.; Pivot-Pajot, C.; Kerjean, A.; Hazzouri, M.; Pelletier, R.; Péoc’h, M.; Sèle, B.; Khochbin, S.; Rousseaux, S. Misregulation
of Histone Acetylation in Sertoli Cell-only Syndrome and Testicular Cancer. Mol. Hum. Reprod. 2003, 9, 757–763. [CrossRef]

31. Kleiman, S.E.; Bar-Shira Maymon, B.; Hauser, R.; Botchan, A.; Paz, G.; Yavetz, H.; Yogev, L. Histone H4 Acetylation and AZFc
Involvement in Germ Cells of Specimens of Impaired Spermatogenesis. Fertil. Steril. 2008, 89, 1728–1736. [CrossRef]

32. Barrachina, F.; de la Iglesia, A.; Jodar, M.; Soler-Ventura, A.; Mallofré, C.; Rodriguez-Carunchio, L.; Goudarzi, A.; Corral, J.M.;
Ballescà, J.L.; Castillo, J.; et al. Histone H4 Acetylation Is Dysregulated in Active Seminiferous Tubules Adjacent to Testicular
Tumours. Hum. Reprod. 2022, 30, 1712–1726. [CrossRef]

33. Crespo, M.; Damont, A.; Blanco, M.; Lastrucci, E.; Kennani, S.E.; Ialy-Radio, C.; El Khattabi, L.; Terrier, S.; Louwagie, M.; Kieffer-
Jaquinod, S.; et al. Multi-Omic Analysis of Gametogenesis Reveals a Novel Signature at the Promoters and Distal Enhancers of
Active Genes. Nucleic Acids Res. 2020, 48, 4115–4138. [CrossRef]

34. Sabari, B.R.; Zhang, D.; Allis, C.D.; Zhao, Y. Metabolic Regulation of Gene Expression through Histone Acylations. Nat. Rev. Mol.
Cell. Biol. 2017, 18, 90–101. [CrossRef]

35. Tan, M.; Luo, H.; Lee, S.; Jin, F.; Yang, J.S.; Montellier, E.; Buchou, T.; Cheng, Z.; Rousseaux, S.; Rajagopal, N.; et al. Identification of
67 Histone Marks and Histone Lysine Crotonylation as a New Type of Histone Modification. Cell 2011, 146, 1016–1028. [CrossRef]

36. Goudarzi, A.; Zhang, D.; Huang, H.; Barral, S.; Kwon, O.K.; Qi, S.; Tang, Z.; Buchou, T.; Vitte, A.-L.; He, T.; et al. Dynamic
Competing Histone H4 K5K8 Acetylation and Butyrylation Are Hallmarks of Highly Active Gene Promoters. Mol. Cell 2016, 62,
169–180. [CrossRef]

37. Brykczynska, U.; Hisano, M.; Erkek, S.; Ramos, L.; Oakeley, E.J.; Roloff, T.C.; Beisel, C.; Schübeler, D.; Stadler, M.B.; Peters,
A.H.F.M. Repressive and Active Histone Methylation Mark Distinct Promoters in Human and Mouse Spermatozoa. Nat. Struct.
Mol. Biol. 2010, 17, 679–687. [CrossRef]

http://doi.org/10.1078/0171-9335-00123
http://doi.org/10.1038/aja.2010.65
http://doi.org/10.1093/nar/18.9.2739
http://doi.org/10.3389/fcell.2021.755751
http://doi.org/10.1021/pr500597a
http://doi.org/10.1139/gen-2020-0094
http://doi.org/10.1093/jb/mvx079
http://doi.org/10.1016/j.molcel.2017.02.025
http://doi.org/10.1093/molehr/gaac004
http://doi.org/10.1074/jbc.M111.288167
http://www.ncbi.nlm.nih.gov/pubmed/22215678
http://doi.org/10.1016/j.jmb.2014.02.023
http://www.ncbi.nlm.nih.gov/pubmed/24613302
http://doi.org/10.1002/mrd.23449
http://www.ncbi.nlm.nih.gov/pubmed/33469999
http://doi.org/10.1371/journal.pgen.1007209
http://doi.org/10.1038/nature08397
http://doi.org/10.1128/MCB.23.15.5354-5365.2003
http://doi.org/10.1242/dev.004481
http://doi.org/10.1046/j.1439-0272.2002.00524.x
http://doi.org/10.1093/molehr/gag101
http://doi.org/10.1016/j.fertnstert.2007.05.068
http://doi.org/10.1093/humrep/deac130
http://doi.org/10.1093/nar/gkaa163
http://doi.org/10.1038/nrm.2016.140
http://doi.org/10.1016/j.cell.2011.08.008
http://doi.org/10.1016/j.molcel.2016.03.014
http://doi.org/10.1038/nsmb.1821


Int. J. Mol. Sci. 2022, 23, 12398 18 of 18

38. Erkek, S.; Hisano, M.; Liang, C.-Y.; Gill, M.; Murr, R.; Dieker, J.; Schübeler, D.; van der Vlag, J.; Stadler, M.B.; Peters, A.H.F.M.
Molecular Determinants of Nucleosome Retention at CpG-Rich Sequences in Mouse Spermatozoa. Nat. Struct. Mol. Biol. 2013, 20,
868–875. [CrossRef]

39. Saida, M.; Iles, D.; Elnefati, A.; Brinkworth, M.; Miller, D. Key Gene Regulatory Sequences with Distinctive Ontological Signatures
Associate with Differentially Endonuclease-Accessible Mouse Sperm Chromatin. Reproduction 2011, 142, 73–86. [CrossRef]

40. Vavouri, T.; Lehner, B. Chromatin Organization in Sperm May Be the Major Functional Consequence of Base Composition
Variation in the Human Genome. PLoS Genet. 2011, 7, e1002036. [CrossRef]

41. Ihara, M.; Meyer-Ficca, M.L.; Leu, N.A.; Rao, S.; Li, F.; Gregory, B.D.; Zalenskaya, I.A.; Schultz, R.M.; Meyer, R.G. Paternal Poly
(ADP-Ribose) Metabolism Modulates Retention of Inheritable Sperm Histones and Early Embryonic Gene Expression. PLoS
Genet. 2014, 10, e1004317. [CrossRef]

42. Castillo, J.; Jodar, M.; Oliva, R. The Contribution of Human Sperm Proteins to the Development and Epigenome of the Preimplan-
tation Embryo. Hum. Reprod. Update 2018, 24, 535–555. [CrossRef] [PubMed]

43. Teperek, M.; Simeone, A.; Gaggioli, V.; Miyamoto, K.; Allen, G.E.; Erkek, S.; Kwon, T.; Marcotte, E.M.; Zegerman, P.; Bradshaw,
C.R.; et al. Sperm Is Epigenetically Programmed to Regulate Gene Transcription in Embryos. Genome Res. 2016, 26, 1034–1046.
[CrossRef] [PubMed]

44. Kaneshiro, K.R.; Rechtsteiner, A.; Strome, S. Sperm-Inherited H3K27me3 Impacts Offspring Transcription and Development in C.
Elegans. Nat. Commun. 2019, 10, 1271. [CrossRef] [PubMed]

45. Kaufman, P.D.; Rando, O.J. Chromatin as a Potential Carrier of Heritable Information. Curr. Opin. Cell Biol. 2010, 22, 284–290.
[CrossRef]

46. De Geyter, C.; Calhaz-Jorge, C.; Kupka, M.S.; Wyns, C.; Mocanu, E.; Motrenko, T.; Scaravelli, G.; Smeenk, J.; Vidakovic, S.;
Goossens, V.; et al. ART in Europe, 2014: Results Generated from European Registries by ESHRE: The European IVF-Monitoring
Consortium (EIM) for the European Society of Human Reproduction and Embryology (ESHRE). Hum. Reprod. 2018, 33, 1586–1601.
[CrossRef]

47. de Mateo, S.; Ramos, L.; van der Vlag, J.; de Boer, P.; Oliva, R. Improvement in Chromatin Maturity of Human Spermatozoa
Selected through Density Gradient Centrifugation. Int. J. 2011, 34, 256–267. [CrossRef]

48. Castillo, J.; Simon, L.; de Mateo, S.; Lewis, S.; Oliva, R. Protamine/DNA Ratios and DNA Damage in Native and Density Gradient
Centrifuged Sperm From Infertile Patients. J. Androl. 2011, 32, 324–332. [CrossRef]

49. Chiamchanya, C.; Kaewnoonual, N.; Visutakul, P.; Manochantr, S.; Chaiya, J. Comparative Study of the Effects of Three Semen
Preparation Media on Semen Analysis, DNA Damage and Protamine Deficiency, and the Correlation between DNA Integrity and
Sperm Parameters. Asian J. Androl. 2010, 12, 271–277. [CrossRef]

50. Muratori, M.; Tarozzi, N.; Carpentiero, F.; Danti, S.; Perrone, F.M.; Cambi, M.; Casini, A.; Azzari, C.; Boni, L.; Maggi, M.; et al.
Sperm Selection with Density Gradient Centrifugation and Swim up: Effect on DNA Fragmentation in Viable Spermatozoa. Sci.
Rep. 2019, 9, 7492. [CrossRef]

51. World Health Organization. WHO Laboratory Manual for the Examination and Processing of Human Semen, 6th ed.; License: CC
BY-NC-SA 3.0 IGO; World Health Organization: Geneva, Switzerland, 2021.

52. Jodar, M.; Kalko, S.; Castillo, J.; Ballescà, J.L.; Oliva, R. Differential RNAs in the Sperm Cells of Asthenozoospermic Patients. Hum.
Reprod. 2012, 27, 1431–1438. [CrossRef]

53. Cerilli, L.A.; Kuang, W.; Roger, D. A Practical Approach to Testicular Biopsy Interpretation for Male Infertility. Arch. Pathol. Lab.
Med. 2010, 134, 1197–1204. [CrossRef]

54. Moch, H.; Cubilla, A.L.; Humphrey, P.A.; Reuter, V.E.; Ulbright, T.M. The 2016 WHO Classification of Tumours of the Urinary
System and Male Genital Organs—Part A: Renal, Penile, and Testicular Tumours. Eur. Urol. 2016, 70, 93–105. [CrossRef]

55. Salonia, A.; Bettocchi, C.; Boeri, L.; Capogrosso, P.; Carvalho, J.; Cilesiz, N.C.; Cocci, A.; Corona, G.; Dimitropoulos, K.; Gül, M.; et al.
European Association of Urology Guidelines on Sexual and Reproductive Health—2021 Update: Male Sexual Dysfunction. Eur.
Urol. 2021, 80, 333–357. [CrossRef]

56. Leblanc, L.; Lagrange, F.; Lecoanet, P.; Marçon, B.; Eschwege, P.; Hubert, J. Testicular Microlithiasis and Testicular Tumor: A
Review of the Literature. Basic Clin. Androl. 2018, 28, 8. [CrossRef]

57. Muciaccia, B.; Boitani, C.; Berloco, B.P.; Nudo, F.; Spadetta, G.; Stefanini, M.; de Rooij, D.G.; Vicini, E. Novel Stage Classification of
Human Spermatogenesis Based on Acrosome Development1. Biol. Reprod. 2013, 89, 60. [CrossRef]

58. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.;
Schmid, B.; et al. Fiji: An Open-Source Platform for Biological-Image Analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

59. Bolte, S.; Cordelières, F.P. A Guided Tour into Subcellular Colocalization Analysis in Light Microscopy. J. Microsc. 2006, 224,
213–232. [CrossRef]

60. RStudio Team. RStudio: Integrated Development Environment for R; RStudio, Inc.: Boston, MA, USA, 2020.
61. Fox, J.; Weisberg, S. An R Companion to Applied Regression, 3rd ed.; Sage: Thousand Oaks, CA, USA, 2019.

http://doi.org/10.1038/nsmb.2599
http://doi.org/10.1530/REP-10-0536
http://doi.org/10.1371/journal.pgen.1002036
http://doi.org/10.1371/journal.pgen.1004317
http://doi.org/10.1093/humupd/dmy017
http://www.ncbi.nlm.nih.gov/pubmed/29800303
http://doi.org/10.1101/gr.201541.115
http://www.ncbi.nlm.nih.gov/pubmed/27034506
http://doi.org/10.1038/s41467-019-09141-w
http://www.ncbi.nlm.nih.gov/pubmed/30894520
http://doi.org/10.1016/j.ceb.2010.02.002
http://doi.org/10.1093/humrep/dey242
http://doi.org/10.1111/j.1365-2605.2010.01080.x
http://doi.org/10.2164/jandrol.110.011015
http://doi.org/10.1038/aja.2009.60
http://doi.org/10.1038/s41598-019-43981-2
http://doi.org/10.1093/humrep/des021
http://doi.org/10.5858/2009-0379-RA.1
http://doi.org/10.1016/j.eururo.2016.02.029
http://doi.org/10.1016/j.eururo.2021.06.007
http://doi.org/10.1186/s12610-018-0073-3
http://doi.org/10.1095/biolreprod.113.111682
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.1111/j.1365-2818.2006.01706.x

	Introduction 
	Results 
	H4K5 Butyrylation Show Different Spermatogenic Pattern to Acetylation on the Same Residue in Patients with Normal Spermatogenesis 
	H4K5 Butyrylation Spermatogenic Levels Are Not Impaired under Different Testicular Defects 
	Testicular Cancers Do Not Affect the Spermatogenic Pattern of Butyrylation on H4K5, but Neither Acetylation on the Same Residue, in Healthy Seminiferous Tubules with Complete Spermatogenesis 
	Butyrylation and Acetylation on H4K5 Are Retained in Ejaculated Human Sperm from Normozoospermic Patients 
	The Proportion of H4K5bu over H4K5ac Remains Constant within Different Sperm Populations Selected According to Sperm Quality 

	Discussion 
	Materials and Methods 
	Biological Material 
	Testicular Biopsies 
	Semen samples 

	Processing and Paraffin-Embedding of the Testicular Material 
	Testicular Histopathological Evaluation 
	Immunohistochemistry 
	Spermatogenic Stage Classification and IHC Evaluation 
	Immunofluorescence on Mature Sperm Cells 
	Colocalization Analyses 
	Odyssey® Western Blot 
	Statistical Analysis 

	References

